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Abstract. Due to the promising features of optical vortices a variety of methods
have been developed for their generation, however, these methods are mostly
intended for CW vortex beams and thus can be hardly usable for generation
of ultrashort vortex pulses. A spiral phase plate (SPP) is a robust method for
vortex generation with potential to be used in ultrafast optics, however, the
resulting vortex is not a pure vortex mode but contains contributions of different
radial orders. As well, the SPP exhibits a wavelength-dependent phase shift,
due to its material dispersion. Here we present a (3+1)D numerical analysis
of the spatio-spectro-temporal properties of ultrashort vortex pulses generated
with spiral phase plates characterizing the effects of material dispersion and
propagation geometry. These results can serve as a basis for the design of new
passive and active devices for singular optics and photonics.
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1 Introduction

Ultrashort vortex pulses are electromagnetic radiation with durations in the order of
picoseconds or less (broadband optical spectrum) and that present points where the
intensity of the wave is zero around the axis of the beam and the phase is undefined [1].
In recent years the study of vortex pulses has peaked due to their promising features in
super-resolution microscopy [7], optical tweezers [6], ultra-fast optical communications
[3], quantum computing [9] and astrophysics [4]. Laguerre—Gaussian (LG) modes are
the most commonly studied set of vortices. They are derived by solving the paraxial
Helmbholtz equation in cylindrical coordinates [1]. An LG pulse is given by:

LG [l 9 —ikr2
ub§ (r, ¢, 2,t) = Cip_ (V2 Ll 2r e_ﬁez(z%z%) e 1o (i2pHi+1)Y)
PR w(z) \w(z) P \w?(z)
Laguerre Gaussian Mode Factor
e*(trfzto)eiwtt

Temporal Profile factor

(D

pp. 93-98; rec. 2022-12-09; acc. 2024-02-16 93 Research in Computing Science 154(4), 2025



Erick R. Baca-Montero, Oleksiy V. Shulika

(@) (b)

000009 A~~~

Fig. 1. 3D vortex pulse LGy, with a duration 7 = 5fs: (a) Spatio-temporal intensity profile
isosurface set at half of the peak intensity. (b) Isosurfaces of the real part of the complex field.
(c) Slices of the characteristic doughnut spatial intensity profile of the vortex pulse along. (d)
Isosurface of the spiraling phase of the vortex pulse.

Here wy is the beam radius at the beam waist, 7 is the radial distance from the center
axis of the beam, zg is the Rayleigh range, ¢ is the Gouy phase, R(z) is the radius
of curvature, C’lzc is a normalization constant [1], Lg ! is the generalized Laguerre
polynomial of order p and I, and w(z) is the radius of the beam at a given position
z, 1 is called topological charge and it defines the azimuthal distribution (the amplitude
has azimuthal angular dependence, e ~*'?) that can be positive or negative indicating left
or right circulation, while p defines the radial distribution index.

In the temporal factor 7 is the duration of the pulse, ¢ is the pulse center time
and wy is the central angular frequency. A LG mode retains its intensity profile upon
propagation, although with a different width and the Gouy phase changes by multiples
(2p + |I] + 1)7/2 as it travels. For [ = 0, p = 0, the expression eq. 1 reduces to that of
an ordinary Gaussian beam, as lef | = 1. Because  is an integer, the phase of the field
can only increase or decrease by multiples of 27 as one follows a closed path around
the axis of the beam.

The radial distribution p gives a number of dark rings nested in the beam profile.
Figure 1 shows a three-dimensional reconstruction of the vortex pulse LGy ; with a
duration 7 = 5fs The characteristic zero intensity point at the vortex axis can be
observed in figures 1 (a) and (c) which show the spatio-temporal intensity profile
lu(z,y,t)|> and slices through the centre of the beam, respectively. The spiraling
nature can be observed in figures 1 (b) and (d) which show isosurfaces of the real
part of the complex field, R |u(x, y, t)| and of the phase (Here the color scale shows the
spatio-temporal intensity profile of the vortex pulse along spiraling phase).
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Fig. 2. Spatio-spectro-temporal properties of a vortex pulse upon dispersive propagation in 2\
long SiO3 block: (a) Real field amplitude of the input vortex pulse and overlap integral (b) Real
field amplitude of the vortex pulse and overlap integral after propagation (c) Spatially resolved
spectral intensity of the input vortex pulse. (d) Spatially resolved spectral intensity of the output
vortex pulse.

