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Abstract

Because of its extraordinary properties (intensity clamping, white light source, km long plasma channels), filamentation represents an
ideal candidate for remote sensing. However, the promising generation of filaments at long distances for such purposes remains an issue.

We propose a specially designed focusing telescope to properly deliver the laser pulses at long distance and generate powerful fila-
ments. The telescope includes a deformable mirror (DM) that corrects the wavefront’s aberrations working in a closed loop system with
a wavefront sensor (WFS). Using this setup we are able to generate extraordinarily strong nitrogen signals at a distance as far as 90 m
using 40 mJ laser pulses. Compared to the chirped based filament control technique, we believe that an appropriate control of the res-
ervoir like what we have achieved will contribute to reduce the energy of the required laser pulses and at the same time, the cost of the
required laser system.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

When propagating in the atmosphere, the non-linear
behavior of intense ultrashort laser pulses leads to the for-
mation of long plasma channels with unique properties.
Their discovery [1] awoke the interest of many researchers
in the field of non-linear optics to pursue atmospheric stud-
ies using these structures nowadays called filaments [2–5].
They represent a potential breakthrough towards the devel-
opment of atmospheric tools in the fields of LIDAR
remote sensing [6–8] and electric discharge triggering/guid-
ing [9,10], for example.

In the atmosphere, the filaments appear as a dynamic
equilibrium between Kerr self-focusing and self-defocusing
by the self-generated low-density plasma produced by mul-
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tiphoton/tunnel ionization of the air molecules [2]. Indeed,
for a non-uniform intensity distribution laser pulse (Gauss-
ian, for example) with peak power higher than the critical
power for self-focusing, the Kerr effect will act as a non-lin-
ear lens that will focus the light pulse until its intensity is
sufficiently high to ionize the medium in which it propa-
gates. The critical power is defined as

P crit ¼ 3:77k2=8pn0n2

where k is wavelength, n0 is the medium’s linear refractive
index and n2, the second order non-linear refractive index.
Once the plasma is sufficiently dense to counteract the Kerr
lens effect, the laser pulse will start to defocus. The defocus-
ing nature of the plasma limits and stabilizes the light
intensity in each of the filaments. In air, the clamped inten-
sity is approximately 5 � 1013 W/cm2 [11,12].

Filamentation intensity clamping represents an incredi-
ble advantage for atmospheric studies. In linear regimes,
diffraction limits the intensity that can be delivered around
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the focal point of any focusing device. Assuming a Gauss-
ian beam, the beam diameter will linearly increase with the
focal distance following the relation:

D/ ¼ 4f k=pD ð1Þ
where Du is the focal diameter, f is the effective focal length
of the device, k is the wavelength of the incident light and D

is the input beam diameter. Thus, the intensity around the
focal plane of a 10 J/10 ns/532 nm laser pulse focused at
500 m and 1 km would be respectively limited at
5 � 1010 W/cm2 and 1.25 � 1010 W/cm2. This intensity will
continue to go down with an increasing focal length. On
the other hand, the filament’s clamped intensity
(5 � 1013 W/cm2) provides non diffraction limited ioniza-
tion zone of constant and uniform intensity throughout
its entire filament zone, independent of the focusing dis-
tance and the pulse duration/energy. Nevertheless, the for-
mation of filaments suitable for atmospheric studies at long
distance remains an issue; a system to adequately control
the onset of filaments at atmospheric-scale distances has
to be designed.

A method to delay the onset of filaments consists of
launching negatively chirp laser pulses so that the normal
group velocity dispersion (GVD) of the medium (atmo-
sphere) is precompensated to suit the desired collapse dis-
tance [13,14]. Another method proposed by Jin et al. [15]
consists of using an adaptive optic to modify the initial
divergence of the laser pulses. They demonstrated that
the collapse position increased with the beam divergence.
They also suggested that the number of filaments generated
could be changed by modifying the initial peak power of
the pulses. Another method proposed consisted of using
astigmatism to control the number of filaments and their
stability and a long distance [16].

However, high power laser pulses emitted from the pop-
ularly used Ti–sapphire amplifiers have relatively large
diameters and relatively low quality spatial profiles. The
hot zones generated will each tend to self-focus into a fila-
ment. This is the phenomenon of multiple filamentation
[17]. Multi-filaments arising from such relatively large
diameter pulses are widely spaced and compete for the
energy inside the limited reservoir of the pulse resulting
in a low number of random filaments [18].

