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Theoretical, numerical, and experimental research on a novel family of Airy beams in rectangular coordinates
having a symmetric transverse pattern of light intensity is presented. The intensity-symmetric Airy beams include
both the symmetric Airy beam whose field amplitude is an even function of the transverse coordinates and
the antisymmetric Airy beam whose field amplitude is an odd function of such coordinates. The theoretical foun-
dations are based on the relationship of the symmetries of the spectral phase with the cosine and sine Fourier
transforms. These beams are analyzed in a propagation range also including the region preceding the Fourier
plane. These beams exhibit autofocusing, collapse, self-bending, and reversal propagation. Moreover, the intensity
distribution is strongly asymmetric with respect to the Fourier plane. All these peculiar features were not reported
for other classes of paraxial beams in a rectangular frame. The experimental generation of intensity-symmetric
Airy beams is demonstrated supporting the theoretical predictions. Possible applications in planar waveguide
writing and optical trapping are also discussed. © 2015 Optical Society of America
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1. INTRODUCTION
The watermark of the accelerating Airy beam (AiB) is
undoubtedly its spectral cubic phase modulated by a
Gaussian amplitude [1,2]. This peculiar phase governs its
self-bending characteristic in propagation. Several experimen-
tal techniques for the generation of Airy beams have been
reported elsewhere [2–5]. In particular, the AiB can be gener-
ated at the focal plane of a lens by Fourier transforming its
angular spectrum [2]. In this context, the manipulation of
the AiB angular spectrum allowed us to recently introduce
a new kind of Airy beam referred to as the symmetric Airy
beam (SAB) [6]. This beam arises from the conventional
Airy beam by changing the parity of the spectral cubic phase:
an odd parity by an even one. This change brings deep
differences in the propagation dynamics of both beams.
The SAB presents autofocusing and collapse during propaga-
tion. Up to that time, these properties were entirely associated
with Airy beams having cylindrical symmetry [7–9]. Moreover,
the intensity pattern results are symmetric in the transverse
spatial coordinates because the angular spectrum presents
an even parity in the transverse spatial frequency. Consi-
dering that the Fourier transform of an even function can
be regarded as a cosine Fourier transform, the SAB results
are symmetric in its field amplitude as well. However, the
SAB does not constitute the unique intensity-symmetric
Airy beam (ISAB) since it is feasible to obtain an ISAB pos-
sessing an antisymmetric field amplitude. The Fourier trans-
form properties of parity-defined functions permit an odd
extension of the angular spectrum allowing the generation
of an intensity-symmetric beam from an antisymmetric field

amplitude. These beams are represented by a sine Fourier
transform leading us to introduce the antisymmetric Airy

beam (ASAB) from the odd extension of the AiB spectrum.
In this paper we present a theoretical, numerical, and

experimental study encompassing the ISABs, including the re-
gion preceding the Fourier plane, which was not previously
addressed [6]. This full analysis emphasizes the main propa-
gation properties. Finally, we discuss the potential applica-
tions of ISABs.

2. THEORETICAL FRAMEWORK
We start from the theoretical analysis [10] of the intensity-sym-
metric Airy beams within the angular spectrum representation
[6,11]. The paraxial field solution for a SAB, v�·�, propagating
in the ~z direction was expressed in [6] as

v�� ~x; ~z� �
1
2π

Z �∞

−∞
d ~KVe

�� ~K�ei2π ~z�1− ~K2∕�8π2��ei ~K ~x; (1)

where Ve
�� ~K� ≡ F fv�� ~x; 0�g is the FT of v�� ~x; ~z� at the lens

Fourier plane ~z � 0 and the superscript e refers to an even
extension of the AiB angular spectrum. Explicitly,

Ve
�� ~K� � Ce−a ~K2 ~x20e�ij ~K j3 ~x30∕3 (2)

includes the Gaussian amplitude and the cubic phase with
even parity. The constant C � ~x0 exp�a3∕3� is the amplitude
of the angular spectrum. The above equations are expressed
using dimensionless variables: the propagation variable,
~z � z∕λ; the transverse spatial variable, ~x � x∕λ; and the
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conjugate variable, ~K � λK , λ being the wavelength. As in the
case of conventional Airy beams, the parameter x0 (or its
associated dimensionless parameter ~x0 � x0∕λ) refers to
the beam transverse size, and the parameter a > 0 guarantees
the square integrability of the solution [1,12]. Based on the FT
properties of even functions [13], the field v� results in an
even function of transverse spatial variable ~x, i.e., ve� ≡ v�.
It can be expressed by means of a Fourier cosine transform:

ve�� ~x; ~z� �
1
π
×
Z

∞

0
d ~KV�� ~K�ei2π ~z�1− ~K2∕�8π2�� cos� ~K ~x�; (3)

where V�� ~K� is the part of Ve
�� ~K� corresponding to K > 0.

