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ABSTRACT

In this paper, we present an electron acceleration model based on Bloch surface waves (BSWs). In our model, a dielectric multilayer
deposited on a prism substrate is used to generate BSWs by a femtosecond laser pulse. It is found that the field enhancement factor of BSWs
is larger than that of surface plasmon polaritons. We numerically solve Maxwell’s equations to explain the phenomenon in space and time
domain. Various aspects of the acceleration mechanism are discussed, including BSWs coupling and evanescent attenuation, the influence of
electron injection time and angle, the kinetic energy spectrum, the angular distribution, and the angular-resolved energy spectrum. Such a
model provides an all-optical method for electron acceleration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086425

I. INTRODUCTION

The acceleration of electrons has attracted much attention from
researchers owing to their wide range of applications including high
energy physics, x-ray light sources, and medical devices.1–4 Electron
acceleration devices based upon conventional radio-frequency (RF)
technology are often large and expensive due to the accelerator length
and total stored energy needed to accelerate electrons to high energy.5,6

However, many applications require electron acceleration devices to
reduce size and cost. To address these issues, many advanced electron
acceleration devices have been proposed, including laser plasma accel-
eration (LPA), THz acceleration, and dielectric laser acceleration
(DLA). LPA was originally proposed by Tajima and Dawson in 1979.7

After that, several LPA devices have been proposed, including laser
wakefield accelerator (LPWA),8,9 accelerator based on surface plasmon
polaritons (SPPs),10–13 and plasma beat wave accelerator (PBWA).14

THz acceleration is driven using single-cycle or multi-cycle terahertz
pulses. THz accelerators are larger than LPAs and DLAs, so they are
often used in intermediate-scale devices.15,16 As we all know, the dam-
age threshold of dielectrics is higher than that of metals, and all-
dielectric structures are easy to fabricate with high quality at scale.17,18

DLA is expected to be the main direction for the development of new

accelerators.18 However, all DLA devices were in the theoretical
research stage19–25 until two pioneering papers published by Peralta
et al. in Nature and Breuer and Hommelhoff in Phys. Rev. Lett. started
the experimental research on DLAs in 2013.26,27 Since then, many
related studies have been promoting the development of this field.28–30

It was reported that on-chip acceleration provides the possibility for a
completely integrated mega-electron volt-scale DLA.28,29

Bloch surface waves (BSWs) are evanescent electromagnetic sur-
face waves excited at the interface between the truncated periodic
dielectric multilayer film and vacuum, which have local enhancement
properties and exhibit exponential decay in the perpendicular direc-
tion.31 Compared with SPPs, BSWs have the advantages of lower loss
and all-dielectric structure.32 Therefore, BSWs have attracted much
attention in the sensing field.32–36 In particular, one of the fascinating
characteristics of BSWs or SPPs is that their electromagnetic field can
be greatly enhanced, which brings about the possibility of realizing an
efficient electron acceleration with BSWs or SPPs. However, electron
acceleration based on SPPs has been widely studied,10,13,37,38 but there
are few related studies about the electron acceleration by BSWs.19

In this paper, we report a new approach of using BSWs to accel-
erate electrons, which has a certain promotion effect on the study of
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electron acceleration, especially the development of DLAs. There are
two important steps to accelerate electrons using this approach. The
first step is to excite the BSWs at the interface of the periodic dielectric
multilayer film and vacuum via femtosecond laser pulses. The second
key step is to inject electrons into the Bloch surface waves region at
appropriate spatial and temporal scales and to calculate the electrons
motion. In our model, we will study the scaling relation between the
maximum kinetic energy and the incident angle of electrons, and the
delay time between the electron pulse and BSWs under different con-
dition. Simulation results show that final kinetic energy of electrons
can be accelerated to a few keV or even tens of keV in the range of
around 1 lm. Our results show that BSWs-based electron acceleration
is superior to SPPs-based electron acceleration. Finally, the kinetic
energy of accelerated electrons can be maximized by optimization of
the operating parameters.

