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1. Introduction

Nature provides us a wealth of choices from micron to nano-
structures, for templates of manufacturing a wide range of pho-
tonic structures'’ !, For example, the butterfly®~'"}, beetle!'?],
and tapetum lucidum of many vertebrates’ eyes!'>'*! are typical
examples. Like other vertebrates’ eyes, tapetum lucidum of cats’
eyes is made of photonic crystals, which is a reflective layer
behind the retina. As a mirror reflecting light back to the retina,
it offers a second chance for the photoreceptor cells to stimulate
again, thereby enhancing the sensitivity of the retina. Due to this
reflection structure, light will be reflected from cats’ eyes, caus-
ing a conspicuously bright spot which looks sparkling!"*~"),
Observed with an electron microscope, tapetum lucidum cells
as a kind of photonic crystals are characterized by periodically
arranged parallel rod-shaped inclusions!"®), which exhibit pho-
tonic bandgaps and could be used to manipulate the flow of
light!"*~2*!. Some previous works utilized this structure to design
the retroreflector, which can redirect the incident wave back
toward the source in the direction antiparallel to the incident
direction. Conventional retroreflectors can work within limited
incident angles'*>**!, which can be overcome by taking advan-
tage of a Luneburg lens!**!. All of these works have something in
common, whose reflective layer is simply substituted for a met-
allic mirror, high reflective coating, or metasurfaces rather than
photonic crystals. Here, we try to devise the retroreflector by
combining the Luneburg lens and photonic crystals and inves-
tigate the characteristics behind them.

In optics, on the other hand, absolute optical instruments are
widely used in many fields with characteristics of perfect imag-
ing or self-imaging!**~°!. For example, the Luneburg lens as an
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It is well known that cats have fascinating eyes with various colors, such as green, blue, and brown. In addition, they possess
strong night vision ability, which can distinguish things clearly even in a poor light environment. These drive us to reveal the
secrets behind them. In fact, cats’ eyes can be considered as special lenses (which we would like to mimic by using a
Luneburg lens). We make an analysis of the role of photonic crystals behind the lens and demonstrate that the integration
of photonic crystals into Luneburg lens can be regarded as a retroreflector and greatly improve the light focusing intensity
of the lens in a broad band of frequencies. This wonderful bioinspired phenomenon is expected to design more interesting
and serviceable devices by combining photonic crystals with transformation optics.

Keywords: cats' eyes; Luneburg lens; tapetum lucidum; photonic crystals.

absolute optical instrument plays an important role in geo-
metric optics. It is a spherical dielectric with a refractive index
profile, which can focus a parallel beam of light into a point
without abbreviation*". We thereby utilize this special property
of the Luneburg lens to simulate retinal imaging for bionic
research.

In this Letter, we analyze the structure and photonic bandgaps
of tapetum lucidum. Enlightened by the specialty of tapetum
lucidum, we leverage the Luneburg lens and photonic crystals
to mimic the process of the effect of retroreflector and light
focusing and explore the intensity enhancement in visible light.
Besides, we do some improvements to increase the stability of
the effect. From these, we reveal in some measure why tapetum
lucidum is so efficient to reflect light and improve light focusing
intensity and have a deeper understanding of cats’ eyes from the
optics perspective.

2. Results

Firstly, let us consider the structure of a cat’s eye in detail. The
left part of Fig. 1 demonstrates the structure of a cat’s eye, and
the right one shows the schematic details of tapetum lucidum.
As a reflective layer, tapetum lucidum is situated external to
the retina, which can reflect light back onto the photoreceptors
in the retina. Histologically, the cat’s tapetum lucidum consists
of 10-12 layers of cells in its center, and each cell consists of
15-20 layers of rods, progressively thinning and eventually dis-
appearing towards the periphery[15 171 For the perfect presen-
tation of figures, we draw three layers, and others are omitted in
the right of Fig. 1. Tapetum lucidum is filled with many dense
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Fig. 1. Structures of a cat's eye (left picture) and tapetum lucidum (right picture). The tapetum lucidum lies behind the retina constituted by some columnar
photonic crystals arranged in regular hexagons with different radii r and spaces a.