Then, as a result of an even extension of the AiB angular spec-
trum, the SAB is symmetric in field amplitude and in intensity
distribution. On the other hand, the odd extension of V�� ~K� to
the overall ~K -range, namely, Vo

�� ~K�, leads to a beam whose
field amplitude, vo�·�, is an antisymmetric function of ~x.
Explicitly,

vo�� ~x; ~z� �
1
2π

Z �∞

−∞
d ~KVo

�� ~K�ei2π ~z�1− ~K2∕�8π2��ei ~K ~x (4)

so that the odd angular spectrum

Vo
�� ~K� � sgn� ~K�Ve

�� ~K� (5)

has an even cubic phase with a π-discontinuity (dislocation) at
~K � 0 as a consequence of the antisymmetrization. sgn repre-
sents the sign function in Eq. (5). The field amplitude of this
antisymmetric Airy beam (ASAB) can be expressed by a
Fourier sine transform,

vo�� ~x; ~z� �
i
π
×
Z

∞

0
d ~KV�� ~K�ei2π ~z�1− ~K2∕�8π2�� sin� ~K ~x�; (6)

in analogy with the SAB expressed by Eq. (3).

3. SIMULATED RESULTS
Equations (1)–(6) encompass the theoretical model of ISABs.
Notice that there exist two solutions for SABs (ve�, ve

−

)
[Eqs. (1)–(3)] and two solutions for ASABs (vo�, vo

−

)
[Eqs. (4)–(6)]. This fact is due to the conjugate phases in their
respective angular spectra [Eqs. (2) and (5)]. Figure 1 shows
the intensity distributions for SABs, Fig. 1(a) jve�j2 and
Fig. 1(b) jve

−

j2; and for ASABs, Fig. 1(c) jvo�j2 and Fig. 1(d)
jvo

−

j2, as a function of s � ~x∕ ~x0 and ξ � ~z∕�2π ~x20� for the over-
all propagation range, including the region before the Fourier
plane. These results indicate that ISABs are not symmetric in
the intensity distribution with respect to the Fourier plane ξ �
0 or to any other transverse plane including the autofocusing
plane. Besides, ve;o� (direct propagation) and ve;o

−

(inverse
propagation) have inverted propagation dynamics. It is worth
noting that either can easily be generated by modulating an
input Gaussian beam with a proper phase function encoded
into a spatial light modulator. We recall that a conventional
AiB is also invertible. Nevertheless, its intensity distribution
exhibits symmetry along the axial coordinate from the plane
ξ � 0 so that there are no different propagation dynamics
arising from conjugate phase masks. In contrast, conjugate
masks only generate AiB with an opposite bending direction.

Figure 1 supports that an ISAB has unique properties in rec-
tangular coordinates: it exhibits a relevant asymmetry along
the propagation coordinate, autofocusing, collapse, and
self-bending. However, there are differences in the propaga-
tion dynamics of SABs and ASABs fundamentally based on
a different interference process for both beams due to
different symmetry in their respective electric fields. If E�
is the field due to the contribution from all points x > 0,
the total field for the SAB is �E� � E

−

� because the even par-
ity. In turn, if E

−

is the field due to the contribution from all
points x < 0, the total field for the ASAB is �E� − E

−

� because
of the odd parity. This leads the SAB to exhibit better focusing
ability due to efficient constructive interference. The SAB fo-
cuses in a single focus of ΔsSAB � 1.3 at FWHM which con-
tains 73% of the energy of the beam, while for ASAB, the
beam has no central focusing lobe due to a zero on-axis inten-
sity in the overall propagation range. Instead of this, 64% of the
beam energy is contained in two principal specularly symmet-
ric off-axis lobes of ΔsASAB � 1.15 at FWHM for each one. The
lobe separation size is about 0.8.

Figure 2 shows numerical simulations of 2D transverse pro-
files as a function of transverse spatial coordinates �sx; sy� on
the direct propagation scheme. The intensity distribution for
SABs and ASABs at planes ξ � −ξf , 0, ξf , 1.5ξf , 2ξf are dis-
played in the first and second row of Fig. 2. The autofocusing
plane is located at ξf � 1.9 (as in the 1D case) for both classes
of beams. The intensity distribution is nonsymmetric with re-
spect to ξ � ξf . This plane divides two quite different propa-
gation regions. Specifically, for ξ ≤ ξf , ISABs autofocus into a
shape-preserving fashion, while for ξ > ξf , ISABs defocus in a
nonpreserving shape-forming self-bending lobe. After the au-
tofocusing plane ξ � ξf , the intensity has a square-like shape
distribution and tends to mostly concentrate in the vertices.
However, there is a significant difference between SABs
and ASABs arising from the edge dislocations present in
the phase of the later beam as a consequence of the antisym-
metry in its angular spectrum. This fact forces the ASAB to
have zero intensity at sx � sy � 0, redistributing a higher
intensity concentration to the vertices.

