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Abstract: Emerging plasmonic and photovoltaic applications benefit
from effective interaction between optical antennas and unidirectional
incident light over a wide spectrum. Here, we propose a honeycomb array
of plasmonic nanoantennas with broken symmetry to obtain a unidirectional
radiation pattern over a wide spectrum. The honeycomb nanoantenna array
is based on a hexagonal grid with periodically arranged nanostructure build-
ing blocks. To analyze the far-field optical distribution and spectral behavior
of the plasmonic antenna honeycomb, a two-dimensional Wigner-Seitz unit
cell is used together with periodic boundary conditions. As a result of the
vectoral superposition of the fields produced by the Wigner-Seitz unit cells,
far-zone optical fields interfere constructively or destructively in different
directions. The constructive interference along the array’s normal direction
engenders unidirectional radiation. Due to the broken symmetry of the
Wigner-Seitz cell, multiple resonances are supported by the plasmonic
antenna honeycomb array over a broad spectrum.
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1. Introduction

Optical nanoantennas have fascinated scientists because of their ability to manipulate light be-
yond the diffraction limit [1, 2]. Such an achievement at the nanoscale has enabled scientists to
overcome technological barriers and expand the frontiers for scientific breakthroughs in near-
field imaging [3], solar cells [4], nanolithography [5], optical data storage [6], heat assisted
magnetic recording [7], light emitting devices [8], spectroscopy [9], medical applications [10],
and bio-chemical sensors [11].

An essential feature of nanoplasmonic devices in emerging applications is the tailoring of
far-zone radiation patterns of optical antennas, particularly their directionality. Optical antennas
with unidirectional far-zone radiation patterns have important implications for photovoltaic de-
vices, in which antennas have been utilized to improve the energy conversion efficiency [4,12].
By embedding plasmonic particles in solar cells the absorption cross section and energy con-
version efficiency have been increased [4]. One important factor that needs to be addressed to
improve the performance efficiency is the mismatch between the directionality of the incident
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solar radiation and the plasmonic antenna pattern. Incident solar radiation on a plasmonic solar
device spans a narrow angular range. To effectively leverage the incident solar radiation, optical
antennas with unidirectional patterns are essential. Since most commonly utilized nanoanten-
nas, such as dipole and bowtie nanoantennas, have broad and uniform radiation patterns, the
benefits of optical antennas with unidirectional radiation patterns are compelling much research
activity [13-26].

In addition to the unidirectionality of optical antenna radiation fields, another impediment to
implementing plasmonic antennas in solar cells is the spectral mismatch between the incident
solar spectrum and the optical antenna spectrum. To improve the efficiency of the photovoltaic
devices, optical nanoantennas should be operational in the spectral region where the majority
of solar energy is present and the absorption efficiency of semiconductor devices is low [4].
However, the spectrum of incident solar radiation is broad, while the spectrum of plasmonic
nanostructures is narrow with sharp resonances [27]. There is an emerging need for plasmonic
nanoantennas operating over a broad spectral regime that conforms with low absorption regions
of photovoltaic devices [28,29].

(b)

Fig. 1. (a) A schematic illustration of the honeycomb plasmonic nanoantenna array. The
boundaries of Wigner-Seitz cells are highlighted with thin-black lines.(b) An asymmet-
ric Wigner-Seitz unit cell which forms the building block of the honeycomb plasmonic
nanoantenna array.

To address the need for a unidirectional antenna pattern with a wide spectral response, we
propose a honeycomb array of plasmonic nanoantennas with broken symmetry. As illustrated
in Fig. 1(a), the honeycomb nanoantenna is composed of periodically arranged nanostructures
distributed over a hexagonal grid. The honeycomb array of plasmonic nanoantennas is a surface
plasmon device with two dimensional Wigner-Seitz unit cells [30] as the building blocks. As we
demonstrate in this work, the surface plasmon device shows a substantially different radiation
pattern than its constituents in terms of unidirectionality. The gap formed at the convergence
point of the nanoparticles serves as the lattice point for the Wigner-Seitz unit cell. To analyze
the far-field optical distribution and spectral behavior of the honeycomb plasmonic antenna,
periodic boundary conditions are applied to the Wigner-Seitz unit cell. The plasmonic antenna
honeycomb array is investigated in symmetric and asymmetric configurations. First, the antenna
honeycomb is analyzed in a symmetric configuration to demonstrate the unidirectional radiation
pattern of the structure. In the second part, the symmetry of the Wigner-Seitz unit cell is broken
to obtain wide spectral radiation from the antenna array.
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2. Methodology

