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Propagation of laser filaments through an extended turbulent region
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We show that laser filamentation can be initiated and propagate through strong extended turbulence
well above the typical atmospheric values. We suggest that the effect of turbulence on filamentation
is characterized by the product of the structure parameter for the refractive index Cﬁ and the length
L of the turbulence region. Half of the filaments are transmitted for C2L<4.4X 107" m'?3,
Moreover, the surviving filaments keep their key spectral properties including correlations inside the
white-light continuum. © 2007 American Institute of Physics. [DOI: 10.1063/1.2799163]

Laser filaments resulting from the propagation of high
intensity lasers in air' open up exciting perspectives for at-
mospheric applications2 such as lidar, remote laser-induced
breakdown spectroscopy}’4 or triggering and guiding of high
voltage discharges in the prospect of lightning control.””’
Filamentation might also provide a third option, besides
wavelength diversity8 and spatial diversity,g’]0 to circumvent
the effects of turbulence in free-space communications. Such
applications are based on the main properties of the fila-
ments, including their ability to deliver high intensities at
long distances'' ™ and a broad continuum spectrum. They
rely on the capability of filaments to propagate in adverse
conditions such as reduced atmospheric pressure,14 dense
clouds,”"® or rain,'* thanks to their energy reservoir'’ (or
photon bath). Moreover, filaments are still able to guide high
voltage discharges under artificial rain.'®

The performance of imaging or transmission systems is
limited by atmospheric inhomogeneities and fluctuations.
Temperature and pressure variations associated with turbu-
lent eddies cause random fluctuations of the refractive index,
which distort optical waves. The distortions lead to signifi-
cant blurring, scintillation, and wander of the laser beam.
Wave-front distortions are also expected to perturb the dy-
namic balance between Kerr self-focusing and plasma defo-
cusing in the filaments. Thus, it is crucial to study the influ-
ence of turbulence on filaments to evaluate their potential for
real-scale applications.

Experiments in the infrared'® and in the ultraviolet,]2 as
well as numerical simulations®*?' under moderate turbulence
have already been reported. They mainly focused on the for-
mation and wandering of the filaments but do not provide a
quantitative analysis regarding the dependence on the turbu-
lence strength. More recently, it was shown that filaments
can survive a localized turbulence five orders of magnitude
above typical atmospheric conditions for localized turbulent
regions (2-32 cm length).22 However, applications require
long distance propagation of the filaments in the atmosphere.
Beside their ability to deliver high intensities through turbu-
lent atmosphere, filaments should retain their phase stability
as well as their spectral properties to be applicable, e.g., to
lidar detection of atmospheric species. In this letter, we ex-
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tend our previous results to an extended turbulent region and
we investigate the conservation of the filament spectral prop-
erties, 1ncludln§ the shot-to-shot spectral correlations re-
ported recently.

The experlmental setup is similar to that of previous
expenments except for the geometry of the turbulent re;
gion. A titanium:sapphire chirped-pulse amplification chain®
provided 200 fs pulses with peak powers between 7.8 and
30 GW at 22.5 Hz. The filament onset, located 3.3 m down-
stream from the focusing mirror (focal length of 5 m), was
chosen as the origin of the z axis. Turbulence was generated
along the laser beam by a set of candles placed below it. The
turbulent region is extended over a length L=1.3 m, i.e.,
two-thirds of the filament length. The turbulent region was
swept along the propagation axis and its strength was varied
by changing the candle geometry.
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FIG. 1. Percentage of filaments surviving the turbulence as a function of C,zl,

in the case of localized (squares) and extended turbulent regions (triangles)

located after the filament onset. (b) Same data plotted as a function of C,%L,L

being the turbulence length. The line is intended to guide the eye.
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FIG. 2. (Color) [(a)—(c)] Correlation maps obtained for different turbulence strengths located after the filamentation onset location (z=1 m), for a peak power
of 7.8 GW. (a) C>=9X 1071 m23, (b) (3=2.2X 107 m™3, and (c) C>=4.3X 10~ m>?. (d) Correlation map for a subset of the data of panel (b), where only
pulses corresponding to filaments surviving through the turbulence are considered, recovering the features of the unperturbed map (a).

Atmospheric turbulence can be described by Kolmogor-
ov’s theory,26 in which the difference in refractive index be-
tween two points only depends on the distance between those
two points. This theory introduces the refractive index struc-
ture parameter Cﬁ, which is commonly used to characterize
the turbulence strength. Typical values for atmospheric tur-
bulence are 1075 < C2< 1073 m™3.>" C2 can be determined
experimentally by measuring the pointing stability of the la-
ser beam and using the relation C2=o2®'"3/(2.91L), where
oy is the standard deviation of the angle of arrival, ® is the
beam diameter, and L is the length of the turbulent path.18

The pointing stability was measured on series of 50
single-shot pictures of the beam profile on a screen, located
shortly after the filament’s end (z=2.3 m) with a resolution
of 10 um/pixel. A pointing reference was provided by a red
5 mW helium-neon laser bypassing the turbulent region and
hitting the screen near the impact of the main beam. For each
picture the presence of a filament was also determined
visually.