A technique to avoid or minimize this competition is to
reduce the beam diameter such that when they self focus,
the various hot zones will ‘cooperate’ and the electric field
distribution of and around each filament will undergo con-
structive interference with the others. This interference
occurs because the filaments are now very close to one
another. In addition, their formation is enhanced with an
optimal use of the closely available energy reservoir. This
idea was indeed proven valid by Luo et al. who have
increased the N2 fluorescence signal by more than three
orders of magnitude with laser pulses of initial diameter
three times smaller [18]. However, in this case, filamenta-
tion started rather early and the self-focusing position
could not be changed naturally by increasing the negative
chirp or the beam divergence. This is because when the
laser beam diameter is decreased, the hot zones’ diameters
are also reduced and forced together around the beam cen-
ter. According to the Marburger formula [19],

zf ¼
0:367ka2

P
P crit

� �1=2

� 0:852

� �2

� 0:0219

( )1=2
ð2Þ

for the same peak power (P), a smaller diameter (d = 2a)
hot zone would lead to a shorter self-focal distance (zf).
Therefore, a smaller beam produces powerful filaments
but causes early filamentation.

Liu et al. [20] proposed a method to properly control the
filaments at long distances that combines beam expansion
and geometrical focusing. The device consists of a 5 cm
diameter convex mirror, whose focal length is �50 cm,
and a focusing lens with focal length of 100 cm (diameter
of 8 cm). The focusing lens was installed on a motorized
stage, allowing a variable effective focal length. The pur-
pose of the device is to generate energetic filaments at a
far distance. In order to counter the unwanted effects of
multiple filamentation competition for the energy in the
reservoir, the hot spots are stretched by increasing the
beam diameter with the convex mirror. This process delays
the onset of filaments. In fact, from (2), a larger beam
diameter leads to an increased self-focusing distance. The
converging lens is adjusted so that the geometrical focus
is much shorter than the non-linear focus. This means that
all the energy contained inside the reservoir is merged
around the geometrical focusing area where a sudden gen-
eration of strong constructively interfering filaments
occurs. However, as the focusing distance increases, the
validity of the approximation is not accurate anymore. In
fact, because of the limited lens size, the difference between
the self focal and geometrical distance becomes larger for
longer focal distances and leads to multiple filament
competition.

In an attempt to increase the filamentation onset dis-
tance, a new telescope that could further increase the beam
diameter was designed. Since it is difficult to build a large
diameter lens sufficiently thin to prevent nonlinearities in
the bulk material, it consists of two slightly off-axis reflec-
tive optics: a convex dielectric mirror of �25 cm focal
length followed by a 1 m focal length aluminium coated
concave mirror. The concave mirror can handle beam
diameters as large as 15 cm. In theory, such a large beam
size places the non-linear focus at approximately 5 km
Eq. (2) and allows kilometer range applications. Unfortu-
nately, because of the tilted mirrors, the telescope proved
itself as being inappropriate for this purpose. Fig. 1 shows
the images that were taken with a CCD camera looking at
the 800 nm/50 mJ negatively-chirped-1 ps pulse scattering
from a white sheet of paper located at regularly spaced
positions along the propagation axis. The beam pattern is
highly astigmatic and in these conditions, no strong fila-
ments were produced. In this work, we would like to report



Fig. 1. Beam patterns measured with a CCD camera looking at the uncorrected 800 nm/50 mJ negatively-chirped-1 ps pulse scattering from a white sheet
of paper located at regularly spaced positions along the propagation axis.
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on how an adaptive optic was used to solve the astigmatism
problem and generate powerful filaments for atmospheric
studies.

2. Propagation control setup

In this experiment, the filaments were produced with the
same laser pulses at different energies. These pulses were
focused through a 30 m long corridor with the variable
focal length sending telescope presented in Fig. 2. The tele-
scope consists of a 5 cm diameter convex deformable mir-
ror DM (Visionica Ltd.) [21] of �25 cm focal length
mounted on a translation stage followed by a 20 cm diam-
eter aluminum coated concave mirror. It is working in a
closed loop system with a Shack–Hartmann wavefront sen-
sor (WFS) located after the delivering telescope. The sensor
Fig. 2. Schematic of our specially designed focusing telescope. The setup inclu
system to correct the induced aberrations.
observes the wavefront transmitted through a leaking
10 cm diameter wedge with dielectric coating on one side
that reflects 99% of the beam’s energy towards the target.
Based on the measured/calculated wavefront, a genetic
algorithm automatically drives the various deformable mir-
ror’s actuator groups to obtain a nearly flat wavefront.

