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In this Letter, we demonstrate the observation of colorful
Airy beams and Airy imaging of letters, which we called
Airy letters here, generated through the continuous cubic
phase microplate (CCPP) elaborately fabricated by femto-
second laser two-photon processing. The fabricated CCPP
with both micro size (60 pm x 60 pm x 1.1 pm) and con-
tinuous variation of phase shows a good agreement with
the designed CCPP. Chromatic Airy beams and Airy letters
“USTC” are experimentally generated via the CCPP illumi-
nated by white light. In addition, superior properties of Airy
letters are explored, demonstrating that the Airy letters in-
herit the nondiffraction, self-healing, and transverse acceler-
ation characteristics of Airy beams. Our work paves the way
toward integrated optics, light separation, optical imaging,
and defective information recovery. © 2018 Optical Society
of America

OCIS codes: (220.4000) Microstructure fabrication; (100.5090)
Phase-only filters; (130.3990) Micro-optical devices; (350.5500)
Propagation.
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Optical light with both gorgeous color and curved shape is a
charming phenomenon, and it is common in nature, such as in
the rainbow, which is caused by the refraction of the sunlight
when it passes through the tiny mist drops in the atmosphere.
Recently, a curved beam has been reported, named the Airy
beam [1,2], which is a member of nondiffracting waves family
[3]. Owing to the intriguing properties of self-bending [4] and
self-healing [5], Airy beams have triggered much research in the
areas of optical micromanipulation of particles [6,7], generation
of curved plasma channels in air [8], surface plasmon control
[9,10], laser micromachining of curved structures [11], gener-
ation of electron Airy beams [12], and microscopy [13,14].
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However, nearly all of these studies rely on monochromatic
light, and there is little research on Airy beams in polychro-
matic light [15,16]; research on Airy beams in different wave-
lengths in micro size is still a gap to be filled. Furthermore, it
has been demonstrated that an image signal can transmit with
Airy beams [17], and the signal can be retrieved by performing
the Fourier transform. Nevertheless, Airy beams carrying infor-
mation that can be observed directly (without other transfor-
mation) still deserve further study.

From the generation-method point of view, finite Airy
beams have been generated experimentally based on cubic
phase modulations of Gaussian beams by several techniques
using liquid crystal spatial light modulators (SLMs) [1,2], spe-
cial cylindrical lenses [18,19], and cubic phase masks [8,20].
Nevertheless, phase components in these methods suffer from
being macro size, a size not suitable for integrated optics in
micro size.

In this Letter, we report the fabrication of continuous cubic
phase microplates (CCPPs) by femtosecond laser two-photon
processing (TPP), which has proven to be a powerful technique
for microfabrication with high efficiency and quality [21-23].
A polychromatic light is separated by the CCPP to generate the
colorful Airy beam, and the formation of a colorful Airy beam is
thoroughly analyzed. In addition, Airy beams with letter infor-
mation, so-called Airy letters, are demonstrated, as are their
properties.

The envelope of a finite Airy beam [1] is expressed as

P& ) = Ails - (§/2)* + iag] explas - (a&?/2)
- i(&/12) + i(a*¢/2) + i(s€/2)), 0]

where Ails - (£/2)? + iaé] represents the Airy function, « is a
positive parameter for ensuring containment of the infinite
Airy til, 2 < 1, s = x/x represents a dimensionless trans-
verse coordinate, and x is an arbitrary transverse scale. A nor-
malized propagation distance is represented by = z/kxg, and
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k = 27n/ 2 is the wavenumber with refractive index of medium
n and free-space wavelength A. For a two-dimensional (2D)
case, the Fourier transform of the envelope is proportional to
explif® (k2 + k; )/3], where f3 is a scale factor and %, and &, are
Fourier spectrum coordinates. Thus, a plane wave can be con-
verted into an Airy beam by applying a cubic phase modulation
followed by a spatial Fourier transformation through focusing
with a lens. It is known that the relation between the thickness
and accumulated phase is

