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Symmetric Airy beams
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In this Letter a new class of light beam arisen from the symmetrization of the spectral cubic phase of an Airy beam is
presented. The symmetric Airy beam exhibits peculiar features. It propagates at initial stages with a single central
lobe that autofocuses and then collapses immediately behind the autofocus. Then, the beam splits into two specular
off-axis parabolic lobes like those corresponding to two Airy beams accelerating in opposite directions. Its features
are analyzed and compared to other kinds of autofocusing beams; the superposition of two conventional Airy beams
having opposite accelerations (in rectangular coordinates) and also to the recently demonstrated circular Airy beam
(in cylindrical coordinates). The generation of a symmetric Airy beam is experimentally demonstrated as well. Be-
sides, based on its main features, some possible applications are also discussed. © 2014 Optical Society of America
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Since the demonstration of the so-called accelerating
Airy beam [1,2] in 2007, the research related to these
peculiar self-bending beams has grown quickly, so much
in basic research [3] as in its generation, control, and
applications [4]. Nowadays, it constitutes an important
research area of optical beam propagation and design
[5]. This beam is a separable solution of the Helmholtz
equation in the paraxial regime for rectangular coordi-
nates, and therefore, it can be generated in one or two
transverse dimensions. Its field profile is an exponen-
tially modulated Airy function being, a square-integrable
profile encompassing a finite energy content. The Airy
function has no defined symmetry in rectangular coordi-
nates, but if extended to cylindrical ones, it results in
a beam having circular symmetry with an Airy radial
profile, called abruptly autofocusing beam or circular
Airy beam (CAB) [6-8]. These beams were experimen-
tally demonstrated [9,10] and possess an unusual feature.
As they propagate the profile is accelerated toward the
center of symmetry yielding a parabolic caustic surface
of revolution. This surface collapses on axis to an auto-
focus with high intensity. This autofocus is a conse-
quence of the optical field structure itself, and not by
any nonlinear effect. The research on CABs has grown
quickly in the last years, encouraged by the potential
applications in laser medicine, laser ablation, and other
linear or nonlinear optical settings [11].

CABs are necessarily two-dimensional transverse
structures since they were conceived as radially symmet-
ric beams in cylindrical coordinates. A main question for
Airy-type structures concerns the possible link: circular
symmetry < autofocusing properties. Indeed, the
extension of the Airy beam design to the cylindrical
frame compels the resulting beam to acquire a radial
symmetry. And this symmetry that allows the appearance
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of autofocusing features. Nevertheless, the rectangular
coordinates represent the natural symmetry of a
conventional Airy beam. Then, is it feasible an Airy-like
beam with autofocusing characteristics in a rectangular
frame? We underline that the superposition of two Airy
beams, having opposite accelerations and having their
principal lobes mostly overlapped, yields an autofocus-
ing structure. Such a beam, called dual Airy beam
(DAB), has been recently analyzed [12], although its au-
tofocusing properties were not considered in that work.
However, even if a manipulation of a DAB is theoretically
possible, in practice, the experimental generation of
two independent Airy beams overlapped in a fashion
to obtain a DAB exhibiting autofocusing properties
seems to be an extremely complex technical task.

In this Letter we develop a formalism to generate an
Airy beam having rectangular symmetry and autofocus-
ing properties that can be experimentally created as
easily as a conventional Airy beam. Mathematically, this
symmetric Airy beam (SAB) arises from a finite-energy
Airy beam by only changing the odd parity by the even
parity in its spectral cubic phase. We perform a numeri-
cal analysis showing its main properties. Besides, the
SAB is compared with other kinds of autofocusing
Airy-like beams such as DABs and CABs, and possible
applications are also discussed. Finally, we experimen-
tally demonstrate the generation of a symmetric Airy
beam.

A key feature of a finite-energy Airy beam is the rela-
tionship between its initial profile (ip) in the coordinate
space x, its Gaussian amplitude (Ga), and cubic phase
(cp) in the spectral (conjugate) space K. At the initial
stage of propagation z = 0, the Fourier transform of
the spatial field w(x,0) =wu, is the spectral field
U(K,0) = Uy = F{ug}, where F is the Fourier transform
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Fig. 1. 1D and 2D wrapped spectral phase masks for a conven-
tional Airy beam and for the resulting SAB when the phase
parity is changed. The unwrapped phase ranges corresponds
to [-207, 20x].

operator. Both conjugate fields are explicitly given by
(13]:
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where x, accounts for the size of the Airy central lobe,
and the parameter a > 0 is the exponential truncation
factor that guarantees the square integrability of the
beam and controls its spreading properties [1,14]. The lin-
ear phase term exp(iKa2x,) has no real effect in the
beam properties for the range of @ where the self-bending
dynamic dominates (¢ < 1) and in practice, is not con-
sidered. The SAB is obtained by only changing the parity
in the spectral cubic phase, i.e., K3x3/3 — |K[2x3/3, re-
sulting in the one-dimensional (1D) and two-dimensional
(2D) wrapped phase masks shown in Fig. 1. In this way,
the beam intensity and spatial phase are even functions
of the transverse spatial coordinate x. An
analytic expression for an SAB was not found. However,
its paraxial solution v(x,z) can easily be built by using
the angular spectrum formalism [15]
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where B(K,3) = F{v(#,2)} and the even cubic phase
enters the argument of U:

