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Terahertz and infrared Smith-Purcell radiation from Babinet metasurfaces: Loss and efficiency
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When a charged particle moves close and parallel to the surface of a Babinet metasurface composed of metallic
C-aperture resonators, strong electromagnetic radiation arises at resonant frequency. Here we systematically
study the Smith-Purcell effects in Babinet metasurfaces with different periods. By tuning the period, the resonant
(or working) frequency of the metasurface can vary from GHz to THz and infrared ranges. It is found that for
working frequencies lower than 10 GHz, the ratio of absorption loss to input power is about 3.7%. Although the
loss ratio increases with increasing working frequency, it remains as low as 11% (29%) at a working frequency
of 10 THz (224 THz). Due to the existence of loss, a nonlinear relationship is also found between resonant
frequency and the reciprocal of period. Our results suggest that Babinet metasurfaces could be a good candidate
for fabricating efficient, compact THz and infrared free-electron light sources.
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I. INTRODUCTION

Far-field radiation of light can be produced when a
charged particle moves close and parallel to the surface of
a one-dimensional (1D) metallic grating. This phenomenon,
first observed by Smith and Purcell in 1953 [1], is an
important extension of Cherenkov effect and forms the basis
of many applications such as particle detectors and radiation
generators [2–4].

Metasurfaces are two-dimensional metamaterials com-
posed of subwavelength building blocks or meta-atoms [5].
By carefully designing the structure and arrangement of
meta-atoms, metasurfaces allow us to attain numerous novel
optical phenomena and devices [6–18]. Recently, it has been
demonstrated that cross-polarized Smith-Purcell radiation can
be generated from Babinet metasurfaces consisting of metallic
C-aperture resonators [19]. The radiation intensity at resonant
frequency can be 3.4 times of that in a traditional 1D metallic
grating. By combining the metasurface with a waveguide,
strong radiations have further been observed in the GHz regime
[20]. These studies present a new route to control the amplitude
and polarization of Smith-Purcell emissions [19,20], which
greatly enriches the context of Cherenkov effects in complex
artificial structures [21–33].

Reducing energy consumption and improving energy ef-
ficiency are important issues for human beings in modern
society. For the Smith-Purcell effects in Babinet metasurfaces
[19], the energy of swift charged particles can be converted
not only into useful radiations but also into unwanted heat
in the metal. However, such Ohmic loss (or absorption
loss) has seldom been discussed in previous work [19]. It
remains unknown whether a low absorption loss can be
achieved especially when Babinet metasurfaces work at high
frequencies (such as THz and infrared ranges [34]).

In this paper we investigate the Smith-Purcell effects in
Babinet metasurfaces with different periods. By tuning the
period, the resonant (or working) frequency can vary from
GHz to THz and infrared ranges. It is found that the ratio of
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absorption loss to input power is 3.7% at a working frequency
of 10 GHz. Although the loss ratio increases with increasing
the working frequency, it remains as low as 11% (29%) at a
working frequency of 10 THz (224 THz). For higher working
frequencies, an upper limit of about 33% is uncovered for the
loss ratio.

II. METHODS

The Babinet metasurface under study is a metallic slab
perforated with a square lattice of C apertures, as shown in
Fig. 1(a). The metasurface has a period of p in both x and
y directions, and a thickness of h in the z direction. The
C apertures, which are directed to the x direction, have an
outer (inner) radius of r1 (r2) and a central angle of 2π − α.
Assume the metasurface is in vacuum and its upper surface is
located at z = 0. A uniform sheet of charged particles, which
is in the x-y plane at z = z0, moves with a velocity of v

along the x direction. The current density can be expressed
as J (x,z,t) = x̂qvδ(z − z0)δ(x − vt) = ∫

dωJ (x,z,ω)e−iωt .
Here q is the charge per unit length in the y direction. After
Fourier transform, the current density in the frequency domain
can be given by

J (x,z,ω) = x̂I0δ(z − z0)eikxx, (1)

where kx = ω/v, I0 = q/(2π ), and ω is the angular frequency.
Such a current source can generate an evanescent field in the
region with 0 < z < z0, namely

Hi = ŷHiy, Ei = −(x̂iγ + ẑkx)Z0Hiy/k0. (2)

Here Hiy = (I0/2)eikxx+γ (z−z0), γ =
√

k2
x − k2

0, k0 = ω/c is
the vacuum wave number, c is the light velocity in vacuum,
and Z0 = 376.7 � is the vacuum impedance.

