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Smith–Purcell radiation (SPR) is electromagnetic radiation generated by free electrons passing over a periodic grating.
Here, having the electron beam pass through 30 nm wide slots in an Al grating greatly shortens the SPR wavelength,
and a directional, ultra-broadband, tunable light source spanning λ0 ≈ 230–1100 nm is demonstrated. By adjusting
the electron energy, backward SPR can be tuned over λ0 � 251–340 nm. This work greatly extends the wavelength of
SPR from the previously reported 320 nm to 230 nm, and provides a means of realizing an integrated free-electron
broadband light source covering the deep ultraviolet. © 2019 Optical Society of America under the terms of the OSA Open

Access Publishing Agreement

https://doi.org/10.1364/OPTICA.6.000592

With the rapid development of nanofabrication technologies, vari-
ous artificial optical materials/structures with interesting properties
have arisen, which promotes research interest in studying the in-
teraction of free electrons with nanoscale structures [1–13]. For
example, the acceleration of electrons on a chip [11], the theoreti-
cal research of x-ray generation with graphene [12], and on-chip
integrated threshold-less Cherenkov radiation [13] were reported.
The prospect of on-chip free-electron nano-optoelectronic devices
is exciting for various applications. Since uniformly moving free
electrons can be treated as an ultra-broadband evanescent electro-
magnetic field source [14], integrated light sources spanning the
ultraviolet (UV) to near-infrared might be realized by extracting
the evanescent field into free space.

Smith–Purcell radiation (SPR), first observed in 1953, is the
electromagnetic radiation generated by free electrons moving over
periodic gratings [15]. Along with synchrotron [16] and cyclotron
radiation [17], SPR is an important means of realizing free-
electron light sources. For example, the tunable free-electron light
source [9], light sources with controlled polarization [18,19], the
compact free-electron super-radiant source [20], and lasers in the
terahertz region [21,22] are based on SPR. Compared with syn-
chrotron and cyclotron radiation based free electron light sources,
SPR-based free-electron light sources are very small and may even
be integrated into an integrated optical circuit in the future. SPR
in the visible, infrared, and microwave frequency regions has been
observed [15,23–27]. However, the shortest wavelength of SPR
that has been observed is approximately 320 nm [28]. Further
extending SPR into the deep-UV region would be of significance
for applications including gas sensing [29], bacteria sterilization
[30], and lithography [31].

Here, the free-electron beam passes through nano-slots in two
cascaded Al gratings, shortening the wavelength of the SPR into
the deep-UV, and an ultra-broadband tunable free-electron light
source based on the different diffraction orders of SPR is demon-
strated. The radiation spectrum spans λ0 ≈ 230–1100 nm.
Theoretically, for the configuration employed, the forward SPR
spectrum should span λ0 ≈ 120–1100 nm (over three octaves).
The length of the cascaded gratings (∼4 μm) and power con-
sumption (∼0.5 mW) are reduced significantly compared with
other kinds of broadband light sources [32–37]. Further, by
adjusting the electron energy over the range 15–30 keV, the
wavelength of SPR in a certain direction could be tuned over
a wide range (e.g., λ0 � 340–251 nm).

The Al grating with nano-slots for generating SPR covering
the deep-UV is sketched in Fig. 1(a). The electron beam passes
through the nano-slots and emits broadband SPR in different
directions. In contrast to traditional gratings, the longitudinal
nano-slot in the grating enables much stronger interaction be-
tween evanescent electromagnetic waves around the electron
beam and the grating, especially for SPR in the UV region,
which will be discussed in detail with reference to Fig. 2.
Figure 1(b) is a scanning electron microscope (SEM) micrograph
of the Al grating with nano-slots. The grating was fabricated by
sputtering an Al film on a Si substrate and using focused-ion
beam (FIB) etching. The thickness, width, and length of the
grating are ∼150 nm, ∼300 nm, and ∼2–4 μm, respectively.
The actual fabricated nano-slot is trapezoidal with widths at
the top and bottom of ∼50 nm and ∼15 nm, respectively. A
schematic of the measurement setup is shown in Fig. 1(c). For
SPR measurement, the parameters of the SEM (Zeiss MERLIN
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field emission scanning electron microscope, Carl Zeiss
Microscopy GmbH) are optimized to ensure that the electron
beam entering the nano-slot has a diameter (spot size) of
∼10 nm, and the angular divergence is ∼4–3 mrad with an elec-
tron energy of 15–30 keV (the current is 16 nA and electron-
source–grating distance is ∼6 mm), and a propagation distance
of ∼6–9 μm is ensured before the beam spot size increases to
30 nm. Thus, after precise alignment, the electron beam passes
through the nano-slots of the grating that is less than 4 μm long.
The backward (θ ≈ 180°) SPR is collected by a parabolic Ag
mirror (first surface mirror covered by a high-reflecting film in
the UV region), coupled into a conventional fiber, and then de-
tected by a spectrometer with a spectral range of range of
200–1100 nm [see Fig. 1(c)].

