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With the rapid development of nanophotonics for enhancing free-electron radiation, bound states in the con-
tinuum (BICs) have emerged as a promising approach for emitting intense Smith—Purcell radiation (SPR) with
enhanced intensity. However, current BIC-based methods are limited to single-frequency operation, thereby re-
stricting their applications requiring spectral and angular tunability, such as particle detectors and light sources.
To overcome this limitation, this work proposes an approach for constructing plasmonic BICs over a broad
spectral range in symmetry-broken systems. By leveraging the high-Q resonances near the BICs, we achieve in-
tense SPR with broadband tunability, potentially improving the radiation intensity by six orders compared to
traditional methods. Experimentally, we validate the construction of BIC using plasmonic antennas and achieve
broadband demonstration. Our proposed concept can be extended to other plasmonic or guided-wave systems,

paving the way toward compact and efficient free-electron sources in hard-to-reach frequency regimes.
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1. INTRODUCTION

Smith—Purcell radiation (SPR) is one of the cathodolumines-
cence emissions, where the broadband and far-field Bloch pho-
tons are emitted as the charged particle traveling parallel to a
periodic transparent medium or structure [1]. Notably, SPR has
enabled numerous promising applications including beam di-
agnosis without destruction, free-electron lasers, and spectrally
tunable light sources by virtue of its potential to emit photons
at hard-to-reach frequencies comprising terahertz (THz), far-
infrared, ultraviolet, and X-rays regimes [2—4]. However,
due to the limited emission efficiency in achieving compact
light sources, considerable efforts of the community have been
devoted to achieving intense SPR by introducing photonic and
plasmonic resonances, such as resonant cavity and surface plas-
mon polaritons (SPPs) [5,6]. Recent advances in metamaterial
and nanophotonics manifest the capability and fortune to cus-
tomize the polarization, phase, angular, spectral, and spatial
distribution as well as to improve the radiation power of
free-electron radiation [7]. For instance, the polarization state
of SPR could be controlled based on Babinet, graphene, and
gradient bianisotropic metasurfaces [8—10]. The phase distribu-
tions of SPR can be shaped into helical wavefronts by utilizing
the helical or holographic grating, thus permitting the gener-
ation of vortex free-electron radiation [11-14]. Spectral-
governable SPR has also been proposed in aperiodic gratings
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to engineer multiple peaks in the spectrum [15,16]. By elabo-
rately designing the interaction circuit, the spatial distribution
of SPR could be steered and focused based on chirped gratings
or metasurfaces [17,18]. In addition to the aforementioned
beam steering, the radiation power of Cherenkov radiation
and SPR could be enhanced by plasmonic metamaterials or
optical cavities due to the field enhancement of resonances,
where the bound state in the continuum (BIC) has received
prompt attention for being a novel approach to achieve intense
SPR [19-24].

Ever since its first prediction in quantum mechanics in
1929, the BIC has been identified as a general wave phenome-
non in photonic, phononic, and mechanic systems [25,26].
Although residing inside the continuum spectra where the ex-
tended states exist, the BIC does not couple to any of them and
remains completely localized or bounded without any leakage,
thereby theoretically allowing an infinite quality factor Q and a
vanished resonant width in the spectrum [27-29]. Techniques
developed to enhance the light—matter interaction by merit of
BIC have spurred rapid photonic advancements, not only in
high-Q applications including lasers, sensors, and antennas,
but also in the exploration of silicon-based nanophotonic cir-
cuits and quantum information processing [30—34]. This close
relationship between high-Q and artificial structures continues
with the development of the BIC-enabled metamaterial, such
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as the photonic crystal slab and fibers, in which the enhance-
ment of the free-electron radiation is achieved [35]. The sym-
metry-protected BIC existing at the I'-point of photonic crystal
generates enhanced SPR by coupling electrons with BIC, dem-
onstrating the universal upper limit to the photon emission and
energy loss from free electrons [5]. According to the light-am-
plification process, the resonance-coupled BICs of the periodic
silicon grating are engaged in a narrow spectral band to improve
the efficiency of the SPR [36]. However, the BICs they utilized
only exist at a single frequency point, limiting their ability to
achieve continuous coupling of electrons with BICs over a wide
spectral range while tuning electron energy. This restriction
hinders the generation of intense SPR with broadband tunabil-
ity, which poses challenges for developing compact free-
electron lasers and charged particle detectors that require both
spectral and angular tunability. Additionally, flatband resonance
has also been employed to enhance the SPR, demonstrating an
enhancement of radiation intensity by about two orders of
magnitude [4]. Nonetheless, similar to the challenges faced
with BIC enhancement, flatband resonance can only be con-
structed and coupled with the electron beam within a very
narrow frequency band, limiting its applicability for broader
tunability requirements. Hence, in the current approaches used
to enhance SPR radiation, achieving wideband tunability re-
mains a challenge. However, broad tunability is crucial for de-
veloping tunable light sources or detectors that need to operate
over a broad spectrum. To address this limitation, spoof surface
polaritons (SSPs) have emerged as a promising candidate to
enable broadband BICs. Leveraging this approach allows us to
achieve broadband coupling of the electron beam with BICs,
leading to tunable intense Smith—Purcell radiation across a
wide spectral range [23,37].