Ty = B(K, 0) = Fpe” Be K RIKIG/3 = Fry).  (3)

Dimensionless variables and parameters (2 = z/4,
x=ux/A Xy =uxy/4 K = AK, being 1 the wavelength)
are used to simplify the numerical integration of Eq. (2),
but for a more comprehensive interpretation, the figures
are depicted in terms of the current transverse and longi-
tudinal parameters often used in Airy beam literature,
s =x/xgand & = 12/ (27190%). Figure 2(a) shows the inten-
sity distribution of a 1D SAB, I, = |v|%, as a function of
(s,¢) and Figs. 2(b)-2(f) show intensity patterns of a
2D SAB as a function of transverse spatial variables
(Sy» Sy) for several planes & = const. Notice that the beam
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Fig. 2. (a) Intensity distribution for a 1D symmetric Airy
beam versus (s,€). The intensity scale [0,1] corresponds to
[0, Iv] (b)-(f) Intensity patterns for a 2D SAB as a function
of (s,,s,) for several planes &; = 0, &, 1.6, 2&¢, 2.5, & being
the distance between the initial plane and the autofocus plane.
The intensity scale [0, 1] for each 2D pattern corresponds to
[0, IF'%(&;)]. All these intensity distributions were obtained by
numerical integration of Eq. (2).

energy is mostly concentrated in a single central lobe
during the initial stages of propagation. The maximum
intensity, or peak intensity as a function of ¢ i.e,
I = [nax(¢)) rapidly increases as £ increases up to
reach its extreme value at the awtofocus, located at

; We name the intensity of the SAB at autofocus
by E, = I7'*(&f). For the parameters used in the simula-
tions Zy = 100 and a = 0.08, it has &, ~ 1.9 for both 1D
and 2D cases. For & > &, I} quickly decreases as &
increases so that the on-axis lobe collapses just after
the autofocus. At this stage, the beam splits into two
specularly symmetric off-axis lobes whose peak inten-
sity follows a parabolic trajectory, which resembles
those lobes corresponding to two conventional Airy
beams accelerating in opposite directions. This is clearly
observed in Fig. 2(a) for the 1D case. For the 2D case, the
central lobe becomes, after collapsing, four off-axis
identical lobes with the peak intensity following para-
bolic trajectories on the planes x = +y and moving away
from the optical axis (z axis) as the beam propagates. In
Figs. 2(b)-2(f), the intensity pattern at each plane £ = ¢;
was normalized to the peak intensity on its own plane

, IT®%(&;), and not to the intensity at autofocus, E,.
ThlS is to help the visualization of the beam pattern struc-
ture on each transverse plane. Notice that behind the
autofocus, the beam pattern evolves from an internal
vertex of peak intensity at § = 1.5 to an external vertex
at £ = 2£; in a square symmetry.

On the other hand, and for comparative purposes, we
study the DAB. This beam is a superposition of the com-
plex fields of two conventional Airy beams, . and u_,
each one accelerating in an opposite direction of x,
respectively. Mathematically, the DAB intensity takes
the form I; = |u,(s,&) + u_(s,&)|*. Figure 3(a) shows
the intensity distribution for a 1D DAB as a function
of (s, £). The intensity is normalized to the peak intensity
of an SAB at the autofocus, i.e., I,/F,. Figures 3(b)-3(H)
show intensity patterns for a 2D DAB normalized to the
maximum intensity of an SAB at each plane ¢ = ¢, i.e.,
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Fig. 3. (a) Intensity distribution for a 1D dual Airy beam
(DAB) versus (s, ¢). The intensity scale [0, 1] corresponds to
[O,I{)]. (b)—(f) Intensity patterns for a 2D DAB versus (s, s,)
at the planes &; = 0, &, 1.6&;, 2&, 2.5&,. The intensity scale
[0, 1] corresponds to [0, I3'**(¢;)]. All these intensity distributions
were obtained from the superposition of well-known analytical
expressions for the Airy beam with opposite accelerations.

14(&;) /152 (&;), as a function of (s,, s,). The autofocus for
DABs in Fig. 3 is also located at £ = &, and the energy
content of such DABs was set to be equal to SABs of
Fig. 2. There are qualitative resemblances between both
beams. However, there are important quantitative
differences. At & the DAB has 12% less energy concen-
trated in the central lobe Its peak intensity is 39% smaller
and has a peak 60% wider than that corresponding to the
SAB. Moreover, after £ the DAB spreads in several sec-
ondary lobes while the SAB holds two main lobes that
spread according to the central lobes of Airy beams
for large ¢£. Figure 4 depicts the maximum intensity (peak
intensity) for symmetric, dual, and conventional Airy
beams as a function of . It is clear that SAB and DAB
have approximately the same peak intensity at the initial
stage of propagation & =0. But at £= ¢, the peak
intensity is higher for SAB. For a 1D case, the ratio
is F, I{z ~ 1.5, while this ratio is greater for the 2D case
F, /I, = 2.7. On the other hand, for large ¢, I}* and I}}**
have identical behavior being both larger than I7%*.
Thereby, the SAB has better nondiffracting properties
if compared with the DAB. Furthermore, SABs are as
easily realizable as a conventional Airy beam while
DABs require an extremely complex experimental align-
ment task.

