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We study the use of Laguerre Gaussian (LG) femtosecond
laser filament with multi GW peak power to guide
electric sparks in the atmosphere. We demonstrate that
LG beam with a vortex phase or with 6 azimuthal phase
steps generate a filamentation regime, where a longer
and more uniform energy deposition is produced
compared to a normal beam with a flat phase. Such
filaments can guide electric discharges over much longer
distances. This technique could significantly extend the
guiding range of laser filaments for lightning control and
other long-range atmospheric experiments involving
filamentation.

The ability of intense femtosecond laser pulse to control electric
discharge has been extensively studied in the last 20 years [1-9].
While lasers with long energetic pulses have also the ability to
guide discharge through the generation of a plasma channel [10]
the big advantage of femtosecond pulses is their ability to induce
laser filamentation, generating extended plasma strings with
moderate input laser energy [11]. The filamentation phenomenon
occurs spontaneously during the propagation of a femtosecond
laser pulse in air provided its peak power exceeds a critical power
Pe of a few GW. Due to the optical Kerr effect, self- focusing of the
laser beam produces thin light strings with intensities in the range
1013-10* W/cm? called filaments. Through a reduction of the gas
density and generation of long-lived charges, the plasma channel
created by the filament forms a preferential path for any discharge
precursor propagating in air [1-2]. Following the Paschen law, the
breakdown voltage reduction in the filament is proportional to the
gas density reduction, which directly depends on the density of
laser energy deposition. Thus, guiding of meter scale discharge has
been reported by many groups using a focused laser filamentation
with TW peak power [1-9]. More recently, the guiding of natural
lightning over 50 m has even been demonstrated with a kHz
Yb:Yag laser of 500 m] energy per pulse [12-13].

While filamentation spontaneously arises during propagation
of a collimated beam, the deposited energy in this collimated
filament is relatively weak (a few pJ/cm [14]) and the relative

density decrease stays below 10+ [15]. Such conditions are not
sufficient to guide electric discharges. Typically, a supercritical
power (P >> P«) and a slightly focused beam in the so-called lens
dominated regime [16] is required to guide a streamer or a leader
[1, 17, 18]. In this case intensity clamping is no more effective.
Superfilamentation occurs and the extension of the guided zone
depends more on the focusing condition than on the laser input
energy. To circumvent this limitation and generate a long and
uniform guiding filament it has been suggested to use a Bessel like
beam [19, 20] or to use multiple pulses focused at different
distances [21-23]. These solutions are technically complex, and
difficult to scale to hundreds of meters. Recently, the use of
Laguerre gauss beam with a vortex phase to produce multiple
filaments has been studied in the laboratory [24-28] or
numerically [29] and their ability to generate long air waveguides
[30-31], to drill a hole in transparent solids [32] or through clouds
[33] or to produce vortex lasing emission in nitrogen gas [34-35]
has been demonstrated.

In this study we consider three distinct laser modes as input
condition for filamentation. The first one is the output mode of the
laser, the beam profile of which presents a quasi flat phase. The
second one is a vortex beam LGaso with topological charge 4, which
means that the phase has a variation of 8w along the azimuthal
angle. The third one is LGos corresponding to a pie chart with 6
sections, with a Tt phase shift between each section. Note that in the
three cases the beam was apodized by a diaphragm of 22 mm
diameter, generating a profile close to a high order super-Gaussian
transverse intensity profile also referred as flattened Gaussian
beam [36]. Therefore, a more exact denomination of the modes
should be “flattened Laguerre-Gauss modes” instead of pure LG
modes.

We demonstrate experimentally and numerically that the use
of slightly focused LG beams with azimuthal phase shift allows the
generation of a longer and more uniform bundle of filaments when
compared to a beam with a flat phase. LG are therefore able to
guide electric discharges efficiently over longer distances than
gaussian beams.

The laser used to produce the filaments is a Ti:Sa CPA laser system



from Amplitude Technology delivering laser pulses at 10 Hz with a
central wavelength at 800 nm, a minimum pulse duration of 50 fs
and a maximum energy per pulse of 200 m]. In the experiment the
laser beam was limited by a diaphragm with a diameter of 22 mm
and it was focused by a converging lens with focal f = 5 m
(corresponding to a numerical aperture N.A. = 0.0044). The energy
was limited to 22 m] and the pulse was chirped positively to a
duration of 550 fs to avoid damages in the phase plate. This
corresponds to a peak power of 31 GW. The LG beams were
produced by inserting phase plates in the beam path (fabricated by
HOLO-OR) right after the focusing lens. With a pulse duration of
550 fs and a numerical aperture N.A. = 0.0044 we determined
experimentally using the method in [37] that the critical power for
self-focusing was P«(0) = 2 GW for the supergaussian laser input
beam and Po{m = 4) = 13 GW for the vortex beam. Experiments
were performed at 10 Hz except for the recording of impacts on
photosensitive paper that were performed in a single shot regime.
The evolution of the beam profile along the z propagation axis and
the onset of filament were characterized by inserting
photosensitive paper on the beam path [38].The profile of the
energy deposition in the filament was also characterized using a
microphone to measure the radial pressure wave produced by the
filament bundle. Finally, the ability of the different zones of the
filamented beam to decrease the breakdown voltage or to guide
electric discharge was characterized by producing centimeter scale
discharges using a DC voltage [2] and by producing decimeter
scale discharges with a Tesla voltage generator (see description in

