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Smith–Purcell radiation (SPR) refers to the far-field, strong,
spike radiation generated by the interaction of the evanes-
cent Coulomb field of the moving charged particles and the
surrounding medium. In applying SPR for particle detection
and nanoscale on-chip light sources, wavelength tunability
is desired. Here we report on tunable SPR achieved by mov-
ing an electron beam parallel to a two-dimensional (2D)
metallic nanodisk array. By in-plane rotating the nanodisk
array, the emission spectrum of the SPR splits into two
peaks, with the shorter-wavelength peak blueshifted and the
longer-wavelength one redshifted by increasing the tuning
angle. This effect originates from the fact that the elec-
trons fly effectively over a one-dimensional (1D) quasicrystal
projected from the surrounding 2D lattice, and the wave-
length of SPR is modulated by quasiperiodic characteristic
lengths. The experimental data are in agreement with the
simulated ones. We suggest that this tunable radiation pro-
vides free-electron-driven tunable multiple photon sources
at the nanoscale. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.484324

Smith–Purcell radiation (SPR) [1–4] refers to the far-field radia-
tion induced by the interaction between the evanescent Coulomb
field of moving charged particles and the surrounding medium,
typically with periodic structures. This interaction could lead
to a strong spike SPR at a resonant frequency of the periodic
structures, which shows great potential applications in nanoscale
light sources. The frequencies of the SPR may vary from x rays
[5], ultraviolet [6], visible [7,8], infrared (IR) [9–11], to tera-
hertz ranges [10–13]. It is widely used in particle detection [14],
nanoscale on-chip light sources [15], and particle accelerators
[16,17]. In those applications, tunable SPR is desired to improve
the performance of the source in radiation polychromaticity and
power density.

To achieve a tunable SPR, one may tailor the interaction
between charged particles and the surrounding medium by
artificially designing the nanostructures of the materials to reg-
ulate the electromagnetic and optical properties. Over the past
decades, metasurfaces [18–20], photonic crystals [21,22], and

graphene [23,24] have been effectively combined to tune the
frequency, amplitude, and propagation direction of SPR. For
example, the polarization of the generated radiation on the sur-
face of Babinet metasurfaces can be controlled through induced
cross-coupled electric and magnetic dipoles, showing advanced
properties to that on the surface of gratings [18,25]. To further
tailor the diffraction of SPR, the emerging non-periodic nanos-
tructures with strong short-range disorder are also introduced to
generate SPR with surprising robustness [26,27]. In general, the
reciprocal lattice vector of the periodic lattice interacting with
electrons determines the frequency and radiation angle of the
SPR. When the structure loses its periodicity, strong radiation
characteristics may still be generated since the aperiodic arrays
may possess momentum with certain preferential wave vectors
corresponding to the characteristic lengths [28]. By calculating
the radiation distribution of a one-dimensional (1D) quasiperi-
odic Fibonacci particle array, the emission angles and frequency
distributions of quasiperiodic structures are still found to exhibit
strong features owing to their typical characteristic lengths [28].
Besides, the 1D quasiperiodic array can be obtained simply by
projecting a two-dimensional (2D) lattice in a direction with an
irrational slope [29–33]. Moving the electron beam arbitrarily
oriented in a plane parallel to the surface of an anisotropic par-
ticle array is also proposed and theoretically considered [34].
Up to now, a method to easily and flexibly tune SPR, especially
in a dynamically tunable manner, remains challenging in the
experiment so far.

In this work, we experimentally demonstrate tunable SPR
when the electron beam flies along different directions over a
surface of a 2D gold nanodisk array. The moving electrons inter-
act effectively with a tunable 1D quasiperiodic chain, which is
the projection from the 2D lattice into the electron beam tra-
jectory. The multiple characteristic lengths of the quasiperiodic
chains lead to different radiative responses. It follows that the
SPR can be continuously regulated to produce tunable far-field
radiation patterns in characteristic modes.

