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Spiraling light: Generating optical tornados
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We experimentally generate optical tornado waves using spatial multiplexing on a single-phase modulation
device. In their focal region, the intensity pattern outlines a spiral of decreasing radius and pitch. We examine the
propagation dynamics of such novel waves and reveal the key factors that lead to angular acceleration. Moreover,
we propose a two-color scheme that makes it possible to generate dynamically twisting light, an optical analog
of a drill, that can rotate at THz frequencies.
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Introduction. Wave-front shaping is one of the frontiers
of modern photonics. Thus structured light, as we often de-
scribe the generation of customized optical fields based on
wave-front shaping methods, is a topic of intense research
activity due to the wide range of applications in imaging,
nonlinear optics and biophotonics. Structuring of light can
involve [1] the spatial modulation of phase, amplitude, and
polarization of an optical wave. Such fields can provide a
significant advantage compared to nonstructured light, espe-
cially in applications where light is used as means of energy
delivery on a target [2,3]. Manipulating and controlling the
spatial features of the optical focus of high-power beams is
a challenging problem of crucial importance for numerous
applications like direct laser writing [4], nonlinear wave mix-
ing, harmonic generation [5], and high-power THz generation
[6]. In particular, as one increases the beam’s optical power,
nonlinear effects inevitably take place and as a result the
beam’s spatial structure is dynamically altered [7]. Thus, to
address such an open problem, a plethora of exotic structured
optical beams has been introduced [1,2,4,8–10], beyond the
well-known Bessel beams [11]. With the advent of spatial
light modulation (SLM) devices, it is actually possible to
generate a wide range of structured light waves, optimized us-
ing various approaches. Besides direct and complex iterative
numerical techniques that overshadow the physical intuitive
understanding, alternative semianalytical solutions have been
recently emerged that allow us to precisely control the fo-
cal distribution. A key point of this approach is the use of
nondiffracting light like Bessel beams [11] and accelerating
Airy beams [8]. The propagation of these optical waves is
dominated by a strong linear energy flux that through interfer-
ence generates the high-intensity features of the beam. As the
power is increased, nonlinear effects are substantial only at the
high-intensity regions [3], thus making it possible to control
the propagation dynamics. In this context, an ideal platform
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that enables such tailored control is the recently introduced
family of rotationally symmetric accelerating beams, often
referred as abruptly autofocusing beams, circular Airy beams
(CABs), or ring-Airy beams, whose radial distribution is de-
scribed by the Airy function [2,9]. These waves propagate in
curved trajectories and exhibit abrupt autofocus, while at high
intensities they reshape into nonlinear intense light bullets
with extremely well-defined focal position [3].

In fact, imprinting a helical phase can induce topological
charge to the wave field and thus create an optical vortex. Such
waves carry orbital angular momentum (OAM) and exhibit
a rotating phase structure as they propagate [1]. Twisting
structured light, where the intensity pattern rotates, forming a
helical pattern, can be generated by superimposing structured
light that caries OAM of opposite helicity [1,4,12]. Further-
more, by properly tuning the interfering OAM beams, angular
acceleration or deceleration can be achieved. The field thus
forms a helix of variable pitch upon propagation [13,14].
Recently, tornado waves (ToWs), a new type of structured
light that combines the radial acceleration with the angular
acceleration, was theoretically introduced [15] and prelimi-
nary experimental generation was demonstrated [16]. Like a
tornado, ToWs intensity maxima outline a spiral of decreas-
ing radius and pitch as they propagate. The combination of
angular acceleration with intense abrupt autofocusing makes
these novel waves ideal for applications.

In this work, we study the propagation dynamics of twist-
ing light that spirals like a tornado. Using spatial multiplexing,
we experimentally realize tornado waves and study their prop-
erty to twist and accelerate both in the radial and angular
directions. Furthermore, we analyze the basic factors that
lead to the effect of acceleration and its dependence on the
number of high-intensity lobes. Likewise, we propose a two-
color scheme that makes it possible to generate dynamically
twisting light that can rotate at THz frequencies.