On the other hand, the only Airy-like beam with
autofocusing properties experimentally demonstrated
was the CAB [9,10], that only exists for two transverse
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Fig. 4. Normalized peak intensity for SAB, )@ /I,f), DAB
Iy /Iﬁ, and conventional Airy beam I};#* /I’; as a function of &.

dimensions because of its circular-cylindrical symmetry.
One of the main characteristics of CABs is that the ratio
autofocus/initial peak intensity can reach several orders
of magnitude [6-8], while such a ratio is about one order
of magnitude for a 2D SAB, as shown in Fig. 4. However,
this should be not seen as a disadvantage for SABs since
the propagation dynamics of both classes of beams is
different. The CAB is initially formed as a succession
of Airy rings being the inner ring, the principal one. This
ring bends as propagates to a focal point on the axis of
symmetry. After the autofocus, the energy is mostly
concentrated in a central on-axis lobe as z increases
(see for instance Fig. 2 in [7]). This process is dynami-
cally inverse to what happens with SABs because, in this
last case, the autofocus is generated from the central lobe
while in the CAB case, the central lobe is a result of the
beam collapse. This tnverse propagation behavior of
SABs with respect to CABs, in addition to their different
spatial symmetries, lead to us to think that both beams
may be seen as complementary for practical applications.
SABs could also be useful in optical micromanipulation
requiring symmetric Airy patterns as pointed out in [12].
In curved channels of plasma [16], the SAB seems to be
promising since it presents bifurcation and high intensity
contrast (autofocusing) without any nonlinear effect.
Besides, an advantage in relation to CABs is that SABs
can also exist in 1D as planar beams opening the chance
of developing applications to plasmonics [17].

Finally, we demonstrate the experimental realization
of an SAB. A great advantage is that it can be generated
similarly to a conventional Airy beam. The beam’s
complex field amplitude B, in Eq. (3) was encoded as
a phase-only computer generated hologram (CGH)
following the approach reported in [18]. Note that, alter-
natively to the CGH, the SAB can also be generated by
modulating a Gaussian beam with the corresponding
even cubic phase function. In our case, the CGH was
addressed into a programmable reflective LCoS-SLM
(Holoeye PLUTO, 8-bit gray-level, pixel pitch of 8 pm
and 1920 x 1080 pixels) calibrated for a 2z phase shift at
the wavelength 1 = 532 nm and corrected from static
aberrations as reported in [19]. To generate the SAB,
the hologram was illuminated by a collimated laser beam
(A = 532 nm) and then focused by a spherical convergent
lens (focal length of 10 cm, N-BK7 glass). The beam
propagation in the focal region of such a focusing
lens has been measured by using an sCMOS camera
(Hamamatsu, Orca Flash 4.0, 16-bit gray-level, pixel size
of 6.5 pm) and stored as a video (Media 1). Specifically,
we measured 240 intensity patterns in the range
2z €0,20] mm, where z = 0 coincides with the focal
plane position of the focusing lens. We use dimensional
variables to illustrate the real propagation range and
beam-size values of the generated SAB. In Fig. 5(a) we
show the beam profile in the x—z axes where the auto-
focus region and the off-axis lobes are clearly distin-
guished. The intensity patterns at the distance z; = 0,
2r, 1.6z, 227, 2.52; are displayed in Figs. 5(b)-5(f) being
2r = 5.7 mm, the distance between the initial and the
autofocus planes. Notice that these experimental
patterns are in good agreement with the theoretical ones
displayed in Fig. 2. These results experimentally confirm
the main features of an SAB.
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Fig. 5. (a) Experimental intensity profile on the xz plane for a
2D symmetric Airy beam versus (x, 2). The intensity scale [0, 1]
corresponds to [O,I{,]. (b)-(f) Experimental intensity patterns
for a 2D SAB as a function of (x,y) for different planes z;.
The density scale [0, 1] for each 2D pattern corresponds to
[0, I7**(2;)]. The SAB propagation from z =0 to 20 mm is
shown in Media 1.

In summary, a new class of Airy beams having rectan-
gular symmetry and exhibiting autofocusing features was
presented. The SAB arises from the symmetrization of
the spectral cubic phase of a conventional Airy beam.
The SAB can be generated in 1D and 2D as well. Its prop-
erties were analyzed and compared to those correspond-
ing to other kinds of Airy-like autofocusing beams, DABs
and CABs, and potential applications were discussed.
The symmetric Airy beam was experimentally demon-
strated in good agreement with the theoretical predic-
tions. This new type of beam opens the possibility of
studying different ways of trapping and guiding particles
or using them to generate new structured plasma
channels and waveguides in dielectric media as well
as in plasmonic applications.
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