II. BSWs-BASED ELECTRON ACCELERATION MODEL

A basic schematic for generating BSWs to accelerate electrons is
illustrated in Fig. 1. A femtosecond laser pulse with duration sp is inci-
dent on the truncated periodic multilayer dielectric film deposited on
the prism substrate at the incident angle b. Since the wave vector of
BSWs is larger than that of light in free space, wave vector compensa-
tion is required to excite BSWs. As shown in Fig. 1, this paper uses the
commonly used Kretschmann–Raether structure to solve this prob-
lem. BSWs can be excited by regulating the incident angle b to satisfy
the wave vector matching formula as39

KBSWs ¼
x
c
ffiffiffiffi

ep
p

sin b; (1)

where ep is the dielectric constant of the prism, x is the laser fre-
quency, c is the speed of light, and KBSWs is the wave vector of BSWs.

When BSWs are excited, the electromagnetic (EM) field energy is con-
verted into BSWs. The electric field distribution is given by

EBSWs y; tð Þ ¼ gEl tð Þexp �cyð Þ; (2)

where g is the electric field enhancement factor, El(t) is the electric field
envelope of the femtosecond laser pulse, c�1 is the evanescent decay
length into the vacuum, and y is the normal distance from the surface
of the truncated periodic multilayer dielectric film. When the injected
electrons with incident angle h from the vacuum encounter the gener-
ated BSWs, their original linear motion pattern will be modified due
to the action of BSWs. The direction of the ponderomotive force is
along the largest field gradient, which is approximately normal to the
surface of the dielectric multilayer. When an incident electron with
energy less than the ponderomotive potential, it will be deflected and
move away from the surface at an angle a.

In a practical setting, there is more than one injected electron.
Electrons injected at different times or different locations will enter the
BSWs region at different times and locations. Thus, only a portion of
the electrons that have entered the BSWs region will gain enough
momentum to redirect and move away from the surface of the
dielectric multilayer, while others will collide with the surface. These
electrons are considered to be completely absorbed by the dielectric
multilayer and can be ignored. In our model, it will be demonstrated
that the final kinetic energy and direction of an injected electron can
be determined by h, its injection time (a delay time relative to the exci-
tation time of BSWs), and the parameters of the femtosecond laser
pulse.

In the inset of Fig. 2, the structure of the truncated periodic
dielectric multilayer film is illustrated. The refractive index of the glass
(bottom layer) is 1.515. The structure is an 18-layer structure consist-
ing of alternating cycles of Si3N4 and SiO2. The SiO2 layer has a low
refractive index of n¼ 1:48þ i10ð�3Þ, while the Si3N4 layer has a
refractive index of n¼ 2:65þ i5�10ð�3Þ. Approximate periodic thick-
nesses are first determined by the quarter-wavelength formulation40

d1 ¼
k

4n1 cos h1ð Þ
; d2 ¼

k
4n2 cos h2ð Þ

; (3)

FIG. 1. The basic arrangement for electron accelerating using BSWs. BSWs are
excited on the surface of the structure by a p-polarized femtosecond laser pulse at
the incident angle b. An external electron beam is incident on the surface of the
prism deposited with the dielectric multilayer at an angle h, determined by the sur-
face normal and incident direction. The electrons of the incident beam are deflected
due to BSWs and leave the interaction region at an angle a, determined by the sur-
face normal and departure direction.

FIG. 2. The reflectance vs the incident angle b of a p-polarized femtosecond laser
pulse with a wavelength of 800 nm. The inset shows the structure of the truncated
periodic dielectric multilayer film.
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where n1/d1 and n2/d2 are refractive index/thicknesses of Si3N4 and
SiO2, respectively; h1 and h2 are incident angle inside Si3N4 and SiO2

layers, respectively; and k is an operating wavelength. The thickness of
the top layer is obtained through multiple simulation comparisons
and optimizes them further. In this paper, the thicknesses of SiO2 and
Si3N4 layers are 150 and 90nm, respectively. The thickness of the top
SiO2 layer is 510 nm. Obtaining the time and space distribution of the
electromagnetic field above the surface of the structure is necessary to
calculate the electron motion near dielectric surface. We solve
Maxwell’s equations given by

dH
dt
¼ � 1

l0
r� E (4)

and

dE
dt
¼ 1

e
r�H; (5)