Twisting light and angular acceleration. The physical ori-
gin behind the formation of a twisting light structure and its
properties can be revealed by studying of the interference of
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waves that carry OAM of opposite helicity. The propagation of
pulsed scalar beams in dispersive media is described, using a
moving reference frame that follows the pulse, by the paraxial
wave propagation equation [7,17]

2ik
∂u

∂z
− kDω0

∂2u

∂τ 2
+ ∇2

⊥u = 0, (1)

where τ ≡ t − z/υg(ω0) is a reduced time, υg(ω0) is the
group velocity, and Dω0 ≡ ∂2k/∂ω2|ω0 is the group velocity
dispersion (GVD) at a central frequency ω0, ∇2

⊥ denotes the
transverse part of the Laplacian, k is the wave number, z is
the propagation distance, t is time, and u the electric field
envelope.

For simplicity, let us consider the case of two interfering
continuous waves (CW) of different frequencies (ωA, ωB).
Their superposition can be described as

us(r, t ) = |uA(r)|ei[ϕA(r)+lAθ−ωAt]

+ |uB(r)|ei[ϕB (r)+lBθ−ωBt], (2)

where ϕi(r) refers to the spatial phase profile, θ is the az-
imuthal angle, and lA, lB is respectively the topological charge
of each wave. It can be directly shown that such a superposi-
tion will lead to an intensity profile I ∝ |us|2, that is described
by

I ∝ 2|uA(r)||uB(r)| cos [�ϕ(r) − (lA − lB) θ − �ωt]

+|uA(r)|2 + |uB(r)|2, (3)

where �ϕ(r) = ϕB(r) − ϕA(r) is the spatial phase difference
and �ω = ωB − ωA is the frequency difference. Clearly, the
cosine term in Eq. (3) leads to an intensity modulation in the
transverse plane. We can analytically describe the evolution of
this intensity structure when the spatial phase difference is not
a function of the azimuth angle θ , �ϕ(r) ≡ �ϕ(ρ, z), where
ρ is the radial distance from the z axis. In this context, it is
straightforward to show that an evenly distributed number of
N = |lA − lB| high intensity lobes appear at azimuthal angles
θmax

m described by

θmax
m = 1

N
[�ϕ(ρ, z) − �ωt] + (m − 1)θ0, (4)

where θ0 ≡ 2π/N and m = 1, 2 . . . N is an index. Likewise,
due to the opposite handedness of the two beams (lAlB < 0),
the number of lobes N can be rewritten as N = |lA| + |lB|. If
we freeze time (t = const), these high-intensity lobes rotate
as we move along the z axis and form a helical pattern as
shown in Fig. 1. The spatial rate of this rotation is related to
the pitch of the helix and is referred to as angular velocity
[13–15]. Using Eq. (4) this can be described as

υ = ∂θmax
m

∂z
= 1

N

∂�ϕ

∂z
. (5)

Thus, the angular velocity υ is related to the rate of change
along z of the spatial phase difference �ϕ and is decreasing
when we increase the number of high-intensity lobes N . Like-
wise, when �ϕ is a linear function of z, the superposition
leads to a constant angular velocity and thus, as shown in
Fig. 1(a), the spiral has a constant pitch. For example, we
observe this behavior when two Bessel beams, that carry
OAM of opposite helicity, interfere [13]. In this case, it is

FIG. 1. Twisting light structures based on interference of
two waves that carry OAM of opposite helicity for t = const.
(a) Distribution of high-intensity lobes on the transverse plane.
(b) ∂2�ϕ/∂z2 = 0: constant angular velocity. (c) ∂2�ϕ/∂z2 �= 0:
angular acceleration. (d) Radial and angular acceleration of ToWs.

straightforward to show that �ϕ = (kB
z − kA

z )z, where kA
z , kB

z
are respectively the wave-vector projections along the z axis.

On the other hand, when �ϕ is a nonlinear function of the
propagation distance z, the spiral has a varying pitch, as shown
in Fig. 1(b). The spatial rate of this variation is referred to as
angular acceleration [13–15] and by using Eq. (4) it can be
described as

γ ≡ ∂υ

∂z
= ∂2θmax

m

∂z2
= 1

N

∂2�ϕ

∂z2
. (6)

Angular acceleration can be achieved following different
approaches. One is to engineer a variable �ϕ starting from
simple conical waves that carry OAM. For example, Schulze
et al. [13] have demonstrated that if instead of a pair, two
pairs of Bessel beams are used, �ϕ becomes a periodic func-
tion of z and angular acceleration is observed. On the other
hand, angular acceleration can be observed by using interfer-
ing pairs of more complex waves with an inherent nonlinear
�ϕ(z) variation, like, for example, Laguerre-Gaussian modes
[14,18,19].

