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Abstract 
Dielectric laser acceleration (DLA) has the potential to 

provide accelerating gradients on the order of GV/m and is 
therefore considered a promising alternative to conven-
tional radio-frequency accelerators. Extending DLA oper-
ation to relativistic electrons is still at an early stage and is 
important for realizing compact accelerator systems. In this 
study, we perform a systematic parameter scan of a top-
illuminated fused silica dual-pillar DLA structure to deter-
mine the optimal configuration based on electron energy 
gain. The resulting energy modulation of a relativistic elec-
tron bunch is then evaluated using the optimized structure. 
The simulation results show clear laser-induced energy 
modulation with an equivalent accelerating gradient on the 
order of several hundred MV/m. The planned DLA exper-
imental platform at The University of Tokyo linear electron 
accelerator is also introduced. These results provide guid-
ance for future DLA experiments with relativistic electron 
beams. 

DLA PRINCIPLE AND DESIGN 
A grating-based DLA can be regarded as the inverse pro-

cess of Smith-Purcell radiation [1], as shown in Fig. 1. In 
the Smith-Purcell effect, an electron passing near a  
periodic grating emits radiation. In the inverse process, an 
incident laser excites an evanescent near field at the grating 
surface. The grating provides the spatial harmonic required 
to match the optical phase velocity to the electron velocity, 
producing a longitudinal electric field that can accelerate 
or decelerate the electron depending on its optical phase. 
The synchronicity condition is 

λ𝑔𝑔 = nβλ    (1) 

Where  λ𝑔𝑔 is the grating period, λ is the laser wavelength, 
β = v/c is the normalized electron velocity, and n is the 
spatial harmonic order. For the first harmonic and  
relativistic electrons, this is approximately  λ𝑔𝑔 = λ. 

 
Figure 1: Schematic illustration of the Smith-Purcell effect 
(a) and inverse Smith-Purcell effect (b). 

Compared with conventional double-grating DLA  
structures, the dual-pillar geometry offers a simpler and 
more flexible platform for beam manipulation, while 
avoiding the mechanical alignment difficulty between two 
separated gratings [2]. It can also support symmetric opti-
cal-field excitation in the channel and can be configured 
for acceleration, focusing, bunching, or beam steering. 

As shown in Fig. 2, three typical illumination schemes 
can be used for a dual-pillar DLA: double-sided illumina-
tion, single-sided illumination with a Bragg reflector, and 
top illumination. Double-sided illumination can provide 
the highest field symmetry in the acceleration channel, but 
it requires precise spatial, temporal, and phase alignment 
of two incident laser pulses. Single-sided illumination sim-
plifies the optical system by using only one drive laser; 
however, without perfect compensation from the reflector, 
the excited field can become asymmetric in the channel, 
which may introduce unwanted transverse effects. Top il-
lumination further simplifies the optical layout and relaxes 
the alignment requirements [2, 3]. Although this configu-
ration may provide a slightly lower maximum accelerating 
field than the other schemes, it offers the best simplicity 
and feasibility for experimental implementation and future 
applications, including multi-channel operation and on-
chip integration. 

 
Figure 2: Illumination schemes for a dual-pillar DLA: (a) 
dual-sided, (b) single-sided with a Bragg reflector, and (c) 
top illumination. 

In this study, a laser wavelength of λ = 1950 nm is used 
for both simulations and future experiments. Fused silica is 
selected as the baseline material for the DLA structure be-
cause its laser damage threshold is nearly one order of 
magnitude higher than that of silicon [4, 5]. This allows 
higher incident laser fields and makes it possible to reach 
accelerating gradients of several hundred MV/m.  
Since the interaction length of the proposed structure is  
limited [6, 7], a high accelerating gradient is required to 
obtain a measurable energy gain, especially for high-en-
ergy electron beams where a clear energy modulation sig-
nal is needed. 

SIMULATION RESULTS 
The geometric parameters of the top-illuminated dual-

pillar DLA structure are optimized using CST Studio Suite. 
The simulation model is shown in Fig. 3. The electron 
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beam propagates along the longitudinal z-direction through 
the center of the channel, while the drive laser is incident 
from the top of the structure. Each pillar has an elliptical 
cross section, with 𝐷𝐷𝑧𝑧  and 𝐷𝐷𝑥𝑥  denoting the longitudinal 
and transverse dimensions respectively. The lower panels 
of Fig. 3 show the longitudinal electric field 𝐸𝐸𝑧𝑧 in the ac-
celeration channel at two representative optical phases, il-
lustrating the phase reversal of the accelerating field during 
one optical cycle. A two-dimensional parameter scan of 𝐷𝐷𝑧𝑧 
and 𝐷𝐷𝑥𝑥 is performed with a step size of 0.1λ.  

 
Figure 3: Simulation model of the top-illuminated dual-pil-
lar DLA (a) and 𝐸𝐸𝑧𝑧 field distribution (b). 

For each geometry, a phase-matched electron passing 
through the channel center is tracked, and the maximum 
energy gain is used to evaluate the acceleration perfor-
mance. The resulting parameter map is shown in Fig. 4. 

 
Figure 4: Parameter scan result (a) and comparison of en-
ergy gain results for selected parameter sets (b). 

In the parameter map shown in Fig. 4(a), darker colors 
indicate larger electron energy gain. The maximum energy 
gain is obtained at 𝐷𝐷𝑥𝑥 = 0.7λ and 𝐷𝐷𝑧𝑧 = 0.6λ, indicating that 
the structure is close to the optimized geometry under the 
present simulation conditions. Fig. 4(b) shows the electron 
energy-gain evolution for several representative sets of 
structural parameters. The oscillatory behavior of the en-
ergy gain curves indicates that the electron experiences 
both accelerating and decelerating phases within each 
structure period. Under the optimized parameter set, for an 
incident laser field of approximately 400 MV/m, the elec-
tron gains about 500 eV over eight structure periods, cor-
responding to an equivalent accelerating gradient of  
32 MV/m. 

