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We study the filamentation in air of multi-millijoule
optical vortices and compare them with the classical
filamentation regime. The femtosecond vortex beam
generates multiple plasma filaments organized in a
cylindrical geometry. This plasma configuration evolves
into a meter scale tubular neutral gas column that can be
used as a waveguide for nanosecond laser pulses at 532
nm. It appears that optical vortices produce a more
uniform heating along the propagation axis, when
compared to gaussian or supergaussian beams, and that
the resulting low-density channel is poorly sensitive to
the laser input power thanks to the combination of
filamentation intensity clamping and phase vorticity.

© 2022 Optica Publishing Group

Femtosecond laser filamentation allows projecting high light
intensities over extended lengths in the atmosphere, up to
kilometric distances [1-4]. Through the optical Kerr effect, self-
focusing of the laser beam occurs during propagation and
eventually light intensities in the range 1013-10%* W/cm? are
reached, high enough to ionize air molecules. A long and continuous
plasma string is thus left in the wake of the laser pulse.
Filamentation appears spontaneously provided the pulse peak
power exceeds a critical value Po-=7-10 GW inair at 800 nm [2], but
filament intensity and the amount of laser energy deposited in the
medium strongly depends on the initial peak power and numerical
aperture of the beam [5-6]. Typically, increasing the initial beam
focusing strength for a fixed peak power will reduce the
filamentation length and increase its intensity.

Many applications have been proposed for these light filaments
such as the laser lightning rod [7-10], multispectral LiDAR [11]
remote backward lasing for sensing [12], cloud clearing for
telecommunications [13] and waveguiding for THz or optical pulses
[14-17]. For many applications it is desirable to organize the spatial
distribution of multiple filaments that are produced when the initial
laser power P > P.;. It can be done using amplitude or phase masks
[18-19]. Demonstration of filamentation has been reported with
Bessel beams [20], spatially curved airy beams [21-22], or more
recently with Laguerre Gaussian beams, also called vortex beams
[23-27]. These vortex beams are particularly interesting because
they can generate a stable ring profile with a rotating phase. This
phase momentum makes them more suitable for
telecommunications through atmospheric turbulences [28]. It also

allows the organization of multiple filaments in a cylindrical shape
that is optimal to guide electromagnetic waves.

Polynkin et al have demonstrated that femtosecond vortex
beams can collapse to form a ring of individual filaments, provided
the input pulse power is higher than 1.7mPc, where P is the critical
power for self-focusing and m the topological order of the vortex
[24-25]. The term of helical filament has also been used to describe
these filaments since this array of filament has been shown to rotate
during propagation, due to the phase vorticity of the beam [26-27].
Vortex filaments could find application in the guiding of
microwaves or THz waves [14] or act as a guide for optical waves
[16].

In this work we study the filamentation of femtosecond vortex
beams with an energy of 25 m] weakly focused in air (Numerical
aperture (NA) = 0.0025) and compare them with classical filaments
produced by a supergaussian beam of same energy. We analyze the
shape of the generated plasma and of the ensuing low-density air
channel and measure the deposition of energy by the vortex beam
in air for different laser pulse durations. Finally, we demonstrate
that vortex filaments can be used as a guide for a nanosecond laser
pulse at 532 nm.
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Fig. 1. Experimental setup used for the optical waveguide experiment.
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The laser used to produce the optical vortex is a chirped-pulse
amplified Ti:Sapphire laser system from Amplitude Technologies. It
can deliver laser pulses at 800 nm with 200 m] energy, 50 fs
duration at a repetition rate of 10 Hz. For this study the laser beam
was limited by an iris to a diameter of 10 mm resulting in a super-
gaussian profile with energy of 25 m]. The pulse duration was
adjusted from 50 fs to 2 ps by detuning the grating compressor of



the laser to add positive chirp. The beam was then focused by a
convex lens with focal length f = 4 m and a diffractive vortex plate
with topological order m = 4 from Holo/Or was inserted on the
beam path to produce the helical phase pattern.