This work presents a methodology to design symmetry-pro-
tected broadband BICs from resonant SPPs, enabling intense
SPR over a wide operating bandwidth. To construct BICs over
the broadband range, we invoke the regular SSPs folding at the
Brillouin band edge and block the leakage channel based on the
Brillouin-folding phenomenon. When the phase-matching
conditions are met between the free electrons and high-Q
quasi-BICs, intense SPR with customizable spectral-angular
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distribution is generated. The performance of the generated ra-
diation is validated in terms of tunability and enhancement.
Compared with conventional schemes, the radiation intensity
of BIC-enhanced SPR is about 10° times stronger due to the
sharp high-Q resonances. The feasibility of the proposed BIC is
also experimentally verified using plasmonic antennas in the
microwave regime. Our approach provides a direct and prom-
ising way to enhance SPR using broadband BICs, which may
be combined with foundry-based silicon photonics for the
next generation of integrated and compact free-electron lasers

(33,371

2. RESULTS

A. Broadband Symmetry-Protected BIC from
Resonant SSPs

Beginning with the illustration in Fig. 1, we concisely present
the scheme and features of the proposed intense SPR. By
modulating the depth of a double-slot 2D plasmonic grating,
the symmetry-protected BICs are constructed from resonant
SSPs in a broadband spectrum. Such SSP-based BICs have a
theoretically infinite Q and a vanished resonant width, where
the strong field enhancement of quasi-BICs near the BICs is
then employed to emit intense SPR. When the sheet e-beam
skims over the circuit and meets the phase-matching condition,
the intense SPR with radiation intensity 10° times stronger
than the regular one is generated, as indicated by the right insets
of Fig. 1. To facilitate the discussion of the formation of such
SSP-based BICs and the generation of intense SPR, it is essen-
tial to characterize the dispersion of the depth-modulated gra-
ting. As shown in the left inset of Fig. 1, the propagation and
modulation periods of the system are  and L = 24, respec-
tively. The widths of both slots are 2 = 0.4d, whereas their
depths are /4, and /,. In addition, the overall thickness of
the grating is 3 = d; thus, both 4, and 4, should be smaller
than /5. For the sake of analysis, the depth 4, is fixed at 0.84
while the depth 4, is increased from 4, to /5 during the modu-
lation of the slot depth. Furthermore, the grating is modeled as
a perfect electric conductor, neglecting any possible losses. For
the 2D scheme (periodic in z), the TM modes without y
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Hlustration of intense Smith—Purcell radiation from symmetry-protected BICs. By elaborately customizing the depth-modulated grating,

the BICs are constructed from SSPs over a broad frequency range and are then employed to emit intense Smith—Purcell radiation. Compared with
the conventional one, the radiation intensity of BIC-enhanced SPR is increased by several orders of magnitude.
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dependency are considered, where the field extends to infinity
in the +x direction. Based on the mode-matching method, the
eigenvalue equation of the depth-modulated grating is derived,
and the dispersion relations could be solved numerically by [38]

IM| = 0. 0]

For a double-slot grating, M is a 2 x 2 matrix, with the
element being

ML) =Xy -0(-1)Y,, 2
ko i (-1"Yd jk,,(I-")d s kana
X[Jf = Z T—Ej =0 e Sa T, (3)

n=-o00

Y[ = g cot /60/7/, (4)
where both / and /" denote the slot numbers of the gratings in
the system and should be less than two for a double-slot grating,
n is the order of space harmonic, 4 is the free-space wavenum-
ber, 7, is the transverse decaying factor, and the longitudinal
wave vector k,, = k,o + 2nr/L. In addition to this, to accu-
rately evaluate the asymmetry of the grating, it is essential to
characterize the asymmetry parameter, which yields

a_hz—hl
“h-h

where the defined asymmetry parameter @ € [0, 1). The rela-
tion @ = 0 holds only when the depths of two slots are equal,
by = hy; otherwise, a # 0 when b, # b,.

In the following, we will present the principle behind the
formation of symmetry-protected BICs by examining the evo-
lution of the dispersion relations at various asymmetry param-
eters a. As illustrated in the second row of Fig. 2, when a

by < by by <hy < by,

(5)
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gradually increases from zero and then gradually decreases to
zero, the dispersion relations of SSPs of the depth-modulated
grating are numerically calculated according to Eq. (1). In con-
trast, the first row of Fig. 2 indicates the structural illustrations
for different asymmetry parameters a. The frequency and wave-
number are normalized into dimensionless units wZ/27c and
k,L/2m, in which ¢ is the speed of light in vacuum. The yellow-
shaded area is the fast wave region or light cone, while the white
one is the slow wave region.

First, as indicated by Fig. 2(a), when the depths of the two
slots are the same, /; = h,, the grating is symmetric in one
modulation period. Thus, asymmetry parameter a = 0 holds
according to Eq. (5). The two slots within one modulation
period are identical. Therefore, the genuine period of the dou-
ble-slot grating is no longer the modulation period L but the
propagation period 4. To accurately describe the actual mini-
mum period of the grating during depth modulation, the genu-
ine period is defined as p, in which the relation p =4 is
established for a = 0. The dispersion of the SSP supported
by this symmetric grating is depicted as the black solid line in
Fig. 2(a), which is exactly the one describing the regular SSPs.

Second, as illustrated by Fig. 2(b), once both 4, and a in-
crease, i.e., /; < by and a # 0, the dispersion distribution is
changed accordingly due to the Brillouin-folding phenomenon.
Since the two slots have different depths, the two propagation
periods within a single modulation period are no longer equiv-
alent. Therefore, the genuine period of the grating should be
the modulation period, p = L, which is twice that of the sym-
metry one. According to Floquets theorem for the periodic
system with period p, the dispersion curve should also be peri-
odically distributed in w-£,, space with 27/p as the period,
i.e., the w is a periodic function of £,,. Consequently, when
the period p changes from 4 to L, the period of the dispersion

(a) (b) (c) (d)
h1=hz h1< hz hlz hz h1=h2
- - -
Even a=0 SSP Uneven a#0 Res. Uneven a=0 Quasi-BIC Even a=0 BIC
0.5
0.4 V_
g 03
o~
~
3 02 \ /1 / &
0.1 Regular SSPs Resonance Quasi-BIC BIC formed
0 L L n
0 0.25 0.5 0.75 10 0.25 0.5 0.75 10 0.25 0.5 0.75 10 0.25 0.5 0.75 1
k,L/2n kL/2r k,L/2r k,L/2r