j’znw(‘x" }’ ) R (2)
[2ﬂ(nm - ”air)]
where 1;, is the wavelength of incident light for generating
Airy beams and #,, and n,;, represent the refractive indices of
material and air, respectively. Therefore, the cubic phase pattern
[Fig. 1(b)], whose size is 600 x 600 pixels, wrapped between 0
and 27 with the phase range varying from -127 to 127, can be
converted into a height profile through Eq. (2). The test lights
used in this study are green light (532 nm) and white light (span-
ning 390-780 nm), thus 4;, can be set to 550 nm. The
refractive indices of the photoresist (SZ2080) mixed with
1 wt% 4, 4'-Bis(diethylamino)benzophenone (BIS) as photoi-
nitiator and air are ~1.5 and ~1, respectively. Therefore, the
maximum height is ~1.1 pm. Figures 1(d) and 1(e) display
the scanning electron microscope (SEM) images of the CCPP
fabricated by a femtosecond laser TPP (80 MHz repetition rate,
800 nm center wavelength and 75 fs pulse width, and 8 mW
exposing power) [Fig. 1(a)], showing a fine fabricating quality
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Fig. 1. Fabrication and characterization of CCPPs. (a) Schematic
illustration of femtosecond laser TPP CCPPs. (b) Cubic phase pattern
wrapped between 0 and 27z. Size, 600 x 600 pixels; phase range,
-127 ~ 127, (c)—(e) AFM, SEM, and locally magnified SEM images
of the fabricated CCPP, respectively. (f) Height profile with respect to
the substrate (300 nm) along the diagonal line of the CCPP: blue solid

line represents the extracted profile marked in (c), and red dashed line
represents the designed profile.
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[24]. The surface morphology of the CCPP is considered as a
significant factor in our fabrication. Hence, the topography
of the CCPP was characterized by an atomic force microscope
(AFM: MFP3D Origin, Cantilever: Tap300Al-G tapping mode
probe). The extracted height profile of the CCPP relative to
the substrate (300 nm) along the diagonal marked in Fig. 1(c)
is shown in Fig. 1(f), which has a good agreement with the
designed height. Some small differences between the designed
and the measured height profile may be caused by the fabrication
or measurement errors. It is unavoidable in a micrometer/nano
scale that some small fluctuations came into being, especially in
the center of the CCPP, caused by the distortion of the
photoresist during the fabrication and development. It is also
necessary to explain that owing to the high aspect ratio of
local areas, the AFM probe cannot dip into the bottom, which
causes the mismatching between the extracted height and the
designed height in the corner of the CCPP.

A continuous-wave laser beam (532 nm, 1 mW), which is
truncated through an aperture to ensure the small beam width
(~100 pm) since the length of the CCPP is 60 pm, is trans-
mitted through the fabricated CCPP with a cubic phase modu-
lation. It is then focused by a 40x objective lens (NA = 0.6)
with a focal length = 180 pm. The Airy beam is formed at
the back focal plane and recorded by a charge-coupled device
(CCD) camera after being magnified by a lens group. The in-
tensity pattern of the Airy beam shows the characteristic multi-
lobes [Fig. 2(a)], while the main lobe contains a majority of the
total beam energy, which is in good agreement with the sim-
ulation [Fig. 2(a) inset: the simulation is operated according to
diffraction theory]. When the laser source (monochromatic
light) was replaced by a halogen lamp (polychromatic light),
a fantastic phenomenon appeared: generation of a colorful
Airy beam. Figure 2(b) depicts the colorful Airy beam exper-
imentally observed at the propagation distance of 100 pm after
the Fourier plane of the objective lens, which is coincident with
the simulated result [Fig. 2(b) inset]. There is also a character-
istic intensity pattern of the Airy beam, although the side lobes
are blurry.