[39]).
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Fig. 1. Beam profile measured along propagation axis z on photosensitive
paper for a supergaussian beam LGqo (@), a vortex beam LGy (c) and a 6-
sectors beam LGqs (e). The corresponding intensity profiles obtained from
numerical simulations are respectively shown in subfigure (b), (d) and (f).
The laser pulse propagates from left to right and position z = 0 corresponds
to the geometrical focus of the beam.

First, the effect of the vortex and the 6Q phase on the filamentation
process has been investigated using impact of single shot laser
pulse on photosensitive paper. Fig. 1 presents the evolution of the
beam profile along the propagation axis z [30]. The pink color
corresponds to moderate laser intensity, while the green color

indicates the burned area of the paper, where the estimated laser
intensity exceeds the threshold for ionization of air. Note that the
response of the paper is not linear with the laser intensity.

In the case of the supergaussian beam (Fig. 1(a)) filamentation
appears about 1 meter before the focus, then a dense bundle of
fused filament is observed over 1 meter. This seems to
corresponds to the superfilamentation regime where the fusion of
multiple filaments creates a filament with intensity higher than the
clamping intensity [38, 40]. After the focus, only a weak classical
filament is observed on the axis over one meter.

In the case of the vortex the filaments appear a bit later than for
the 6-sector beam at z = -50 cm. About 6 filaments are visible at -
100 cm, forming a quasi continuous ring of plasma at the focus.
Then this ring diverges and only 3 filaments remain 50 cm after
the focus.

In the case of the 6-sector beam, on can see first strong
diffraction effects during the linear propagation of the beam. The
beam pattern observed at z = - 200 cm results from the diffraction
of the beam by the edge of the sectors on the waveplate and by the
circular aperture of the diaphragm. At z = - 150 cm the first
filaments appear at the intensity maxima created by the diffraction
pattern. Then between -100 cm and 50 cm one can distinguish 6
filaments perfectly aligned on a ring, the diameter of which varies
between 1.9 mm (at the beginning) and 0.7 mm (at the geometric
focus). Note that the size of the filament ring generated by the m4
vortex is very close to the size of the ring of filament produced by
the 6-sector beam (Fig 1(c) and 1(c)).
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Fig. 2. (a) Amplitude of the lateral pressure wave recorded by a microphone as a
function of the position z along the laser axis for the three laser modes
considered. (b) Threshold for breakdown DC voltage between two plane
electrodes separated by 10 mm measured along propagation axis z for the 3
laser modes. (c) Breakdown probability between two pointed electrodes
separated by 30 cm and connected to the Tesla generator measured as function
of the position of the electrodes. Here, z corresponds to the position of the first
electrode, while the second electrode is 30 cm after (z + 30).



Then the energy deposition produced by the filament along z axis
has been characterized using transverse acoustic measurement.
Indeed, the amplitude of the radial pressure wave produced by the
filament is proportional to the density of deposited energy in the
filament [41]. A broadband microphone (GRAS Model 46BH 1/4”)
placed 3 cm away from the beam center has been displaced along z
to measure the amplitude of the radial pressure wave emitted by
the filament (see [17] for description). The result is presented in
Fig. 2(a) for the three beams considered. For the supergaussian
beam, one can see that the energy deposition is maximum 20 cm
before the focus and that the width (FWHM) of the heated zone is
about 150 cm. The vortex case (blue curve) presents a maximum
at the focus and a width of 200 cm. Finally, the 6-sectors beam
(violet curve) produces a maximum at z = -50 cm and extends over
~250 cm. These results are in good agreement with the burn
patterns presented in Fig. 1. The total deposited energy was
respectively of 3.8 m] for the supergaussian beam, 2.2 m] for the 6
sectors beam and 1.8 m] for the vortex.

Fig. 3. Still image of a fully laser guided discharge (a), a partially guided discharge
(b) and an event where no spark occurred (c). The distance between the
electrodes is 30 cm and the laser energy was 22 m).

