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ABSTRACT The propagation of femtosecond terawatt laser pulses at reduced pres-
sure (0.7 atm) is investigated experimentally. In such conditions, the non-linear
refractive index n, is reduced by 30%, resulting in a slightly farther filamentation
onset and a reduction of the filament number. However, the filamentation process,
especially the filament length, is not qualitatively affected. We also show that drizzle
does not prevent the filaments from forming and propagating.

PACS 42.65.Jx; 42.68.Ge; 42.68.-w

1 Introduction

Femtosecond (fs) laser pulses
can propagate in air as self-guided
filaments [1] as soon as the beam
power exceeds a so-called critical
power P. ~ A%/(2mnon,) (e.g. Py =
3.374% /(8w ngn;) for a Gaussian beam)
[2]. In air, with a refractive in-
dex ng~ 1 and a non-linear refrac-
tive index n, = 3 x 100X m%/W, P, =
3 GW at a wavelength A = 800 nm. Un-
der these conditions, Kerr-lens self-
focusing overcomes diffraction, so that
one or several filaments are formed and
propagate with a typical diameter of
100 um over distances much longer than
the Rayleigh length, up to several hun-
dreds of meters [3]. Filaments have been
observed at distances up to several kilo-
meters [4—6]. The intensity within the
filaments is in the order of 10'* W/cm?
[7, 8], allowing self-phase modulation

and generation of a broadband white-
light continuum spanning from ultra-
violet [9] to the mid infrared [10].
Tonization of the air [11-16] in the
filaments crucially contributes to their
self-guiding as it allows a dynamic bal-
ance with the Kerr effect.

These properties of filaments open
exciting perspectives for atmospheric
applications [17], such as white-light
lidar (light detection and ranging) [4,
18-20], high-voltage discharge switch-
ing and guiding or even laser lightning
control based on continuous air ion-
ization [21-23], optical telecommunica-
tions, or laser-induced breakdown spec-
troscopy for remote elemental analysis
based on the remote delivery of high in-
tensities [24]. Large-scale outdoor ap-
plications in turn raise interest for a full
characterization of the filament propa-
gation in real atmospheric conditions,
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including the low-pressure conditions
encountered at high altitudes. The influ-
ence of the gas pressure has been inves-
tigated on the laboratory scale in several
media, especially in rare gases [25-29]
and air [30]. Pressure variations in-
duce proportional changes in the group-
velocity dispersion (GVD), the non-
linear refractive index, and the molecule
density available for ionization. Be-
sides this, atmospheric pressure influ-
ences the processes of plasma forma-
tion and laser—plasma interaction in an
essentially non-linear way, mainly by af-
fecting collisional absorption efficiency
[31]. On the laboratory scale, pressure
mainly affects the relative ionization
level, and hence the intensity, within
the filaments. However, up to now, little
work has been dedicated to the influence
of low pressure or pressure gradients
[4] at longer scales, although interest-
ing processes like full-beam refocusing
have been predicted by some theoreti-
cal calculations [32]. Besides effects of
reduced pressure, a realistic model for
the real-scale propagation of filaments
in the atmosphere must take into ac-
count the influence of water droplets (i.e.
haze, clouds, or rain) on the non-linear
propagation of high-power laser pulses.
It has recently been shown that sin-
gle [33-35] and multiple [36] fila-
ments can survive their interaction with
dense clouds or fog. However, the pos-
sibility of initiating filaments in the
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rain itself, rather than propagating pre-
formed filaments in a subsequent cloud,
has never been demonstrated to date.
Moreover, previous experiments have
been performed on synthetic rain, which
could result in a biased droplet-size
distribution.

In this paper, we characterize the
multifilamenting propagation of a fs ter-
awatt (TW) laser beam in adverse con-
ditions at high altitude. In particular,
we show that the reduced pressure re-
duces the filament number without qual-
itatively affecting the filamentation pro-
cess, and that filaments can actually
be generated and propagated in natural
rain.

