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ABSTRACT

We report a study of spatial light modulation in the photonic structure of jewel scarabs, revealing the interplay of the polarization and
phase control of light, which is not possible with the current optical technology. Phase measurements performed on jewel scarabs demon-
strate that the polarization anomalous (helicity-preserving) reflection of light occurs together with alteration of the dynamic phase associated
with the optical path length. This control of light differs from the operation of artificially prepared polarization-sensitive structures, shap-
ing light through the geometric phase altered by the polarization transformation. Challenging three-dimensional imaging of the cuticle,
requiring high-resolution quantitative mapping of steep phase changes, has been achieved owing to the optical performance of recently
developed geometric-phase microscopy. We find that the cuticle of jewel scarabs is formed of micrometer-sized axicon cells, generat-
ing thousands of Bessel beams with subwavelength spot size. The nondiffracting features and the self-healing ability of the Bessel beams
originating from the beetle Chrysina gloriosa are demonstrated experimentally. Considering Bragg reflection and shaping of RGB com-
ponents of white light Bessel beams, we explain the spatial structuring of colors in microscopic images of jewel scarabs and reveal the
conversion of colors when changing the distance from the cuticle. The functionality and performance of the cuticle axicon cells are dis-
cussed in comparison with high-aperture dielectric meta-axicons, and potential applications in colorimetric refractive index sensing are
outlined.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION liquid crystal phase.”” In this structure, the microfibrils are aligned

parallel in a plane, and the orientation between adjacent planes is

An exceptional diversity of natural phenomena, including high
reflectivity or transmissivity, polarization selectivity, dichroism, iri-
descence, or structural color, is achieved through the interaction
of light with photonic structures of great morphological variabil-
ity.”” In the insect kingdom, iridescent beetles that preferentially
reflect light with left-handed circular polarization (LHCP) have gar-
nered much interest.” The cuticles of these beetles comprise clusters
of chitin microfibrils capable of self-organization into a helicoidal
Bouligand structure,”” with properties similar to the cholesteric
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slightly twisted. Light with LHCP is selectively reflected within the
spectral bandwidth given by the birefringence and the pitch of the
structure, and broadband reflection may take place when the pitch
varies across the cuticle. The anomalous reflection of light has
also been widely examined in relation to animal behavior =~ and
as part of an extensive study of photonics in nature. Structural
coloration, arising as a result of Bragg reflection from helicoidally
stacked cellulose microfibrils that form layers in the cell walls of the
epicarp, has also been examined in plants.

4,126102-1
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In addition to the well-understood polarization selectivity, light
reflected from jewel scarabs is influenced by modulation of the
dynamic phase. Although the spatially varying phase alteration has
a significant impact on the structural coloration, this effect has not
yet been fully explored. Information on phase response has been
deduced from imaging of the cross sections of the outer and inner
exocuticles.'””’ This technique provides the geometric shape of the
cuticle only in a single plane, and the cutting causes anisotropic
propagation of fractures and artifacts from the microtome knife.”"**
Progress in the imaging of cuticle cells has been achieved through
the application of laser scanning confocal microscopy. Using bee-
tle autofluorescence, concentric nested arcs on the surface of a cone
were discovered within individual hexagonal cells, and their struc-
tural analogy with cholesteric focal conic domains formed sponta-
neously on the free surface was inferred.’ In subsequent research,
this hypothesis was revised when it was found that the cuticle of
jewel scarabs comprises concave cells.''

In our study, we apply the principles of holographic microscopy
to demonstrate nondestructive quantitative phase imaging of the
outer layer of the exocuticle. Holographic images enable reconstruc-
tion of the complex amplitude of light reflected from the cuticle,
which was previously achievable only via numerical simulations.”’
The implemented high-resolution phase imaging provides wide-
field (nonscanning) mapping of the cuticle, allowing the reconstruc-
tion of the three-dimensional (3D) shape of individual cells. The
results of our measurements reveal the conical shape of the cuti-
cle cells and show that these cells change the optical path of light
as micrometer-sized reflective axicons. By modulating the dynamic
phase of light, the axicon cells generate thousands of nondiffract-
ing (ND) beams. These naturally created beams are proven to be
Bessel beams, which have previously only been generated in lab-
oratories,”* and their self-healing ability is experimentally demon-
strated. Using the present findings, a computational model is cre-
ated using Bragg reflection and Bessel beam formation to explain
structured coloration in microscopic images of the cuticle of jewel
scarabs.