Fig. 2. Formation of SSP-based BICs induced by the asymmetry of the depth-modulated grating. When the asymmetry parameter a of the
double-period grating gradually increases from zero and then gradually decreases to zero, the evolution of its dispersion relations indicates the
formation process of BIC. (a) Structural illustration and dispersion of the conventional SSP when a = 0 and p = 4. (b) Structural illustration
and folded dispersion of SSP when & # 0 and p = L. (c) Structural illustration and folded dispersion including quasi-BIC modes when @ ~ 0 and
p = L. (d) Structural illustration and BIC-embedded dispersion when @ = 0 and p = 4.
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curve is half of the previous one and should be collapsed and
reorganized, as shown in Fig. 2(b). Compared with the sym-
metry one, the dispersion curve of the asymmetry grating is
evolved by splitting the mode band at the boundary of the
irreducible Brillouin zone (k, = #/p = n/L). Since the slot
depths are not the same, /; < 5,, the effective refractive in-
dices are not the same, thereby leading to the split of the band
structure at the boundary of the Brillouin zone. The split
dispersion curve is also folded along the £, axis in the w-£,,
space with period 27/L. As shown in the second row of
Fig. 2(b), the new space harmonic introduced due to the
Brillouin-folding phenomenon is marked as red curves, which
together with the black ones constitute the SSPs dispersion of
the asymmetric grating. It is worth noting that a part of the
spectrum of the red dispersion curve is in the fast wave region.
The SSPs within this part of the spectrum are not completely
localized to the surface of the grating structure but exist in a
resonant state. This is because their wave vectors match those
of extended modes in free space. If excited, they will propagate
along the grating while radiating into free space. Therefore,
these SSPs that fall within the light cone are the resonant states
in the continuum of the free-space extended modes and are
thus defined as resonant SSPs.

Third, when decreasing 4, to approximately equal to 4,
ie, by ~ h, and a ~ 0, the structural illustration and
dispersion curves are shown in Fig. 3(b). Since 5, is not exactly
equal to 4y, the minimum period of the structure is still the

(a) 0.5 (b) 0.48
Quasi-BIC
0.4t “ /
0.46 2
\ (log scale a.u.)
g 03 5 BIC ‘
S S < 044
3 0.2 ? -

x max 0.42
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modulation period, which yields genuine period p = L.
Thus, the dispersion of SSP is still folded and redistributed in
w-k,, space with period 27/L. However, the splitting of
the dispersion curve at the boundary of the Brillouin zone is
almost invisible because the two depths are almost identical.
Compared to Fig. 2(a), the dispersion curve in Fig. 2(c) appears
to result from a mirror symmetry of the regular SSP with
k, = /L as the axis. Similar to the case of @ # 0, due to
the folding of the dispersion curve, a part of the SSP spectrum
also falls into the fast wave region and can couple with the ex-
tended state to radiate into the far field. This is evident from
the red solid line falling within the shaded area in Fig. 2(c).
However, there is a notable difference: as demonstrated later,
the SSP in the @ & 0 case exhibits a significantly higher Q
factor and stronger field intensity than in the a # 0 cases.
Thus, although these partial modes are also resonances in
the continuum of the extended modes, they are much more
intense.

Fourth, when depth 4, is further decreased to exactly equal
to /1, b = by, and a = 0, the asymmetric grating degenerates
to the symmetric grating with the same structure as in Fig. 2(a).
The genuine period should be the propagation period, p = 4.
However, if we assume that the minimum period for dispersion
analysis is still the modulation period L rather than d, the cal-
culated results are shown in Fig. 2(d). The dispersion curves of
the SSPs still exhibit folding in w-£,, space with a period of
7/L, except that there is no split at the boundary of the
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Fig. 3. Validation of symmetry-protected BIC from SSPs. (a) Dispersions of symmetry-broken grating and plane wave with incident angle
@ = 30° in the irreducible Brillouin zone, where @ ~ 0 and p = L. (b) Evolution of the probed spectra of |E,|* versus asymmetry parameter
a. (c) Probed spectra of |E,|? of vertical slices in (b). (d) Dependence of the Q factor of SSP resonance on the asymmetry parameter a.
(e) Linear dependence between Q factor and 1/a?. (f) Linear dependence between the maximum of the probed intensity of |E,|* and 1/a?.
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Brillouin zone. The new space harmonic introduced due to the
Brillouin-folding phenomenon is marked as red dashed curves.
Similar to the @ & 0 case, it appears to result from a mirror
symmetry of the regular SSP with %4, = z/L as the axis.
Despite these resonant SSPs within the light cone, they cannot
couple with any extended modes of free space or radiate into
the far field because they do not exist when the genuine period
is p = d for @ = 0. Consequently, if excited, they will be con-
fined to the surface of the grating and propagate solely along the
z direction. Nonetheless, since these resonant SSPs exist within
the continuum of free-space extended waves yet remain per-
fectly confined and free of radiation, the symmetry-protected
SSP-based BICs are thus formed, exhibiting a theoretically in-
finite Q factor and vanishing resonant width. As depicted in
Figs. 2(a) and 2(d), the proposed BICs are embedded within
the dispersion of regular SSPs. However, due to symmetry pro-
tection, direct excitation or observation of these BICs is impos-
sible in a conventional uniform grating. To break this
symmetry by choosing a suitable modulation period and modu-
lating the depths, these symmetry-protected BICs can be trans-
formed into excitable and observable resonant modes with a
limited Q factor and resonant width. Notably, the more similar
the structural parameters of the symmetry-breaking structure
are to those of the symmetric one, the more closely the perfor-
mance of these resonant modes approaches the theoretical limit
of BIC. In other words, as the asymmetry parameter a ap-
proaches zero (i.e., @ & 0), the resonance will exhibit a much
higher Q factor and much narrower resonant width, commonly
referred to as a quasi-BIC. Therefore, for the case @ = 0 in
Fig. 2(c), the resonant SSPs falling inside the light cone are
quasi-BICs, whereas the resonant one in Fig. 2(b) is not.
Moreover, the proposed SSP-based BICs persist over a wide
spectral range, which can be confirmed by the dispersion curve
of resonant SSPs falling in the light cone. Consequently, by
constructing quasi-BICs near the BICs, broadband field en-
hancement can be achieved to improve the efficiency of the
laser or power device.