The calculated electric field distribution is imported into 
General Particle Tracer (GPT) for particle tracking 

simulations. The initial bunch is modelled as a Gaussian 
distribution truncated at 4σ in all three spatial dimensions 
and in energy, with a relative energy spread of 0.05% and 
an initial angular divergence of 0.5 mrad. The longitudinal 
bunch length is set to 16 μm, corresponding to approxi-
mately 53 fs, or about eight optical cycles at λ = 1950 nm. 
This shortened bunch length, compared with the expected 
experimental value of several hundred femtoseconds, is 
chosen to resolve the spatial phase evolution in the DLA 
channel and to provide an intuitive view of the phase-de-
pendent beam dynamics. 

 
Figure 5: Simulated energy modulation of the electron 
bunch before and after DLA interaction. 

For an incident laser field of 6 GV/m, the simulated elec-
tron energy distribution before and after the DLA interac-
tion is shown in Fig. 5. Although the bunch length covers 
several optical periods, each longitudinal slice of the bunch 
remains phase-matched to the corresponding accelerating 
or decelerating phase of the laser-driven near field. As a 
result, electrons at different phases experience different en-
ergy changes, and the DLA effect appears mainly as an en-
ergy modulation rather than a uniform shift of the whole 
bunch energy. After passing through 24 structure periods, 
corresponding to an interaction length of approximately  
45 μm, the maximum energy modulation reaches about  
25 keV. The corresponding equivalent accelerating gradi-
ent is approximately 500 MV/m, in good agreement with 
the single-electron energy gain result calculated in CST. 

 
Figure 6: Projected electron bunch density evolution dur-
ing the DLA process. 
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Figure 6 shows the time evolution of the projected elec-
tron bunch density in the x-y, z-x, and z-y planes during the 
DLA interaction. In the transverse x-y plane, the bunch 
profile remains relatively stable in the x-direction, while a 
noticeable expansion appears along the y-direction. In the 
z-x plane, a periodic density modulation is observed, but 
the modulation amplitude is relatively small, indicating 
that the x-component field has only a limited influence on 
the bunch distribution. In contrast, the z-y plane shows a 
strong periodic density modulation, suggesting a non-neg-
ligible y-component field and a stronger transverse effect 
on the electron bunch. 

This behavior differs from previously reported results 
for silicon-based dual-pillar structures. In the fused-silica 
structure studied here, the transverse modulation is more 
pronounced in the y-direction, whereas the distortion in the 
x-direction remains relatively weak. This trend is opposite 
to that reported for silicon structures and may be related to 
the large difference in refractive index, which modifies the 
near-field distribution in the acceleration channel [8, 9]. 
Further investigation is needed to clarify this mechanism, 
since such transverse fields may affect beam transport in 
long-range DLA process. 

EXPERIMENTAL PLAN 
The experimental platform for the planned DLA beam 

acceleration test is currently under construction. The ex-
periment will be carried out using the linear electron accel-
erator of the University of Tokyo, located at Tokai, Ibaraki. 
Electron bunches are generated by a photocathode RF gun 
and subsequently accelerated in the linac. Figure 7 shows 
photographs of the RF gun section and the main accelerator 
beamline, which will serve as the electron source for the 
future DLA experiment. 

 
Figure 7: Photographs of the photocathode RF gun (a) and 
linac beamline (b) at The University of Tokyo. 

As shown in Fig. 8, the DLA structure will be installed 
in a dedicated vacuum chamber located downstream of the 
acceleration section. Since the experimental station is 
currently under construction, the vacuum chamber and 
laser transport line are still being designed. In the present 
baseline configuration, a 1 ps laser pulse with a central 
wavelength of 1950 nm will be delivered to the DLA 
interaction point and coupled to the dielectric structure. 
The laser-driven near field excited in the structure will 
interact with the 18 MeV electron beam. After the DLA 
interaction, the dispersed beam image will be recorded on 
a scintillator screen using a high-speed camera. The 
acceleration effect will be evaluated from the laser-induced 

energy modulation by comparing the energy spectra with 
and without laser input to the DLA structure. 

 
Figure 8: Schematic layout of the planned DLA experi-
mental platform. 

CONCLUSIONS 
In this work, a top-illuminated fused silica dual-pillar 

DLA structure was designed and numerically investigated 
for relativistic electron acceleration. The optimized geom-
etry was obtained at 𝐷𝐷𝑥𝑥 = 0.7λ and 𝐷𝐷𝑧𝑧 = 0.6λ from the pa-
rameter scan. Under an incident laser field of approxi-
mately 400 MV/m, a phase-matched electron gained about 
500 eV over eight structure periods, corresponding to an 
equivalent accelerating gradient of 32 MV/m. Particle 
tracking simulations were then performed for an 18 MeV 
electron bunch with a relative energy spread of 0.05%. For 
an incident laser field of 6 GV/m, the bunch showed an en-
ergy modulation of about 25 keV after 24 structure periods, 
corresponding to an equivalent accelerating gradient of ap-
proximately 500 MV/m. The projected density evolution 
indicated a non-negligible transverse field effect in the y-
direction, which may influence beam transport in long-
range DLA acceleration. The planned beam-test platform 
at the University of Tokyo linear electron accelerator was 
also introduced. The present results provide guidance for 
future fused silica DLA experiments with relativistic elec-
tron beams. 
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