Il. METHOD

The measurements were performed on a Chrysina gloriosa
beetle, as shown in Figs. 1(a) and 1(b). Experiments were conducted
using geometric-phase microscopy, a technique that has recently
been used successfully for quantitative phase imaging of plasmonic
metasurfaces,” as well as live cell imaging and phase monitoring
of liquid crystals.”® The measurement was carried out in the area
of the cuticle that appears bright green in LHCP light [Fig. 1(a)].
The magnified bright-field image of this area (Melles Griot 50x,
NA = 0.55, 2x focal extender) shows hexagonal cells whose 3D
shape is measured here. In the phase measurement performed by
geometric-phase microscopy, Kohler illumination of the sample is
used (tungsten-halogen lamp, bandpass filter with central wave-
length A = 500 nm, full width at half maximum 50 nm). The illu-
mination path is supplemented by a circular polarizer so that the
light incident on the beetle has LHCP. The illuminating light with
LHCP is partially reflected by the wax layer that covers the cells of the
cuticle and partially transmitted through the air-wax interface. The
polarization of the light reflected by the wax layer is changed from
LHCP to right-handed circular polarization (RHCP), while its phase
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FIG. 1. Principles of quantitative phase imaging of the outer layer of the exocuticle
of the Chrysina gloriosa beetle by geometric-phase microscopy. Photographs and
bright-field microscopy images taken under illumination by light with (a) LHCP and
(b) RHCP. (c) Normally reflected reference field with RHCP (red color) and anoma-
lously reflected signal field with LHCP (blue color) when the cells of the exocuticle
are illuminated with LHCP light. (d) Difference in the geometric path d introduced
between the reference and signal fields.

remains smooth [the RHCP bright field image is shown in Fig. 1(b)].
The RHCP light reflected by the wax layer is used as a reference
wave in the phase measurement. The light penetrating through
the wax layer is anomalously reflected’ from the bottom of the
cells. This light maintains LHCP and yields information about
the shape of individual cells [Figs. 1(c) and 1(d)]. Hence, although
the reflected light comprises both LHCP and RHCP waves, illu-
mination with only LHCP was used. All the reflected light is cap-
tured by the microscope objective (Nikon 100x, NA = 0.9) and
directed toward the tube lens (Nikon CFI60) and the add-on imag-
ing module, providing a polarization-selective transformation of the
geometric (Pancharatnam-Berry) phase of light*® (supplementary
material, Materials and Methods). The light reflected at the point
of the wax layer (reference field) is correlated with the slightly defo-
cused light reflected from the underlying chitin layers of the cell (sig-
nal field). The phase difference A® introduced between the reference
and signal fields is reconstructed from the temporal coherence func-
tion provided by the off-axis point hologram recorded by a CCD.””*°
As the refractive index of the wax is known, the local depth d of the
measured cell may be determined from A® [Fig. 1(d)]. The off-axis
point holograms are simultaneously recorded for all points of the
field of view; therefore, the 3D shape of all cells is reconstructed in a
single shot.