small rods with a length of 4-6 pm and a radius r of 0.05-
0.06 pm, which are precisely arranged in a hexagonal lattice pat-
tern with the space of a between adjacent rods of about 0.15 pm.
These rods are grouped in bundles, normally extending through
the entire thickness of the cell, whose main components are
riboflavin and zinc (the refractive index of the compound is
approximately 1.8). Within each bundle, the center of the rods
is aligned parallel to the surface of the retina with obvious
regularity!>~7),

If we want to investigate the light propagation in photonic
crystals, what we have to do is to calculate the corresponding
photonic band structures. Hence, in order to be closer to reality,
we choose different spaces of rods of 0.15 pm, 0.20 pm, and
0.25 pm to calculate the band structure, with their radius as
0.05 pm. Except for rods, the refractive index of the remaining
parts of tapetum lucidum is about one, so we put some triangular
array medium columns (refractive index n = 1.8) in the air back-
ground when simulating.

Photonic crystals possess different complete photonic bandg-
aps, as described by different colors in Fig. 2. The bandgaps for
the case of a = 0.15 pm is from 333 nm to 375 nm, for the case
of a =0.20 pm is from 375 nm to 441 nm, and for the case of
a=0.25 pm is from 441 nm to 517 nm, whose working wave-
lengths do not overlap with each other. When the wavelength
falls in a photonic bandgap, light will be bounced back such
that it provides a second opportunity to stimulate the photo-
receptor cells, thereby enhancing the sensitivity of the retina
and improving the night vision ability of cats'”). Consequently,
we can design an artificial “tapetum lucidum” with the data
above in the following sections. There are some similarities
and differences between the tapetum lucidum and artificial
“tapetum lucidum.” The arrangement (hexagon) and layer
structure are the same, while the size of rods and number of
layers are different. For tapetum lucidum, there are hundreds
of layers of rods, the space (about a =0.15 pm) and the size

(about r = 0.05-0.06 pm) of each rod are not exactly the same,
and thus, the structure is aperiodic. For the artificial “tapetum
lucidum,” we simply take an approximate space and size for con-
sideration in order to facilitate the analysis of its band structure.
Considering simulation limitations, we only arranged three
layers of photonic crystals behind the Luneburg lens with the
spaces of 0.15 pm, 0.20 pm, and 0.25 pm. In order to achieve
the intensity enhancement in a broader band of frequencies,
we simulate with the increasing space a. In fact, the space is
not increased as the layers go away from the lens in the tapetum
lucidum.

Now, we perform the simulations using the finite element
software COMSOL Multiphysics. In simulations, we suppose
the waves are in transverse electric (TE) polarization (the electric
fields are along the z direction). In Fig. 3, we would like to mimic
cats’ eyes by using the Luneburg lens, mimic light incident
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Fig. 2. Photonic band structures for transverse electric (TE) modes of a tri-
angular array of medium columns (refractive index n=18, r=0.05 um) in the
air. The inset at the corner shows the high symmetry points of the irreducible
Brillouin zone (shaded light blue one). Note that complete photonic bandgaps
happen for different colors with @ = 0.15 pm, a = 0.20 pm, and a = 0.25 pm.
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Fig. 3. Electric field intensity | distributions of a Gaussian beam impinging on the Luneburg lens and the corresponding intensity comparison chart. (a)-(c) The
electric field intensity of a Gaussian beam impinging on the Luneburg lens along y = 2 pm with different wavelengths. (d)-(f] The electric field intensity of a
Gaussian beam impinging along the x axis, and the red line is along x = 3.5 um. The detailed field distributions are inserted at the bottom of each figure, which are
marked by the black dashed frames. (g)-(i) Intensity comparison with (red curves) and without (black curves) photonic crystals along the red line of (d)-(f).