The formation of Airy beams with multicolor can be
explained using the equation of transverse deflection [8]:

D(z) = v/222,(167% /x3) x 22, (3)

where 4,, is the wavelength of the incident light to generate
Airy beam, x, is an arbitrary transverse scale and can be ex-
pressed as xg = ffA;,/(2x), [ is the focal length of the lens
for the Fourier transform, z is the propagation distance after the
Fourier plane, and the deflection direction is along the 45° axis
during the propagation. Therefore, in Eq. (3) the deflection
D(z) is proportional to 1/4,,, so the deflection varies when
the wavelength of incident light changes at the certain propa-
gation plane. When the CCPP is illuminated by the white light
with a broad range of wavelengths, a series of Airy beams with
various deflections come into being, and the larger the propa-
gation distance, the stronger the deflection. Figure 2(c) illus-
trates the transverse acceleration of a colorful Airy beam.
Deflections of red, green, and blue elements in a colorful
Airy beam were measured at different propagation planes, re-
spectively, and they are in good agreement with the theoretical
calculations at the corresponding wavelengths. With the in-
crease of the propagation distance, gaps between different de-
flections enlarge, so a colorful Airy beam, which is generated
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Fig. 2. Observation of colorful Airy beams. (a) A 2D Airy beam
generated via the CCPP at the wavelength of 532 nm. Inset: simula-
tion. (b) A colorful Airy beam generated via the CCPP under white
light illumination after propagating 100 pm. Inset: a composite image
of the simulated results under different wavelengths. (c) Transverse
acceleration of the colorful Airy beam generated via the CCPP as a
function of beam propagation distance. Red, green, and blue points
mark the experimental results separated from the colorful Airy beam,
whereas lines in corresponding colors are theoretical calculations.
Insets: colorful Airy beams at different propagation distances.

from a light but splits during propagation, comes into being
[insets in Fig. 2(c)]. However, the photoresist we used shows
an absorption band in the spectral range of 450-500 nm [25],
so the light loses most of energy in this spectral range after pass-
ing through the CCPP. In addition, due to the small gap be-
tween the wavelength of green light (532 nm) and blue light
(488 nm), their deflection rates differ little. These account for
the unobvious blue element in Fig. 2(b). Fortunately, it can be
solved by using the same photoresist (SZ2080) without the
photoinitiator (BIS) [26]. Therefore, a polychromatic light
can be separated to components with different wavelengths
through the CCPP. Furthermore, for Airy beams with strong
deflection that are micro size [24], they can split quickly in a
short distance.

An Airy letter was observed [Fig. 3(a)] when a positive letter
mask (the area of letter for transmitting and the other area for
blocking) was located after the incident light [Fig. 4(a)]. Other
than for reference [17], letter information loaded on the Airy
beam can be observed directly without any transformation. As
shown in Fig. 4(a), the letter mask “C” (the size of the letter is
about 80 pm x 80 pm) is located far from (more than 15 mm)
the CCPP. After long-distance diffraction (Fraunhofer diffrac-
tion), the letter information (spatial spectrum) is uploaded onto
the CCPP on the Fourier plane, which is different from the
previous study in which the image signal pattern was uploaded
directly onto the cubic phase [17]. The Airy letter is then
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Fig. 3. Observation of Airy letters. (a) An Airy letter “C” generated
through the CCPP under white light illumination. Inset: a composite
image of the simulated results under different wavelengths. (b) Images
of colorful Airy letters “U,” “S,” “T,” “C” after propagating 100 pm.
(c) The Airy letter “C” observed at different propagation distances.

generated through the Fourier transform of the objective lens.
The experimental result [Fig. 3(a)] is consistent with the
simulation [Fig. 3(a) inset]. Similar to colorful Airy beams,
Airy letters do not present multicolor at or near the Fourier
plane of the objective lens, and with the increase of propagation
distance, an Airy letter splits into several of the same letters with
different colors. After separation, a part of the area of side lobes
near the main letter is covered by some Airy letters in long
wavelengths (like the Airy letter in red), so the remaining area
is blurry and difficult to distinguish. Therefore, unlike the
colorful Airy beam [Fig. 2(b)], the colorful Airy letter does
not show any clear side lobes, and the whole area of side lobes
presents a blur. Figure 3(b) depicts the colorful Airy letters
“USTC” at the propagation distance of 100 pm. Under some
circumstances, this characteristic of Airy letters can be helpful
because there is no need to receive side lobes. Although the
multicolors of Airy letters during propagation must be avoided
in most imaging applications, it may be useful in multicolor
imaging display.