I1l. RESULTS

A. Quantitative phase imaging of cuticle cells

The phase map illustrating the spatial variation of A® intro-
duced in the green area of the cuticle (field of view 30 x 30 ym?)
is shown in Fig. 2(a). By applying phase unwrapping, the 3D shape
of individual cells was determined [Fig. 2(b)]. The projections in
x-z and y-z planes [Figs. 2(c) and 2(d)] document the axicon shape
of the individual cells. To verify the results, one of the cells was cut
(Ultramicrotome Leica EM UC7) and the cross section obtained by
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FIG. 2. Results of the phase measurement by geometric-phase microscopy and comparison with results obtained by scanning electron microscopy (SEM). (a) Spatial variation
of the phase in the exocuticle cells. (b) Three-dimensional phase shape of the cells. [(c) and (d)] Projections of the measured phase in the x-z and y-z planes. (e) Cross
section of a single axicon cell with depth dmax and base angle a determined by SEM measurement. (f) Phase map of the cell used in SEM imaging (bottom half cut off). (g)
Cross section of the cell along line A with dmax and o obtained from the phase measurement.

scanning electron microscopy (FIB-SEM, Tescan Lyra3) [Fig. 2(e)]
was compared with the phase measurement [Fig. 2(g)] (supplemen-
tary material). The depth and the base angle of the axicon profile
determined by both methods were found to agree, although slightly
different profiles were evaluated [the cross section in Fig. 2(g) was
restored along line A of the phase map in Fig. 2(f)].

B. Demonstration of self-healing Bessel beams
from Chrysina gloriosa

The finding that the cells represent reflective micrometer-sized
axicons suggests the occurrence of ND beams in the light reflected
from the cuticle. The structure of the reflected light is significantly
influenced by the cuticle illumination, but the optical functionality
of individual cells is well documented using monochromatic plane
wave illumination. Through this approach, the response of a single
axicon cell could be explored in detail because its complex trans-
mission function was determined by the phase measurement. The
phase and amplitude of one of the cells are shown in Figs. 3(a) and
3(b). Modifying the monochromatic plane wave (A = 500 nm) by the
measured phase and amplitude, the diffracted field was obtained by
numerically solving the Kirchhoff diffraction integral. The 3D inten-
sity distribution and the spots at three different distances are shown
in Figs. 3(c) and 3(d). Although the cell surface is cracked [Fig. 3(f)],
the disturbed beam intensity is gradually restored (the self-healing
effect, examined later), as shown in Fig. 3(e). The light reflected by
the cell represents a light needle beam with a mean spot radius of
ro = 0.25 ym. The central spot is surrounded by several rings, and its
shape and size remain unchanged during propagation to a distance
of L = 1.2 ym (this axial range exceeds four times the depth of field
of a diffraction limited lens with NA = 1.34, which creates an Airy
disk with a 0.25 ym radius). To assess the parameters of the restored
beam using the concept of ND beams, the basic parameters of the cell

APL Photon. 4, 126102 (2019); doi: 10.1063/1.5125045
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are required, including the refractive index of the wax filling the
cell (n = 1.41),””" the radius of the circle inscribed in the hexag-
onal cell R, and the axicon base angle a. This angle is given by R
and the geometric depth of the cell provided by the phase measure-
ment, a = arctan(dmax/R) [Fig. 1(d)]. Using the selected cell with
R = 3 ym and measured phase depth A®n. = 38 rad [Fig. 3(a)],
the geometric depth was calculated from dpax = AA®npax/4mn
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FIG. 3. Restoration of the Bessel beam from data measured in a single axicon
cell. Measured (a) phase and (b) amplitude of the axicon cell of the exocuti-
cle of Chrysina gloriosa used in the Kirchhoff numerical reconstruction of the (c)
three-dimensional intensity of the Bessel beam and (d) intensity spots at different
propagation distances. (e) Gradual restoration of the Bessel beam disturbed by a