A schematic diagram of this tunable SPR is shown in Fig. 1(a).
A 2D gold nanodisk array is fabricated on the silicon substrate.
The nanodisks are arranged in a square lattice. The radiation
is generated when the electron beam is applied along the x’
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Fig. 1. (a) Schematic showing the electron beam moving along
the x’ direction parallel to the surface of a 2D gold nanodisk array
on a silicon substrate. The angle between the x and x’ axis is θ,
and the radiation angle is φ in the x’–z plane. (b) Schematic of the
effective quasiperiodic chains when the electron beam flies along
the x’ direction.

direction parallel to the surface of this 2D nanodisk array. We
define the rotation angle θ as the angle between the moving
direction of the electron beam and the x axis in the x–y plane
and the radiation angle φ as the angle between the radiation
direction and the electron trajectory in the x’–z plane.

Usually, the electromagnetic field around the moving charged
particle is confined around the particle in the form of expo-
nential decay and belongs to the evanescent field, and electric
dipoles are induced through the evanescent Coulomb field. A
beam of flying charged particles (electrons in this work) passes
in parallel across the periodic structure, and the evanescent field
around the electrons in turn interacts with the structures under-
neath, thereby exciting the electric dipole oscillations in the
lattice. Meanwhile, the electromagnetic energy originally con-
fined in the evanescent field around the electrons can be radiated
to the far field following the principle of diffraction and wave
vector compensation from the periodic structure. The relation
between the radiation wavelength and the electron velocity can
be described as [1]

λ =
s
m

(︂ c
v
− cosφ

)︂
, (1)

where s is the periodicity of the periodic structure, m is the
diffraction order, c is the speed of light, v is the speed of the
electrons, and φ is the angle between the electron flight direction
and the radiation propagation direction. This relationship is the
key to study the Smith–Purcell effect.

1D quasiperiodic lattices can be obtained along the elec-
tron trajectory by mechanically rotating this 2D nanodisk array
[29–33], and Fig. 1(b) shows a schematic diagram of this trans-
formation. For the convenience of calculation, we simplify the
gold nanodisks into a 2D periodic lattice. When the electron
beam moves at angle θ, the effectively influenced region of the
Coulomb field of the electron beam is illustrated by the shadow

Fig. 2. (a) Schematic of the SPR measuring system. (b) SEM
micrograph of the gold nanodisk sample. The scale bar is 300 nm.
(c) Spectra collected by increasing the rotation angle from 0° to
45°. (d) Spectra collected by increasing the rotation angle from
–45° to 0°. The blue and red dashed curves represent the blueshift
and redshift of the peaks, respectively.

in Fig. 1(b). The width of this region is of the order of the lattice
parameter P in our experiment. By projecting the grid points
within this range to the electron beam trajectory along the direc-
tion perpendicular to x’, we obtain a sequence of length as shown
in Fig. 1(b), which is arranged as ABAABABAABA. . . This
quasiperiodic sequence contains two units A and B, where the
characteristic scale of unit A is lA = Pcosθ, and the character-
istic scale of unit B is lB = Psinθ. Therefore, when the electron
beam passes over the sample surface, it will sense and interact
with the quasiperiodic structures underneath, leading to a strong
resonance with two characteristic lengths of A and B.

It is noteworthy that, according to the self-similarity of the
quasiperiodic sequence [29,33], there are some simple compos-
ite units repeated in the sequence with their sizes representing
the characteristic lengths of this structure, such as lA + lB and
2lA. Therefore, we can also receive radiative responses related
to these repeated lengths. According to the wavelength-angle
relationship of SPR, radiation wavelengths corresponding to
the repeated lengths can be obtained as λ1,m =

Pcosθ
m

(︁ c
v − cosφ

)︁
,

λ2,m =
Psinθ

m

(︁ c
v − cosφ

)︁
, λ3,m =

P(cosθ+sinθ )
m

(︁ c
v − cosφ

)︁
, etc., where

m is the diffraction order. By changing the rotation angle θ, the
characteristic lengths are adjusted accordingly. Only two modes
λ1,1 = Pcosθ(c/v − cosφ) and λ3,1 = P(cosθ + sinθ)(c/v − cosφ)
can be detected in our experimental setup with the wavelengths
within the range of 380–950 nm, and the lattice parameter P is
150 nm.

