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Laser filamentation is a spectacular phenomenon, where self-focusing of the laser pulse generates ionizing 

light channels. Many applications of filamentation, such as the laser lightning rod, require the generation of 

superfilaments, long plasma channels of higher electron density than normal filaments. Using a multifocal 

phase mask, we demonstrate an extension of the superfilamentation length of a focused terawatt laser beam. 

Optimized superfilaments show an increased energy deposition compared to a normal gaussian beam and an 

extension of their length by at least a factor two. When put in contact with a high voltage electrode, the 

guiding of a single plasma column with a length of ~1 m is observed. The length of an air waveguide 

generated by a vortex laser pulse is also increased by a factor 2 in the presence of the phase mask. 

 

When ultrashort pulses propagate in air, a phenomenon called filamentation occurs if their peak power    exceeds a 

critical value     of a few Gigawatts
1
. In this process, the Kerr effect leads to the self-focusing of the beam until 

nitrogen and oxygen molecules undergo multiphoton absorption and ionize to form a plasma. Then a defocusing 

effect caused by the plasma hinders the collapse of the beam. The ensuing dynamic competition between self-

focusing, plasma defocusing and other nonlinear effects enables the laser pulse to maintain a very high intensity over 

a long distance, leaving in its wake a continuous plasma channel
2-4

. 

By manipulating these light filaments, various applications can be achieved. For instance, terahertz
5,6

 or 

microwaves sources
7,8

, backward-propagating air lasing for remote sensing
9,10

, drilling holes through cloud for 

optical communication
11,12

, air waveguides for optical
13-15

 and plasma waveguides for microwave radiation
16

, 

actuator for supersonic vehicles
17

 as well as laser-guided lightning have been reported
18

. These applications rely on 

two crucial parameters of the filaments: the density and the length of the plasma column.  

Regarding the filament plasma density, previous studies have indicated that when         , the collimated beam 

collapses to form a single filament with a clamped laser intensity around 5x10
13

 W/cm
2
 and a plasma density around 

10
16

 e
-
.cm

-3 
(for a laser at 800 nm)

19
. When         modulation instabilities lead to the formation of an assembly of 

random filaments
20

. If the beam is focused, these multiple filaments can merge to self-organize in narrow 

superfilaments, where the laser intensity increases beyond the clamping intensity, and the electron density exceeds 

significantly the normal filament density
21-25

.  

Concerning the length of the plasma strings, when        , it is limited to a meter scale by the plasma 

recombination time
26,27

. When         the multiple plasma strings extend the plasma region to several tens of 

meters
3
. The length of superfilaments generated plasma is expected to be short, due to the high plasma density 

further reducing their recombination time. In order to increase the plasma length researchers have split the beam into 

multiple beams and focused them at different distances
28-30

. Alternatively, a “broken lens” focusing the beams at 

different positions can create a series of concatenated filaments
31

. However, these methods require complex focusing 

optics and time-delay control systems. Furthermore, these methods prevent intricate filament structures, such as 

those produced by vortex laser pulses. 

In this letter, we report a simple method to significantly increase the plasma length even in the regime of 

superfilamentation by adding a multifocal phase mask (MPM) in the path of the laser pulse. A comparison with and 

without the phase mask reveals a more efficient deposition of the laser energy. This extended superfilament could 

guide a plasma column over nearly 1 m when it was put in contact with a high voltage electrode. We also show that 

the phase mask is compatible with a laser pulse having a vortex phase. The length of the air waveguide produced by 

this vortex filament is then increased by a factor 2. 
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FIG. 1. Setup for generating extended laser superfilamentation. 

The principle of the experiment is illustrated in Fig. 1. A focused laser beam is partially diffracted in a phase 

mask (Holo/Or). This allows the incident beam to be focused at multiple focal distances along the axis of 

propagation with equivalent laser energy
32

. The laser used is a Ti:Sa CPA laser system from Amplitude. It delivers 

laser pulses at a repetition rate of 10 Hz with a center wavelength of 800 nm, a minimum pulse duration of 50 fs, and 

a maximum energy per pulse of 200 mJ. In our experiments, the diameter of the beam was limited to 22 mm 

(FWHM) by the phase mask aperture. To protect the phase mask, we chose a pulse duration of 500 fs with a positive 

chirp and a single pulse energy of 120 mJ (92 mJ for the air waveguide experiment). Experiments were conducted 

with a focusing lens of focal f = 2 m (N.A. = 0.01) for the guided discharges and f = 4 m (N.A. = 0.005) for the air 

waveguide. 

