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We show that light spiraling like a tornado can be generated
by superimposing abruptly auto-focusing ring-Airy beams
that carry orbital angular momentum of opposite handed-
ness. With different parabolic propagation trajectories, the
superimposing ring-Airy beams are tailored to abruptly
auto-focus at overlapping focal regions. This results in a
complex wave with intense lobes that twist and shrink
in an accelerating fashion along propagation. By achieving
angular acceleration values that exceed 295 rad∕mm2,
these tornado waves can find numerous applications in
laser trapping, direct laser writing, and high-harmonic
generation. © 2020 Optical Society of America

https://doi.org/10.1364/OL.45.000280

Shaping an optical wave packet to realize a strong focus along
propagation in linear or nonlinear media is a topic of wide
interest in optics. The cylindrically symmetric accelerating
beams, often referred to as ring-Airy beams or circular Airy
beams, which were recently introduced [1–4] represent such
tailored waves. These shaped wave packets abruptly auto-focus
and propagate in curved trajectories, while at high intensities
they reshape into nonlinear intense light bullets with extremely
well defined focal position [5]. In the same context, by imprint-
ing a helical phase, shaping can induce topological charge to the
wave packet. Such shaped wave packets, often referred to as
optical vortices, carry orbital angular momentum (OAM) and
exhibit a rotating phase structure as they propagate [6,7].
Furthermore, the phase singularity in the vortex center leads
to a donut-shaped intensity profile [6–8] with various applica-
tions in microscopy and optical trapping among others [7].
On the other hand, the interference of structured light that
caries OAM has recently attracted a lot of attention with a
variety of beam configurations being studied. For example, in
the case of two superimposing Bessel beams [9–11], the inten-
sity pattern rotates at a constant rate, forming a helix as it prop-
agates. The first realization of angularly accelerating light was
reported by Schulze et al. [12] by superimposing two pairs of
complex beams. Each pair consisted of two Bessel beams carry-
ing OAM of opposite helicity, while the Bessel conical angle
varied between the pairs. This twisting light rotates in a tailored
accelerating or decelerating fashion, forming a helix of variable

pitch as it propagates [12]. In a similar fashion, by superimpos-
ing two Laguerre–Gaussian beams with slightly different
Rayleigh lengths, opposite helicities, and the same radial
dependence, a radially dependent angular accelerating light
is generated [13]. This angular acceleration is localized only
around the focus where it is notable.

In this Letter, we show that it is possible to generate light
that twists and accelerates over both the radial and the angular
directions, which we define as tornado waves (ToWs). These
waves exhibit intensity maxima which, like a tornado, outline a
spiral of decreasing radius and pitch as they propagate. We
achieve the generation of ToWs by superimposing two abruptly
auto-focusing ring-Airy beams that are tuned to overlap their
focal regions while they carry OAM of opposite helicity.

The superposition of two ring-Airy beams carrying OAM of
opposite helicity can be described at z � 0 by

u�r,φ� � u1�r,φ� � u2�r,φ�,
ui�r,φ� � uoiAi�ρi�eaρi eil iφ, (1)

where Ai is the Airy function, r, φ, respectively, are the radial
and azimuthal coordinates, ρi � �ri − r�∕wi, ri,wi are, respec-
tively, the radius and the width parameters of the primary ring
[2,5], uoi is the beam amplitude, l i is the topological charge, and
a is an apodization factor. The propagation of such beams is
described by the paraxial wave equation [1,2]:

∇2
⊥u� 2ik

∂u
∂z

� 0, (2)

where ∇2
⊥ denotes the transverse part of the Laplacian, k is the

free space wavenumber, z is the propagation distance, and u is the
electric field envelope. Even though no analytical solutions of
Eq. (2) for the propagation of ring-Airy beams are known to exist,
we can still predict the position of their abrupt auto-focus. In
particular, based on the analytical solution of the one-dimensional
Airy beam [14,15], each of the interfering ring-Airy beams will
abruptly auto-focus at f i � 4zi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ri∕wi � 1

p
, where zi ≡ kw2

i ∕2
[2,5,16]. As shown schematically in Fig. 1, we can control the
overlap region of the two beams by tuning the values of ri,wi
and, thus, tailor the ToW behavior.