Going a step further, we propose here the interference of
two ring-Airy beams. In particular, angular acceleration is
combined with radial acceleration in the case of ToWs where,
as shown schematically in Fig. 1(d), two ring-Airy beams
carrying OAM of opposite helicity interfere to form a spiral
intensity structure that twists and shrinks in an accelerating
fashion [15]. The inherent property of radial acceleration of
ring-Airy beams [2,3,9] allows us to localize the angular ac-
celeration in the abrupt autofocus area.

In the case where ωA = ωB, the interfering waves have the
same frequency and the twisting structures that are depicted
in Fig. 1 are static in time. On the other hand, if ωA �= ωB

these field profiles will dynamically rotate around z axis with
a temporal period:

Tr = N To = N

c

λ2
A

�λ

(
1 + �λ

λA

)
, (7)
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FIG. 2. Rapid rotation of a two-color tornado wave. (a) Graphical
representation of a rapidly rotating two-color tornado wave. [(b),
(c)] Numerical simulation results depicting the temporal evolution
of the twisting lobes at z0 for N = 2 and N = 3 high-intensity lobes
respectively (�ω � 100 THz, To � 61 fs).

where To = 2π (ωA − ωB)−1 is a reference beat period [20],
and �λ = λB − λA, where λA and λB are vacuum wave-
lengths, respectively. The period for a full rotation of the
N high-intensity lobe pattern is proportional to the number
of lobes. In principle, due to symmetry, these high-intensity
lobes are identical and they are angularly distributed at 2π/N
intervals, so as they rotate they will periodically overlap at a
period To. Although this behavior is similar to the well-known
effect of running fringes [20], the symmetry is different since
the high-intensity lobes are rapidly rotating around a point
on the transverse (x, y) plane and the whole structure rotates
around z axis making an optical analog of a drill. Such dynam-
ically twisting light structures are illustrated in Fig. 2. Using
numerical estimations of Eq. (2) for the case of two-color
ToWs where λA = 594 nm, �λ = 20 nm, we have visualized
the temporal evolution of a two-color ToW at the autofocus
position for the case of two (N = 2, lA,B = ±1) and three
(N = 3, lA,B = +1,−2) high-intensity lobes. The reference
period in this case is To ≈ 61 fs. As predicted by Eq. (7), the
high-intensity lobes perform a full rotation in 2To ≈ 122 fs for
N = 2 and in 3To ≈ 182 fs for N = 3. Such structured light,
that rotates rapidly within the pulse duration [21–24], can be
quite appealing in direct laser-writing applications [4].

Realization of tornado waves. As theoretically described
by Brimis et al. [15], ToWs can be generated by super-
imposing two ring-Airy beams that are tuned to abruptly
autofocus at overlapping focal regions, while carrying OAM
of opposite helicity [15]. The generation of ring-Airy beams
involves the use of a phase or amplitude SLMs [2,6]. Phase
modulation is usually preferred [2,8], since compared to am-
plitude modulation, the power efficiency can be higher [25].
On the other hand, direct generalization of phase-only mod-
ulation approaches to interfering fields that carry OAM is
nontrivial. For example, using a description similar to that of
Eq. (2), letus consider the simple case of two plane waves of
equal amplitude and frequency |uA(r)| = |uB(r)| ≡ 1, ωA =
ωB, which are phase modulated to imprint on them OAM of
topological charge lA, lB respectively. Although both of them

TABLE I. Design parameters for the generation of ToWs
( f refers to predicted values).

ro C f λ

(μm) (10−5/
√

μm) l (mm) (nm)

ΦA 800 8.9 +1,+2 424 594
ΦB 1000 10.0 −1, −2 422 594

can be independently generated using a phase SLM, their
superposition involves an amplitude and phase modulation

us(r) = 2 cos( lA−lB
2 )ei lA+lB

2 that a phase SLM cannot directly
reproduce. Simply adding the two phase distributions repro-
duces only the phase distribution (ignoring a factor of 2)
of their superposition and not the amplitude. Furthermore,
when the beams carry OAM of opposite helicity lA = −lB
this phase sum is zero. Here we follow an approach that
involves spatial multiplexing on a single SLM device and
allows superimposed fields, of any complexity in their phase
structure, to be generated [16,26–30]. The spatial sampling
effectively acts as a diffraction grating, where the original dis-
tribution is replicated in all diffraction orders that propagate in
different directions making an angle β j = sin−1( jλ

2w
) to the z

axis, where w is the sampling period and j = 0,±1 . . . is the
diffraction order. The angular separation β j is a key element
of this approach since by simple propagation all diffraction
orders become spatially separated and can be easily isolated.
For example, for an SLM device with a typical pixel size
of w = 10 μm operating at λ = 1 μm the angular separation
between the zero and the first order is ≈2.86◦ corresponding
to a numerical aperture of NA ≈ 0.05.