The vacuum wavelength λ0 of SPR is determined by [15,38]

λ0 �
L
m

�
1

β
− cos θ

�
, (1)

where L is the pitch of grating, the integer m is the diffraction
order, angle θ is the direction of SPR with respect to the direction
of the electron beam, and β � v∕c, where v is the electron’s veloc-
ity (corresponding to electron energy E ) and c denotes the veloc-
ity of light in vacuum.

According to Eq. (1), by decreasing the pitch of the grating or
employing a higher order mode, the wavelength of the SPR can be

easily shortened into the deep-UV or even shorter wavelength
regions. However, in previous reports when the wavelength of the
SPR was shorter than 400 nm, the signal was weak and the short-
est wavelength of SPR was about 320 nm [28]. This is attributed
to the relatively large gap (g) between the electron beam and
the grating. Taking Ref. [9] for example, the gap between elec-
tron beam and grating structure is larger than 300 nm. As the
evanescent field decays rapidly away from the electron beam,
to generate deep-UV SPR with electrons of ≤30 keV energy,
the gap should be ≤24 nm (see Section S1 in Supplement 1).
Figure 2(a) illustrates the significantly decreased SPR intensity
when g is larger than 30 nm, which is in good agreement with
Fig. S1(b). This is why SPR with λ0 < 300 nm has not been
reported.

Having the electron beam pass through the slots of the
grating, as shown in Fig. 1, the gap between the electron beam
and grating structure is only ∼15 nm, ensuring interaction be-
tween the evanescent field surrounding the electrons with the
grating in the deep-UV region. Moreover, compared with con-
ventional gratings, the nano-slot grating has larger overlap with
the evanescent field and generates stronger SPR. Figure 2(b) com-
pares experimentally the SPR generated by the nano-slot grating
and a traditional grating with the same pitch (∼190 nm) and
duty cycle (50%). The electrons pass over the conventional gra-
ting with a gap g carefully controlled to ∼15 nm, which is almost
the same as the gap between the electron beam and the side

Fig. 1. SPR covering the deep-UV to near-infrared. (a) An electron beam passing through the slot of an Al grating generates a broadband radiation
covering the deep-UV to near-infrared. (b) Scanning electron microscope images of the Al grating with pitch of 190 nm. The nano-slot is trapezoid-
shaped with bottom width of ∼15 nm and top width of ∼50 nm. The free-electron beam is precisely controlled to pass through the slot at the position
with width of ∼30 nm. (c) Schematic of measurement setup based on a cathode luminescence system. The emitted backward (θ ≈ 180°) SPR is collected
by a parabolic mirror, coupled into a fiber, and detected by the CCD in the spectral range of 200–1100 nm.
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wall of the nano-slot grating. The SPR generated by the two
structures presents similar spectral profiles and the same peak
wavelengths. However, the signal intensity of the nano-slot gra-
ting is approximately threefold stronger than that of a conven-
tional grating as a result of the larger overlap of the evanescent
electromagnetic field surrounding the free electrons with the
grating structure.

For the nano-slot grating with a pitch of 190 nm, Figs. 3(b)–
3(e) illustrate the SPR spectra when the electron energy is 30 keV
(black curve), 25 keV (red curve), 20 keV (blue curve), and
15 keV (pink curve). It is remarkable that the first-, second-,
and third-order SPR could be clearly observed (around the angle
θ � 180°) and that SPR with λ0 < 300 nm is obtained for the
first time. As the electron energy E increases from 15 to 30 keV,
the corresponding peak wavelength marked in the figure under-
goes a large blueshift (from 994 to 760 nm for the first order;
from 503 to 382 nm for the second order; from 340 to 251 nm
for the third order). It can be seen that the measured peak wave-
lengths in Figs. 3(b)–3(e) are in good agreement with Fig. 3(a)
(the wavelength at angle θ � 180°) calculated according to
Eq. (1). Further, the SPR generated by the nano-slot grating
was also simulated and the wavelength and radiation angle [see
Fig. S2(a)] also agree well with Fig. 3(a).