We then measured the local decrease of breakdown voltage along
z produced by the LG filaments using a spark gap. The spark gap
was made of two circular disks of copper pierced in the center and
separated by 10 mm. The hole in the center had a diameter of 3
mm and the diameter of the disk was 2 cm. The disks were directly
connected to a DC High Voltage power supply (Brandenburg 2807
Alpha Serial II). In the absence of laser, the measured voltage
breakdown was 30 kV. The breakdown voltage in the presence of
the filament has been measured along z by displacing the
electrodes along the laser axis. In the absence of laser filament the
breakdown voltage threshold in the gap is 30 kV. This value of 30
kV/cm corresponds exactly to the natural breakdown field in dry
air at 1 bar for a uniform DC electric field [42]. In the presence of
the filament, a decrease of the breakdown electric field up to 50%
is observed around the geometrical focus. We note that the shape
of the decrease of the breakdown field induced by the three type of

filament presented in Fig. 2(b) is very similar to the shape of the
acoustic measurement presented in Fig. 2(a). Again, the vortex and
the 6-sectors modes produce a longer guiding zone than the SG
mode and the longest guiding length is obtained with the 6-sectors
beam.

Finally, we tested the guiding efficiency of the three beams
over decimeter scale discharges with a pulsed Tesla generator
delivering voltage pulses of 315 kV. The breakdown probability
between two pointed electrodes separated by 30 cm and
connected to the Tesla generator was measured as function of the
position of the electrodes. The result is presented in Fig. 2(c),
where z corresponds to the position of the first electrode, while the
second electrode is 30 cm after (z + 30). In absence of laser, we
observe no discharge between the electrodes (see Fig. 3c). The
breakdown probability is calculated over 10 shots. When the
breakdown occurs, we observe either a partial or a full guiding of
the discharge (as illustrated in Fig. 3a and b). With the SG beam, a
breakdown probability of 100 % is obtained between z = -70 cm
and z = 10 cm. This length is twice longer with the LG beams,
where it starts at -130 cm. We note that the curves obtained in Fig.
2(c) do not match perfectly with the ones in Figure 2(a) and (b).
We explain this, first, by the fact that the Tesla gap length is much
larger than the sampling resolution of the two other diagnostics
used, and second, by the strong non-uniformity of the electric field
in the 40 cm gap that produced asymmetric discharge precursors
(as seen in Fig. 3(c)).
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Fig. 4. Calculated laser maximum intensity (a), plasma density (b) as a function of
the propagation distance z for the three considered laser modes.

To compare the filamentation mechanism in the different cases,
numerical simulations were performed to model the nonlinear
propagation of the laser pulse. As in earlier works reporting
simulations of multiple filamentation [38, 43, 44], the electric field
envelope satisfies a nonlinear Schrodinger equation used in the
limit of frozen time approximation, which is justified in the case of
laser pulses with a duration of 550 fs propagation over a short
distance compared to the dispersion length. The model includes
the effects of diffraction, the optical Kerr effect with nonlinear
refractive index coefficient nz =2.9 x 10-*° cm?/W, plasma induced
effects including plasma defocusing, plasma absorption and
nonlinear losses due to multiphoton ionization with cross section
0g = 3.7 x 107%%s71 cm'®. W8, lonization induced effects
are implemented by a preliminary mapping between peak
intensity and electron density through the ionization model using a



fixed Gaussian pulse profile over the whole propagation length.
The numerical scheme for space marching the laser pulse relies on
standard techniques, described in [45], propagating the spectral
angular components of the field envelope for linear effects and
field spatial components in direct space for nonlinear effects. To
start from realistic input conditions, the initial laser beam in the
simulations is a 1 cm large super-Gaussian beam of order 16,
which represents the experimental beam immediately after the
focusing lens and thus carries a parabolic phase describing the
effect of the lens, a phase increment describing the effect of the 6-
sectors or M4 phase plate, and additional white noise describing
irregularities of the beam profile.

The results are presented in Fig. 4, where the laser maximum
intensity and plasma density are plotted as a function of the
propagation distance z. Note that the calculated plasma density
observed for the vortex beam is relatively low compared to
classical filament, with a density between 10! and 103 cm3, while
the 6-sectors filament exhibit classical features of femtosecond
filamentation, such as the saturation of the laser intensity at 1013
W/cm? and a peak plasma density around 106 cm?. In the case of
the supergaussian beam we retrieve an intensity profile
corresponding to a superfilamentation regime around the
geometrical focus, in agreement with the acoustic measurement
presented in Fig. 2(a). These results show a qualitative agreement
with the acoustic measurements presented in Fig. 2.

We have demonstrated that the use of LG beams with azimuthal
phase shift allows the generation of a longer and more uniform
bundle of filaments when compared to a laser beam with a flat
phase. LG are therefore able to guide electric discharges efficiently
over longer distances than gaussian beams.

For application such as the guiding of long electric discharges
[1], remote LIBS [46] water condensation [47], or cloud clearing
[48], it is required to have locally a sufficient density of deposited
energy (need for focusing) and at the same time, a long and
uniform effect. We believe that the use of LG is a promising
solution to generate the desired long and uniform plasma
filaments for these applications. In addition, the stability of the
beam phase profile of LG beams with respect to local turbulence
has been demonstrated is several studies, making them
particularly suitable for long range propagation in the atmosphere
[49-52].
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