2 Experimental setup

The laser source used in the
experiments was the Teramobile mobile
femtosecond terawatt laser system [37].
This system allows outdoor experiments
under virtually any atmospheric condi-
tions, as was required for measurements
over an extended period of two months
under various meteorological conditions
at a high-altitude location. The Teramo-
bile delivers 280-mJ pulses centered at
800 nm, with a repetition rate of 10 Hz.
The beam is emitted parallel or slightly
focused, with an initial beam diameter
of 3cm. The minimum pulse duration
was 150 fs, although a chirp can be ap-
plied to the pulses in order to precom-
pensate for GVD in air, resulting in ini-
tial pulse durations up to 1.5 ps. In that
case, the pulses are refocused tempo-
rally by GVD after a given propagation
distance [38].

The Teramobile beam was prop-
agated horizontally over 325m on
the Magdalena Mountain ridge (New
Mexico, 3230-m altitude above sea
level). The standard pressure at this al-
titude is 0.67 atm, i.e. 6.8 x 10* Pa. The
laser beam propagation was character-
ized by recording beam profiles. They
were acquired by taking photographs of
the beam on a screen using a digital
camera. The exposure time of 1/8 s was
chosen to assure that each picture corre-
sponds to a single-shot picture. Images
have been taken over both the whole
spectrum, with high sensitivity to the
white-light continuum and to the conical
emission, and in the infrared (fundamen-
tal) region of the spectrum, yielding a
good approximation of the beam profile

10m

30 m

FIGURE 1 Grey-scale intensity profiles of the laser beam on a screen for three propagation distances

at the considered distance, as demon-
strated in Ref. [39]. The occurrence of
filaments at a given distance was also
characterized by single-shot burns on
impact paper (Kodak Linagraph, 1895).
The darkening of the photosensitive pa-
per yields the intensity profile, while ab-
lation craters in the center of a hot spot
characterize a plasma string.

Results and discussion

Propagation at reduced
pressure

Figure 1 shows beam pro-
files after propagation over 1 to 30 m.
These profiles are qualitatively simi-
lar to equivalent profiles acquired at
sea level [6, 39]. More specifically,
high-intensity ‘fork’ structures appear
within the beam profile, and filaments
are later generated on these intensity
ridges.

The position of the filament onset
(z¢) provides a good characterization of
the first phase of filamentation, namely
the self-focusing (Kerr) region. It is
given by the Marburger formula [2]

where R is the initial wavefront curva-
ture (in our case, R = f ~ 50m), P is
the laser power, k is the wave number,
and « is the radius of the beam, defined
as the half width at e~1/2.

In the self-focusing region, the
propagation is governed by Kerr self-
focusing and hence by the non-linear
refractive index n, of the air, which is
proportional to the pressure [40]. There-
fore, the critical power is inversely pro-
portional to the air pressure, and zy
is strongly affected in the low-power
regime, when P ~ P,. However, the
asymptotic behavior of Eq. (1) for high
powers (P > P;) leads to a square-root
pressure dependence so that, in our ex-
periment, a 30% reduction in the at-
mospheric pressure only results in 15%
shortening of z¢. Such an estimation can-
not be compared with the experimen-
tal data (see Fig. 2), due to the limited
range resolution (5 m). However, the re-
duced pressure does not significantly af-
fect the filamentation length. The length
observed in Fig. 2 is comparable with
measurements performed under similar
conditions close to sea level (155-m al-
titude), suggesting that the loss due to
the multiphoton ionization of air is not
significantly different from its value at
sea level. [6]