In order to study the properties of ToWs, we performed
numerical simulations of Eq. (2) for light fields linearly polar-
ized along the x direction. As an example of a ToW, we choose
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the scheme shown in Fig. 1(b) where the foci of u1, u2 partially
overlap (using the parameters of set A in Table 1), while their
topological charges, respectively, are l1 � −l 2 � 1. As shown
in the cross-sectional plot of Fig. 2(a), the superposition of
the two ring-Airy beams preserves the characteristic parabolic
trajectory and the abrupt auto-focus [1,2]. In this scheme, as

they propagate, the two interfering beams follow slightly differ-
ent trajectories, while their primary rings are partially overlap-
ping. This generates, as shown in Fig. 2(b), a rotating intensity
pattern in the transverse plane along the propagation direc-
tion. The trajectory of the high-intensity lobes is visualized
in Fig. 2(c). Resembling a tornado, the trajectories form a spiral
of decreasing radius and pitch as the beam propagates. This is
a clear demonstration of a ToW, where light twists and accel-
erates over both the radial and the angular direction. The para-
bolic trajectory up to the focus is related to radial acceleration,
while the decreasing pitch [12,13] is related to the angular ac-
celeration. The power flow of a propagating optical wave is
described [17] by the Poynting vector S. The power flow nor-
mal to the propagation axis can then be obtained by the trans-
verse component of the Poynting vector S⊥. At the paraxial
limit, for linear polarization, this is expressed as S⊥ �
i

2ωμ0
�u∇⊥u� − u�∇⊥u�, where ω is the angular frequency of

light, and μ0 the permeability of free space. The intensity
and phase of the ToW at different propagation distances is pre-
sented in Fig. 3, along with the power flow (Poynting vector)
[18] in the transverse xy plane. Clearly, although the total
OAM is zero, vortices are generated and annihilated along
the propagation direction. The vortices are better visualized
at the cross sections of the ToW phase where, for example,
three vortices, with one in the center, can be clearly seen at
z � 5 mm, while two vortices are seen at z � 7 mm.
Likewise, we have traced the angular position ψ�z� of the
high-intensity lobes as a function of the propagation distance
by analyzing the cross-sectional I�x, y� profiles. From these val-
ues we have estimated the angular velocity _ψ�z� and the angular
acceleration γ ≡ ψ̈�z�. We have studied two cases of ToWs, one
with partial foci overlap, and one with complete foci overlap
using the parameters of sets A and B in Table 1, respectively.
As shown in Fig. 4(a), the high-intensity lobes exhibit at least
two complete rotations for a propagation distance of 8 mm.
In the case of complete foci overlap ψ�z� values start from
the focus since, as it can be seen in Fig. 1(a), the u1, u2

Fig. 1. Graphical depiction of the interference between two ring-Airy
beams for different beam parameters. (a) Foci coincide (r2 > r1,
w2 < w1) and (b) foci partially overlap (r2 � r1,w1 < w2). The inten-
sity profiles of u1, u2 at the initial plane (z � 0) are shown in red and
green, respectively.

Table 1. ToW Parameters

ToW r1 (μm) w1 (μm) r2 (μm) w2 (μm) a λ (nm)

A 62.5 12.5 62.5 11.25 0.03 800
B 49.05 11.9 109.52 9.52 0.03 800

Fig. 2. Superposition of two co-propagating interfering vortex ring-
Airy beams. (a) (i) Cross-sectional intensity profile I�x, z�, (ii) intensity
contrast I c�z� � Imax�z�∕I0 as a function of the propagation distance
z, cross-sectional intensity profile I�x, z� (green and red curves depict
the parabolic trajectory of each beam). (b) Transverse I�x, y� intensity
profiles along the beam propagation (Δz � 350 μm) (black lines are
guides to the eye). (c) Visualization of the spiraling trajectory of the
high-intensity lobes.