In the previous discussion, the formation process of BIC is
explained only in terms of the dispersion theory. Before utiliz-
ing BIC to generate intense SPR, the validity of the proposed
BIC needs to be further demonstrated from a spectral point of
view. When the asymmetry parameter « is not zero, the SSPs
falling in the light cone are in resonance, which can be excited
by the plane waves in free space when the phase-matching con-
ditions are met. The spectrum of this scattering investigation
can be detected by placing a probe in the center of the grating
slot. Then, the probed spectral information can be employed to
characterize the performance of the resonance, including oper-
ating frequency, Q, and intensity. Hence, when the asymmetry
parameter a decreases from one to zero, the validity of the pro-
posed BIC could be proved by the evolution of the spectral
information. To accurately describe the phase-matching be-
tween the incident plane wave and the resonant SSPs, their
dispersion curves are depicted in Fig. 3(a), where the regular
and resonant SSPs are marked as black and red solid lines,
respectively. The green solid line indicates the TM-polarized
incident wave, whose dispersion relation is @y, = ky.c =
koc sin ¢. The lower illustration shows the plane of incidence,
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where the incident angle is chosen as ¢ = 30° for instance in
the following analysis. The interaction point of the dispersion
curves is A, implying that the resonant SSP at f*, will be excited
by the incident wave. To evaluate the performance of the res-
onant mode, a probe is placed right in the center of the open
end of the slot with depth /;, where the simulation is per-
formed in CST Studio Suite. Figure 3(b) shows the probed
spectra while decreasing a from one to zero, illustrating the
evolution of a resonance peak from weak to strong. In addition,
the spectra for a = 1, 0.8, 0.6, 0.4, 0.2, and 0 are plotted sep-
arately in Fig. 3(c) to visualize the resonance peaks of spectra.
As the asymmetry parameter @ decreases from one to zero, the
intensity of the resonant peak becomes stronger and the reso-
nant width becomes narrower, describing the process of BIC
formation at A. As a approaches zero, the resonant width al-
most disappears while its intensity becomes much stronger.
This behavior is a characteristic of quasi-BIC. Once
a = 0, the BIC with theoretically infinite Q is formed, while
the resonant peak disappears completely in spectra due to the
vanished resonant width. To better understand the formation
of the symmetry-protected BIC, the resonant widths A; are cal-
culated according to A5 = |Apeak = Adip |, Where A,y is the peak
wavelength of the resonance, and Ag;, is the wavelength of the
closest dip in the probed spectrum. The quality factors can then
be evaluated by Q = A, /45 [31,39]. A direct comparison of
the Q factor of resonant SSPs as functions of the asymmetry
parameter @ is shown in Fig. 3(d). At maximum system asym-
metry, @ = 1, the Q factor of the resonance is only 31.80.
However, as b, decreases to »; and a approaches zero, the
Q factor increases rapidly, reaching 2.29 x 10° at a = 1072
Therefore, as a decreases towards zero, the Q and resonant
width of the resonance approach the theoretical limit of BIC.
Here, the resonant SSPs with @ < 0.15 are referred to as quasi-
BICs, as their Q factors have increased by two orders of mag-
nitude compared with the @ = 1 case. Moreover, Figs. 3(e) and
3(f) indicate that the behavior of the Q factor and energy den-
sity of the resonant SSPs is explicitly inversely quadratic when o
decreases to zero, i.e., Q « |E,|*> & a 2. This observation is
consistent with the theoretical description of the symmetry-
protected BIC presented in Ref. [40], providing further evi-
dence for the validity of the proposed BIC.

So far, we have demonstrated the formation process of the
BIC by varying the parameter @ while keeping the incident
angle ¢ fixed at 30°. As the incident angle remains constant,
the resonant SSPs can only be excited at a specific frequency
corresponding to a particular wavenumber £, sin ¢. Therefore,
the preceding discussion only confirms the existence of BIC in
the system at a single frequency point. However, as a ap-
proaches zero, all resonant SSPs within the light cone become
quasi-BICs and exhibit BIC-like behavior. Hence, it is imper-
ative to establish the broadband presence of the resonant
SSPs and the proposed BIC. First, the dispersion curves are
illustrated in Fig. 4(a) for a = 0.2, where the black and red
solid curves are regular and resonant SSPs, respectively. As pre-
viously analyzed, once the phase-matching conditions are met
between the incident waves and the resonances, the resonant
SSPs within the fast wave region can be excited. When the in-
cident angle ¢ changes, the phase-matching condition changes
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Fig. 4. Broadband presence verification for symmetry-protected BIC. (a), (c) Dispersion relations of symmetry-broken gratings when a = 0.2
and @ = 0, respectively. (b), (d) Evolutions of the probed spectra of | £, |? versus incident angle ¢ when @ = 0.2 and @ = 0, individually, where ¢ is

remapped into wavenumber space.

accordingly due to the variation of the longitudinal wavenum-
ber k. = k; sin ¢ of the incident wave. Therefore, the exci-
tation of the SSPs at different frequencies can be achieved by
altering the incident angle. When the incident angle ¢ gradu-
ally increases from 0° to nearly 90°, an excitation scan of res-
onant SSPs is achieved in the light cone, and the probed spectra
are shown in Fig. 4(b). The numerical dispersion curves are
also redrawn in Fig. 4(b) and marked as white solid lines. It
is confirmed that the resonant peaks of the probed spectra
are consistent with the theoretical dispersion curve in the light
cone, thus verifying the presence of the resonant SSPs in the
broadband range. As the asymmetry parameter a decreases
from 0.2 to zero, the resonant SSPs first become quasi-BICs
with high-Q and then turn into BICs with vanished resonant
widths. The dispersion curves of resonant SSPs for @ = 0 are
shown in Fig. 4(c), where the red dashed line indicates the BIC.
Subsequently, the same scattering investigation is performed for
the symmetry grating with @ = 0, as in the case of @ = 0.2.
Figure 4(d) depicts the probed spectra, which show no reso-
nance peaks at the positions where resonance previously existed
(white dashed line). This suggests that BICs are formed in the
broadband range where the resonant SSPs fall within the light
cone. Therefore, it has been demonstrated that the proposed
symmetry-protected BICs exist over a broad frequency range.