To test the ability of tubular filaments to act as an optical guide,
we built the setup shown in Fig. 1. A probe beam at 532 nm with pJ-
level energy and 10 ns pulse duration was delivered by a Yb:YAG
laser, synchronized with the Ti:Sapphire fs laser system. The delay
between the two lasers could be controlled using a digital delay
generator. A dichroic mirror was used to combine the two beams
and glass color filters to block the 800 nm beam after the filament.
The profile of the probe beam at 532 nm was imaged by a CMOS
camera placed 4 meters after the geometrical focus of the beams.
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Fig. 2. Beam profile measured as a function of the propagation distance z by
impact on photosensitive paper for a vortex beam with 25 m]J energy and a
duration of 200 fs (a) and 800 fs (b) and for a supergaussian beam with
duration 200 fs (c). z = O is to the linear focus of the lens. (d) Diameter of the
ionized ring measured at high intensity with t = 200 fs (black curve) and
diameter of the intensity ring measured at low intensity by a CMOS camera
(red curve) as a function of z. The inset compares the low intensity profile
measured at the focus for a supergaussian and a vortex beam.

We first characterized the propagation of the focused optical
vortices at low energy (E = 1) using a CMOS camera and at high
energy (E = 25 m]) using photosensitive paper. Fig. 2(a) presents
the evolution of the beam profile along the propagation axis z
measured with photosensitive paper. The green color indicates the
burned area of the paper, corresponding to filament formation. For
a pulse with duration t = 200 fs (P = 160 GW =16 P«), we observe
between 3 and 6 distinct filaments organized in a circle over a
distance of 1.5 m around the geometrical focus. The diameter of this
ionized circle matches well the diameter of the low intensity vortex
beam up to z = -25 cm and then becomes slightly smaller over 70
cm after the focus (see Fig. 2(d)). This contraction might be
explained by Kerr self-focusing appearing at high intensity. When
the initial laser pulse duration  is chirped from 200 to 800 fs (P =
36 GW) the number and the length of the filaments produced are
decreased.

As shown by [29-30] the formation of long-lived low-density
channels resulting from filamentation is directly related to the
density of energy deposited inside the filament through ionization
and Raman absorption. To characterize the deposition of energy by
the vortex filament we used a broadband microphone GRAS Model
46BH 4" placed on the side of the beam at a distance of 20 mm. This
microphone measures the transverse pressure wave generated by
the filament that is proportional to the density of deposited energy
in filaments. The result is presented in Fig. 3(a) for a vortex beam
and for a supergaussian beam with the same input energy. For a
vortex beam with 200 fs duration a quasi-constant signal is
measured over 1 meter from z =-90 to +25 cm. The supergaussian
beam shows a signal 5 times higher with a peak over 30 cm, typical
from a regime of superfilamentation [5].

The total energy deposition in the vortex filaments was
measured as a function of the laser input pulse duration t (Fig. 3(b)).
We can see that this energy deposition is decreased by a factor 2
when the laser pulse duration is increased from 200 fs to 800 fsand
remains then quasi constant around 1.3 m] for longer pulse
durations. We note that the total energy deposited with the
supergaussian beam is only 30 % higher than the vortex one, while
the ratio of their acoustic signals is about 3 to 4. Considering that the
shape of the energy deposition follows the measured pressure
wave presented in Fig. 3(a) we can estimate the maximum lineic
energy deposition to be 95 pJ/cm for the supergaussian beam and
52 yJ/cm for the vortex beam. Therefore, despite the much lower
intensity generated at the focus by the vortex beam, the energy
deposition of the vortex beam is comparable to the one produced
by the supergaussian beam, taking into account its larger mode.
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Fig. 3. (a) Amplitude of the lateral acoustic wave measured by the
microphone 20 mm away from the beam for the 25 mJ, laser pulse. (b)
Energy deposited in the filament for an input pulse energy of 25 m] for a
supergaussian beam (blue curve) and a vortex (m = 4) beam (black curve)
as a function of the laser pulse duration.

The temporal evolution of the vortex filaments after plasma
recombination was characterized using transverse interferometry
by means of a probe laser with 10 ps duration at a wavelength of