Fig. 3. Cross-sectional images of intensity (false colors) and phase
(inverted gray, wrapped in 2π) of a ToW at different z planes
(Δz � 500 μm). The arrows (black and red, respectively) represent
the transverse component of the Poynting vector S⊥.
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ring-Airy beams do not overlap before that point and, thus,
there are no intensity peaks. The nonlinear shape of the curves
indicates that these rotations take place in an accelerating fash-
ion. This is confirmed in Figs. 4(b), and 4(c), where the angular
acceleration is shown to reach values of 650 deg ∕mm2 and
1.69 · 104 deg ∕mm2 for the case of partial and complete foci
overlap, respectively. Clearly, when the two ring-Airy beams
carrying OAM of opposite helicity have overlapping foci,
the angular acceleration is optimized reaching values that are
by more than 24 times higher compared to the partially over-
lapping case. We should note here that, as we are going to dis-
cuss in detail later, ToWs exhibit angular acceleration values
that are orders of magnitude higher than those reported so
far [12,13]. Another important aspect is the amount of beam
power that is carried by the twisting high-intensity lobes of
the ToW. The normalized power carried by the two twisting
lobes (see Fig. 2), which we refer to as a ToW funnel region,
and that of the rest of the beam, which we refer to as reservoir,
is presented in Fig. 5. Although their peak intensity is many
times greater than the initial (20I0), the twisting lobes carry
a decaying portion of the total beam power as they propagate.
Furthermore, the oscillatory behavior observed after the focus
in 4.5 mm is due to the rotational acceleration of the twisting
lobes. Such an acceleration is related to the energy exchange
between the ToW funnel and the reservoir regions.

Using the same approach, we can generate ToWs by
superimposing ring-Airy beams carrying OAM with various

combinations of topological charges for the case of partial foci
overlap (parameters of set A in Table 1). In Fig. 6, the trajectory
of the high-intensity lobes for such combinations is shown.
An increasing number, equal to jl1j � jl2j, of high-intensity
lobes twist shrinking in radius and pitch. In the case where the
total OAM is not zero [see Fig. 6(a) where l 1 � 2, l 2 � −1]
and in the case of zero total OAM [see Fig. 6(b) where
l 1 � 2, l 2 � −2] the tornado-like shape is profound. This
confirms that ToWs are generated from the superposition of
any combination of accelerating abrupt auto-focusing waves
carrying OAM of opposite handedness, giving another degree
of freedom for tailoring their properties. Finally, we have
summarized in Fig. 7 the behavior of the ToW for different
combinations of topological charge and for different propaga-
tion distances. Likewise, animations of the propagation for

Fig. 4. (a) Angular position ψ�z� for partial (blue dotted curve) and
complete (red solid curve) foci overlap (see Fig. 1). (b), (c) Angular
acceleration γ of the high-intensity lobes as a function of the propa-
gation distance for the (b) partial and (c) and complete foci overlap.

Fig. 5. Normalized power as a function of the propagation distance
of the beam. The insets show the evolution of the ToW funnel.

Fig. 6. Visualization of the trajectory of high-intensity lobes for
ToWs, generated by the superposition of ring-airy beams (set A,
Table 1) carrying OAM of topological charge (a) l1 � 2, l2 � −1
and (b) l 1 � 2, l2 � −2.