To analyze the problems in this study, a two-step procedure is used. In the first step, near-field
distributions are obtained using a full-wave solution of Maxwell’s equations. Once the near-
zone field distribution is obtained, the far-zone pattern is obtained in the second step by propa-
gating the near-zone fields to the far-zone using Huygen’s principle. Near-field distributions are
obtained using a 3-D frequency-domain finite element method [7, 31]. The accuracy of the so-
lution technique was previously validated by comparison with other solution techniques [7,31].
In the solution procedure, the near-zone total electric field ENF(F) is defined as the summa-
tion of two components, E'(F) and ES(F). The incident field E'(F) represents the optical beam
in the absence of the nanoantenna. The nanoantennas are excited by a Hertzian dipole placed
within the antenna gap. Once the fields generated with the Hertzian dipole interact with the
nanoantenna, a scattered field ES(F) is generated. To obtain the scattered field ES(F), we used a
full-wave solution of Maxwell’s equations based on the 3-D finite element method (FEM). Two
different types of boundary conditions are implemented for the different problems addressed
in this study. For the isolated nanoantenna, the simulation domain is cubical with the medium
surrounding the antenna chosen to be vacuum, and radiation boundary conditions are used on
the cubical boundaries. For the analysis of the nanoantenna array, periodic boundary conditions
are used to reduce the computational time and memory demands. This boundary condition
mimics the periodic nature of the nanoantenna array, by analyzing a single Wigner-Seitz cell,
rather than by analyzing a layer containing large numbers of repeating antenna geometries. To
account for the presence of neighboring unit cells, three master/slave boundary conditions are
defined on the three mutual, face-to-face lateral surfaces of the hexagonal shaped Wigner-Seitz
unit cell, as shown in Fig. 1(b). On the top and bottom surfaces of the unit cell, radiation bound-
ary conditions are used. In the solution procedure tetrahedral elements are used to discretize the
computational domain, which accurately represents the scattering geometries used in this study.
On the tetrahedral elements, edge basis functions and second-order interpolation functions are
used to expand the field distributions. Adaptive mesh refinement is used to improve the coarse
solution regions with high field intensities and large field gradients. Once the scattered field is
solved via FEM, the total near-zone electric field distribution ENF(F) is obtained by adding the
incident field to the scattered field.

Once the near-zone field distribution ENF(F) is obtained, the far-zone field distribution EF¥ (F)
was determined by using the radiation integrals described by Huygen’s principle [32,33]. In this
problem, the field distribution in the upper semi-infinite space is of interest for determining the
antenna radiation pattern. Huygen’s principle states that the electromagnetic fields in a region of
space, which in our case is the upper semi-infinite space, can be obtained by radiating the near-
zone electric field over the enclosed surfaces [32, 33]. By using the far-zone approximations,
the field distribution in the far-zone can be expressed in terms of the near-zone field as

EFF(F) = iou [|+k12vv] -engfr)/:/_idsexp(_ik-?/) (2B x2) )

In this expression, EFF represents the far-zone electric field, ENF is the field at a distance of
1 nm from the antenna, and k is the wavenumber. It is worth emphasizing that the integral in
Eq. (1) relates the near-zone and far-zone fields as Fourier Transform pairs of one another [34].