crack (f) in the cuticle cell [measured by atomic force microscopy (AFM) using an
Icon Dimension (Bruker))].
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(dmax = 1.07 pym). The connection between the parameters of the
reconstructed beam and the axicon cell was found using the Bessel
beam model (supplementary material, Materials and Methods). The
complex amplitude of the Bessel beam propagating along the z-axis
is given by E(r, z) oc Jo(kr sin 0)exp(ikz cos 0), where k = 27/A, r is
the radial cylindrical coordinate, Jo denotes the zero-order Bessel
function of the first kind, and the angular parameter is given by
0 = arcsin(nsin2a) (the parameter NA, = sinf is referred to
as the axicon numerical aperture”). The beam spot radius can
be determined from the first zero point of the Bessel function,
ro = 0.381A/sin 6. The ideal Bessel beam carries an infinite energy,
and its spot intensity remains unchanged over an unlimited range
of propagation. The beam created by an axicon cell suppresses the
spreading due to diffraction within a bounded interference region,
as shown in Fig. 4(c). The length L of this area depends on the cell
radius, L = R/tan 0.”* With n = 1.41 and a = 19.63°, giving 6 = 63.16°
(NA; = 0.9), the resulting beam parameters are ro = 0.21 ym and
L = 1.52 ym. These values correspond well to the parameters of
the beam reconstructed from the amplitude and phase measured
in the axicon cell (ro = 0.25 ym, L = 1.2 ym), demonstrating the
applicability of the Bessel beam approach.

The unique properties of ND beams result from the specific
form of their spatial spectrum, which is composed of plane waves
whose wave vectors form a conical surface (supplementary mate-
rial, Materials and Methods). Because the plane waves forming the
Bessel beam are inclined relative to the beam axis, the energy of
these waves can pass around a nontransparent obstacle inserted

k-space

o

X (um)
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z=0nm z=0nm z=90nm z=180nm z=270nm

z=0nm z=90nm z=180 nm z2=270nm
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30

into the beam path, allowing self-healing of the disturbed beam
[Fig. 4(c)]. This capablhty has been w1dely examined and used in
optical manipulation’' and microscopy.’

To demonstrate self-healing using the Bessel beam generated
by an axicon cell of a Chrysina gloriosa beetle, submicrometer-sized
steel grains were used as nontransparent obstructions disturbing
the beam spot. The Bessel beam created just behind the axicon cell
overlaps with the illumination beam; hence, the self-healing was
demonstrated in the image space of the original beam. The array
of Bessel beams, imaged using a standard microscope with water
immersion and cover glass (Nikon 100x, NA = 0.9), is shown in
Fig. 4(a) together with the spatial spectrum obtained in k-space by
an optical Fourier transform. The axial intensity cross section of a
single beam in Fig. 4(b) was obtained by moving the cuticle with a
piezoelectric transducer and sequentially capturing the beam spots
on a CCD. Immersion and cover glass were used to enlarge the axial
range of the beam up to 35 ym (detailed in the supplementary mate-
rial). A slight expansion of the beam profile during the propagation
occurs because the illumination of the cell violates the condition of
single plane-wave incidence (supplementary material). In the self-
healing experiments, steel grains were placed in the back focal plane
of the tube lens, where the image of the Bessel beam array was cre-
ated [the spot of one of the beams is shown in the left panel of
Fig. 4(d)]. Using a fine transverse adjustment, the central spot of
the selected Bessel beam was almost completely blocked by the steel
grain, as shown in Fig. 4(d). At a distance of 270 nm, the bright cen-
ter was again evident, while the original Bessel spot was fully restored

Self-healing
Bessel beam

z (um)

Bessel beam Obstacle Self-healing
3um

z=450nm z =540 nm

z=450 nm z=540 nm

FIG. 4. Optical imaging and self-healing of Bessel beams generated by axicon cells of the Chrysina gloriosa beetle (Nikon 100x, NA = 0.9, water immersion and cover
glass). (a) Array of Bessel beams created by individual cells and the spatial spectrum measured in k-space (optical Fourier transform of the beam array). (b) Cross section
of the propagating Bessel beam and its spots at different distances. (c) Principle of the self-healing of a Bessel beam. (d) Generated Bessel beam (left panel) and snapshots
illustrating the spot disturbed by an obstacle (steel grain) and its gradual restoration to its original form. (e) Propagation of a collimated light beam behind a nontransparent

obstacle (steel grain).
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at 540 nm. For comparison, the propagation of a collimated light
beam distorted by the same obstacle is shown in . A natural
manifestation of the self-healing effect occurs in beams emanating
from cuticle cells damaged by cracks [ ]. Beams that display
significant disturbances in intensity near the surface of the cell grad-
ually acquire a symmetrical Bessel-like spot during free propagation,
as demonstrated in