B. Broadband Symmetry-Protected BIC from
Resonant SSPs

To further validate the hypothesis that the proposed BICs can
facilitate the generation of intense SPR with strongly enhanced

intensity, the simulations are performed using the Frequency
Domain Solver in COMSOL, focusing on frequency-domain
simulation of single-electron excitation. The radiation intensity
is calculated based on the numerical model provided in Ref.
[41], which presents detailed procedures for computing SPR
using COMSOL or other frequency-domain numerical solvers.
When the asymmetry parameter @ & 0, the dispersion curves
are shown in Fig. 5(a), where the regular and resonant SSPs are
marked as black and red solid lines. As the structural inset in-
dicates, the 40-keV e-beam moving in the +z direction is em-
ployed to excite the resonant SSPs and quasi-BICs, whose
folded dispersion is illustrated as the purple solid line in
Fig. 5(a). The interaction point, denoted as B, highlights the
phase-matching between the SSPs and free electrons. As a re-
sult, only the resonant SSP or quasi-BIC with wavenumber kg
can be excited when the free electrons skim the grating. Since
intersection B is located within the light cone, the excited high-
Q quasi-BIC will be diffracted into free space, leading to the
generation of the intense SPR. To illustrate the radiative nature
of BIC-enhanced SPR, Fig. 5(b) shows the radiation spectra as
asymmetry parameter o decreases from one to zero, in which
the separate spectra of vertical slices are illustrated in Fig. 5(c).
When a tends to zero, the evolution of the radiation peak from
weak to strong and radiation width from wide to narrow can be
observed. Figure 5(d) reveals a straight comparison of the Q
factor as functions of a. The Q factor of the radiation peak
is merely 28.19 for @ = 1. However, as @ decreases, the Q fac-
tor increases rapidly, reaching up to 2.95 x 10° at @ = 1072,
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Fig. 5. Validation of intense Smith—Purcell radiation from SSP-based BIC. (a) Dispersions of symmetry-broken grating and 40-keV e-beam,
where a = 0 and p = L. (b) Evolution of the radiation intensity 7 versus asymmetry parameter a. (c) Radiation spectra of vertical slices in (b).
(d) Dependence of the Q factor of radiation intensity on the asymmetry parameter a. (e) Linear dependence between the Q factor of radiation
intensity and 1/a?. (f) Linear dependence between the maximum radiation intensity of |£,|* and 1/a?. (g) Radiation spectra of regular Smith—
Purcell radiation when @ = 1. (h) Radiation spectra of intensely enhanced Smith—Purcell radiation near the BIC when a = 0.001. (i) Field dis-
tribution and far-field directivity of the strongest radiation point in (h).

Once a = 0, a BIC with theoretically infinite Q is formed. that the high-Q quasi-BICs can enhance the intensity of SPR.
Since its resonant width vanishes, the resulting intense SPR In addition, to evaluate enhancement performance, the spectra
cannot be observed in the radiation spectrum. of regular and intense radiations corresponding to @ = 1 and

Moreover, Figs. 5(e) and 5(f) indicate that the behaviors 1073 are shown in Figs. 5(g) and 5(h), respectively. At @ = 1,
of the Q factor and radiation intensity /p of the intense the resulting SPR is coherent with a low-Q resonant SSP,
SPR are both inverse quadratics when a decreases to zero, which only produces a peak radiation intensity of 7.46 x 104,
i.e., Q o Iz o a 2. Therefore, as @ approaches zero, the Q fac- However, as a decreases towards zero, the low-Q resonant SSP
tor of the resonant SSP becomes higher, resulting in enhanced gradually transitions to the high-Q quasi-BIC. At a = 1073,
radiation intensity. These findings align with the BIC forma- the peak radiation intensity from this quasi-BIC is 5.10 x

tion results presented in Fig. 3 and provide further evidence 10734, which is six orders of magnitude higher than a = 1.
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This significant enhancement clearly demonstrates the poten-
tial of leveraging high-Q quasi-BICs for boosting SPR radiation
intensity. In addition to this, Fig. 5(i) shows the £, distribution
and the far-field directivity at the frequency of the radiation
peak for @ = 107. The angle between the radiation direction
and the +z direction is 59.6°. This is consistent with the pre-
diction of the Smith—Purcell relation [1],

9 c cln
= arccos [ —-—=— ),
v, fL

where € is the defined radiation angle, and v, is the electron
velocity.

As previously proved, the proposed BICs exist over a broad
frequency range where the resonant SSPs reside in the light
cone. Consequently, it is expected that the intense SPR will
be emitted over this entire broadband spectrum. However,
the excitation through a single voltage (U = 40 kV) e-beam
only reveals that the intense SPR can be generated at a specific
frequency point corresponding to the wavenumber 4. To fur-
ther confirm its broadband radiation capability based on BIC, it
is crucial to vary the voltage U and examine the resulting ra-
diation spectral and angular distribution. When a = 0.01,
dispersion curves are redrawn in Fig. 6(a), where the regular
and resonant high-Q SSPs are marked as black and red solid
lines. As voltage U decreases from 83 kV to 14 kV, the dis-
persions of the corresponding e-beams are shown by the purple
dashed lines, which sweep over the region where the quasi-BIC
exists. Thus, based on the elaborately selected operation volt-
age, all high-Q quasi-BICs can be excited to generate the in-
tense SPR with broadband tunability. In Fig. 6(b), the radiation
spectra of the intense SPR are presented, and the corresponding
numerical dispersion curves are also redrawn and indicated as
white solid lines. The coincidence of the radiation peaks with
the theoretical dispersion in the light cone confirms the success-
ful excitation of intense SPR over a wide range of frequencies.
Moreover, Fig. 6(c) illustrates the change in radiation spectra
with respect to the radiation angle 6 as the voltage U is
changed. The results indicate that the radiation angle spans
from 0° to nearly 90°, and the beam scanning of the intense
SPR can be achieved by adjusting the electron voltage.
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3. EXPERIMENTS AND DISCUSSION

