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ABSTRACT We report long-range self-channeling in air of mul-
titerawatt femtosecond laser pulses with large negative initial
chirps. The peak intensity in the light channels is at least one
order of magnitude lower than required for multiphoton ioniza-
tion of air molecules. A detailed comparison is made between
experiments and realistic 3 + 1-dimensional numerical simu-
lations. It reveals that the mechanism limiting the growth of
intensity by filamentation is connected with broken revolution
symmetry in the transverse diffraction plane.

PACS 42.65.Sf; 42.25.Bs; 42.65.Jx; 52.38.Hb

Understanding the nonlinear propagation of powerful ultra-
short laser pulses in the atmosphere has become important in
view of several applications. For instance, remote multicom-
ponent pollutant detection [1-3], lightning protection [4, 5],
long-range propagation of light bullets [6] and production of
secondary sources rely on femtosecond filamentation [7—-13].
This term refers to the self-channeling of femtosecond laser
pulses in the form of stable high-intensity light filaments.
This phenomenon was discovered in the late 1990s with
lasers emitting at infrared (IR) wavelengths [7, 14]. Filaments
with diameters around 100 wm and peak intensities below
10'* W /cm? were observed, sufficient to leave in their wake
plasma strings with a density around 10'® cm~3.

For many applications, a control of femtosecond filamen-
tation over long distances is crucial. A considerable literature
has been devoted to the properties of single light filaments
with energies in the range 1-10mJ. They are typically ob-
tained when subpicosecond pulses at near-IR wavelength,
with a peak power slightly above a minimum value P ~
5 GW, are launched in air. Femtosecond filamentation in such
a case relies on a competition between well-identified nonlin-
ear effects. The whole beam first undergoes self-focusing until
the intensity reaches a sufficiently high value to trigger ion-
ization. Plasma defocusing then stops the collapse that would
have occurred in the absence of any saturating mechanism.
A plasma string is formed at the beginning of the filamenta-
tion process, followed further down by occasional ionization
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spikes that prevent beam collapse, resulting in a self-guided
light pulse over several tens of meters. Characteristics of fil-
aments such as the beam diameter, the self-guided pulse in-
tensity, the time profile or the plasma string density are well
reproduced by numerical simulations [8, 15].

The propagation of ultra-short pulses with a higher laser
power P > P is less understood. It has been reported by
several groups that the inhomogeneous input beam typic-
ally breaks up into several spots during the self-focusing
stage. Each filament carries about the same energy as in the
case of a single filament. A model has been developed to
explain this behavior, although no detailed comparison be-
tween numerical and experimental results is yet available. In
the model, short-scale multifilamentation occurs, due to un-
avoidable beam irregularities, giving rise to N filaments, with
N ~ P/P,. Collapse of each filament is limited by ioniza-
tion. Each filament eventually gives back most of its energy
through diffraction to a common laser-energy pool [16]. Suc-
cessive multifilamentary patterns with decreasing numbers of
filaments are formed, until the reservoir energy is exhausted.
The typical distance over which ionizing filaments subsist is
of the order of a hundred meters [17, 18].

This letter reports experimental results concerning the
propagation of intense short laser pulses along a horizontal
path ranging over long distances d > 500 m. We observe sta-
ble millimeter-size light channels extending over a range of
several km [20]. However, in contrast to the usual filaments
obtained with small chirp, we find no evidence of ionization
in the channels, showing that another mechanism is limiting
their peak intensity. In order to obtain insight into this regular-
izing mechanism, we have compared the experimental results
with realistic numerical results, using a nonlinear propagation
code which describes successfully the regime P 2> P... We
find that it is not necessary to add any new saturation mech-
anism to reproduce the experimental results, provided the full
three-dimensional aspect of the beam-intensity profile is cor-
rectly taken into account. Numerical simulations performed
in an ideal case with the addition of small perturbations re-
veal a crucial feature for regularizing the light channeling over
long distances. Each light channel breaks up and nucleates
subchannels which compete for the available laser energy. In
the absence of an initial intensity perturbation breaking the
axial symmetry, the usual ionization-limited filamentation is
recovered.
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Experiments were performed with a CPA (chirped pulse
amplification) multiterawatt laser system, called “teramo-
bile” [21]. It consists of a Ti:S oscillator followed by sev-
eral stage amplifiers, delivering pulses of 200-mJ energy and
a minimum duration of about 100 fs at a repetition rate of
10 Hz. The pulse is stretched in time before amplification to
avoid damage in the amplifiers and then is recompressed at
the output by a compressor stage consisting of a pair of grat-
ings. This scheme allows us to easily adjust the initial pulse
duration before launching the laser pulse in the atmosphere,
by imparting a residual linear frequency chirp (either posi-
tive or negative) to the emitted pulse. The beam diameter at
the output of the compressor is 3.4 cm, with a marked top-
hat intensity profile. The laser path propagated 3 m above the
ground, during a period of the night when air turbulence was
minimal.