where H is the magnetic field, E is the electric field, e is the local per-
mittivity, and l0 is the permeability of free space. The exact analytical
solutions for these equations is hard for the given structure, so we
numerically solve Eqs. (4) and (5) using a two-dimensional finite-dif-
ference time-domain technique (FDTD).41 In our model, the electro-
magnetic wave is excited via a femtosecond laser, and a perfectly
matched layer is used to attenuate false reflections from the window
boundaries. The motion of injected electrons in the numerically solved
electromagnetic field is governed by the Lorentz equation as

dv
dt
¼ q

m
Eþ l0v �Hð Þ; (6)

where v and q/m are the velocity and charge-to-mass ratio of the elec-
tron, respectively. In our model, the incident electron beam consists of
approximately 105 test electrons, which are assigned the same weight
within the limited spatial and temporal extent of the packet. Since we
do not consider space charge effects, we must ensure that the current
density is lower than the space charge current density 104 A/cm2,
below which the Coulomb force between the injected electrons is neg-
ligible compared to the force of the BSWs on the electrons.42 If the
current density exceeds 104 A/cm2, the space charge algorithm can be
added to our calculation process.43,44 In addition, for simplicity, the
secondary electron emission is not considered here, which means that
any electrons reaching the surface of the dielectric multilayer film are
assumed to be absorbed.

Figure 2 shows the relationship of reflectivity vs the incident
angle b, where the blue solid line and the red dashed line represent the
FDTD-based results and theoretical calculation results using the trans-
fer matrix method,45 respectively. The two curves are in nice agree-
ment, and it shows a narrow and sharp dip at the angle of b ¼ 45�,
which is the best matching angle to excite BSWs.

In this paper, we used the FDTDmethod to numerically calculate
the electromagnetic field distribution in the structure. The femtosec-
ond laser has a wavelength of k ¼ 800 nm, a pulse width of sp ¼ 20 fs,
and an incident angle of b ¼ 45�. Sufficiently small mesh size of the
computational lattice is chosen to be Dx;Dy ¼ 0:25 nm. The corre-
sponding temporal step size of Dt ¼ 9� 10�3 fs is used in the
calculation.

III. RESULTS AND ANALYSIS

The local spatial and temporal distribution of the electromagnetic
field of BSWs is important to our research. Figure 3(a) depicts the nor-
malized electric field intensity distribution of BSW in TM mode,
which has a peak at the interface (y¼ 0) of the vacuum and the dielec-
tric multilayers film, and then decreases exponentially in the vacuum
region (y > 0) away from the interface. Figure 3(b) shows the corre-
sponding normalized magnetic field intensity distribution of BSWs in
TM mode, which has the same profile in the vacuum region as the
electric field in TM-BSWs modes. However, the magnetic field has
two peaks, both of which are inside the top layer SiO2.

Figure 4 illustrates the fitting analysis results of the electric field
intensity distribution of TM-BSWs in the vacuum region. The results
indicate that the electric field enhancement factor and vacuum decay
length of TM-BSWs are g¼ 8.8508 and a�1¼ 333nm, respectively.
Here, we only fit and analyze the electric field. Since the force of the
magnetic field on the electrons is much smaller than that of the electric
field (during our calculations, the ratio of the magnetic field force to
the electric field force is about 10�2), its effect can be ignored. This can
simplify the computational complexity. It is important to note that
enhancement factors of SPPs of the one-pulse excitation scheme
reported in Refs. 12 and 13 are 3.7 and 4.675, respectively. Therefore,
using the same femtosecond laser pulse, the field strength of BSWs is
about twice that of SPPs. In addition, the attenuation length of SPPs in
the vacuum is a�1¼ 250nm,10–13 which is shorter than that of BSWs.
These comparison results show that under the same conditions, BSWs
provide a stronger field and a larger range of action for electron accel-
eration compared with SPPs, so it can be predicted that electrons will
gain greater energy for BSWs-based electron acceleration. The Ex/Ey

FIG. 3. Field distribution for TM-BSWs
modes along the y direction. (a) Normalized
electric field strength distribution. (b)
Normalized magnetic field strength distribu-
tion. y¼ 0 nm represents the spatial position
of the upper surface of the top SiO2.
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ratio of BSWs field is 0.3499, which is smaller than the value 0.45 of
SPPs field.13 This indicates that the movement of the electrons is
mainly controlled by Ey, which will be reflected in the electron trajec-
tory diagram in Fig. 6(a). The above results are consistent with the
physical properties of BSWs. Figure 5 shows the time profile of the elec-
tric field in TM-BSWs on the upper surface center of the top SiO2 layer,
while the femtosecond laser pulse intensity is set as El¼ 1011 V/m.11

Clearly, the electric field envelope is similar to that of the femtosecond
laser pulse, but with a wider duration. This is because the field strength
increases, but the trend of the field strength over time does not change.
In addition, Fig. 5 indicates that the Ey is delayed a phase p/2 with
respect to Ex.