to cats’ eyes by using an impinged Gaussian beam along the
x direction, and mimic tapetum lucidum by using photonic crys-
tals. The radius and refractive index profile of the Luneburg lens
were set as = 3.5 pm and n(r)) = /2 — r}/r}, respectively.
Afterwards, we placed different-space rods (r = 0.05 pm) with
a=0.15 pm (first layer), a = 0.20 pm (second layer), and a =
0.25 pm (third layer) from left to right behind the Luneburg lens
to replace tapetum lucidum, just as the data provided in Fig. 2.
In Figs. 3(a)-3(c), we impinged Gaussian beams with three dif-
ferent wavelengths towards the Luneburg lens. The wavelengths
were in the above three photonic bandgaps, respectively. When
the wavelength falls in the photonic bandgap of the first layer,
waves will be completely blocked by the first layer, and the
device seems like an Eaton lens [Fig. 3(a)]®?. Hence, the
Luneburg lens plus a layer of photonic crystals can achieve
the effect of an Eaton lens. If the wavelength falls in the photonic
bandgap of the second and third layers [Figs. 3(b) and 3(c)],
waves will transmit through the first layer and be reflected by
the second or third layer. So, from the bionic research simula-
tion, it is easy to understand why there are hundreds of layers of
rods in cats’ tapetum lucidum, which can reflect about 130 times
of light more than that of human eyes and with a very broad
band of working wavelengths'>*),

Considering simulation limitations, we arranged three layers
of photonic crystals behind the Luneburg lens. Although the
number of layers we simulated is limited, it can still explain
why there is a luminous look in cats’ eyes at night in some
degree. In addition, riboflavin as the main component can
absorb light in short wavelengths such as blue light and emits
fluorescence in the wavelengths of green light. That is why we
often see cats’ eyes appear turquoise.

If we impinge Gaussian beams with three different wave-
lengths along the x axis in Figs. 3(d)-3(f) towards the
Luneburg lens, waves will be blocked by photonic crystals and
focus at the point (3.5,0). Therefore, by comparing the intensity
with and without photonic crystals along the red line
x=3.5 pm, we can plot a comparison chart in Figs. 3(g)-3(i),
where the focusing curve becomes sharper, as we expected with
the help of photonic crystals. In order to make a better analysis
of the field distribution in the photonic crystals, the detailed field
distributions are inserted at the bottom of Figs. 3(d)-3(f), which
are marked by the black dashed frames. We see that the field
is localized at the first layer when the wavelength is 360 nm,
as shown in Fig. 3(d). If the wavelength falls in the photonic
bandgap of the second or third layer [Figs. 3(e) and 3(f)], waves
will transmit through the first layer and be reflected by the second
or third layer. Therefore, field distributions exist between the
layers in Figs. 3(e) and 3(f). Exactly as light blocked by tapetum
lucidum can focus on the retina again, waves blocked by photonic
crystals focus at the point (3.5,0) as well. Hence, the sensitivity of
the retina and the electric field intensity of the point (3.5,0) are
enhanced apparently. Compared to the Luneburg lens without
photonic crystals [the black lines of Figs. 3(g)-3(i)], the focusing
curves of the Luneburg lens with photonic crystals [the red lines of
Figs. 3(g)-3(i)] become sharper. As shown in Figs. 3(g)-3(i), the
peaks of black lines are always below the red lines. Therefore, it
can explain clearly that the structure of photonic crystals behind
the Luneburg lens can improve the intensity.

Our simulations, to some extent, illustrate why cats can dis-
tinguish things clearly even in a poor light environment. In other
words, the intensity of the Luneburg lens without photonic
crystals represents the intensity of the poor light environment.
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Fig. 4. Intensity comparison from 333 nm to 517 nm at the point (3.5, 0) and the reflectance of photonic crystals. (a) The solid blue and orange lines denote the
intensity with and without photonic crystals, respectively. The dashed orange line denotes the intensity with PEC. (b) The solid blue and orange lines denote

the reflectance of one layer and two layers of photonic crystals, respectively.

Even through the Luneburg lens (cats’ eyes) in a poor light envi-
ronment, the intensity can be improved with the photonic crys-
tals (tapetum lucidum).