Experimentally, a 30 keV electron beam is launched in a field-
emission scanning electron microscope (SEM, Zeiss ULTRA
55), moving parallel to the surface of the sample, as illustrated
in Fig. 2(a). The sample is positioned at the focal point of the
parabolic mirror to ensure maximum collection intensity. The
distance between the focused electron beam and the surface
of the sample is kept around 50 nm. The emitted photons are
collected by the parabolic mirror. Via reflection of the parabolic
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mirror, the radiated light is directed to a grating spectrometer
associated with a charge-coupled device (CCD) camera [35–37].
From the system’s setup, we may find that only the photons
emitted upwards—i.e., the radiation angle φ is between 90° and
180°—can be collected by the parabolic mirror, as illustrated in
Fig. 2(a). In experiments, the main radiation angle φ may also
be affected by the collection efficiency of the parabolic mirror.
We collect a spectrum in a wavelength range of 380–950 nm,
and the integration time is set as 20.0 s.

The gold nanodisk array has been fabricated on the silicon
substrate by electron beam lithography, followed by lift-off pro-
cessing. The gold layer is 20 nm in thickness. For stronger
adhesion, a layer of 2-nm thick titanium is homogeneously
deposited on the silicon surface before gold deposition. The
diameters of the nanodisks are 60 nm. The nanodisks are
arranged orthogonally to form a square lattice with a period-
icity of 150 nm. The SEM micrograph of the nanodisk array is
shown in Fig. 2(b).

The experimentally detected spectra of the gold nanodisk
array are shown in Fig. 2(c). We collect the spectra with θ
changing from 0° to 45° in 5° intervals by rotating the sample in
the x’–y’ plane. When the rotation angle equals 0°, the spectrum
has only one peak around 580 nm. The spread of the peaks in
the spectrum is due to the fact that the signal is collected with a
radiation angle φ between 90° and 180°. By increasing θ from
0° to 45° in the x’–y’ plane, the peak splits into two. The shorter-
wavelength peak blueshifts, whereas the longer-wavelength peak
redshifts. When the rotation angle reaches 45°, only one peak
around 420 nm survives in the spectrum. We also collect the
spectra with the rotation angle θ from –45° to 0° in 5° intervals,
as shown in Fig. 2(d). One may find the splitting of the peaks
reverses itself. Two peaks recombine into one due to the quartic
symmetry in the nanodisk array.

The blue dashed line in Fig. 2(c) represents the blueshift
of the peak position with the increase of the rotation angle,
which is the radiation mode λ1,1 associated with the character-
istic length Pcosθ. We fix the radiation angle φ= 145°, which
locates around the center of the detected range of φ between
90° and 180°, to estimate the theoretically predicted modes. As
the angle θ increases, the characteristic length Pcosθ decreases.
The red dashed line represents the redshift of the peak, which
is the radiation mode λ3,1 associated with the characteristic
length P(cosθ+sinθ), and the characteristic length P(cosθ+sinθ)
increases as the angle θ increases. In the detectable range of our
experiment, we observed that the two kinds of radiation modes
λ1,1 and λ3,1 corresponding to the two characteristic lengths pos-
sess blueshift and redshift features, respectively, with the change
of the rotation angle. It is proved that by rotating the sample,
which is equivalent to change the moving direction of the elec-
tron beam, we can obtain quasiperiodic chains with different
characteristic lengths, leading to continuously tunable SPR with
multiple modes.

To further analyze this tunable SPR, we calculated the electric
field radiated from this sample using a commercial software
(COMSOL Multiphysics). We obtained the far-field radiation
intensity distribution in the wavelength range 400–850 nm under
electron velocity v= 0.329c.