The Shack–Hartmann detector works as follows. The
wavefront leaking through the wedge is imaged on a 2D
array of 1000 lenslet. Each lenslet focuses the local wave-
front on a CCD camera located at the lenslet’s focal plane.
Fig. 3a shows the CCD image of an arbitrary wavefront.
Any local phase shift of the wavefront transmitted through
a lenslet will be deviated, on the CCD plane, with respect to
the lenslet axis (Fig. 3b). Based on each deviation, the local
phase shifts can be calculated to reconstitute the entire
wavefront’s phase. Then, the genetic algorithm of the
des a deformable mirror and a wavefront sensor working in a closed loop



Fig. 3. (a) Shack–Hartmann wavefront sensor schematic. (b) A CCD image from an arbitrary wavefront measured with the wavefront sensor.
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closed loop system drives each actuator groups of the mir-
ror to obtain a nearly flat wavefront at the exit of the send-
ing telescope.

The deformable mirror consists of 16 thin plates of piez-
oceramic material coupled to a glass substrate. The expan-
sion/contraction of the piezoceramic plate is controlled by
the polarization and magnitude of the voltage applied to an
individual actuator. The voltage is applied throughout a
network of electrodes deposited on the inner side of the
substrate. On the outer side, a dielectric coating has been
deposited to optimize the reflectivity around 800 nm.

A genetic algorithm allows cooperative work between
the deformable mirror and the wavefront sensor. It is
designed to automatically correct to a flat wavefront.
Instead of testing random piezoceramic plates, the algo-
rithm controls different groups of actuators that correct
for specific aberrations. Fig. 4 presents the wavefront’s
Fig. 4. (a) Interferogram of the defocusing group
deformation produced by two of the eleven prepro-
grammed actuator groups. The images correspond to the
interferograms between the wavefronts measured without
and with mirror correction. Fig. 4a and b shows the defo-
cusing and astigmatic actuator groups respectively. As
expected, the defocusing group induces a phase shift along
the radial direction and the astigmatic group induces a
phase shift between orthogonal directions. The genetic
algorithm optimizes the voltages applied to each of the
groups to obtain the optimal wavefront.

3. Experiments and results

The beam was folded twice at each end of the corridor
with dielectric mirrors reflecting around 800 nm at 0� inci-
dence angle. The effect of the deformable mirror is thus
tested for laser pulses propagating up to 90 m. The beam
. (b) Interferogram of the astigmatic group.
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profile is characterized as a function of the propagation dis-
tance with a CCD camera looking at the laser scattering
from a white sheet of paper. The beam profiles are shown
in Fig. 5. A comparison with the uncorrected beam pat-
terns (Fig. 1) shows that the laser’s astigmatic behavior
was significantly reduced. But more importantly, the focal
area at 85 m is more than 16 times smaller for the corrected
pulses. This energy reservoir confinement around the focal
area will greatly enhance the probability of filaments’ for-
mation at long distances.

The filaments were characterized using the molecular
fluorescence emitted from N2 present in air which was
detected in a LIDAR [22] configuration. It consists of a
28 cm diameter mirror of 1.5 m focal length and a gated
photomultiplier tube (PMT) positioned near the mirror’s
focal length. The detected signal was filtered using a
4 mm thick UG11 filter [24] and a 800 nm dielectric mirror
positioned in front of the gated PMT. The geometric focal
length of the telescope is approximately 78 m. The LIDAR
was positioned near the sending telescope and the PMT
gating was adjusted so that only the segment with filamen-
tation is observed (60–90 m). Therefore, the laser beam
propagated over 90 m, but the LIDAR looked from a dis-
tance ranging from 5 m to 30 m. And the LIDAR equation
has been used to calibrate the obtained signals up to 90 m.
This extrapolation would be much more accurate than pre-
vious extrapolation [8] since we do not make any assump-
tion of the filament length.

Characteristic signal traces retrieved from the oscillo-
scope are shown in Fig. 6. For this experiment, the fila-
Fig. 5. Beam patterns measured with a CCD camera looking at the corrected 8
paper located at regularly spaced positions along the propagation axis.
ments were generated from 1 ps negatively chirped laser
pulses of energies ranging from 30 to 50 mJ. The horizontal
axis corresponds to the time elapsed from the trigger, but it
has been calibrated to represent the laser propagation dis-
tance. Each trace was accumulated for 2500 laser pulses.