Based on the simulation results we obtained above, we
attempt to realize this in other wavelengths and compare the
electric field intensities. As shown in Figs. 3(g)-3(i), we obtain
the intensity statistics of comparison with and without photonic
crystals along x = 3.5 pm. In Fig. 4, we select the electric field
intensity at the point (3.5,0) and plot them with respect to differ-
ent wavelengths. As we predicted, for the wavelength from
333 nm to 400 nm, the electric field intensity can approximately
reach about 30 V2 /m?, which is three times more than that with-
out photonic crystals. From 400 nm to 517 nm, the blue line fluc-
tuates but is also above the solid orange line. We display the
intensity of the Luneburg lens plus the perfect electric conductor
(PEC) using the orange dashed line in Fig. 4(a) and perceive that
both the Luneburg lens with photonic crystals (solid blue line)
and PEC (orange dashed line) can achieve the intensity enhance-
ment and account for the validity of our bioinspired design.
Besides, we calculate the reflectance of one layer (first layer
a=0.15 pm) and two layers (first layer a = 0.15 pm and second
layer a=0.20 pm) and detect that the wavelengths of fluc-
tuation points in Fig. 4(a) (A, B, and C) are coincident with
the points (D, E, and F) in Fig. 4(b). For wavelengths less than
that of point D (or A), it falls into the bandgap of the first layer.
The dip at point B is caused by Fabry-Perot (FP) resonance
of the first layer, which is denoted by point E. For wavelengths
less than that of point F (or C), it falls into the bandgap of the
second layer. Hence, we can understand that because of the low
reflection of the corresponding wavelength and the resonance
between layers, the curve displays notable oscillations. The first
layer of photonic crystals plays a deciding role in intensity
enhancement.

Therefore, the light focusing intensity of the lenses is greatly
improved in a broad band of frequencies inspired by cats’ eyes.
This reaffirms our idea that cats allow for the detection of light

that is imperceptible to the human eyes because of the hundreds
of layers of photonic crystals in tapetum lucidum.

There is a possibility the solid orange line would be above the
blue line when the wavelength is large enough. As we can
see from the blue line in the Fig. 4(a), the farther the layer from
the Luneburg lens is, the worse the effect will be. As the wave-
length increases, the layer is farther and farther away from the
Luneburg lens, so it has the potential to be absolute that the solid
orange line would be above the blue line. In this Letter, we only
consider the case of three layers, and the solid orange line is
always below the blue line.

Except for TE polarization, we also attempted the transverse
magnetic (TM) polarization (the magnetic fields are along the
z direction) and found that for both TE and TM waves the
structures can achieve the intensity enhancement. For simplic-
ity, we show the TE polarization as an example in this Letter.

Only the wave both impinging and blocked by photonic crys-
tals focusing at the point (3.5,0) can get the purpose of intensity
enhancement. For the structure of Fig. 3, if we change the inci-
dent angles, the focusing intensity will decrease. Hence, we do
some improvements based on the structure in Fig. 3, and the
intensity can be increased even if the incident angle is changed.
As shown in Figs. 5(d)-5(f), the retroreflector is composed of
two elements: a Luneburg lens and three arcual structures with
the same radii and spaces as in Fig. 3. Along the red line, we can
plot comparison chart in Figs. 5(g)-5(i), where the focusing
curve becomes sharper, and the intensity is enhanced for the dif-
ferent incident angles (the incident angle is defined as the
deviation angle from the geometric symmetric axis of the struc-
ture, with the up deviation angle as “+”). From the simulation
results, we can observe obviously that the improvement is effec-
tive and increases the stability of the effect compared to the
structure in Fig. 3. Here, we choose 25 deg as an example
in Fig. 5. If we use the plane wave as the source, the results
of intensity enhancement also can be achieved, as shown by
Figs. 5(a)-5(c).
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Fig. 5. Electric field intensity |A distributions of a plane wave and a Gaussian beam impinging on the Luneburg lens and the corresponding intensity comparison
chart. (a)-(c) The electric field intensities of the plane wave impinging on the Luneburg lens. (d)-(f) The electric field intensities of a Gaussian beam impinging
on the Luneburg lens at 25° with different wavelengths. (g)-(i) Intensity comparison with (red curves) and without (black curves) photonic crystals along the

red lines of (d)-(f).

3. Conclusion

Our bionic research not only allows people to better understand
why cats can accurately capture prey even in a poor light envi-
ronment and cats’ eyes often flash at night from the perspective
of photonic crystals, but also confirm that the first layer of pho-
tonic crystals of cats’ eyes plays a deciding role in intensity
enhancement. Based on the structure of tapetum lucidum, we
integrate similar photonic structures to the Luneburg lens,
and the focusing intensity is greatly improved in a broad band
of frequencies. Furthermore, the effect of the retroreflector can
also be demonstrated via this design. Thus, the integration of
photonic crystals into the Luneburg lens shows the practicability
and availability, which is a magical collision of photonic crystals
and transformation optics. The amazing animal world has
taught us a lot, and there are many more interesting optics

phenomena that deserve to be explored in future. !
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