640 nm, whose phase profile was analyzed by a Phasics SID4HR
wavefront sensor (see ref. [31] for a description of the setup). The
plane x = 0 containing the propagation axis is imaged on the sensor
to get the profile of the gas density in this plane. Fig. 4 presents the
phase shift measured on the vortex filament after 1 ps (a) and 500
ps (b). At 1 ps one can see 4-5 distinct low-density channels
generated by filaments with a ~100 pm size. After 500 ps these
filaments broaden to form two low-density channels with a 300 um
width. We note that magnitude of the phase variations measured
with 200 fs and 800 fs pulse were very similar. This can be
explained by the mechanism of intensity clamping inside the
filament. The phase shift profile integrated along z is also plotted in
Figs. 4(c) and 4(d) for delays of 1 ps and 500 ps, respectively. The
phase shift produced by the vortex beam is compared to the one
produced by the supergaussian beam. One can see that the phase
difference is only 50% higher for the supergaussian case with a
gaussian density profile, while the vortex generates a hollow profile.
Assuming an axial symmetry around Z axis at long delays, we
calculated the corresponding air density modulation after 500 ps
(Fig.4(e)) using Abel inversion [30]. One can see that the air density
profile generated by the vortex beam is similar to a step-index fiber
with a maximum density on the laser axis, explaining why it is
beneficial for guiding,
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Fig. 4. Transverse image of the filaments produced by the vortex beam with
800 fs duration measured 1 ps (a) and 500 ps (b) after the filament
formation at position z =-30 cm obtained by interferometry. (c) Phase shift
A integrated along z for a delay of 1 ps () and 500 ps (d) for a
supergaussian beam (black curve) and a vortex beam (red curve). Air
density variations corresponding to the phase in Fig. 4(e).

We then tested the ability of the vortex filaments to act as a long-
lived air waveguide by injecting a nanosecond laser probe with an
energy ~10 yJ at 532 nm in the tubular low-density channel. Similar
waveguides were first demonstrated by Jhaj et al. using an array of
four filaments [16]. The beam profile of the probe laser in the
absence of the femtosecond laser is presented in Fig. 5(a), with a
gaussian profile and a width of 9 mm FWHM. The output profile of
the 532 nm beam in the presence of the vortex beam is then
presented for different delays At between the fs vortex beam and
the ns probe beam, ranging from 2 ps to 2 ms. For delays of a few ps,
the probe beam is perturbed by the vortex beam but no guiding is
observed. But for At ranging from 100 ps to 1 ms an intense spot

with a width of 1.5 mm can be observed in the beam profile,
signature of a laser guiding effect. We define the guided energy as
the percentage of laser energy in a circle of 5 mm diameter,
corresponding to the guided mode (see red circle in the fig. 5(c)).
The percentage of guided energy in this mode is plotted in Fig. 5(f)
as a function of the probe delay At and in Fig. 5(g) as a function of
the pulse duration of the vortex beam. The guiding is maximum for
a delay of 500 ps and lasts for a millisecond, similar to the results of
ref. [16] with an array of 4 filaments. Surprisingly, the guiding
efficiency does not depend on the vortex pulse duration (or peak
power). This result is in agreement with the interferometric
measurements made for different laser pulse durations. Indeed, as
shown in Fig. 3(a) increasing the peak power of the vortex beam
extends the filaments toward the laser, but will not modify the
guiding part around and after the focus. In addition, an advantage
compared to the waveguide produced by 4 filaments is the
scalability of the vortex since the diameter of the guide can be
increased with the topological order of the waveplate (or by
decreasing the beam numerical aperture), while adjusting the input
laser energy.
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Fig. 5. Far field profile of the probe beam measured 4 m after the
geometrical focus in the absence of vortex beam (a) and in the presence of
vortex beam for delays of 1 s (b), 500 ps (c), 1 ms (d) and 2 ms (e). (f)
Percentage of guided energy as a function of the delay At between the two
pulses (f) and as a function of the pulse duration t of the input vortex pulse
for a delay of 100 ps (g).

In this article, we analyzed the propagation and temporal
hydrodynamic evolution of energetic vortex beams in air in weakly
focused conditions. We showed that multiple filaments appear in an
annular beam, whose diameter is mainly governed by the
topological order and the numerical aperture of the beam.
Compared to the filaments of classical Gaussian beams, vortex
beams produce a more uniform ionization and deposition of energy
along z. Also, despite the fact that ionization rate and density of
deposited energy are significantly smaller with the vortex, the lineic
deposited energy and the induced low-density channels are
comparable between vortex and supergaussian optical pulses.

The hollow core structure imposed by the vortex phase makes
the vortex filaments array ideal to act as a guiding structure for
terahertz waves [32] or optical pulses. This waveguide can be easily



scalable by increasing the input laser energy and appears to be
weakly sensitive to the laser input peak power.
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