It is evident that colorful Airy beams show the properties
of nondiffraction, transverse acceleration, and self-healing.
Figure 2(c) illustrates the transverse acceleration property of
colorful Airy beams, whereas the insets in Fig. 2(c) account
for the nondiffraction character. The spot sizes of colorful
Airy beams’ main lobes remain almost unchanged at different
propagation planes, and the multicolors of Airy beams become
obvious gradually during the propagation. Moreover, when the
main lobe of a colorful Airy beam is obstructed at the Fourier
plane of the objective lens, it is reborn to a great extent after a
propagation of 90 pm [inset Fig. 4(a)], revealing its self-healing
property.

To explore whether colorful Airy letters possess properties
similar to Airy beams, a series of tests has been carried out.
Airy letters “U,” “S,” “T,” and “C” were generated and observed
at different propagation distances. Figure 3(c) depicts images of
the Airy letter “C” at the propagation distances of 0, 20 pm,
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Fig. 4. Self-healing properties of colorful Airy beams and Airy let-
ters. (a) Schematic illustration for investigating the properties of Airy
letters. Inset: the reconstruction process of the colorful Airy beam
(without the letter mask). (b)—(d) Experimental images of the colorful
Airy letter “C” at different propagation planes after it is obstructed.

50 pm, 70 pm, and 90 pm, respectively. The Airy letter keeps
its size almost unchanged during a parabolic trajectory with the
same deflection in X and Y directions (xp = y,, & 4 um), and
the propagation trajectory is marked with the green line. The
letter imaging on the main lobe of Airy beam is caused by the
combination of the spectrum of letter mask and the cubic phase
because the main lobe corresponds to a different part of the
spatial spectrum [27], and it accelerates with Airy beam propa-
gating (acceleration of Airy letter). However, when the letter
mask (negative mask, the area of letter for blocking and the
other area for transmitting) is in the opposite situation, we can-
not see the letter image coupled with the Airy beam. Therefore,
information imposed on the Airy beam can be observed directly
only when the mask is chosen properly. The intensity distribu-
tion is related to letter masks and deserves further study.
Furthermore, the Airy letter “C” was blocked by a copper wire
at the Fourier plane of the objective lens for the verification of
the self-healing properties [Fig. 4(b)]. After propagating 40 pm,
a fraction of the Airy letter “C” began to repair as shown in
Fig. 4(c). Further propagation made the Airy letter fully recover
its original shape [Fig. 4(d)]. As a consequence, Airy letters are
revealed to inherit the nondiffraction, transverse acceleration,
and self-healing properties of Airy beams.

In conclusion, we have presented a cubic phase component
CCPP with both micro size and continuous variation of phase
that can be valuable in integrated micro-optics. Colorful Airy
beams and Airy letters have been generated experimentally
through the fabricated CCPP. The formation of Airy beams
with multicolor has been analyzed systematically, and the prop-
erties of colorful Airy beams and Airy letters have been explored
as well. As demonstrated in our experiments, colorful Airy
beams and Airy letters are similar to monochromatic Airy
beams, possessing the properties of nondiffraction, transverse
acceleration, and self-healing. The research on colorful Airy
beams may provide a new way for light separation through
the generation of accelerating beams, and the study of Airy
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letters may create a new platform for research in imaging
science, defective information recovery, and even other,
undiscovered territories.
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