According to the wavelength-angle relationship of SPR, mul-
tiple radiation wavelengths corresponding to the characteristic
lengths can be obtained. Figures 3(a)–3(d) show the far-field
radiation intensity map on the wavelength and the radiation
angle φ when the rotation angle θ equals 0°, 15°, 30°, and

Fig. 3. Far-field radiation intensity mapping on the wavelength
and the radiation angle φ with different rotation angles: (a) θ = 0°;
(b) θ = 15°; (c) θ = 30°; and (d) θ = 45°. The curve on the right
side represents the integrated intensity of electric field |E| over
the selected area marked by yellow dashed boxes. The red arrows
highlight the peaks corresponding to the experimentally collected
ones.

45°, respectively. To show the correspondence between the
simulation results and the experimentally collected spectra, we
integrate the computed wavelength-angle distributions over the
selected areas indicated by the yellow dashed boxes in Fig. 3
to reconstruct the spectra. By changing the rotation angle θ, as
shown in Fig. 3, we can find that the wavelength and the radi-
ation angle φ of SPR are modulated correspondingly. We can
identify a mode around 560 nm at θ = 0°, corresponding to the
measured spectrum just below 600 nm [Fig. 3(a)]. This peak
splits into two modes when θ = 15° [Fig. 3(b)]. When θ = 30°,
one mode redshifts and the other blueshifts [Fig. 3(c)], which
is similar to the experimentally measured modes λ1,1 and λ3,1.
When the rotation angle θ increases to 45°, we find only a peak
around 420 nm remains [Fig. 3(d)], which is consistent with the
experiments.

The model proposed here regarding the radiated wavelength,
rotation angle, and radiated angle is simplified. Some other
factors, such as the size of nanodisks, the separation of the
electron beam and sample surface, etc., have been ignored.
The radiation in 3D space becomes more complicated. Further
exploration of 3D far-field radiation patterns is essential. We
calculate the radiation distribution in four configurations and
obtain different radiation patterns shown in Fig. 4. The calcu-
lated far-field radiation pattern when θ = 0° and λ= 580 nm is
shown in Fig. 4(a). The main radiation angle φ is around 90°,
which is consistent with Fig. 3(a). The calculated far-field radia-
tion patterns when θ = 30°, λ= 450 nm; θ = 30°, λ= 680 nm; and
θ = 45°, λ= 420 nm are shown in Figs. 4(b)–4(d), respectively.
The corresponding main radiation angle φ is around 125°, 125°,
and 155°, respectively. From the calculated radiation angle φ
in far-field radiation patterns, we can derive the characteristic
lengths in the structure based on Eq. (1) to verify the ratio-
nality of our model. The characteristic lengths of the structure
can be deduced according to Eq. (1) as 125 nm, 188 nm, and
106 nm, respectively, which is consistent with the characteristic
lengths as Pcos30°= 130 nm, P(cos30°+sin30°)= 205 nm and
Pcos45°= 106 nm when the period of the sample is P= 150 nm.

This work demonstrates that a mechanically rotatable 2D nan-
odisk array can generate tunable SPR with the electron beam
moving along different directions. The effective lattices along
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Fig. 4. Simulated 3D far-field radiation patterns for four situa-
tions: (a) θ = 0°, λ= 580 nm; (b) θ = 30°, λ= 450 nm; (c) θ = 30°,
λ= 680 nm; and (d) θ = 45°, λ= 420 nm.

the moving direction of the electron beam can be treated as
tunable 1D quasiperiodic chains. The quasiperiodic chains with
characteristic wave vectors can be used to couple the bound
energy from the evanescent wave generated by the electron beam
to the far field due to wave vector compensation. By rotating the
sample, the characteristic lengths of the quasiperiodic chains
are tuned, resulting in tunable wave vectors in reciprocal space.
Experimental results show that the wavelength of this SPR can
be continuously modulated. This complex spatial distribution
of radiated light may provide a promising approach for gen-
erating tunable multiple photon sources for nanoscale on-chip
applications.
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