3. Results

The far-zone radiation of a single isolated optical nanoantenna is determined by the antenna
geometry, its material properties, and the excitation properties including wavelength and polar-
ization, the effects of which have been extensively studied in the literature [1,2]. The ability to
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tailor far-zone optical patterns and obtain directional antennas with a narrow radiation pattern
is limited when using an isolated optical nanoantenna due to its spatially constrained near-zone
distribution. This constraint is a result of an immediate corollary of Huygen’s principle, which
states that near-field and far-field distributions are Fourier transformation pairs [34]. This indi-
cates that a limited distribution in the near-field leads to a broad and uniform distribution in the
far-field.

To illustrate the far-field limitations of isolated optical nanoantennas, we used a single,
symmetric snowflake antenna, which is composed of six identical particles around a common
gap [28]. This structure radiates in the absence of other nanoantennas, thus providing a bench-
mark for comparison with the other results in the manuscript. Gold is chosen as the nanoantenna
material due to its strong plasmonic characteristics and its resistance to corrosion. The dielec-
tric constant of gold is taken from the experimental data by Palik [35]. The length of each
nanoantenna arm is 100 nm. The thickness and width of the antenna are both 20 nm, and the
gap is 30 nm. Figure 2 demonstrates the near-zone field distribution and far-zone radiation pat-
tern of a single symmetric snowflake antenna. The field distribution in Fig. 2(a) demonstrates
the near-field solution, which is plotted on a cut-plane 1 nm above the antenna. The antenna is
excited by a Hertzian dipole oriented in the X-direction, which is placed within the antenna gap.
The excitation wavelength is set at 725 nm, which is the resonance wavelength of a symmetric
snowflake antenna with arm length 100 nm, as shown in Fig. 2(b). Using the near-zone field in
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Fig. 2. (a) Near-zone field distribution for the isolated antenna plotted on the plane 1 nm
above the antenna; (b) Spectral distribution of the antenna far-field radiation in the normal
direction; (c) Far-zone radiation pattern for the isolated antenna; and (d) Far-zone radiation
pattern for the isolated antenna on ¢ = 0" cut.
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Eg. (1), the far-zone radiation pattern is obtained. As shown in Fig. 2(c) and (d) the far-zone
distribution is fairly uniform in all directions, i.e. an isolated optical antenna radiates without
substantial directionality. The ability to engineer the far-zone pattern via single optical antennas
is constrained and tailoring the unidirectionality of a single emitter via the geometric, material,
and excitation related parameters is limited.

To achieve the desired far-zone optical patterns and directionality more effectively, a large
number of the optical nanoantennas are arranged in a honeycomb configuration to form an
antenna array. Such antenna arrays have been widely used to obtain directional radiation for
microwave and radio frequency (RF) applications [36, 37]. The array parameters, such as the
distance between the antenna elements and amplitude of the array elements, can be adjusted
to tailor the far-zone optical patterns and directionality. Recent studies also extend the array
pattern concept to plasmonic antennas [19] and plasmonic nanoparticles on a rectangular ar-
ray [15].

To tailor the radiation pattern and obtain a unidirectional radiating antenna, the honeycomb
plasmonic antenna array shown in Fig. 1 is investigated. Figures 3(a) and (b) show the resulting
near-field distribution over the honeycomb plasmonic antenna array and the distribution over
a single Wigner-Seitz cell, respectively. The antenna array is excited using Hertzian dipole
excitations oriented in the X-direction. The thickness and width of the antenna are both 20 nm,
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Fig. 3. (a) Near-zone field distribution for the honeycomb plasmonic antenna array plotted
on the plane 1 nm above the antenna. The boundaries of Wigner-Seitz cells are highlighted
with thin-black lines. (b) Near-zone field distribution on a single Wigner-Seitz unit cell of
the honeycomb plasmonic antenna array; (c) Far-zone radiation pattern for the honeycomb
plasmonic antenna array; and (d) Spectral distribution of the antenna far-field radiation in
the normal direction for the honeycomb plasmonic antenna array.
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and the gap is 30 nm. The unit cell dimensions are L; = L, = L3 = 65 nm. The antenna is
operated at A = 700 nm, which corresponds to the resonance wavelength as shown in Fig. 3(d).
In Figs. 3 and 4 the corresponding number of unit cells is 121. The far-zone field distribution of
the symmetric plasmonic antenna honeycomb is shown in Fig. 3(c). A comparison of the far-
zone radiation of an isolated antenna and the honeycomb antenna array is presented in Fig. 4.
The far-zone response of the isolated antenna in Fig. 4 is multiplied by 30 so it can be compared
on the same scale as the antenna array. The results demonstrate that the radiation pattern of the
honeycomb plasmonic antenna array gains directionality.