To distinguish the effects of multiple on-axis focusing, we characterized the filaments generated by a pulse of 

120 mJ energy (      ) with and without the phase plate and compared them to a normal single filament produced 

by a pulse of 10 mJ energy (       ,). Two methods were used to detect the presence of plasma.  The first method 

detected the side fluorescence of the plasma with a CMOS camera placed 40 cm away from the filament. The second 

used a wide-bandwidth microphone (GRAS Model 46BH 1/4’) placed 30 mm away from the filament. This 

microphone measures the lateral pressure wave generated by fast laser energy deposition, which is roughly 

proportional to the energy in the plasma
33

. Results are shown in Fig. 2. With an incident pulse of 10 mJ energy, the 

plasma luminescence signal gives a signal corresponding to the clamped plasma density n ~ 10
16

 e
-
.cm

-3 
of a normal 

filament. The width of the plasma column, shown in Fig. 2(a) is ~ 100 µm, in agreement with previous reports
1
. 

Between z = -15 cm and z = 10 cm, the plasma luminescence signal of the 120 mJ pulse is approximately 5 times 

higher. It corresponds to an increased plasma density, typical of superfilaments
21

. The width of the superfilament 

plasma column, recorded in a single laser shot and shown in Figure 2(b) is also ~ 100 µm. Note that it is surrounded 

by a zone of lower plasma density. In the presence of the multifocal phase mask, three peaks are observed in the 

range from z = -25 cm to z = 20 cm, corresponding to the three focal positions. The magnitude of the luminescence 

signal over this range indicates the presence of three merged superfilaments.  

The deposited energy was measured with and without the phase mask for different incident pulse energies with a 

focusing lens of 2 m and 3 m. The filaments produced with the phase mask deposited on average about 50% more 

energy than supergaussian beam with the same input energy. This means that it allows obtaining a more uniform 

energy distribution along the laser axis and also increases the percentage of ionizing laser energy. This explains why 

the peak signal of the extended superfilamentation does not decrease significantly when compared to a typical 

superfilament. 
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FIG. 2. Comparison between a regular filament, a typical superfilament, and an extended superfilament. (a), 

(b), (c) and (d) are plasma luminescence signals measured by a commercial camera in a single laser shot. (a) 

supergaussian (SG) pulse with 10 mJ energy, (b) same pulse with 120 mJ, (c) same pulse with 120 mJ but 

with the phase mask. (d) axial plasma luminescence integrated L over ten laser shots. The red arrows in (d) 

correspond to the positions of the measurements in (a), (b) and (c). (e) amplitude of the radial acoustic wave 

measured by a microphone positioned 30 mm away from the laser axis for the same cases as in subfigure (d) 

as a function of position z along the laser propagation axis. Position z = 0 corresponds to the geometrical 

focus of the beam of numerical aperture N.A. = 0.01. The dotted horizontal line in (d) gives the magnitude of 

a clamped plasma. 

 

We tested the potential of this extended superfilamentation for the guiding of electrically charged plasma 

columns
34

. Using a pulsed Tesla generator providing a 315 kV voltage pulses on a sharp electrode, we observed the 

length of the plasma when it was put in contact with the tip of the charged electrode. The pointed Tesla electrode was 

placed at the geometrical focus of the beam. Without laser or with a single filament (10 mJ), only the radiation from 

small erratic streamer discharges of a few centimeters was observed around the electrode. The plasma luminescence 

of a superfilament in absence of high voltage and MPM, integrated over 10 shots, is shown in Fig. 3(a), 3(b). In the 

presence of high voltage, a charged plasma column of approximately 40 cm was observed, which is twice the length 

of the superfilament. (Fig. 3(a), (c)). In the presence of the phase mask and of the high voltage, the extended laser 

superfilaments shown in Fig. 3(d), (e), allows the guiding of a single continuous plasma column of 86 cm length 

(Fig. 3(d), (f)). As discussed in ref. 35, this guiding occurs because the plasmas expand very rapidly along the long-

lived low-pressure track left in the wake of the propagating filamentary pulse
36

.  