C. Modeling and measuring spatially structured
coloration

Under white light illumination, a rich variety of color effects,
including iridescence and structural coloration, are manifested in
the light reflected by jewel scarabs. Although iridescence has been
widely investigated, understanding of the structural coloration has
been limited by the lack of information on the 3D shape of cuti-
cle cells. Our phase measurement reveals that the cells are reflec-
tive micrometer-sized axicons that generate nondiffracting Bessel
beams and create colored spots in microscopy images of the cuti-
cle. In previous studies of structural coloration, the shape of the
cells was deduced from cross-sectional slices that predicted a con-
cave shape of the cells' ' (conic sections give a parabolic or hyper-
bolic profile). The model presented here simulates white light images
produced by photonic structures in which Bragg reflection, multi-
layer interference, and generation of Bessel beams are collectively
manifested. This model was applied to investigate the Chrysina glo-
riosa beetle, specifically its cuticle areal structure that forms green
stripes composed of hexagonal cells [photograph and microscopy
image in 1.

The incident LHCP light penetrates through the wax layer and,
because of Bragg reflection from the underlying layers, returns whilst
maintaining LHCP. The upper layer is not planar, but consists of
the axicon cells that are also replicated in the lower layers (

, Fig. S2). In the area of a single cuticle cell
bounded by the aperture function A, the light reflected from the
individual layers is superposed coherently if the optical path differ-
ence does not exceed the coherence length. The light reflected from
the mth layer is obtained from the incident light by modifying its
amplitude and phase by t = am(A)A(FL)exp[i®(71,A) +i6m(1)],
where 7, = (x,¥), am and 8, are the reflection coefficient and the
phase shift of the mth layer, respectively, and @ denotes a spa-
tially varying phase imposed on the light by the axicon cell. In
the simulations shown here, perpendicular illumination of the cuti-
cle was considered and §,, was determined by the optical thick-
ness of the layers. When investigating iridescence, the change in
am and §, with the angle of the incident light must be consid-
ered. For an ideal reflective axicon, @ has rotational symmetry and
varies linearly with r = \/x? + 2. When examining the real cuticle
cells, the value of @ = A® determined by measurement is used in
simulations.

At the surface of the cuticle, the resulting reflected light can be
represented by the following:

Eo(71,A) = wM)A(FL ) exp[i®(F1,M4)],
where w denotes the interference of the light reflected by M layers,
M

w(d) = > am(A)exp[idm(D)].

m=1

APL Photon. 4, 126102 (2019); doi: 10.1063/1.5125045
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The light field at a distance z from the cuticle is given by the
Kirchhoff diffraction integral with the kernel K:

E(71,z,A) = W(A)ﬂA(rl)exp z<D rl,/l)]K(?i,?L,z,/l)d?i.

The resulting color image created by the cuticle cell under white
light illumination arises as an incoherent superposition of the images
obtained with red (R), green (G), and blue (B) colored light. The
intensity Irgp of this image can be written as

IRGB(;J.)Z) = I(;J.)Z,)LR) + I(7J_>Z>AG) + I(;L)Z)AB))
where the monochromatic images are given by

1(71,2A) = |E(GL,zA)), j=RG,B.