Array Resp.
-'| ——— 30 x Single Resp. | -

180

Fig. 4. A comparison between the far-zone radiation pattern of the honeycomb plasmonic
antenna array and the isolated nanoantenna on ¢ =0 cut.

The optical field of a honeycomb plasmonic antenna array is a vectoral superposition of the
fields produced by the individual antenna elements defined by the Wigner-Seitz unit cell. By
adjusting the size of the Wigner-Seitz unit cell as well as the relative amplitude of each cell,
the far-zone optical fields can be induced to interfere constructively or destructively at different
directions. As the results in Figs. 3 and 4 suggest, the optical fields produced by the honeycomb
plasmonic antenna array interact constructively along the normal direction. As illustrated in
Figs. 1 and 3(a), the individual Wigner-Seitz cell geometries and near-zone field distributions
over these cells are identical. When the nanoantennas are in phase, their optical fields add in
the 6 = 0 direction. As the observation angle 6 increases, the fields destructively interfere with
each other, creating directions of dark radiation. As 6 further increases, the fields produced by
individual antennas constructively interfere again, creating local maxima. These local maxima,
or side-lobes, are much weaker than the maxima in the 6 = 0 direction. As 0 increases, dark
and bright radiation patterns repeat. At 6 = +r/2, the fields destructively interfere as shown in
Figs. 3and 4.

The unidirectional radiation pattern of a honeycomb plasmonic antenna array can be further
understood by classical antenna theory [36, 37], which states that the radiation pattern of an
antenna array can be calculated by multiplying the radiation pattern of an individual antenna
pattern, or element factor, with the array factor quantity. The array factor relates the effects of
various array parameters, such as the position of the antenna array elements and their amplitude,
to the radiation pattern of the entire array. By applying classical antenna theory [36, 37], the
radiation pattern of a honeycomb plasmonic antenna array can be calculated as

R(6,9) =Y (6,0) xAF(6,0) O]
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where R(6, ¢) is the radiation pattern of the honeycomb plasmonic antenna array, Y (6, ¢) is the
pattern of the individual antenna element defined by the Wigner-Seitz unit cell, and AF (0, ¢)
is the array factor in classical antenna theory, which is given as

N N .
AF(0,0)= Y Y exp(—ik-rmn) ?)

m=—Nn=-—N

for an array with equal amplitude and phase. In Eq. (3), Tm is the location of the Wigner-
Seitz cell center, which corresponds to the gap center of the antenna and the wavevector is k =
k«X + kyy + kzZ. By using the geometric parameters associated with the honeycomb plasmonic
antenna array and the Wigner-Seitz unit cell, the array factor formula can be simplified. The
geometric parameters are illustrated in Fig. 5. Every gap center in the honeycomb array element
represents a lattice point, so each point can be represented as a linear combination of primitive
translation vectors given as
Fron = Ma+nb (4)
where mand n are integers. Each antenna in the array is identified with indices mand n, where
m and n represent the individual antenna’s order within the the antenna array in the & and b
directions, respectively. The indices mand n are bounded by —N < m<Nand —N <n<N.
For a given N, the number of unit cells in the honeycomb antenna array is (2N 4 1) x (2N 4 1).
The lengths of the lattice vectors are |&| = 2L and |b| = 2L5. The lattice vector in Eq. (4) can
be represented as
Tron = 2mL1X+ 2Nk (cos X+ sin oY) (5)

By substituting Eq. (5) into Eq. (3) for an array of (2N + 1) % (2N + 1), we obtain

sin((2N+1)kyL1)
sin (keL1)

sin ((2N+ 1) [cos atkeLo + sin akyLy])
sin ([cos arkyLo + sin ockyLo])