An interesting application of filamentation is the production of remote optical waveguides. Similar to a step index 

fiber, an air waveguide can be used for the transport of nanosecond laser pulses, or for the remote collection of 

spectroscopic signals
13

. Remote optical waveguides can be formed when multiple filaments produced by a laser pulse 

generate pressure waves converging to the laser beam axis to form a high-pressure zone hundreds of microseconds 

after the passage of the laser pulse. Optical air waveguides are obtained by dividing the beam profile into several 

discontinuous phase sectors or by generating a beam with a vortex phase. We used our phase mask to increase the 
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length of air waveguides generated by vortex filaments. The filamentation of a vortex beam can create multiple 

parallel filaments. After few hundreds microseconds, heating of the gas in the filaments evolves into a higher gas 

density on axis
14,15

. We found that it is very difficult to generate multiple superfilaments with vortex beams because 

of risk of damage of the vortex phase plate. Therefore, this section is discussed only in the context of regular 

filaments. To generate the vortex beam we used a vortex phase plate with a topological charge m = 8. The laser 

energy was fixed at 92 mJ and the beam was weakly focused in air through a lens with a focal length of f = 4000 mm 

(N.A. = 0.005). We first measured the acoustic signals generated by both normal vortex filaments and extended 

vortex filaments, as shown in Fig. 4. For the vortex filaments an acoustic signal is observed between z = -150 cm and 

z = 200 cm.  In contrast, with the extended vortex filaments the plasma goes from z = -225 cm to z = 450 cm, 

indicating that the phase mask also doubled the length of the vortex filaments, suggesting that it can also extend the 

length of air waveguides. 

  

FIG. 3. Comparison of plasma length obtained with and without applied voltage using a typical superfilament 

and extended superfilamentation. (a) On axis luminescence signal of the laser superfilament (black curve) and 

of the charged plasma channel (red dashed curve) as a function of the propagation distance. (b) Plasma 

luminescence of a typical superfilament without applied voltage recorded over 10 laser shots. (c) Plasma 

luminescence of a typical charged plasma channel with applied voltage recorded in a single laser shot. (d) 

Same as a but with phase mask. (e). Same as (b) but with phase mask. (f). same as c but with phase mask. The 

estimated width of the plasma channel is < 100 µm. The laser energy is 120 mJ, and the focusing lens is f = 

2000 mm. The pointed electrode is placed at z = 0. The laser is propagating from left to right and the camera 

is at a distance of 1 m from the plasma. 

We conducted air waveguide tests using as a probe beam a Yb:YAG laser pulse at 532-nm with an energy in the 

μJ-level and a pulse duration of 10 nanoseconds. The delay between the femtosecond and nanosecond laser pulse 

could be controlled using a delay generator. A dichroic mirror was used to combine the two beams. The profile of the 

532-nanometer probing beam was captured by a CMOS camera located 10 meters behind the lens, with a color filter 

to block the light from the fs laser at 800-nm (See description of the setup in detail in ref 14). In previous studies, we 

determined that the efficiency of this air waveguide is highest at a delay of 500 μs after the formation of the filament. 

In the Fig. 4 (c-d), we present the profile of the probing pulse sent 500 μs after the generation of the filament, as 

captured by the CMOS camera for three different cases: b) in the absence of filaments, c) in the presence of filaments 

generated by the vortex phase-plate and d) in the presence of filaments generated by the vortex phase and the 

multifocal phase mask. One can see that the diameter of the guided beam measured 6 meters after the lens 

geometrical focus is almost 2 cm without air waveguide, is 6.4 mm at the output of the air waveguide alone and is 

almost two times smaller in the case of the extended vortex beam (3.2 mm width). This corresponds to the diffraction 

of a guided beam with a diameter of 0.8 mm FWHM going out of the waveguide at z = 150 cm without MPM and at 

z = 350 cm with the MPM. The air waveguide is therefore extended by 2 m in the presence of the MPM. 
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FIG. 4. Air waveguide produced by the filaments. (a) Amplitude of the transverse acoustic wave measured by 

a microphone 30 mm away from the laser filament axis. The laser beam has an energy of 92 mJ, a duration of 

500 fs and a vortex topological charge m = 8. (b-d) profile of the probe beam measured at z = 10 m at the 

output of the air waveguide, in the absence of filament (b), in the presence of filaments generated by the 

vortex phase-plate (c), and in the presence of filaments generated by the vortex phase and the MPM (d). The 

probe beam is sent 500 μs after the fs laser pulse. 

 

In this study, the length of laser superfilaments was extended by a factor two using a multifocal phase mask. 

Through measurements of acoustic signals and deposited energy, we demonstrated that this method leads to a more 

efficient deposition of energy along the laser path, when compared to normal focusing modes, while maintaining a 

high laser intensity. We also demonstrated that the multifocal mask can expand the guided length of a charged 

plasma column to almost 1 m. By combining this method with a vortex beam, the length of the generated air 

waveguide was also doubled. We believe this phase mask method has the potential to be useful in atmospheric 

applications sensitive to filament plasma lengths, such as lightning control
18

, optical communication through fog and 

cloud layers
11

, satellite communication
37

 and filament waveguiding
15,16

 over longer distances. 
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