Fig. 3. Schematic of a 8-levels discrete SPP.

2 Ultrashort OVs Spatio-Spectro-Temporal Characterization
During Propagation and Generation with a Spiral Phase Plate

In this work, the propagation and generation of ultrashort vortex pulses is analyzed
using control parameters calculated at the input and output of the model domain, these
are the real field value of the electric field, the electric field intensity, the spatially
resolved spectral intensity and OI; the overlap integral between the amplitude of the
analytic LGO1 mode (eq. 1) and its numerical counterpart (tpym)-
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Fig. 4. Spatio-spectro-temporal properties of input pulse to a SPP and of the generated vortex
pulse: (a) Spatio-temporal intensity profile isosurface set at half of the peak intensity of the input
gaussian pulse. (b) Spatio-temporal intensity profile isosurface set at half of the peak intensity of
the generated vortex pulse. (c) Spatially resolved spectral intensity of the input gaussian pulse.
(d) Spatially resolved spectral intensity of the generated vortex pulse.

The overlap integral is given as:

2
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And it gives the quality of vortex modes [2].

OI; = 2)

2.1 Propagation of Ultrashort Vortex Pulses in Dispersive Media

The characteristics of a 5 fs vortex pulse of wavlength A = 800 nm upon propagation
in a dispersive 5703 block of thickness ¢ = 2 are studied. The refractive index of the
Si04 is given in [5]. Fig. 2 (a) and (b) show the real field amplitude and the overlap
integrals (eq. 2) of the vortex before and after propagation, small temporal chirp is
acquired (less than 1 fs), while the spatial spectral intensity measured along a line at the
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Fig. 5. (a) Temporal real field amplitude and overlap integral between analytic LGo1 mode (eq.
1) and generated ultrashort vortex pulse. (b) Conversion efficiency dependence in wavelength for
an 8-levels SPP and spectrum of a 5 fs vortex pulse at A = 800 nm.

left side maximum of the vortex 2 (c) and (d) before and after propagation respectively,
shows that the spectrum half amplitude remains constant and therefore the vortex does
not present spatial chirp, furthermore, it is then possible to compensate for the time
chirp through normal dispersion compensation techniques, as also shown in [8].

2.2 Ultrashort Vortex Generation with a Spiral Phase Plate

A Spiral Phase Plate (SPP) [2] is an optical component for the generation of vortex
beams. In this device with refractive index n the optical thickness ¢ is varied with an
azimuthal angle ¢ according to:

t = plN/27(n — ny), 3)

where ) is the incident beam wavelength and n;, is the refractive index of the medium
containing the SPP. Fig. 4 shows the spatio-spectro-temporal properties of the vortex
pulse generated with an 8-levels SPP (fig. 3), the spectrum half amplitude (fig. 3 (c) and
(d)) remains constant for the input gaussian pulse and the generated vortex pulse, thus
there is no spatial chirp.

The SPP has maximum conversion efficiency (Overlap integral, eq. 2) of 0.73 (fig. 5
(a)), while it presents a conversion efficiency of more than 0.68 in the bandwidth of the
pulse (from 700 nm to 930 nm) (fig. 5 (b)).

3 Conclusions

In this work, vortex pulses propagation and generation was simulated solving a
time-domain wave-equation. Chromatic dispersion induces temporal broadening of
the vortex pulses while the spatial profile and spatio-spectral properties remained
unchanged, thus conventional dispersion compensation techniques, can be used to
compress back broadened vortices.
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As well the effect of a SPP chromatic dispersion is negligible on the temporal profile
of optical vortex pulses (very small broadening at the studied temporal and spectral
range), while the spatial profile and spatio-spectral properties of the vortex remained
unchanged. The analyzed SPP presents a conversion efficiency of more than 0.6 in a
bandwidth from 630 nm to 1050 nm. The results obtained in modeling vortex pulses
can serve as a basis for novel devices design.
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