In this figure, the two first peaks on the left is noise
induced by the PMT’s gating signal and the peak at the
right hand side is the white light scattering from the beam
dump located at the end of the corridor. In between, the
fluorescence signal detected provides important informa-
tion concerning the position and length of the filament
structure. In the present case, the filaments were formed
after 72 m propagation and ended around 77 m.

We then decided to repeat this set of experiment using
longer pulse durations. The results are presented in
Fig. 7. Each data point corresponds to the integrated N2

fluorescence signal measured by the gated PMT. From
these plots, we observe that as the pulse duration is short-
ened, the detected fluorescence signal increases signifi-
cantly. But more importantly, a 40 mJ/1 ps negatively
chirped pulse can produce the same signal as a 50 mJ/
5 ps negatively chirped pulse. This signal enhancement is
due to the increased pulse power which would normally
lead to the formation of more individual filaments. How-
ever, it has been reported [17] that short pulses multiple fil-
amentation often generate weak and random fluorescence
signals. Another scenario is that the wavefront of the pulse
is sufficiently smooth to produce, near the geometrical
focusing area, a single and powerful structure embedding
all the produced multi-filaments. In this case, constructive
00 nm/50 mJ negatively-chirped-1 ps pulse scattering from a white sheet of



Fig. 6. Gated PMT trace measured in a LIDAR configuration for various pulse energies (1 ps negatively chirped).

Fig. 7. Integrated N2 fluorescence signal plotted as a function of the pulse energies and pulse durations.
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interference of the many filaments [18] generated would sig-
nificantly enhance the measured fluorescence signal.

We performed another experiment to observe the laser
pulses’ transverse beam profiles near the focal zone. This
time, the telescope focal length was fixed at 85 m where a
thick polished piece of bulk fused silica glass was placed
at a grazing angle (15� with respect to laser propagation)
inside the filamentation zone formed by focused corrected
pulses. The first surface’s reflection was sent towards a
CCD detector protected by a neutral density filter of
0.009% transmission. Fig. 8 shows three pictures taken
when 35, 40 and 45 mJ laser pulses propagated in the cor-
ridor. These filaments’ patterns suffer from shot-to-shot
fluctuations. However, these three images provide impor-
tant informations concerning long distance filamentation
onset. In fact, a comparison between Fig. 8a and b shows
that the energy threshold for the collapse into filaments
at 85 m is approximately 40 mJ. At this energy, multi-fila-
ments are formed. As the energy is increased, the multi-fil-
aments feeding from the focused energy reservoir undergo
constructive interference. Because of intensity clamping,
the filaments produced with higher energies have larger
diameters [23]. As the pulse’s energy increases further, each
separate filament grows bigger and eventually merges into
its neighbors; i.e. these filaments fuse into a larger structure
(Fig. 8c, 45 mJ).

In order to characterize the plasma inside the filament, a
photomultiplier tube (PMT) isolated by a UG11 filter [24]
and a 800 nm dielectric mirror, positionned at 85 m, mea-
sured the N2 fluorescence from the side of the filament.
Fig. 9 shows the PMT signal averaged over 512 laser shots
as a function of the pulse energy for the uncorrected and
corrected wavefronts. From 5 mJ to 60 mJ, no significant
fluorescence was emitted when the deformable mirror was
inactive, i.e. no filaments were created. On the other hand,
when the mirror correction was applied, strong signals
were detected starting at 45 mJ. These results confirm that
constructive interference of the filaments sharply increases
the plasma generation. In fact, as the pulse energy increases
from 40 mJ to 45 mJ, the fluorescence detected increased
by a factor of four. Fig. 8b shows the beam pattern for
the 40 mJ case. The few multiple hot spots give rise to a



Fig. 8. CCD images retrieved from the reflection of a thick fused silica sample located near the geometrical focus area (d). At 40 mJ (a), no filaments are
observed, at 45 mJ (b), well separated multi-filaments are observed and at 50 mJ (c), constructive interference of the multi-filaments is observed.