When the metasurface is illuminated by the evanescent field
described by Eq. (2), reflected fields can be generated above
the metasurface and they can be expressed in terms of Floquet
modes as

Hr =
∑

m,n

H rmne
ikxmnx+ikymny+ikzmnz. (3)
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FIG. 1. Schematic of the Smith-Purcell emission from a Babinet
metasurface. The Babinet metasurface is a metallic slab perforated
by a square lattice of C apertures. The metasurface is in the x-y plane
and has a thickness h and period p. (a) A uniform sheet of charged
particles, which is parallel and close to the metasurface, moves with
a velocity v along the x direction. The Babinet metasurface generates
electromagnetic radiations with frequency f = v/p propagating
along the z direction. (b) Side view of (a). Sin, Sup, Sdown, and Sab are
the input energy flux density, upward emission energy flux density,
downward emission energy flux density, and absorption energy flux
density, respectively.

Here m and n are integers, kxmn = kx + 2mπ/p, kymn =
2nπ/p, and kzmn =

√
k2

0 − k2
xmn − k2

ymn are the wave numbers
in the x, y, and z directions, respectively. Similar expressions
can also be given for the transmitted fields below the metasur-
face. Since the Smith-Purcell emissions are propagating in the
z direction (k2

zmn > 0 ), they need to have n = 0 (i.e., kymn = 0)
and m < 0, and their frequencies are given by

f = |m|v
p
(
1 − v

c
cosϕ

) , (4)

where ϕ = arccos(kxmn/k0) is the angle between the wave
vector of emission and the x direction. In the following, we
focus on the fundamental order (|m| = 1) of Smith-Purcell
emissions in the z direction (ϕ = π/2), so that Eq. (4) reduces
to f = v/p.

A commercial finite-element software of COMSOL MULTI-
PHYSICS was applied to simulate the Babinet metasurfaces
[19,35]. A periodic boundary condition with kx = 2π/p was
adopted. Figure 1(b) illustrates the details for the simulations
of the Smith-Purcell effect. The input energy flux density Sin,
upward emission energy flux density Sup, downward emission
energy flux density Sdown, and absorption energy flux density
Sab can be calculated by Sin = S1 + S2, Sup = S1, Sdown = S3,
and Sab = S2 − S3, respectively. Here S1, S2, and S3 are the z
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FIG. 2. The simulated reflection (R), transmission (T ), and
absorption (A) spectra of a Babinet metasurface at normal incidence
of propagating waves. The metasurface has parameters of a = 50 μm,
h = 200 nm, r1 = 0.4p, r2 = 0.3p, and α = 35◦. Both the E field
of incident waves and the orientation of C apertures are along the x

direction.

components of Poynting vectors through the three planes near
the metasurface [see Fig. 1(b)].

III. RESULTS

We consider Babinet metasurfaces with parameters of r1 =
0.4p, r2 = 0.3p, h = 200 nm, and α = 35◦. The metasurfaces
are made from a metal (gold) of which the permittivity can
be described by a Drude model εAu = 1 − f 2

p /(f 2 − if vp)
with fp = 2.174 PHz and vp = 6.48 THz [36,37]. The swift
charged particles are described by Eq. (1) with I0 = 1 A/m,
v = fp, and z0 = p/5.

A metasurface with a period of p = 50 μm is first
simulated. Figure 2 shows the simulated reflection (R),
transmission (T ), and absorption (A ) for normal incidence
of x-polarized (Ey = 0) propagating waves. We can see that a
strong resonance occurs at the frequency of 1.51 THz, where
the metasurface is nearly transparent (R = 0 and T = 0.86)
and exhibits a small absorption (A = 0.14). For frequencies
far away from the resonance, the metasurface is almost opaque
and highly reflective.

The Smith-Purcell effect is then simulated for the above
metasurface [see Fig. 3(a)]. At the resonant frequency, the
energy flux densities of Sin, Sup, Sdown, and Sab reach their
maximums of 14, 6.6, 6.6, and 0.98 W/m2, respectively. For
the upward emission, the E-field amplitude can be obtained
as |E| =

√
2Z0Sup = 70.5 V/m, agreeing well with the result

(70.3 V/m) in [19].
The corresponding emission efficiencies (Sup/Sin and

Sdown/Sin) and loss ratio (Sab/Sin) are also plotted in Fig. 3(b).
Unlike the energy flux densities, the emission efficiencies
and loss ratio depend weakly on the frequency. At the
resonant frequency, both the upward and downward emission
efficiencies are 0.47 while the loss ratio is as low as 0.07. We
note that when the orientation of C apertures is adjusted from
the x direction to the y direction, the energy flux densities
of Sin, Sup, Sdown, and Sab can be improved by about 26%.
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FIG. 3. Characterization of the Smith-Purcell emission from a
Babinet metasurface. The metasurface has the same parameters as
in Fig. 2. The swift charged particles are described by Eq. (1) with
I0 = 1 A/m, v = pf , and z0 = p/5. (a) The energy flux densities
of Sin, Sup, Sdown, and Sab. (b) The corresponding emission efficiency
(Sup/Sin and Sdown/Sin) and absorption efficiency (Sab/Sin).

However, the emission efficiencies and loss ratio are nearly
not changed [38].