So far, the 2D plasmonic grating is employed to construct the
symmetry-protected BIC based on the resonant SSPs. However,
this approach to constructing BICs is not limited to 2D gratings
but can also be implemented for other plasmonic or guided-
wave systems. For instance, as illustrated by the unit cell in
Fig. 7(a), a realistic 3D ultrathin plasmonic grating (with thick-
ness tending to zero in the y direction) has dispersion relations
and propagation characteristics similar to those of the SSPs
in the 2D scheme [42,43]. In the following, the existence of sym-
metry-protected BIC is demonstrated theoretically and experi-
mentally based on this ultrathin grating. The in-plane structural
descriptions remain consistent with the 2D configuration illus-
trated in Fig. 1, with the sole distinction being that the 2D
grating is mirrored along the z axis, resulting in a bilateral gra-
ting. The thickness of the metallic grating in the y direction is
2,, = 0.007d, and the relative permittivity and thickness of the
dielectric substrate are chosen as €, = 3.48 and g, = 0.14, re-
spectively. By employing the Eigenmode Solver in CST Studio
Suite, the corresponding dispersion curves of SSPs are depicted
in Fig. 7(b), taking the asymmetry parameter @ & 0 as an ex-
ample. Identical to the dispersion curves in Fig. 3(b), the ultra-
thin grating has both regular and resonant SSPs, where the
resonant SSPs within the light cone can be excited by the ex-
tended waves in free space. As illustrated in Fig. 7(a), two ports
of the scattering investigation are the two faces of the unit cell
perpendicular to the y direction. Therefore, when a plane wave
impinges on the ultrathin grating, the corresponding resonant
SSP should be excited through the phase-matching. Then, the
spectra of the S21 parameters or the scattering efficiency on
Port 1 can be employed to differentiate the resonance, including
its resonant width and resonant frequency. As the asymmetry
parameter a decreases from one to zero, the formation of the
proposed BIC is observable through the evolution of the spec-
trum. To facilitate the description of the phase-matching
between the incident wave and the SSPs, the dispersion curve
of the incident TM-polarized plane wave is illustrated as the
green solid line in Fig. 7(b), where the incident angle ¢ = 0°.
Since the interaction point of the dispersion curves is C, the res-
onant SSPs in the light cone can be excited by the incident wave

(c) 0.50

Quasi-BIC Quasi-BIC
v
0.45
UQ
[
(o]
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°
3
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Fig. 6. Broadband enhancement verification for intense Smith—Purcell radiation from SSP-based BICs. (a) Dispersion relations of symmetry-
broken gratings and e-beams when a = 0.01. (b) Evolutions of the radiation spectra versus voltage U of e-beams, where U is remapped into
wavenumber space. (c) Evolutions of radiation spectra versus radiation angles as voltage U alters.
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Fig. 7. Demonstration for SSP-based BIC from ultrathin plasmonic metasurface. (a) Schematic drawing of the unit cell of the ultrathin plasmonic
metasurface (periodic in z). (b) Dispersions of symmetry-broken ultrathin plasmonic metasurface and plane wave with incident angle ¢ = 0°, where
a = 0and p = L. (c) Evolution of the reflection spectra (zero-order diffraction) versus asymmetry parameter a. (d) Reflection spectra of vertical
slices in (c). (e) Dependence of the Q factor of the resonance of ultrathin plasmonic metasurface on the asymmetry parameter a. (f) Linear depend-
ence between the Q factor of the resonance of ultrathin plasmonic metasurface and 1/a?.

at frequency f ., which can be then confirmed by the resonant
peak. To visualize the BIC formation based on the resonant SSP
of an ultrathin grating, Fig. 7(c) shows the spectra of scattering
efficiency as & decreases from one to zero, where its vertical slices
are separately depicted in Fig. 7(d). Similar to the previous ob-
servations, the resonant peak grows strong and the resonant
width gets narrow as a tends to zero. Once @ = 0, the resonant
SSP becomes BIC along with a vanished resonant peak in scat-
tering efficiency. Figure 7(e) gives a comparison between the
Q factor and the asymmetry parameter a, indicating that
the Q factor increases rapidly as a approaches zero. Figure 7(f)
denotes that the behavior of the Q factor is also inversely quad-
ratic when a decreases to zero, i.e., Q o a~2. This deduction is
in harmony with the nature of the symmetry-protected BIC,
thereby validating the formation of the BIC.

The ultrathin plasmonic grating can be easily fabricated on
printed circuit board laminates, making it feasible to experi-
mentally verify the SSP-based BIC using plasmonic antennas
based on the ultrathin grating. When a # 0, the grating sup-
ports resonant SSPs with a limited Q factor and resonant width.
Once these resonant SSPs are excited, they radiate into free
space and the device behaves as an antenna, resulting in a dis-
tinct resonance in the far-field spectrum. However, as a = 0,
the resonant SSPs become BIC with an infinite Q factor.

The resonant width of the BIC vanishes, causing resonant
peaks to become unobservable in the far-field spectrum. Thus,
the transformation of SSPs from resonance to BIC can be
validated by comparing the far-field spectra of two plasmonic
antennas with @ = 0 and a # 0. Specifically, the presence
of the resonance in the far-field spectrum corresponds to res-
onant SSPs, while the absence of the resonance corresponds to
the BIC.