To illustrate the motion of electrons in BSWs, five test electrons
were injected to study their trajectories, which are shown in the
Fig. 6(a). The test electrons are injected with incident angle h¼ 45�

and initial kinetic energy Ek0¼ 1 keV. Their delay times are se¼�30,
�27,�24,�21, and�18 fs, respectively. Here, 0 fs corresponds to the
time when the femtosecond laser pulse excites the BSWs. In addition,
their corresponding outgoing energy is as follows: 5.8, 4.7, 3.7, 2.8, and
2.2 keV, respectively. This indicates that electrons can be accelerated
to a few keV at �1 lm. Their trajectories simply describe the effect of
BSWs on the motion process of the injected electrons. When electrons
enter the field of BSWs, their inherently linear and uniform motion
will be significantly influence by BSWs. This is clearly evidenced by
the “quivering” in their trajectories. Furthermore, their trajectories
also suggest that electrons injected with different delay times will have
different exit angles. It can be seen from Fig. 6(a) that the exit angle of
the injected electron with a delay time of �18 fs (green solid line) is
larger than that of the injected electron with a delay time of �30 fs
(blue solid line). This is determined by the properties of BSWs.
Electrons closer to the surface will experience stronger BSWs fields. As
shown in Fig. 6(a), their deflection positions gradually move away
from the surface as the absolute value of the delay time decreases.
In addition, the electric field is stronger in the y direction than in the
x direction, so the larger the absolute value of the delay time, the
smaller their exit angle. However, it should be noted that electrons
with too large absolute delay time will hit the surface directly.

Figure 6(b) clearly shows the exit angle of the electron and its
final kinetic energy vs the delay time. Interestingly, the exit angle a
and the delay time are roughly positively correlated (red solid line),
while the final kinetic energy and delay time are roughly negatively

FIG. 5. Time-dependent electric field of TM-BSWs on the upper surface central of
the top SiO2 layer.

FIG. 4. Fitting analysis of electric field in TM-BSWs mode. Square and round marks
represent the original data obtained by the FDTD method, while solid and dashed
lines describe the fitting results on the original data.

FIG. 6. (a). Trajectories of five test electrons as they
move in the field of the TM-BSWs excited by a femto-
second laser with a peak electric field amplitude of
El¼ 1011 V/m. The injection times of the test electrons
(the delay time relative to the excitation time of the
TM-BSWs) are se¼�30 (blue), �27 (red), �24
(orange), �21 (purple), and �18 fs (green), respec-
tively. (b). The solid blue line represents the relationship
between the final kinetic energy of the electron and its
delay time. The solid red line represents the relation-
ship between the final electron exit angle and its delay
time. Here, we assume that an electron beam contain-
ing �103 electrons is injected discretely from the same
location over a period of time.
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correlated (blue solid line). This indicates that electrons that have a
chance to approach the surface without colliding will have a greater
final kinetic energy. In addition, when the delay time is close to 0 fs,
the final kinetic energy of the outgoing electrons converges asymptoti-
cally to around 510 eV, and its exit angle asymptotically converges to
around 90�. This means that the Vy of some electrons decreases close
to 0, while their Vx is basically unchanged. This further suggests that
the motion of the electrons in the x direction contributes less to the
final kinetic energy of the outgoing electrons.

Figure 7 clearly shows the exit angle of the electron and its final
kinetic energy vs the incident angle h. As the incident angle is increas-
ing, the final kinetic energy of the outgoing electron decrease and the
exit angle increase. Particularly, as the incident angle h approaches
90�, the energy gradually converges to a value close to 1 keV. This
indicates that BSWs have little effect on electrons injected parallel to
the surface at a certain height (determined by the decay length of
BSWs) from the surface due to the exponential decay property of
BSWs. However, those injected electrons directed toward the surface
can be accelerated by BSWs more efficiently, as long as the delay time
is appropriate.