Measurements of the beam energy and beam-intensity
profile were performed at various locations along the propa-
gation path, up to a distance of 2300 m, for various initial
chirps. The beam energy was detected with a calorimeter,
over a surface of 15-cm diameter. The intensity distribution in
the beam was recorded either by direct single-shot exposure
of calibrated photographic plates, or by forming the image
of a white diffuser put in the path of the beam. In addition,
detection of air ionization was performed using different tech-
niques developed for single filaments: direct electrical con-
ductivity [22, 23], detection of low-frequency radiation from
the plasma column [24] or detection of the luminescence from
ionized nitrogen molecules [25]. Most experiments were per-
formed with a collimated beam with a 3.4-cm-diameter size.
Some experiments were also performed using an expanding
telescope and a focusing beam geometry, without signifi-
cant improvements on the peak intensity at long distances
(> 500 m). Collimated beam experiments are discussed here.

Highest laser intensities at long distances were found only
when the redder spectral components of the pulse were ini-
tially retarded from the bluer components (large negative
chirp). For a 200-mJ pulse with a chirp set at or close to its
minimum, strong ionization of air was observed over a dis-
tance of up to 100 m, starting after a few meters of propagation
in air. The beam emerging from the ionization region had
alarge fraction of its energy converted into a white continuum
extending from the ultraviolet to the infrared. The beam also
had a significant divergence of the order of 1 mrad, such
that the beam intensity rapidly decreased at long distances
d > 500 m. On the other hand, a strong negatively chirped
pulse prevented early filamentation, yet could deliver high in-
tensity at long distances, because of pulse compression due
to the group-velocity dispersion of air [1,26]. The polariza-
tion of the laser beam was measured step by step along the
propagation axis and remained linear.

Figure 1a and b show single-shot exposures on calibrated
photographic plates recorded at 630 and 1010 m. The initial
pulse duration was 9.5 ps with negative chirp. The millimeter-
size high-intensity spots were rather reproducible from shot-
to-shot except for small fluctuations in the transverse position,
presumably due to air turbulence, and tended to align along
the periphery of a circle approximately equal to that of the
initial beam dimension, as can be seen from the image of
successive laser shots recorded at 830 m (Fig. 1c—f). Similar
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FIGURE 1 Transverse flux recorded by photographic plates. The initial
pulse duration was 9.5 ps with negative chirp. a 630 m, b 1010 m, c¢—f laser
shots taken at 0.1-s interval. The image from a diffusor is recorded from
a CCD camera at a distance of 830 m

results were obtained with pulse durations ranging between 3
and 10 ps, up to our longest path of 2350 m. More than 80%
of the initial pulse energy was still present at a distance of
1 km. Inspection of photographs taken with a smaller contrast
showed that most of the laser energy is distributed unevenly
between the light channels, with connecting paths between
them. We scanned step by step the propagation distances from
0 to 2350 m by our three methods to measure air ionization.
Except for a few sporadic events, we were unable to detect
ionization signals for large negative chirps (input durations
(FWHM) 7, > 6 ps). By decreasing the input duration, ioniza-
tion could be detected occasionally at some specific propaga-
tion distances in the range of large chirps (1.2 ps < 7, < 6 ps).
For smaller negative chirps, more intense ionization signals
could readily be observed over distances up to 100 m, which
corresponds to the classical filamentation regime [7]. From
a comparison of the darkening of the photographic plates with
that obtained with well-characterized laboratory filaments,
we estimated that the peak intensity in the millimeter-size
light channels observed up to 2 km is at most 10" W/cm?,
insufficient to induce multiphoton ionization of air molecules.