Fig. 1. Theoretical intensity distributions for ISABs as a function of
�s; ξ�. (a) and (b) SABs generated from conjugated spectral phases. (c)
and (d) Idem for ASABs. The insets show the phase masks wrapped
between 0 (black) and 2π (white). The intensity scale is normalized to
the maximum intensity for the SAB pattern. The beam parameters are
~x0 � 100 and a � 0.08.
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Let us now study the autofocusing property of ISABs. We
emphasize that no other kinds of beams were analyzed pos-
sessing autofocusing in a rectangular frame, neither theoreti-
cal nor experimental. In free propagation, the energy flux
tends to suddenly accumulate into a small area at the auto-
focus, such that the intensity peak at this region can reach
up several orders of magnitude of the input peak intensity.
Figure 3 depicts the peak intensity normalized to the peak in-
tensity at the plane ξ � −8 for a SAB [Fig. 3(a)] and for an
ASAB [Fig. 3(b)] in the overall propagation range. For the
SAB, the normalized peak intensity at the autofocus �ξ � ξf �
1.9� reaches ≈570, although there are autofocusing waves
(which, however, are not Airy functions) reaching a peak con-
trast of ∼10; 000 in cylindrical coordinates [8]. We believe that
the high contrast, as well as the collapse, achieved by the SAB
is related to a cusp caustic field structure [14]. Thereby, the
intensity contrast can be as high as for circular symmetric Airy
beams. On the other hand, the peak intensity contrast be-
tween the autofocus and the input plane for the ASAB is
≈65, as Fig. 3(b) shows. Therefore, the autofocusing property
of the ASAB is much weaker than for SAB. In contrast, the
ASAB beam energy is not mostly concentrated in a small size
around the autofocus but it is extended in a wide propagation
interval. For instance, the normalized peak intensity varies

between 40 and 60 in the range ξ ≈ 3 up to ξ ≈ 5. Taking into
account these properties, the SABs could be used in applica-
tions where a high intensity contrast is needed in propagation.
In this context, the SABs have recently been used as an optical
trap [15]. On the other hand, the geometry of ASABs could be
exploited in photonic applications such as planar waveguide
writing, where it is required that the beam energy should
be distributed in a broader propagation range [16]. The
fluctuations in the intensity along the propagation direction
do not affect the writing process predominantly since the
waveguide writing is performed in the transverse direction.

4. EXPERIMENTAL RESULTS
Finally, the experimental generation of ISABs is demonstrated
considering a similar optical implementation as reported in
[6]. In this case, we include the overall propagation range
including the negative values of ξ. The beam’s complex field
amplitude was encoded as a phase-only computer-generated
hologram (CGH) following the approach reported in [17]. In
our case, the CGH was addressed into a programmable reflec-
tive LCoS-SLM (Holoeye PLUTO, 8-bit gray-level, pixel pitch
of 8 μm, and 1920 × 1080 pixels) calibrated for a 2π phase shift
at the wavelength λ � 532 nm and corrected from static aber-
rations as reported in [18]. To generate the Airy beams, the
hologram was illuminated by a collimated laser beam
(λ � 532 nm) and then focused by a spherical convergent lens
(focal length of 10 cm, N-BK7 glass). The beam propagation
has been measured around the focal plane by using a CCD
camera (Spiricon SP620U, 12-bit gray-level, pixel pitch of
4.4 μm). Figure 4 shows 2D transverse profiles of the direct
propagation scheme obtained from the experiments. The in-
tensity distribution for SABs and ASABs at planes z � −zf ,
0, zf , 1.5zf , 2zf , with zf � 5.7 mm being the distance between
the Fourier and the autofocusing planes, are displayed in the
first and second row of Fig. 4. These results are in good agree-
ment with the theoretical expectation displayed in Fig. 2. We
also verify (not shown) that the conjugate phase mask inverts
the propagation dynamics of the beam as was predicted in the
theoretical context validating the ISABs propagation features.

Fig. 2. Theoretical intensity patterns for a SAB (first row) and for an ASAB (second row) as a function of transverse coordinates �sx; sy� for several
planes ξ � −ξf , 0, ξf , 1.5ξf , 2ξf , where ξf is the distance between the Fourier and autofocusing planes. The intensity scale is normalized to the
maximum intensity for each snapshot.

Fig. 3. Peak intensity normalized to the peak intensity at the initial
plane as a function of ξ for (a) SAB and (b) ASAB in the direct propa-
gation scheme. For the SAB, the red line corresponds to the central
lobe, while for the ASAB it corresponds to the two main lobes collaps-
ing at ξ ≈ 3. The blue lines correspond to the main curved lobes aris-
ing shortly before the collapse. The initial propagation plane is taken
at ξ � −8.
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5. CONCLUSIONS
In conclusion, full theoretical, numerical, and experimental
research on intensity-symmetric Airy beams was performed.
Their propagation characteristics have been presented in de-
tail. The theoretical foundations were based on the relation-
ship of the symmetries of the spectral phase with the cosine
and sine Fourier transforms. These beams were analyzed in a
propagation range also including the region preceding the
Fourier plane. Intensity-symmetric Airy beams exhibit autofo-
cusing, collapse, self-bending, and reversal propagation.
These features have not been reported in other classes of par-
axial beams in a rectangular frame. From the analysis, it was
established that the SAB exhibits a better focus capability
than the ASAB. Nevertheless, the ASAB keeps its intensity
shape over a wider propagation range. These features make
them complementary for optical applications.
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