We conducted experiments in the microwave regime using
two fabricated plasmonic antennas, one with @ = 0 and the
other with @ = 0.4. As shown in Fig. 8, the plasmonic anten-
nas are fabricated using printed circuit board technology, where
Rogers RO4350B with a relative permittivity of &, = 3.48 is
selected as the substrate material, and the thickness of the
substrate is g, = 0.508 mm with an outer copper thickness
of g,, = 0.035 mm. Since the wavenumbers of the regular
SSPs supported by the ultrathin grating are larger than those
of free space, it is hard to directly excite and extract the spectral
information of SSPs. To overcome this difficulty, the method
that bridges the mismatch between the conventional coplanar
waveguide (CPW) and the ultrathin grating of Ref. [42] is em-
ployed in this work. As shown in Fig. 9(a), the depth-modu-
lated ultrathin grating is launched via two CPWs with 50 Q
impedance, which can be excited directly by a transmission line
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Fig. 8. Experimental setups and verification. (a), (b) Plasmonic antennas fabricated in the microwave band with & = 0.4 and a = 0, respectively.
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the plasmonic antennas. (f) Real experimental setup corresponding to (e).
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the inner conductor is narrow to wide for phase compensation. (c) Matching transition with gradient grooves and flaring ground. (d) Ultrathin
plasmonic grating with modulated depths.
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connected to the SMA interface on the vector network. The
whole structure is divided into three regions, as indicated by
regions I, II, and III in Fig. 9. Region I is the CPW segment,
which consists of CPWs with two widths of the inner conduc-
tor and a gradient segment. The width of the inner conductor
of the CPW is increased from H ¢ to H ¢, by a gradient seg-
ment to ensure that the grating can operate in the band that
can be measured under our existing experimental conditions
(8.2-18 GHz) when its proportion is the same as the discussion
in the main text. Moreover, the proposed CPW segment
supports the TEM mode with free-space wavenumber k.
To guarantee that the impedance of CPW is 50 Q, the dimen-
sions of CPW are optimized as H-; = 5 mm, Hc, = 7 mm,
Wy =25 mm, Wy =24 mm, and G- = 0.26 mm, where
the lengths of these parts are /;; = 10 mm, /;; = 10 mm,
/i3 =>5mm, and [} =/;; + /1, + /13 = 25 mm. Region III
is the proposed ultrathin plasmonic grating for demon-
strating the formation of the symmetry-protected BIC. The
propagation and modulation periods, width, two modulated
depths, and the thicknesses of the single-side and double-side
grating are 4 =35 mm, L =2d =7 mm, 2 = 1.4 mm,
by = 2.8 mm, w = 7 mm, and /3 = 2.8 mm when asymme-
try parameter @ = 0 and 3.08 mm when a = 0.4.

Due to the phase-mismatch between the CPW and ultrathin
grating, the TEM mode of the CPW cannot be directly trans-
formed into SSPs with large longitudinal wavenumbers. To
match the wavenumber of the CPW to the plasmonic grating,
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a transition is proposed and shown in Fig. 9(c). This transition
consists of a flaring ground and gradient slots, where the
slot depth increases from 4,; = 0.35 mm to 4,3 = 2.8 mm
with a step of 0.35 mm. The profile of the flaring ground that
is marked as red can be described as

x = f(2) = Cé¥* + C,, @)

where the coefficients are C; = (x; - x1) /(52 - &%), C, =
(31652 = x,65%1) [ (6572 = ¢%%1), and ¢ = 0.1. The coordinates
P, = (21, x;) = (25,3.76) and P, = (23, x,) = (67, 27.76)
are the start and end points of the profile. Moreover, along with
the gradient slots, they are employed to compensate for the mis-
match of the longitudinal wavenumber between the CPW and
plasmonic grating. As transmitted through the transition sec-
tion, the wavenumber and impedance of the guided mode
of CPW match those of the SSPs. Hence, the resonant SSP
can be effectively excited by the input signal of CPWs, thereby
facilitating the verification of the formation of the symmetry-
protected BIC by distinguishing the resonance of the far-field

ZI<Z<22,

spectra.

Figures 8(a) and 8(c) show the fabricated antennas, while
Figs. 10(a) and 10(b) depict their dispersion curves for
a = 0.4 and @ = 0, respectively. Performing scattering inves-
tigations similar to Figs. 4 and 6, the scattering spectra are
shown in Figs. 10(c) and 10(d), respectively, and their corre-
sponding dispersion curves are represented by white lines. For
a = 0.4, a series of clear resonant peaks belonging to the

resonance
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Fig. 10. Theoretical and experimental results of plasmonic antenna. (a), (b) Dispersion relations of ultrathin plasmonic metasurface when
a = 0.4 and a = 0, respectively. (c), (d) Simulated evolutions of the reflection spectra versus incident angle ¢ when a = 0.4 and a = 0, respec-
tively, where @ is remapped into wavenumber space. (e), (f) Measured evolutions of the S21 spectra versus radiation angle @ when @ = 0.4 and

a = 0, respectively, where @ is remapped into wavenumber space.
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resonant SSPs can be observed inside the light cone, perfectly
overlapping with the dispersion curve. As a approaches zero,
the resonant peaks in the far-field spectrum disappear, indicating
the reduction of the resonant width to zero and the formation
of a BIC. Therefore, the appearance and disappearance of the
resonant peaks in the far-field radiation spectrum correspond to
the transition of SSPs from resonances to BICs. To carry out
experiments for exciting the resonant SSPs and extracting the
radiation spectrum, the schematic and realistic experimental
setups for testing the antennas are shown in Figs. 8(e) and
8(f). These setups consist of an Agilent N5245A PNA-X
network analyzer (10 MHz—50 GHz), a horn antenna to ex-
tract the radiation signal from resonant SSPs, a turntable to
receive signals in different directions, a computer and a switch
broad to program the PNA, and the device under test (DUT).
Three ports of the PNA are utilized for testing, with one port
connected to Port 1 of the plasmonic antenna for excitation of
the SSP, while the other two are connected to Port 2 and the
horn antenna for receiving S21 and extracting the far-field spec-
trum, respectively.

At a = 0.4, both simulated and experimental results of the
reflection parameter S11 and transmission coefficient S21 from
Port 1 to Port 2 are shown in Fig. 8(c), with the two results
being in good agreement. The S parameter in the blue region
indicates that the SSPs, which are converted from the CPW
modes at Port 1, can be transmitted through the ultrathin gra-
ting to the other end. Hence, the effectiveness of the designed
structure in exciting SSPs is demonstrated. However, there is a
significant drop in transmission performance in two normalized
frequency ranges, 0.261 to 0.286 and 0.317 to 0.336, as in-
dicated by the dark yellow and red-shaded regions. As shown
in Fig. 10(a), the decrease in transmission performance in the
dark yellow region is attributed to the photonic bandgap (PBG)
between the resonant SSPs and the regular SSPs, while in the
red region, it is caused by the radiation of the resonant SSPs to
free space. The far-field radiation spectra detected by the horn
antenna are shown in Fig. 10(e). Similar to the simulated spec-
trum in Fig. 10(c), a series of obvious resonance peaks belong-
ing to the resonant SSPs are present in the frequency range of
0.317 to 0.336, demonstrating that the resonant SSPs exist in
the broadband range. The presence of these resonance peaks is
consistent with the dispersion curves and confirms that the de-
signed antenna can effectively excite regular and resonant SSPs
with good transmission and radiation performance.