We have calculated the long-range beam propagation in
air using our code, which was modified to properly take
into account the realistic beam profile. To our knowledge,
genuine three-dimensional simulations of multifilamentation
have been performed only twice [16,19]. Our newly de-
veloped 3 4+ 1-dimensional numerical code relies on an ex-
tended paraxial model which describes the propagation along
the z axis of the slowly varying envelope E(x, y, z, ) of the
linearly polarized laser pulse, according to the nonlinear en-
velope equation [15,27,28]. The equation accounts for the
following effects. (i) Diffraction. (ii) Group-velocity disper-
sion and higher-order dispersive terms (exactly computed in
Fourier space by means of a Sellmeier dispersion relation for
the linear index). (iii) The optical Kerr effect with an instanta-
neous (electronic) and a delayed component due to stimulated
molecular Raman scattering. (iv) Plasma absorption and de-
focusing. (v) Energy absorption due to photo-ionization. (vi)
Deviations from the slowly varying envelope approximation
due to space—time focusing and self-steepening of the pulse.
Since the measured polarization of the beam remains linear,
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the effect of cross-phase modulation is not taken into ac-
count, in contrast to [28]. At the same time, the generation
of the plasma by an optical field and avalanche ionization is
described by the evolution equation for the electron density.
The photo-ionization rate is computed from the full Keldysh
formulation [29] with a recently determined pre-exponential
factor [30].

The measured input-beam profile in the form of a data
table was adopted as an initial condition. Negative chirps cor-
responding to an input duration from its minimum 7, = 120 fs
(without chirp) up to 3 ps were considered, which covers both
the small and large negative chirp regimes. We present generic
results in the range of negative chirps with 0.5 ps < 7, < 3 ps.
The beam energy was 150 mJ. The results for the fluence
distribution F(x, y, z) = fj;o |E(x, v, z, H)|*dt, after a propa-
gation distance of 50 m, are compared in Fig. 2 to the meas-
urements. Figure 2 shows several hot spots resulting from the
amplification of the inhomogeneities in the input beam. Dur-
ing the self-focusing, the flat-top beam produces rings still
visible in the figure. The hot spots develop on these rings that
store the main part of the beam energy. In agreement with the
experimental results, a significant part of the energy is found
unevenly distributed between the light channels. The overall
beam-intensity distribution as well as the hot-spot positions
and sizes are rather well reproduced. Slight discrepancies be-
tween experiments and simulations appear in the azimuthal
symmetry. Shot-to-shot fluctuations produce slightly different
input beams that generate similar but not rigorously identical
patterns after propagating over 50 m. The effect of air turbu-
lence might also induce these differences without destroying
the global organization of the light channels. Beyond 60 m,
the intensity in the spots falls below 10'> W/cm?. No ioniza-
tion is detectable after 100 m. These numerical results show
that the nonlinear envelope equation satisfactorily describes
the experiments even for P > P..

In order to obtain a better insight into the mechanism pre-
venting long-range beam collapse, we have performed sim-
ulations assuming a super-Gaussian beam profile that mim-
ics our diaphragmed beam E(x,y,z=0,1) « exp[—()c2 +
¥?)3/wh], with a transverse waist wo = 17 mm, upon which ir-
regularities in the form of different orders of perturbation are
added.

First, radially symmetric, super-Gaussian unperturbed in-
put beams remain symmetric during the propagation. As in
2 + 1-dimensional simulations, spatial rings are formed that
fuse into one central filament but the rings do not break up into
smaller spots. Peak intensities are sufficient to ionize air and
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FIGURE 2 a Measured beam profile and b computed distribution of the
fluence at 50 m for 7, = 1.5 ps

the classical filamentation model is recovered, including satu-
ration of self-focusing by a plasma density with peaks around
10'® cm~3. Then, we have studied numerically the multifil-
amentation process occurring from perturbed input beams.
Azimuthal perturbations in the form of a mode with a specific
order were added to symmetric super-Gaussian input beams.
Gaussian input pulses with decreasing negative chirps (pulse
durations from 120fs to 3 ps) were used. The perturbation
contains 1% of the energy of the input pulses. The pertuba-
tions are amplified preferentially on the ring that develops in
the self-focusing stage, leading to its break up into several
spots.