Normally, the lower order SPR and larger electron energy E
correspond to higher radiation intensity [4,39]. However, for
example, the pink curve in Fig. 3(e) indicates that the intensity
of the first-order SPR is even weaker than that of both the second
and third orders, and larger E corresponds to weaker third-order
SPR when comparing Figs. 3(b)–3(e). This is because, compared
with the visible light region, the quantum efficiency of the CCD
is relatively weak in the range λ0 < 400 nm and λ0 > 800 nm
(see Section S4 in Supplement 1). Further, the deep-UV light
is expected to experience a relatively large loss before reaching
the CCD via the parabolic mirror, the coupling lens, the fiber,
and the wavelength-dependent grating in the spectrometer.
Thus, the actual intensity of the near-infrared (800–1100 nm)
and UV (200–400 nm) SPR should be higher than that shown
in Fig. 2. To increase the intensity of the UV light, the second-
or even the first-order SPR could be employed by decreasing the
pitch of the grating (see Section S5 of Supplement 1). According
to Eq. (1), the SPR has a broadband radiation output at differ-
ent spatial angle θ. However, in our measurement system as
illustrated schematically in Fig. 1(c), only SPR around θ ≈
180° was collected. The measured output signals of the SPR
shown in Figs. 2 and 3 are radiation at θ ≈ 180°. If a modified

Fig. 2. Key to generating SPR in the UV region. (a) The SPR intensity
as a function of the gap g between the electron beam (30 keV) and the
conventional grating (pitch 80 nm). Insets are an SEM micrograph of a
conventional grating and a schematic showing the gap g. (b) The SPR
generated by the grating with a nano-slot (black curve) and conventional
grating (gray curve) with the same pitch (190 nm) and electron beam
(30 keV, 16 nA).

Fig. 3. SPR spectra of a nano-slot grating with a pitch of ∼190 nm.
(a) The calculated radiation angle θ versus wavelength of SPR according
to Eq. (1) for different diffraction orders and electron energies E .
(b)–(e) The measured spectra of the SPR at angle θ ≈ 180° for elec-
tron energies of 30 keV (black curve), 25 keV (red curve), 20 keV
(blue curve), and 15 keV (pink curve). The peak wavelengths of
each order marked in (b)–(e) are in good agreement with those in
Fig. 3(a) when θ � 180°. Here, the current of the electron beam is
fixed at 16 nA. The spectra in Fig. 3 are obtained by subtracting the
noise as the electron beam hits the bulk Al directly (see Section S3 of
Supplement 1).
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measurement system is employed [4,40], SPR at other angles with
different wavelengths can be observed.

Here we design an experiment to measure the forward SPR at
θ ≈ 0°, which verifies the broadband SPR output at different spa-
tial angles. As illustrated by the inset of Fig. 4(c), a Pt wall with a
height of 1 μm, width of 1.5 μm, and thickness of 300 nm was
deposited by FIB at the end of the grating to retro-reflect the for-
ward (θ ≈ 0°) SPR for detection, and a hole with diameter of
80 nm was etched in the Pt wall for the electron beam to pass
through. Compared with the SPR spectrum without the Pt wall,
shown in Fig. 4(b), the measured spectrum with the Pt wall (black
curve) in Fig. 4(c) has strong output signal at approximately
λ0 � 509 nm. The solid and dashed blue Gaussian curves are
used to fit the left part of the black curve in Fig. 4(c). It can
be seen that the fitting curves agree well with the prediction
of first-order SPR around θ � 0° and second-order SPR θ �
180° in Fig. 4(a). To exclude other effects (for example, brems-
strahlung and transition radiation) induced by electrons hitting
the Pt or passing through the Pt hole, a structure with a Pt wall
but no grating was also measured by passing the electron beam
through the hole or colliding with the Pt wall. No obvious radi-
ation signal was obtained in these comparison experiments.