AF(8,9) =

(6)

Fig. 5. A schematic representation of the geometric parameters associated with a honey-
comb plasmonic antenna array that are used in the array pattern calculation.
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Equation (2), Eq. (3), and Eq. (6) state that the radiation of an antenna array is the superpo-
sition of individual antenna elements. Equation (6) represents the array factor for the case of a
honeycomb array of plasmonic nanoantennas with broken symmetry, which becomes symmet-
ric when |&|=|b| and o = 60°. Figs. 6(a) and (b) illustrate the individual antenna element pattern
Y (6,¢) and the array pattern AF (6,¢). In Fig. 6(b) the corresponding number of unit cells is
121. By comparing the results in Fig. 6 with those in Figs. 3 and 4, it is clear that the unidi-
rectionality is dominated by the array factor AF (6, ¢). In other words, the individual building
blocks of the honeycomb array radiate without substantial directionality, whereas the honey-
comb arrangement of such structures operates as a unidirectional radiator. The array factor in
Eqg. (6) mathematically describes the interaction of the antenna elements with each other which
results in an interference pattern. The array factor in Eq. (6) takes into account that the radiated
waves from individual antennas interfere and interact constructively in certain directions and
destructively in others, generating the pattern formations shown in Figs. 3, 4, and 6.
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Fig. 6. (a) Individual antenna element pattern Y (6, ¢) for the honeycomb plasmonic an-
tenna array; (b) The array pattern AF (6,¢) for the honeycomb plasmonic antenna array;
(c) The effect of the increased number of array elements on the directionality of the ra-
diation pattern; and (d) The effect of the wavelength on the directionality of the radiation
pattern.

As the number of elements in the plasmonic antenna honeycomb array increases, the radi-
ation from the antenna becomes increasingly unidirectional. Figure 6(c) illustrates the effect
of the increased number of array elements on the antenna radiation pattern. In Fig. 6(c) the
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array pattern is compared for 25, 121, and 441 hexagonal unit cells. With increasing sources
of radiation related through a fixed spatial frequency, the interference becomes stronger. The
dominant main lobe of radiation is a result of the constructive interference between all of the ar-
ray elements, directing stronger radiation in the normal direction. The path difference between
the antenna elements creates more constructive and destructive interferences, which generate a
larger number of lobes and a narrower main lobe for a plasmonic antenna honeycomb array as
the number of array elements increase. These physical interpretations are supported by Eq. (6).
As the number of elements increases, the oscillations due to the (2N + 1) factor in the sin(.)
term in the nominator increases, which causes the number of lobes to increase and the width of
the main lobe to decrease. As shown in Fig. 6, the array factor is the dominant contributor to
the far-field distribution. As the array pattern demonstrates, the far-field distribution becomes
more directional as the number of antenna elements increases. The results demonstrate that the
array factor determines the directionality of the honeycomb plasmonic antenna array, whereas
the small variations in the individual cells do not cause major differences in the far-field direc-
tionality.

The directionality of the honeycomb plasmonic antenna array as a function of wavelength
is also studied. The results in Fig. 6(d) suggest that the antenna is more directional for shorter
wavelengths. The radiation from the honeycomb plasmonic antenna array becomes broader as
the wavelength increases. The narrow radiation pattern can be attributed to the electrical size
of the structure as the wavelength is changed. The physical size of the honeycomb array is the
same for all cases, since the number of array elements and the size of the Wigner-Seitz cells
are the same. This results in a larger electrical size for shorter wavelengths. Therefore, a more
narrow distribution in the far-field is obtained for shorter wavelengths due to the duality of
the Fourier Transformation: a broader distribution space domain leads to a narrower spectral
domain.