The above studies are focused on the Babinet metasurface
with period p = 50 μm. We then simulate metasurfaces with
other periods (p = 0.125 μm, 0.25 μm, 0.75 μm, 7.5 μm,
0.75 mm, 7.5 mm, and 75 mm) under normal incidence of
propagating waves. The corresponding resonant frequencies,
plotted in Fig. 4(a), can be further fitted with a simple formula

fR = v0/(p + p′), (5)

where v0 = 0.25c and p′ = 0.21 μm. For large periods (p >

10p′), Eq. (5) reduces to fR ≈ v0/p, so that the resonant
frequency is proportional to the reciprocal of period. But for
small periods (p � p′), the resonant frequency is independent
on the period and has an upper limit of f∞ = v0/p

′ =
357.1 THz. This phenomenon has also been observed in
the reverse structure of Babinet metasurfaces (i.e., split-ring
resonators), which can be understood by the electron kinetic
energy in split-ring resonators for high frequencies [39]. When
the period is much smaller than p′, split-ring resonators cannot
exhibit artificial magnetic response [39].

From Fig. 4(a), the dependence of pfR/c on fR can be
obtained [see Fig. 4(b)]. The results can also be fitted by
an alternative form of Eq. (5), namely pfR = v0 − p′fR . We
note that vR = pfR = v0 − p′fR is just the velocity of charged
particle for generating the Smith-Purcell emissions at resonant
frequency fR . Hence, the velocity vR decreases linearly with
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FIG. 4. The behavior of Babinet metasurfaces with different pe-
riods p at normal incidence of propagating waves. The metasurfaces
have the same parameters as in Fig. 2 but with different periods p.
(a) The resonant frequency fR as a function of 1/p. (b) pfR/c and
(c) the absorption at fR as a function of fR . (a) and (c) are replotted
with a logarithmic scale in the insets. pfR = v in (b) presents the
velocity of charged particles in Fig. 5.

increasing the resonant frequency. While the velocities vR

is 0.25c at fR = 1.51 THz, it can be lowered to 0.093c at
fR = 224 THz. We note that a low charged-particle velocity
corresponds to a low acceleration voltage (2.22 kV for 0.093c

and 16.8 kV for 0.25c) and could be beneficial to fabricating
a compact free-electron light source [33].

Figure 4(c) shows the absorption at resonant frequencies
for the metasurfaces under normal incidence of propagating
waves. We can see that the absorption increases with increasing
the resonant frequency fR . At fR = 9.9 THz (224 THz),
the absorption is 0.20 (0.43). When the resonant frequency
approaches f∞, the absorption will be close to 0.5.

The Smith-Purcell effects are further studied for Babinet
metasurfaces with different periods. From Fig. 5(a), we can
see that, as the resonant frequency increases, the input energy
flux density Sin and emission energy flux densities (Sup

and Sdown) decrease while absorption energy flux density
Sab increases. Similar changes also exist in the emission
efficiencies (Sup/Sin and Sdown/Sin) and loss ratio Sab/Sin [see
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FIG. 5. Characterization of the Smith-Purcell effect from the
Babinet metesurfaces with different resonant frequencies fR . The
swift charged particles are described by Eq. (1) with I0 = 1 A/m,
z0 = p/5, and v = pfR [see Fig. 4(b)]. (a) The energy flux densities
of Sin, Sup, Sdown, and Sab. (b) The corresponding emission efficiency
(Sup/Sin and Sdown/Sin) and absorption efficiency (Sab/Sin). (a) and (b)
are replotted with a logarithmic scale in the insets.

Fig. 5(c)]. For resonant frequencies lower than 10 GHz, the
loss ratio is about 0.037. Although the loss ratio increases
with increasing resonant frequency, it remains as low as 0.11
(0.29) at resonant frequency of 10 THz (224 THz). For higher
resonant frequencies (approaching f∞), the loss ratio will be
near 0.33 and the total emission ratio [(Sup + Sdown)/Sin] can be
about 0.67.

IV. CONCLUSION

In conclusion, we have demonstrated that Babinet metasur-
faces consisting of metallic C-aperture resonators can generate
strong Smith-Purcell radiation at resonant frequencies. By
adjusting the period of metasurface, the resonant (or working)
frequency can be shifted from GHz to THz and infrared
ranges. It is found that the absorption loss ratio is 3.7% at
a working frequency of 10 GHz. Although the loss ratio
increases with increasing the working frequency, it remains
as low as 11% (29%) at a working frequency of 10 THz
(224 THz). In addition, a nonlinear relationship is found
between the resonant frequency and the reciprocal of period,
resulting in decreased charged-particle velocity with increas-
ing the working frequency. Our results indicate that Babinet
metasurfaces can efficiently generate Smith-Purcell radiation
in a wide frequency range. This may benefit the fabrication of
compact, efficient THz and infrared light sources.
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