Both Figs. 6 and 7 indicate a conclusion that electrons moving
near the surface of the structure without hitting the surface can be
accelerated more efficiently by the BSWs. We have verified it with laser
field strengths of 0.4� 1010 V/m,13 1.5� 1011 V/m, 2� 1011 V/m, etc.

The kinetic energy spectrum of the outgoing electrons is shown
in Fig. 8(a). Here, it is observed that a peak occurring at 510 eV, which
indicates that portions of the electrons lose energy during the deflec-
tion process. According to statistics, the energy of 17.62% of the elec-
trons is less than 1 keV. This shows that the energy of most electrons
increases during the acceleration of BSWs. In addition, 22.19% of the
emitted electrons have an energy greater than 5 keV and a small num-
ber of electrons even have an energy close to 8 keV. The angular distri-
bution in the inset of Fig. 8(a) shows that the outgoing electrons have
a highly directional property. Interestingly, there are significant num-
ber of electrons emitting at 90�, which indicates that some electrons
are slowed down to a critical value where Vy is 0. This is shown more
clearly in the angle-resolved spectrum of the outgoing electrons in
Fig. 8(b). In addition, Fig. 8(b) clearly illustrates that the final energy
of the outgoing electrons has a strong correlation with its outgoing
angle. As the exit angle a approaches 90�, the energy of emergent elec-
trons asymptotically converges to a value near 510 eV. When the other
relevant parameters remain unchanged, the final kinetic energy of

FIG. 7. The solid blue line represents the relationship between the final kinetic
energy of the outgoing electrons and its angle of incidence. The red solid line repre-
sents the relationship between the exit angle of the outgoing electrons and its inci-
dent angle. Here, we assume that electrons are injected from the same location at
the same delay time �18 fs at different angles of incidence.

FIG. 8. (a) The kinetic energy spectra of
the accelerated electrons. The inset shows
the angular distribution of the accelerated
electrons, which has a peak at 15.7� and
an angular half-width of 8.5�. (b) The angu-
lar resolved kinetic energy spectrum. The
color bar represents the relative number of
outgoing electrons at that point. The closer
the color is to 1, the higher the number of
electrons. Here, it is assumed that �105
electrons are injected discretely from a finite
spatial and temporal scale with delay times
ranging from �30 to �10 fs, and an inci-
dent angle of 45�.

FIG. 9. The energy spectrum of the accelerated electrons of El¼ 1010 V/m (blue
line, top) and El¼ 4� 1010 V/m (red line, bottom). It is assumed that �103 elec-
trons uniformly distributed over a certain time range are incident at nearly 90� from
the same location with an initial kinetic energy of 1 keV.
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accelerated electron can reach 20 and 25 keV when using a femtosec-
ond laser with El¼ 2� 1011 V/m and El¼ 2.5� 1011 V/m, respec-
tively. This suggests that by increasing the intensity of the
femtosecond laser, the outgoing electrons also can gain greater final
kinetic energy. Furthermore, as shown in Fig. 9, when the peak electric
field of the laser pulse is El¼ 1010 V/m, the maximum energy of the
outgoing electrons can reach 1.24 keV; when the peak electric field is
El¼ 4� 1010 V/m, the maximum energy of the outgoing electrons can
reach 3.54 keV. This indicates that a good acceleration effect can also
be obtained when the conditions are suitable and the laser intensity is
reduced.

IV. CONCLUSIONS

This paper has theoretically proposed a novel scheme for electron
acceleration using BSWs. We study the properties of BSWs and the
acceleration process of electrons in BSWs. In addition, the effect of
some variables, including electron incident angle and electron injec-
tion time on the electron exit results, is studied. It is concluded that
the electron exit kinetic energy can be increased by reasonably adjust-
ing the electron incident angle and incident time. Furthermore, it is
found that under certain conditions, the initial kinetic energy of
injected electrons can be enhanced several or even dozens of times
when amplitude of the femtosecond laser pulses is large enough. Such
a model provides an all-optical method for electron acceleration.
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