Figure 1(a) plots the percentage of filaments surviving
the turbulence as a function of Cﬁ, in the case of both local-
ized (squares) and extended turbulent regions (triangles) lo-
cated after the filament onset. Both conditions show a tran-
sition between a weak turbulence regime where filaments
resist turbulence, and a strong turbulence regime where they
are destroyed by the turbulence. The Cﬁ threshold for a given
filament transmission probability is lower for the extended

turbulence, corresponding to the natural idea that a stronger
turbulence is required to have the same effect over a shorter
turbulent path. Figure 1(b) displays this transition from weak
to strong turbulence as a function C2L instead of C2. Al-
though the lengths L of the turbulent region range from 2 cm
to 1.3 m, the data points of the two series are aligned on a
single curve. This suggests that the rate of surviving fila-
ments is governed by the quantity CﬁL, rater than by the
structure parameter Cﬁ alone. In our conditions, 50% of the
filaments survive for C2L=4x 107" m'3. Since typical at-
mospheric turbulence never exceed C2=10"">m™2?, this
threshold would correspond to the survival of half of the
filaments after L~4 km in the atmosphere. While such
large-scale extrapolation from laboratory-scale data may be
hazardous, it still suggests, at least qualitatively, that turbu-
lence will not be a limiting factor to transmit filaments
through the atmosphere. Note that C2L=07®"3/2.91, mean-
ing that the filament survival is directly linked to the pointing
stability of the laser beam. To ensure that this quantity is
dimensionless, we expect that it may be proportional to A™!/3,
\ being the laser wavelength.

Most of the applications rely not only on the existence of
filaments but also on their phase stability or their spectral
properties such as their power spectra and shot-to-shot spec-
tral correlations. Therefore, we checked that the white-light
spectrum after propagation through turbulence is not distin-
guishable from the nonturbulent one. Also, the generation of
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third harmonic by the surviving filaments does not appear to
be affected by the turbulence. This shows that not only the
high intensity of the filaments is transmitted through the tur-
bulent region but also the main x'® processes [self-phase
modulation (SPM), four-wave mixing (FWM), and third har-
monic generation] taking place within them. In other words,
when filaments are transmitted through turbulence, their
spectral properties seem unaffected.

This feature is demonstrated more strikingly when inves-
tigating the shot-to-shot correlations that have recently been
described within the white-light continuum.**** They result
from the x* processes including SPM and FWM, which lie at
the root of the spectral broadening. These spectral correla-
tions can be used to significantly reduce the laser intensity
noise by filtering the spectrum. To assess whether the corre-
lations resist turbulence, which causes shot-to-shot variations
to the filament environment, the filaments were scattered on
an achromatic target and analyzed by a fiber collection spec-
trometer (Ocean Optics HR 2000). 1000 spectra were taken
for each condition and the correlation maps were calculated
as detailed previously.24

Figures 2(a)-2(c) represent the correlation maps ob-
tained for different values of turbulence located after the fila-
mentation onset position (z>0), for a peak power of
7.8 GW, below the filamentation threshold. Maps much
above filamentation threshold exhibit the same behavior, al-
though they are less legible because of ripple structures due
to cascaded y© broadening processes.23

Red pixels correspond to correlated wavelengths within
the continuum and blue pixels to anticorrelated wavelengths.
The prominent features of the unperturbed correlation map
include® (i) a positive correlation corresponding to the
trivial relation A, =\,, (ii) a negative correlation between the
fundamental wavelength at A;=815 nm and the continuum,
and (iii) a positive correlations between conjugated wave-
lengths. The two latter features correspond to the conversion
(hence, depletion) of the fundamental wavelength A\, into
two conjugated spectral components \; and \,, with 2/,
=(1/N)+(1/\,). The correlations fade away with increasing
turbulence [Figs. 2(a)-2(c)] because of the decrease of the
number of surviving filaments, not because transmitted fila-
ments loose their spectral properties. Correlations are ob-
served as long as filaments are transmitted through the tur-
bulent region. The physical origin of the correlations lies in
the x* processes governing the continuum generation within
the filaments, with shot-to-shot stochastic fluctuations.
Therefore, our results suggest that correlations are conserved
within all the transmitted filaments. To confirm this assump-
tion, we calculated the correlation map after transmission
through turbulence, considering only the subset of the laser
pulses which yield a surviving filament [Fig. 2(d)]. This re-
sult is indeed comparable to the map obtained in the unper-
turbed atmosphere [Fig. 2(a)].

In conclusion, we have studied the influence of various
configurations of turbulence on the propagation of filaments
in air. Filaments proved their robustness by surviving an ex-
tended turbulent region three orders of magnitude above
typical atmospheric turbulence, over a length comparable
with that of the filaments themselves. Moreover, in all con-
ditions where some of the filaments are transmitted, the sur-
viving ones keep their spectral properties, including the third
harmonic generation, as well as the shot-to-shot spectral cor-
relations. Therefore, applications relying on the spectral

Appl. Phys. Lett. 91, 171106 (2007)

properties of the filaments will not be affected by turbulence.
Further work is in progress in order to evaluate the influence
of turbulence on the phase stability within the filaments. Be-
sides, a semiqualitative scaling of the laboratory results to
the atmospheric scale suggest that a typical atmospheric tur-
bulence would not jeopardize filamentation on a kilometric
range. These results show that turbulence is not the limiting
factor for atmospheric applications of filamentation.
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