However, at @ = 0, the measured S parameters depicted in
Fig. 8(d) show no decrease in energy transmission from Port 1
to Port 2 for frequencies below 0.352. As the frequency is
greater than 0.352, the energy from Port 1 is completely re-
flected. This can be explained by the dispersions shown in
Fig. 10(b). The regular SSPs supported by the ultrathin grating
have a maximum frequency of 0.352, below which the SSPs
converted from the CPW modes of Port 1 can be transmitted
from one end of the ultrathin grating to the other. Nonetheless,
for frequencies higher than this, the CPW mode of Port 1 can-
not be transmitted to Port 2 and is completely reflected due to
the lack of matching modes. For frequencies below 0.352,
good transmission means that no radiation is generated by the
antenna. In other words, the resonant widths of the resonant

SSPs vanish. The far-field radiation spectra detected by the
horn antenna are shown in Fig. 10(d). The resonant peaks,
which are initially observable for the spectrum of the resonant
SSPs, become imperceptible, similar to the simulation results
depicted in Fig. 10(c). This implies that the SSPs transition
from resonances to BICs with vanished resonant widths. In
summary, the existence of symmetry-protected BICs based
on ultrathin gratings has been demonstrated through two sets
of plasmonic antennas with different symmetry factors, and
their formation process has been verified over a wide frequency
range. It is noteworthy that in this experiment, the plasmonic
antennas are merely carriers used to demonstrate the existence
of the BIC. Such a symmetry-protected BIC has always existed
in periodic systems, such as plasmonic systems, guided-mode
systems, photonic crystals, and metasurfaces. However, their
effective extraction and utilization have been a challenge.
Recently, a double-band-folding strategy to achieve high-Q
leaky modes in compound lattices demonstrated that the Q
factor of these leaky modes can be made ultrahigh at any in-
cident angle [44]. Likewise, an approach to achieve sustainable
ultrahigh Q factors by engineering Brillouin-zone-folding-
induced BICs (BZF-BICs) is proposed, providing a unique
design path for robust silicon metasurface cavities with extreme
Q factor enhancement throughout a large, tunable momentum
space [45]. The SSP-based BICs proposed in this work share
similarities with those in Refs. [44,45], all falling under the
category of BZF-BICs, which are characterized by a folded-
dispersion curve of resonance in momentum space. For SSP-
based BICs with 4 =/, «<d and a =0, the periodic
modulation acts as a small perturbation, leading to folded bands
exhibiting infinitely high radiative Q factors. Additionally, by
adjusting the propagation period 4 in this scenario with & = 0,
it is possible to achieve a broadband quasi-BIC covering a large
range of w- space. As for conventional plasmonic leaky wave
antennas, they operate first by exciting the resonant SSPs and
then radiating them into the far field. By appropriately adjust-
ing the structural parameters, the corresponding asymmetric
factors can be minimized, facilitating the construction of a sim-
ilar symmetry-protected BIC [44].

In the above analysis, we choose two propagation periods as
one modulation period, and the slot depths are modulated to
break the symmetry of the grating. This enables us to construct
a symmetry-protected BIC in a broadband range, resulting in
enhanced SPR across a wide spectrum, as depicted by the red-
shaded area in Fig. 11(a). One can increase the number of
propagation periods within one modulation period to expand
the frequency range available for enhanced radiation. For ex-
ample, when considering three propagation periods within
one modulation period, the dispersion curves are shown in
Fig. 11(b). As a result of the increased modulation period, the
Brillouin zone boundary moves closer to the origin. Based on
the Brillouin-folding phenomenon, a greater portion of the
folded plasmonic dispersion curve falls within the light cone,
further expanding the frequency range for the available BIC.
The larger red-shaded area confirms this expansion in
Fig. 11(b) compared to Fig. 11(a). Similarly, increasing the
number of propagation periods within the modulation period
can further increase the proportion of folded dispersion that
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Fig. 11. Dispersion curves of SSPs under different modulation periods. The dispersion curves and BIC distribution of SSPs with two, three, four,
and five propagation periods within one modulation period are shown in (a), (b), (c), and (d), respectively. The solid black lines represent conven-
tional SSPs, while the dashed red lines represent BIC modes resulting from resonant SSPs’ transformation.

falls within the light cone, thereby expanding the frequency
range of BIC that can be used to achieve enhanced radiation,
as shown by the increased red-shaded areas in Figs. 11(c) and
11(d). Therefore, by selecting different modulation periods,
one can selectively expand the spectral range in which this
symmetry-protected BIC exists.

4. CONCLUSION

In conclusion, this study proposes and experimentally vali-
dates the symmetry-protected BICs that operate over a broad
spectral range and achieve intense SPR using quasi-BICs. By
breaking the symmetry of the double-slot plasmonic grating,
a symmetry-protected BIC is constructed based on the SSPs,
and the evolution from resonance to BIC is presented. The pro-
posed BIC is then employed to enable tunable intense SPR in
broadband, with a theoretical increase in radiation intensity of
six orders of magnitude compared to conventional SPR that
is coherent with regular SSPs. Notably, the methodology for
constructing BIC is not limited to 2D gratings but can be ex-
tended to other plasmonic or guided-mode systems. Two plas-
monic antennas are fabricated in the microwave regime based
on an ultrathin scheme to demonstrate the formation of BICs
in theory and experiment. Given the rapid advances in nano-
photonics, the proposed intense SPR has the potential to pave
the way for compact free-electron sources in the terahertz and
far-infrared bands.
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