Fig. 9. Integrated N2 fluorescence signal measured with a PMT in a side imaging configuration (a). The results are plotted for various pulse energies (b).
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low fluorescence signal. At 45 mJ, these filaments start to
fuse into a tight bundle (Fig. 8c). This effect drastically
enhances the emitted fluorescence signal. We believe that
this powerful filament bundle is the tool required for effi-
cient atmospheric studies.
4. Discussion

In Ref. [15], only the defocusing group, shown in
Fig. 4a, has been used to control the divergence of the laser
pulses. They varied the voltage applied to the actuator



Fig. 10. Extrapolation over distance based on a reference N2 fluorescence signal measured with a 50 mJ/1 ps negatively chirped pulse.
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group that can modify the curvature of the launched wave-
front. For this type of control, a wavefront sensor is not
required. The purpose of their experiment was to find a
convenient method to control the position of the onset of
filaments. However, the filaments obtained appear as being
inadequate for atmospheric applications. In fact, with
300 GW pulses, the onset of the filaments was delayed to
40 m with a 0.5 mrad diverging pulses. Nonetheless, this
collapsing distance is insufficient for atmospheric studies.
Moreover, the filaments resulting from large diverging
pulses are widely separated; mutiple filamentation competi-
tion would be unavoidable and it would generate weak
plasmas as was shown in Ref. [17].

In an attempt to improve Liu et al.’s [20] design, we used
a deformable mirror working in a closed loop system with a
Shack–Hartmann wavefront sensor to correct the aberra-
tion induced by a telescope that optimizes filament genera-
tion at a long distance. As opposed to Ref. [15], the
deformable mirror corrected the astigmatism induced by
the focusing device to generate constructively interfering
strong filaments at various distances up to 85 m. The lim-
ited size (30 m long corridor) of our installations did not
allow longer propagation distances. In fact, for focal dis-
tances beyond 90 m, the laser beam cannot be folded any-
more because of the limited size of our mirrors reflecting
the beam at the corridor’s ends.

This is why extrapolation based on the LIDAR equation
[22] has to be performed to demonstrate that filamentation
can be used as a remote sensing tool at atmospheric scale.
The gated PMT signal shown in the inset of Fig. 10 was
used for the calculation. It was measured with our LIDAR
at a distance of approximately 15 m. In this case, the fila-
ments were formed after 75 m propagation with 50 mJ/
1 ps negatively chirped pulses. The extrapolation is based
under the assumption that it is possible to generate, no
matter what the focal distance is, the same signal (fila-
ments) that was obtained at the reference position. As
shown in Fig. 10, we expect that the fluorescence signal
would be equal to three times the standard deviation if it
were produced at 1.05 km. Such a long remote sensing dis-
tance would be suitable for most atmospheric and military
applications.

As of now, the main limit to the development of atmo-
spheric technologies with intense ultrashort laser pulses is
the price of the laser system. In fact, the powerful laser sys-
tems required are usually priced at the million dollars (US)
level. The development of techniques that optimize fila-
mentation generation at long distances will contribute to
reducing the cost of the required laser systems. We demon-
strated that with an adequate spatial control of the back-
ground reservoir, 35 mJ pulses (Fig. 6) can produce
filaments sufficiently powerful to generate an appreciable
N2 fluorescence signal after 75 m of propagation. More-
over, we demonstrated that if the wavefront is sufficiently
smooth, increasing the pulse power by reducing its dura-
tion can significantly enhance the generated fluorescence.
From Fig. 7, we see that a 40 mJ/1 ps negatively chirp
pulses can provide the same signal as 50 mJ/5 ps negatively
chirp pulses. Therefore, if the pulse energy required to pro-
duce the filaments is reduced, the laser systems emitting
these pulses would be cheaper, of smaller dimension and
more attractive to the industrial sector.

5. Conclusion

We believe that the obtained results are very promising
for the development of filamentation technologies for
atmospheric applications. We demonstrated that a spe-
cially designed sending telescope based on adaptive optics
technologies can produce powerful filaments at a long dis-
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tance with a relatively low energy level. We showed that
these constructively interfering filaments produce strong
fluorescence signals and will most probably improve
remote sensing measurements at atmospheric scales.

However, there is still some room left for improvements.
In fact, from Figs. 5 and 8 the astigmatism is still not
totally removed by the deformable mirror. This aberration
favors multiple filamentation regime by spreading the
energy reservoir away from the propagation axis. For opti-
mum results, the desired beam pattern around the focusing
area has to be circular and tightly focused. In this way, the
filaments will feed from the intense energy reservoir closely
surrounding the tight bundle giving rise to strong fluores-
cence from the ionized medium.
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