Generic results are shown in Fig. 3 for 7, = 1.5 ps (Fig. 3a
and b) and 0.5 ps (Fig. 3c and d) and perturbations in the form
of an azimuthal mode of orders nine (Fig. 3a) and ten (Fig. 3¢
and d). Figure 3a shows isosurfaces of the fluence distribution
over a distance of 300 m. A very regular multifilamentation
pattern with well-organized light channels is obtained on the
ring formed in the first stage. Nine light channels propagate
over several tens of meters. The diameters are nearly con-
stant in the millimeter range. The channels are located on
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FIGURE 3 a Isosurface of the fluence distribution for 0.03 J/cm?. b Max-
imum intensity (continuous curve, left-hand axis) and electron density
(dashed curve, right-hand axis) as a function of the propagation distance for
7, = 1.5 ps with negative chirp. ¢ and d Fluence distributions computed with
7 =05psatcz=60mandd z=90m
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a ring slightly smaller than the input-beam radius and regu-
larly spaced like the maximum intensities in the input beam.
The pulse duration in the light channels is found to be about
100 fs before a splitting into several subpulses occurs. The
same phenomenon is recovered over larger distances from
simulations with larger negative chirps.

It is also a generic result that the number of light chan-
nels initially follows the order of azimuthal perturbations.
When higher-order azimuthal modes are excited, a pattern
with a larger number of spots is eventually obtained. Each
light channel is well separated and seems to evolve indepen-
dently from its neighbors. This reflects a competition between
the light channels for the surrounding energy. In this respect,
the model of the energy reservoir proposed by Mlejnek et
al. [16] fully applies except that, in our case, multiphoton ion-
ization does not play a dominant role. Figure 3b shows that the
maximum intensity (solid curve, left-hand axis) in the light
channels does not exceed a few 10'> W/cm?. The first stage
up to 150 m corresponds to the formation of the light chan-
nels under the modulational instability due to the Kerr self-
focusing [31]. In the most intense part of the light channels
around 210 m, tenuous localized plasma channels of density
around a few 10'?> cm~3 are triggered (dashed curve, right-
hand axis). When the duration of the input pulse is increased,
the maximum electron density keeps the same level over a few
meters but these localized plasmas are located at increasing
distances on the propagation axis. lonization therefore does
not saturate self-focusing as in classical femtosecond filamen-
tation. Yet, it acts locally as a necessary regularizing process
during the propagation of the light channels. Simulations per-
formed by unplugging ionization indeed show that the max-
imum intensity follows the solid curve in Fig. 3b except for
slightly higher peaks in the region of the plasma and an even-
tual catastrophic collapse before z = 210 m. Figure 3c and d
show the evolution of the fluence distribution from 60 to 90 m
for 7, = 0.5 ps. A break up of each filament into two smaller
light channels occurs around 60 m. Beyond 90 m, each pair
of these co-propagating channels merge (pattern similar to
Fig. 3c). This shows nicely how daughter channels are formed
along light tracks due to interference in the coherent beam. In
this sense, both interference and the nonlinear Kerr effect act
to redirect the energy from parent to daughter light channels.

In conclusion, long-range-propagation studies of intense
laser pulses in the atmosphere reveal the existence of stable
non-ionizing channels extending over km distance. For the
first time, their spatial and temporal dynamics is compared
to genuine 3 + 1-dimensional numerical simulations. Well-
ordered filamentation patterns exhibit a beautiful organization
of the spots on concentric rings, which reproduce the patterns
obtained in the experiments. Such results are described by
using the same nonlinear propagation equation that describes
the filamentation at low input power, without the necessity to
add a new physical mechanism to limit the growth of laser
intensity. Model simulations uncover the complexity of the
nonlinear system, where initial conditions play a crucial role
for the later evolution of the system.
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