Fig. 7. Intensity I�x, y� cross-sectional images for various combina-
tions of topological charges (l1 � l2 refers to the total OAM per pho-
ton at ℏ units, jl1j � jl 2j refers to the total number of intensity peaks,
and N , Imax, refer to the number of turns and the intensity contrast in
the focal region, respectively). Detailed animations of the propagation
for �l1 � �1, l2 � −1�, �l 1 � �2, l2 � −1� and �l1 � �2,
l2 � −2�, respectively, are shown in Visualization 1, Visualization 2,
and Visualization 3.
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�l1 � �1, l2 � −1�, �l 1 � �2, l2 � −1�, and �l 1 � �2,
l 2 � −2�, respectively, are shown in Visualization 1,
Visualization 2, and Visualization 3. In all cases, the OAM
of the whole beam (ℏ per photon) is conserved. On the other
hand, we observe that the vortices are annihilated/generated
along propagation; thus, the OAM is not conserved locally.

As the values of l1, l2 increase, a more complicated intensity
pattern is formed. For example, in the case of l1 � 2, l2 � −1
(second column of Fig. 7), besides the jl 1j � jl2j � 3 primary
lobes, we observe a complex structure of secondary lobes.
Furthermore, as the number of lobes increases, the maximum
intensity and the total angular rotation ψmax at a specific propa-
gation distance decreases.

It is also interesting to study the effect of spatial scaling in
the angular velocity and acceleration of ToWs. Let us assume
that a ToW is scaled by a factor s so that its amplitude is now
described by u�s · r,φ� [see Eq. (1)]. Clearly, this is equivalent
to a scaling of the radius and width parameters, of the ring-Airy
beams that compose the ToW, to r 0i � ri∕s, w 0

i � wi∕s. Using
the normalized paraxial wave equation, it is straightforward to
show that the angular velocity υ and acceleration γ, respectively,
will scale as υ 0 � s2υ and γ 0 � s4γ, while the foci will shift to
f 0
i � f i∕s2. We can combine all the above to relate the angular

velocity and acceleration to the relative change in the focus
position f̃ � f 0

i ∕f i so υ 0 � υ∕f̃ and γ 0 � γ∕f̃ 2. This practi-
cally means that as a ToW is focused tighter (f̃ < 1), the
angular acceleration is drastically increased following an inverse
square power law. This scaling law is expected to hold for all
paraxial waves that exhibit angular acceleration and provides a
means to fairly compare the angular acceleration γ of different
types of waves presented in the bibliography. The effect of the
focus position on the angular acceleration is clearly shown in
Fig. 8. Both cases of ToWs that are generated by ring-Airy
beams with foci that partially (rectangles) or completely (stars)
overlap are shown. Clearly, in the case of foci overlap, there is a
tenfold increase in the acceleration γ compared to the partial
foci overlap. As shown Fig. 8, ToWs exhibit angular accelera-
tion values that are by orders of magnitude greater than those
already reported in the bibliography. This behavior holds, even
for the less efficient configuration of partial foci overlap, where
the γ values are at least five times higher than the previously
reported values [12,13]. Such high values of angular accelera-
tion are related to the conical nature of the power flow in the

foci area. In ring-Airy beams, this flow strongly varies along
the propagation direction, resulting in angular acceleration.
On the other hand, we should note that this comparison is
based only on bibliographic data and, thus, might not fully
reflect the range of angular acceleration values that can be
achieved by Bessel and Laguerre–Gaussian beams.

In conclusion, we have shown that by superimposing
abruptly auto-focusing, ring-Airy beams, that carry OAM of
opposite handedness light spiraling like a tornado can be gen-
erated. Using analytical predictions of the abrupt auto-focus
position, we have tailored the ring-Airy beams so that they
abruptly auto-focus at overlapping focal regions. This leads
to the generation of a complex wave distribution with intense
lobes that twist and shrink in an accelerating fashion along the
propagation. Using numerical simulations, we have shown that
these spiraling waves resemble a tornado, achieving angular
acceleration that exceeds 104 deg ∕mm2. Although quite com-
plex, ToWs can be realized using techniques similar to the ones
used for the generation of ring-Airy beams [2,3,5]. Due to their
unique features, ToWs can be useful to applications ranging
from laser trapping to direct laser writing, nonlinear wave mix-
ing and harmonics generation, high-power terahertz genera-
tion, and filamentation.
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