We applied this multiplexing approach to generate super-
imposing accelerating waves uA, uB carrying OAM. Further-
more, for each of the superimposed fields a phase mask was
designed, following an approach similar to that in Refs. [6,10].
The phase in each phase mask can be described as
Φ(r, θ ) = ϕ(r) + ψ (θ ), where ϕ(r) = −kC(r − ro)3/2, ∀r �
ro ∧ ϕ(r) = 0, ∀r < ro is a radially chirped phase distribu-
tion, ψ (θ ) = lθ , is a linear helical phase, r is the radial
coordinate, ro is a reference radius, C is a constant, θ is the
azimuthal angle, and l is the topological charge.

The design parameters we used for the generation of the
OAM carrying superimposing accelerating waves are shown
in Table I. In our design, we have tuned [15] the foci of uA, uB

to overlap. The position of the abrupt autofocus of a ToW can
be estimated with good accuracy using the analytical solution
of the one-dimensional Airy beam [2,15,31]. In our case,
using the parabolic trajectory [32] of the caustic resulting
from phase distribution Φ, we estimate that the position of
the abrupt autofocus is at f = 4

3C

√
ro. The individual phase

masks ΦA, ΦB were then spatially multiplexed to a single-
phase mask that was used in the SLM as shown in Fig. 3.

In order to investigate the effectiveness of our approach for
generating ToWs we performed numerical simulations based
on Eq. (1). In our simulations, we considered a monochro-
matic (λ = 594 nm) CW linearly polarized Gaussian beam
along the y direction that illuminates the mask which is
shown in Fig. 3. The intensity profile along propagation di-
rection is presented in Fig. 4(a). The abruptly autofocusing
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FIG. 3. Phase mask for the generation of ToWs in the case of
lA = +1, lB = −1, with design parameters provided in Table I. In-
sets show small portions of the mask that reveal the alternating
sampling geometry for the individual masks ΦA, ΦB which respec-
tively generate each of the superimposing accelerating waves.

characteristics are clearly reproduced. The diagonal stripes
appearing in this x-z cross section are due to the presence
of the diffracted orders. A clear demonstration of the effec-
tiveness of the spatial multiplexing approach is demonstrated
in Fig. 4(b), where the transverse I (x, y) intensity profile at
z = 10, 20, 30 cm is depicted. The Gaussian intensity pro-
file of the propagating beam is gradually transformed to a
vortex shape, a distinctive characteristic of ToW’s [15]. Fur-
thermore, besides the zero order, two replicas representing the
±1 diffraction orders are clearly visible. Although initially
overlapping at z = 10 cm, due to their angular separation of
≈2.13o they are spatially separated at z = 30 cm.

For the generation of tornado waves, we used a simple
experimental setup as shown in Fig. 5. A CW laser beam of
Gaussian profile and wavelength λ = 594 nm is expanded by
a factor of 2 using lenses L1, L2 to a Gaussian beam with
FWHM = 10.9 mm and then illuminates a reflecting phase
SLM. The modulated beam is then directed, using reflecting

FIG. 4. Numerical simulation of the propagation of Tornado
waves generated by the phase mask of Fig. 3. (a) Intensity pro-
file distribution I (x, z) (normalized to the initial peak intensity
Io ≡ max{I (x, y, 0)}) and (b) transverse intensity profiles I (x, y)
at z = 10, 20, 30 cm (normalized to the peak intensity Ipeak ≡
max{I (x, y; z)} for each z). Note that after 30 cm of propagation the
±1 diffraction orders are clearly separated from the zero order.