In addition, considering that the reflected signal around λ0 �
509 nm agrees well with Fig. 4(a), forward (θ ≈ 0°) SPR could
be confirmed.

To realize a wider spectrum and larger radiation intensity
in the deep-UV region, a cascaded grating was designed and
fabricated using first- and second-order SPR. In Fig. 5(d), the
black curve is the SPR (θ ≈ 180°) of the cascaded gratings
(pitch ∼120 nm, length ∼1.2 μm; and pitch ∼260 nm, length
∼2.6 μm) excited by the electron beam with an energy of
30 keV. It is clear that the five peaks of the black curve of
Fig. 5(d) are in good agreement with the SPR peaks of the
different orders of the two individual gratings [cyan and wine
curves in Fig. 5(d)] and the wavelength of SPR at θ ≈ 180° in
Fig. 5(a). The simulation results in Fig. 5(c) are also shown
for comparison. The simulated SPR at θ ≈ 145° is blueshifted
compared with the measurement results in Fig. 5(d), which agrees
well with the prediction of Fig. 5(a). The reason for selecting
θ ≈ 145° instead of 180° in simulation is to avoid the influence
of the evanescent field of the electron beam.

Thus, the directly observed SPR spectrum spans λ0 ≈
230–1100 nm or over two octaves. Limited by the detection
range of the CCD, radiation with wavelengths shorter than
200 nm could not be observed directly. However, according
to the simulated SPR covering θ ≈ 0°–180° illustrated in
Fig. 5(b) and the forward SPR indicated by Fig. 4(c), the SPR
of the cascaded grating should span λ0 ≈ 120–1100 nm or over
three octaves, which is a much broader range than previous
reports (see Section S6 of Supplement 1). Further, it is easy to
extend the spectrum over four octaves by cascading more gratings
of different pitches.

The total radiation power of SPR is estimated to be tens of nW
for a tens of nA electron beam (see Section S7 of Supplement 1)
corresponding to a wavelength range of 230–1100 nm.
Considering that the grating area is ∼1 μm × 1 μm, the radiation
power is several W∕cm2. This is anticipated to be high enough
for future biological applications and nano-devices that require
relatively low irradiances and are sensitive to heat. For the volt-
age 30 kV and current 16 nA required to generate SPR in
Fig. 5(d), the power consumption of the electron beam is
∼0.5 mW. A broadband light source based on SPR generated
by cascaded nano-slot gratings requires much less power than
the sources reported to date [35–37]. Further, by increasing
the current of the electron beam the SPR power could be greatly
enhanced (see Section S7 of Supplement 1).

In summary, by passing free electrons through a series of
30 nm wide slots in cascaded Al gratings, the wavelength of
the generated SPR is shortened to the deep-UV region and a
super-broadband light source spanning over two octaves from
the deep-UV to the near-infrared region (λ0 ≈ 230–1100 nm)
has been realized. Considering the forward SPR, the spectrum
should span over three octaves (λ0 ≈ 120–1100 nm), and the
spectrum can be further extended over four octaves, covering the
far-UV to the far-infrared, by cascading more gratings of different
pitches. The size of the cascaded grating (150 nm × 300 nm ×
∼4 μm) is more than 4 orders of magnitude smaller than that of
the previous smallest waveguide supercontinuum source [37].
Moreover, the radiation for different wavelengths has different
spatial radiation angle, which is convenient for further manipu-
lating the broadband light, and by adjusting the electron energy,
the wavelength for a fixed angle θ can be easily tuned over a large

Fig. 4. Observation of forward (θ ≈ 0°) SPR. (a) The calculated radi-
ation angle θ versus wavelength of SPR according to Eq. (1).
(b) Measured SPR spectrum at θ ≈ 180°. (c) Measured SPR spectrum
(black curve) with a Pt wall at the end of the grating, which is utilized
to reflect the forward (θ ≈ 0°) SPR for detection. Solid and dashed blue
Gaussian fitting curves correspond to first-order SPR around θ � 0° and
second-order SPR θ � 180°, respectively. Inset shows a SEMmicrograph
of the grating and Pt wall with an aperture for the electron beam to pass
through. Here, the pitch of the grating is ∼190 nm and the electron
energy is 20 keV.
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range (e.g., from 340–251 nm for third-order SPR by adjusting
electron energy from 15 to 30 keV).
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