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Abstract
THz radiation has many applications, including medical

physics, pump-probe experiments, communications, and se-
curity systems. Dielectric grating structures can be used
to generate cost-effective THz radiation, synchronous to
a relativistic beam based on the Smith-Purcell effect. We
present a 3D simulation study for the THz radiation emitted
from an inverse-designed grating structure after a 3 GeV
electron bunch traverses through it. Our farfield simula-
tion results show a narrowband emission spectrum centred
around 881 μm, close to the designed value of 900 μm. The
grating structure was experimentally tested at the SwissFEL
facility, and our simulated spectrum shows good agreement
with the observed one.

INTRODUCTION
THz radiation sources are extremely useful in electron

acceleration [1–3], wireless communication [4], material
and biomedical sciences [5, 6]. The wavelength of this
radiation lies between the microwave and infrared regime
of the electromagnetic spectrum. Several methods such
as optical rectification [7, 8], vacuum tubes and integrated
circuits [9, 10] have been used to generate THz radiation.
Among these, the Smith-Purcell effect is a cost-effective and
compact alternative [11]. Being a precursor of a free electron
laser (FEL), this effect is the radiation of light when charged
particles pass along periodic metallic or dielectric grating
structures. For an electron bunch with relativistic velocity
ratio 𝛽, the wavelength 𝜆 and direction of emitted radiation
𝜃 is related to the grating periodicity 𝑎 by the following
Smith-Purcell equation

𝜆 = 𝑎
𝑛 ( 1

𝛽 − cos 𝜃) , (1)

where 𝑛 is the order of the harmonic mode.
Recent advances in computational optimization have

paved the way for designing the optical structures algorith-
mically, purely based on the desired performance and thus
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skipping the hardships of brute force optimization. Inverse
design is such an approach which can be used to devise
photonic structures by searching a much broader space of
fabricable devices.

Here we present the 3D simulation study of the THz radia-
tion from such a structure designed using the inverse design
algorithm [12] and present the comparison with the experi-
mental observation. The structure which we used for inves-
tigating the THz radiation was designed using the inverse
design method. The optimization process was performed
for a single unit cell in a 2D finite-differences frequency-
domain simulation (FDFD). Periodic boundary conditions
were applied in the direction of electron bunch propagation

Figure 1: The dielectric grating structure optimized by in-
verse design approach (top view). Full 3D structure with the
base which was experimentally tested in the SwissFEL [13]
laboratory and used in 3D time domain simulation. The
electron bunch travelled along the grating periodicity direc-
tion and the THz radiation was obtained in its perpendicular
direction (inset) [14].

and to imitate free space, perfectly matched layers were used.
The design was aimed for narrowband THz radiation from
ultrarelativistic electrons. In contrast to the conventional
metallic gratings for Smith-Purcell radiation, a dielectric
structure was used as it has a 1-2 order of magnitude higher
damage threshold than metals [15]. The 3D version of the
optimized structure is shown in the Fig. 1. The structure was
scaled to have a length of 45 mm and a height of 6 mm and
fabricated by a 3D printer using stereolithography (SLA)
technique. For the dielectric material, Formlabs high tem-
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perature resin was used as it was highly compatible with
vacuum after curing at 250∘C [16] .

3D TIME DOMAIN SIMULATION
The full 3D time-domain simulations for obtaining the

THz radiation spectrum was performed in CST Studio
suite [17]. The electron bunch parameters are given in the
Table 1. Table 1: Electron Bunch Parameters

Bunch Parameters Value

Energy 3 GeV
Transverse width 0.1 mm

Longitudinal width 0.2 mm
Cutoff length 0.4 mm

Due to the extensive computational resource requirement for
smaller mesh cell resolutions, the simulation was performed
for a longer in time electron bunch than it was used in the
experiments. Regardless, this approximation would provide
a realistic spectrum for the emitted radiation as the bunch
length is still significantly shorter than the targeted central
wavelength. Figure 2 shows the simulated time dependent
electric field at a probe placed 200 mm far from the grating
structures and at 𝜃 = 90∘ (angle convention from the Fig. 1).
The periodic oscillations with multiple frequencies would be
the reason of several peaks in the frequency domain (Fourier
plane).

Figure 2: Time-dependent electric field at a far distance
(200 mm) from the dielectric structure.

Figure 3 shows the electromagnetic spectrum obtained
in CST using its inbuilt farfield monitor at multiple THz
frequencies with a wide angular dependence. The radiation
is peaked at an angle ≈ 90∘ and at a frequency of 0.34 THz.
Figure 4 shows the strong agreement between the theoretical
Smith-Purcell radiation peaks (orange) and the simulated
spectrum (blue).

To ensure the usage of sufficient resolution, mesh cell
convergence study was performed for the time-domain sim-
ulations. This study suggested that a hexahedral type mesh
cell having 15 𝜇m of minimum size was enough for accurate
results.

COMPARISON OF SIMULATION WITH
MEASUREMENT

The grating structure was installed in the ACHIP chamber
of the SwissFEL laboratory. A Michelson interferometer

Figure 3: THz radiation spectrum as a function of emission
angle obtained by doing a frequency scan at the farfield
monitor in CST.

Figure 4: Validation of the THz peaks emitted at different
angles from the CST simulation versus the analytical Smith-
Purcell equation.

was designed for autocorrelation measurements. A 3.2 GeV
electron bunch was sent through the grating structure. The
emitted radiation was focused through a lens and then passed
through the interferometer before being measured at a de-
tector.

Figure 5 shows the comparison of simulated and the mea-
sured electromagnetic spectra. Black curve shows the spec-
trum measured at SwissFEL laboratory. The green curve
is the 3D time-domain simulation in CST and the orange
curve is a 3D frequency-domain simulation in COMSOL.
The grey color window is the detector’s angular acceptance
window. The frequency domain spectra is quite narrow com-
pared to the measured one. This is because this simulation
considers periodic boundary conditions and the simulation
is performed for a single grating period. This suggests that
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the structure theoretically can emit more narrowband radi-
ation, which could be achieved by increasing the number
of grating periods. The time domain simulation matches
well with the measured spectra and both are approximately
peaked at 881μm. The driving bunch charge was scanned
to verify the coherence scaling of energy with the bunch
charge.

Figure 5: Measured and simulated emission spectrum.
Black curve is experimental, orange and green curves are
frequency-domain and time-domain simulations [14].

CONCLUSION
We have presented the 3D time-domain simulation study

for obtaining THz radiation from an inverse-designed grat-
ing structure and presented its comparison with frequency-
domain simulations and the measured spectra. The method
and the results would have potential applications in future
pump-probe experiments and in designing tunable light
sources. This kind of design method can provide narrowband
and coherent THz radiation at arbitrary wavelengths which
would be extremely hard to generate through conventional
sources. There is a slight mismatch between the broadness
of the time domain spectra and the measured one, and it
occurs because of limitations of resolution in both measure-
ments and experiments, which can be surely improved. The
structure was fabricated at a resolution of 140 μm, which can
be enhanced by present micro/nano lithography techniques.
The inverse design was performed for a 2D grating structure
and in principle can be developed for 3D optimization. The
resolution of the time-domain simulation can be improved
by greater computational resources.
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