When verifying the correctness of our model, data measured from
a single cuticle cell were used in the diffraction integral, and the
color images obtained by numerical reconstruction and optical
measurement were compared. The color images optically mea-
sured at different distances from the cuticle of Chrysina gloriosa
are shown in . The color of the central disk, which is
orange at the shortest distance, changes to yellow and then green
at greater distances. This axial coloration agrees well with the
results of the proposed model shown in . The inten-
sity spots Irga reconstructed at distances z = 0.1 um, 0.3 pm,

z=0.3 um

A(au) Z

z=1.0 um
c 10 F

=

0.8

0.6

0.4

0 i i . .
0 0.25 0.5 0.75 1.0 1.25 1.5
z (um)

FIG. 5. Colors of the Bessel beam shaped by Chrysina gloriosa at different dis-
tances from the cuticle. (a) Color image spots obtained by optical measurements.
(b) Color image spots numerically reconstructed from the measured amplitude and
phase of a single axicon cell. (c) Change in the weighted axial intensity of the R,
G, and B colors of the numerically reconstructed Bessel beams as a function of
the distance from the cuticle.
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and 1 ym from the cuticle represent the incoherent superposition
of the images I(l;) obtained for the wavelengths Az = 700 nm,
Ac = 546.1 nm, and Ap = 435.8 nm. The monochromatic images
were calculated numerically from the Kirchhoff diffraction inte-
gral using the amplitude A and phase AP measured in a sin-
gle axicon cell. The weighting coefficients of the monochromatic
images used in the superposition were calculated for M = 3 and
the optical thickness of the layers 61 = 0, 8, = 83 = 1.2 Ag,
which resulted in the normalized values |w()LR)|2 = 1.00, |w(/1(;)|2
=0.65, and |w(1g)|> = 0.15. The optically measured image spots dif-
fer slightly from those that were numerically reconstructed in that
they have larger central disks and less distinct surrounding rings.
Via numerical reconstruction, the response of the measured axicon
cell was obtained for a single plane wave, which was unattainable by
optical measurement. Although a pinhole with a diameter of 100 ym
was used as an aperture diaphragm for the Kohler illumination, the
cell was still illuminated by a set of slightly inclined plane waves.
As a result, the inclined plane waves formed laterally shifted Bessel
beams which overlapped each other, increasing the diameter of the
central disk and blurring the rings (supplementary material, Figs. S3
and S4). The coloring of the rings and the axial color change in the
central disk show good agreement between the numerical recon-
struction and the optical measurements. According to our model,
these effects appear as a result of the different spatial intensity dis-
tributions of the Bessel beams created by R, G, and B colors of light.
This is well demonstrated by the different changes in the calculated
axial intensities with distance z from the cuticle, shown in Fig. 5(c).
In a coordinate system whose origin is at the center of the axicon
cell, the individual curves represent the weighted axial intensity of
each color, determined by I(|F,| = 0,z,1;) with j = R, G, B. The color
image spot reconstructed at the distance z = 0.1 ym [position (a)]
is composed of monochromatic beams whose weighted axial inten-
sity is dominated by the R channel, with the G and B channels being
significantly weaker and completely negligible, respectively; hence,
the central disk is orange. At z = 0.3 ym [position (b)], the weighted
axial intensities of the R and G channels are just balanced while the B
channel remains weak, making the central disk yellow in color. At z
= 1.0 ym, the dominance of the G channel results in the green color
of the central disk.

IV. DISCUSSION AND CONCLUSIONS

In conclusion, we have demonstrated high-resolution phase
measurement of jewel scarabs, clarifying the light shaping in the
cuticle. The spatially structured cells forming the cuticle have
been shown to be micrometer-sized reflective axicons that generate
nondiffracting Bessel beams. These cuticle biomodulators provide
remarkable optical performance, competitive with the high-aperture
meta-axicons recently designed for generating subwavelength Bessel
beams.”” The comparison of natural and technologically advanced
axicons is instructive, both in terms of light control mecha-
nisms and of the limitations in achieving the highest numerical
aperture.