FIG. 5. Experimental setup for the generation of tornado waves.
Lenses L1, L2 comprise a 2× beam expander. SLM: 1920×1080
pixels, 8 μm pixel size, CCD: 1280×1024 pixels, 8 bit.

mirrors, toward a digital camera. In order to record the mod-
ulated beam intensity profile I (x, y) along propagation, the
camera is translated along the z axis. Only the zeroth order is

FIG. 6. Normalized transverse I (x, y) intensity profiles (experi-
mental results), recorded at different distances along propagation, of
tornado waves with two, three, and four lobes respectively: (a) lA =1,
lB = −1, (b) lA = 1, lB = −2, and (c) lA = 2, lB = −2.
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FIG. 7. Evolution of the lobes of tornado waves along propagation: (a) two lobes with lA = 1, lB = −1, (b) three lobes with lA = 1, lB =−2,
and (c) four lobes with lA = 2, lB = −2. Sub-figures: (i) lobe angle θ (solid line) and normalized maximum peak intensity (dotted line),
(ii) angular velocity v, and (iii) angular acceleration γ .

imaged since all higher diffraction orders are filtered out due
to their angular and spatial separation from the zeroth order.

Results and discussion. Using the experimental setup de-
picted in Fig. 5 and applying the multiplexing technique, we
generated ToWs by superimposing accelerating waves carry-
ing OAM with the design parameters presented in Table I. In
our experiments, we used three combinations of topological
charge (lA,B = ±1, lA,B = +1,−2, lA,B = +2,−2) resulting
respectively into two, three, and four twisting intensity lobes.

The evolution of the transverse intensity I (x, y) distribution
as a ToW propagates along z is shown in Fig. 6. Starting from
a reference point z0 = 414 mm along the propagation we can
observe that the intensity lobes rotate at a varying rate and a
decreasing radius around z axis (located at the center of each
image). This is a typical behavior of ToWs, where light twists
and accelerates both in the angular and radial dimensions
[15]. The I (x, y) intensity pattern becomes more complex as
the number of lobes N is increased [15]. In all cases, the
high-intensity lobes rotate at a varying rate and decreasing in
radius around z axis, although, as we observe by comparing
Fig. 6(a) to Figs. 6(b) and 6(c), this becomes less profound as
the number of lobes increases.

In order to evaluate the accelerating characteristics of such
ToWs, we retrieved and analyzed the I (x, y) cross-sectional
images with a �z = 1 mm sampling rate along the z axis. We
were able to monitor the trajectory of each twisting intensity
lobe by monitoring its radial and angular positions. In more
detail, first we identified the position of the maximum inten-
sity for each lobe. From these points, we accurately estimated
the position of the rotation axis in our images. Using this
as a point of reference along propagation, we then tracked
the radial and angular position of each lobe. In Fig. 7, we
quantitatively depict the evolution of the angular orientation as
a function of the propagation distance z for the case of ToWs
with two, three, and four high-intensity lobes. In Figs. 7(a)–
7(c)(i), the angular position θ is depicted along with the
normalized peak intensity. In all cases, the angle θ increases
at a varying rate as indicated from its oscillatory behavior.
From these measured values, we can estimate the angular ve-
locity v ≡ θ̇ (z) and the angular acceleration γ ≡ θ̈ (z) that are
depicted in Figs. 7(a)–7(c)(ii) and Figs. 7(a)–7(c)(iii), respec-

tively. The vertical shaded areas highlight the zones where
we observe angular acceleration. In all cases, we observe a
typical ToW behavior, where the angular velocity v varies in a
quasiperiodic fashion between 0 and a peak value that ranges
from ≈10 deg/mm for the case of two lobes to ≈4 deg/mm
for the case of four lobes. As we can observe from Figs. 7(a)–
7(c)(iii), these areas are related to angular acceleration, where
γ takes values between ≈1.2 deg/mm2 for the case of two
lobes down to ≈0.4 deg/mm for the case of four lobes. The
estimated angular acceleration values are in good agreement
with the values theoretically predicted [15] for ToWs in this
range of autofocusing values. Interestingly, the peak values
of angular acceleration are observed after the abrupt focus
position, at areas where peak intensity of the twisting lobes
drops, ∂I/∂z < 0. Likewise, as z is increased and the twist-
ing lobes regain their intensity, angular deceleration takes
place (γ < 0). For example, the transition from angular ac-
celeration to deceleration is observed in Fig. 7(a)(iii) from
z ≈ 450 mm to z ≈ 460 mm. This behavior is related to the
energy exchange between the ToW funnel and the reservoir
regions [15].