By breaking the symmetry of the Wigner-Seitz unit cell, broader spectral radiation is obtained
from the plasmonic antenna honeycomb array. Figure 7 illustrates the peak radiation from the
honeycomb plasmonic antenna array in the far-field for various asymmetric Wigner-Seitz cell
sizes as listed in Table 1. The antenna array is excited using Hertzian dipole excitations ori-
ented in the X-direction. The thickness and width of the antennas are both 20 nm, and the gap
is 30 nm. In the antenna array 121 unit cells are used. The spectral distributions of the far-field
radiation for different cases underscore the wide spectral response for asymmetric antennas,
as shown in Fig. 7. This can be attributed to the multiple resonances supported by the entire
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Fig. 7. Spectral distribution of antenna far-field radiation in the normal direction for various
asymmetric honeycomb plasmonic antenna arrays with dimensions listed in Table 1.
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Table 1. A list of Wigner-Seitz cell dimensions used in this study.

Case ID Ly [nm] Lz [nm] Lz [nm]

Case A 75 85 65
Case B 80 95 65
Case C 95 115 75
Case D 100 115 85
Case E 65 65 65

structure. The broken symmetry of the Wigner-Seitz cell stems from the plasmonic antenna
honeycomb, consisting of antenna arrays with different dimensions that are aligned in three
different directions. As a result of different particle dimensions, multiple resonances arise. The
length variations between particles within the Wigner-Seitz cell are not large. As a result, al-
though the overall structure displays multiple resonance behavior, those resonances combine to
form a broadband spectral response as shown in Fig. 7. Due to the coupling of the antennas,
the bandwidth is broader for the antenna array compared to the isolated antenna. The spectral
peak for the symmetric array case shows a small blue shift of 25 nm. The shift is small due
to the perfect symmetry in all six directions. However, when a slight asymmetry is introduced,
the antenna array shows a substantial shift in the spectral peak as shown in Fig. 7. Within a
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Fig. 8. (a) The near-zone field distribution of an asymmetric single Wigner-Seitz unit cell in
the honeycomb plasmonic antenna array at A=875 nm; (b) the near-zone field distribution
at A=1300 nm; (c) The far-zone radiation pattern for the asymmetric honeycomb plasmonic
antenna array at A=875 nm; (d) A comparison of the far-zone radiation pattern of the asym-
metric honeycomb plasmonic antenna array at different spectral peaks.
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unit cell, when one basis vector is longer than the other, the length variation between antenna
pairs becomes larger, increasing the separation between spectral peaks of the antennas. If one
or two sides of the unit cell becomes longer, i.e. when planar rotational symmetry is broken,
the antenna array becomes more directional, skewing toward the direction of the longer antenna
side as predicted by Eq. (6). A similar effect on the directionality is also obtained if the number
of array elements on one side is increased.

The near-zone field distribution and far-zone radiation patterns of the asymmetric antenna
with the geometric parameters corresponding to Case C are presented in Fig. 8. In the antenna
array 121 unit cells are used. The results demonstrate that the far-zone radiation pattern is
unidirectional for an asymmetric honeycomb plasmonic antenna array, similar to the symmetric
case. As the far-zone results in Fig. 8(d) demonstrate, the antenna preserves directionality at
different frequencies, although the antenna array is more directional at shorter wavelengths.

4. Conclusion

In summary, a unidirectional radiation pattern over a wide spectrum was obtained using a hon-
eycomb plasmonic antenna array with broken symmetry. Isolated antennas radiated without
substantial directionality. By periodically arranging the antennas as two dimensional Wigner-
Seitz unit cells over a hexagonal grid, unidirectional radiation was achieved in the normal di-
rection due to constructive interference of individual elements. The honeycomb array of plas-
monic nanoantennas shows a substantially different radiation pattern than its constituents in
terms of unidirectionality. Furthermore, the broken symmetry of the Wigner-Seitz cell enabled
the plasmonic antenna honeycomb to operate over a broad spectrum, by supporting multiple
resonances. A compact formula for the far-zone radiation pattern was derived using the ba-
sic principles of classical antenna theory. The proposed plasmonic antenna honeycomb array
is particularly attractive for emerging plasmonic and photovoltaic applications that require a
unidirectional radiation pattern over a wide spectrum.
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