The shaping of light by a meta-axicon is implemented through
spatial variation of the geometric phase that accompanies trans-
formation of the polarization state. The dielectric meta-axicon is
formed by regularly spaced TiO; nanofins acting as a half-wave plate
reversing the handedness of the circular polarization of the incident
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light. The angle of the anisotropy axis of the half-wave plate (the
nanofin angular orientation) is a free parameter that changes the
geometric phase. By precisely adjusting the nanofin angle at each
spatial position, the incident collimated light is deflected by a partic-
ular angle relative to the meta-axicon axis to form the Bessel beam.
The deflection angle 0 defines the numerical aperture of the meta-
axicon, NA, = sin 6, and determines the full width at half maximum
of the Bessel beam, FWHM = 0.358\/NA,.”” The geometric phase of
light is sampled by a set of spatially separated nanofins; hence, the
conversion efficiency of the meta-axicon decreases with increasing
deflection angle, which limits the numerical aperture. A numerical
aperture NA; = 0.9 was demonstrated for a meta-axicon designed
for A = 405 nm, generating a zero-order Bessel beam with FWHM
= 160 nm.

In the jewel scarab cuticle, the chitin layers create a helicoidal
structure responsible for the polarization anomalous (helicity-
preserving) reflection. The monochromatic white light components
reflected by the individual layers interfere and their optical paths
vary spatially, resulting in phase modulation (the phase associated
with the optical path length is referred to as dynamic phase). The
modulation of the dynamic phase is introduced by wax filled axi-
con cells forming the outer cuticle whose shape is replicated also in
underlying chitin layers. Unlike meta-axicons, where the geometric
phase is spatially sampled, the cuticle axicons change the dynamic
phase continuously. As a result of this modulation, jewel scarabs can
create a regular high-resolution structure of axicons whose diame-
ter of 6 ym is 50 times smaller than that of the meta-axicon. The
achievable numerical aperture is limited by the total reflection and
is favorably affected by the wax filling of the axicon cells. The mea-
surements show that the axicon parameters are combined to achieve
the highest possible numerical aperture (NA, = 0.9), providing the
smallest spot size in the generated Bessel beam (FWHM =z 200 nm
for A = 500 nm). Despite the differing physical constraints, the high-
est numerical aperture is the same for both the cuticle axicons and
the meta-axicons and significantly exceeds the numerical aperture
achievable with conventional refractive axicons (NA, = 0.75). The
high-resolution phase imaging showed that individual axicon cells
have a rounded tip. This is disadvantageous because such a tip
produces light which interferes with the Bessel beam formed. Unde-
sirable interference causes oscillations in the axial intensity of the
Bessel beam and affects the stability of its transverse intensity pro-
file.”” Phase measurements showed a nearly symmetric axicon shape
of the cells, allowing generation of beams that closely approached
ideal nondiffracting Bessel beams. The quality of these beams was
verified by both direct observation and numerical reconstruction
from the measured phase and was even sufficient to demonstrate
self-healing from amplitude and phase perturbations. Under Kohler
illumination, individual cuticle cells create bright image spots that
arise from incoherent superposition of laterally shifted Bessel beams.
Compared to a single Bessel beam, this composite spot is larger in
size and secondary concentric rings are missing. With dark field illu-
mination using only the inclined waves, on axis Bessel beams are not
created and annular image spots with a dark center are observed.
The change of the cuticle image with illumination was previously
demonstrated,” and we explain this effect in the supplementary
material.

The demonstrated abilities of jewel scarabs inspire the devel-
opment of new polarization-sensitive light-shaping technologies,
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combining polarization-selective reflection and multibeam interfer-
ence with spatial light modulation that is performed without the
sampling required by artificially prepared metasurfaces or diffrac-
tive elements. This opens pathways for high-quality light shaping
and preparation of special states of light at the microscale. Mim-
icking the subwavelength Bessel beams generated by jewel scarabs,
the structural coloration, axial color conversion, or self-imaging of
Bessel beams’*”” may be used as sensitive indicators that enable
phase measurement or colorimetric refractive index sensing.

SUPPLEMENTARY MATERIAL

See the supplementary material for a quantitative phase imag-
ing by geometric-phase microscopy and comparison of the mea-
surement with scanning electron microscopy. In addition, non-
diffracting Bessel beams and self-healing effect are described, and
the dependence of microscopic images of cuticle cells on the illumi-
nation conditions is explained.
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