The trajectory of the experimentally generated ToWs is
visualized in Fig. 8(a). By projecting the position of the high-
intensity lobes along the propagation direction, on a (x, y)
plane, we can clearly identify their tornado-like spiraling tra-
jectory. The radial distance ρ0 of the rotating high-intensity
lobes along propagation is shown in Fig. 8(b) for ToWs with
N = 2, 3, 4 lobes respectively. Here we focus our attention
in the ToWs funnel region [15], and more specifically in the
range 450 mm < z < 500 mm where, as we can see from
Fig. 7, angular acceleration γ is observed. In this region, the
rotating lobe’s radial position ρ0 shrinks by 30 ± 3%. We
note here that the nonlinear parabolic trajectory of the radial
distance is not profound in Fig. 8(b), since we have isolated
only a small part of it, near the abrupt autofocus [2,15].

Furthermore, both the peak intensity and the peak values
for vmax, γmax decrease as the number of lobes N is increased.
The drop in the peak intensity is a direct outcome of distribut-
ing the beam’s energy in the ToW funnel region [15] as the
number of lobes is increasing. In order to test the validity of
the 1/N dependence as described in Eqs. (5) and (6), we have
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FIG. 8. Trajectory of the high-intensity lobes of tornado waves
for N = 2, 3, 4. (a) Projection of the spiral trajectory along the
propagation direction, on an (x, y) plane. (The color of each point
represents its intensity normalized over the peak value). (b) Radial
position ρ0 of the high-intensity lobes as a function of the propaga-
tion distance (average value).

also performed numerical simulations of the propagation of
ToWs that are generated by interfering ring-Airy beams with
parameters described previously. According to Eqs. (5) and
(6), the values of angular velocity υ and acceleration γ are
respectively proportional to ∂�φ/∂z and ∂2�φ/∂z2. These
values are difficult to estimate from our experiments, and thus
we have used a normalization scheme to study the dependence
of υ, γ on the number of lobes N . In more detail, our experi-
ments and simulations were performed in sets. In each set, we
have changed the number of lobes by changing only the topo-
logical charges, keeping all other parameters the same (see
Table I). First, for each case i in a set, we estimate Niυi, Niγi,
where υi, γi refer to the peak values as the beams propagate
along the z axis. Normalized values of angular velocity υ̃i and
acceleration γ̃i are then retrieved by dividing these estimates
with their average value 〈Niυi〉, 〈Niγi〉 for each set of measure-
ments, i.e., υ̃i ≡ Niυi/〈Niυi〉, γ̃i ≡ Niγi/〈Niγi〉. According to
Eqs. (5) and (6), ideally υ̃i = γ̃i = 1. The dependence of υ̃, γ̃

on the number of lobes N for all our experimental measure-
ments and simulations is shown in Fig. 9. The error bars in
the experimental measurements are mainly a result of the dif-
ferentiation of the discrete data. Simulations are in excellent
agreement with the prediction of Eqs. (5) and (6). Likewise,

FIG. 9. Dependence of the angular velocity and acceleration as a
function of the number of high-intensity lobes. Comparison between
normalized υ̃, γ̃ experimental measurements and simulations. The
dashed line is the theoretical prediction.

the experimental measurements are, within the experimental
error, in fair agreement with the scaling law. We believe that
the quality of the experimentally generated ToWs is the source
of the observed deviations. In combination with the results
presented in Fig. 7, we observe that as the number of lobes
is increased, the experimentally generated ToW propagation
dynamics deteriorate. Imperfections in the ToW generation
process can lead to such a behavior. For example, increasing
the topological charge will increase the azimuthal gradient
of the phase distribution and could lead to aliasing due the
discreteness of the SLM and the multiplexing method used
for the ToW generation. In the case of the simulations, this is
not observed since analytic expressions are used to describe
the ToWs as interfering OAM carrying ring-Airy beam.

Conclusions. In conclusion, we have experimentally stud-
ied the propagation dynamics of light that spirals like a
tornado. By spatial multiplexing a phase SLM, we have
generated two superimposing abruptly autofocusing waves,
carrying OAM of opposite handedness. Likewise, we studied
the dependence of the angular velocity and acceleration on the
beam parameters, including the dependence on the number of
high-intensity lobes. Furthermore, we have proposed a two-
color scheme that makes it possible to generate dynamically
twisting light that can rotate at THz frequencies. Our results
may pave the way for various novel applications that rely
on the spiralling behavior of ToWs, like direct laser writing,
optical tweezers, and nonlinear optics.
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