Another key parameter is the number
of filaments. A multifilamenting beam
breaks up into cells containing several
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FIGURE 2 Filamentation
range for 280-mJ pulses, with
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FIGURE 3 Comparison of the filament number generated by 2.5-TW pulses at 0.67 atm (3200-m
altitude) and 1 atm (sea level) for corresponding reduced propagation distances (left-hand scale). The
ratio of the filament numbers in both conditions is plotted relative to the right-hand scale. See the text

for the definition of reduced distances

(typically 1 to 10) critical powers [36].
Hence, the number of filaments is in-
versely proportional to P, and there-
fore proportional to the pressure. Fig-
ure 3 correlates the filament numbers
observed at 0.67-atm air pressure with
those observed under similar conditions
(2.5TW, 150fs) at sea level (Lyon,
France, 170-m altitude) [36], for sev-
eral propagation distances. Here, fila-
ments have been identified as localized,
high-intensity hot spots in the beam pro-
files. To compare filament numbers at
similar stages of filamentation, the data
are plotted as a function of the reduced
propagation distance Z = z//p/po =
zz¢/z¢(po), where z is the propagation
distance and p the atmospheric pres-
sure, and the O subscript corresponds to
the standard atmospheric pressure. The
square root of p stems from the asymp-
totic behavior of Eq. (1). A fairly good
proportionality is observed between the
filament numbers at 1 and 0.67 atm, and
the average reduction of the filament
number (32%) corresponds to the pres-
sure reduction and hence to the drop in
the critical power. It indeed shows that
the beam breaks up into cells containing
some P, each [36].

We further investigated the influ-
ence of power on the filament number
by varying the chirp and observing the
beam profile on photographic paper [6].
Figure 2 displays the number of plasma
strings (filaments) as a function of the
propagation distance for various pulse
durations. The lower peak power of

longer pulses results in a farther filamen-
tation onset (i.e. closer to the geometri-
cal focus, z ~ 50m). A stronger chirp
also results in fewer plasma channels,
but over a longer filamentation range.
Filaments could be observed up to 325-
m distance for chirps corresponding to
~ 1.5-1.8-ps pulse length.

The present observation of filamen-
tation at a high altitude confirms a recent
observation of filamentation in air at
pressures as low as 0.2 atm, correspond-
ing to an altitude over 11 km [30]. More-
over, our results extend this observation
to the high-power, multifilamentation
regime over several hundreds of meters.
The fact that the filaments themselves
are not qualitatively affected shows that
the expected slightly lower free electron
density in the plasma channels, due to
the lower air-molecule density, does not
have a significant effect.

cloud, the estimated droplet density is
1.7 x 10*m™3 so that the 3-cm beam
hits approximately one droplet for every
cm propagation. Contrary to previous
experiments [33, 36], where previously
formed filaments interacted with a syn-
thetic cloud, in the present experiment
the whole beam interacted with water
droplets, even before the filaments were
initiated.

Figure 4 compares impacts on pho-
tosensitive paper at 75-m distance with
and without rain. Filaments are clearly
identified as intense spots on the im-
pact paper, with ablation of the paper
in their center. This provides evidence
for the ability of the filaments to form in
rain. The comparison between both im-
ages shows that filamentation was not
perturbed by the rain, even at reduced
pressure, i.e. under conditions of weaker
Kerr effect. Further propagation of the
filamentation process in rain was also
observed up to 150 m (Fig. 5).

Therefore, rain does not prevent the
filaments from being generated in the
propagation of ultra-short, high-power
laser pulses. Since the beam used in
our experiments is much above the crit-
ical power, the losses induced by the

FIGURE 4 Single-shot beam impacts on photosensitive papers after 75-m propagation in dry air (left)
and in rain (right). The air pressure is 0.67 atm (altitude 3230 m). Filaments are clearly visible in both
cases. The ring patterns on the profile in rain are due to the diffraction of the beam on the rain droplets
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scattering on the water droplets in the
self-focusing (prefilamentation) region
are not sufficient to prevent the self-
focusing process. Moreover, one can ex-
pect that diffraction on water droplets
deforms the beam profile and could gen-
erate local transverse intensity gradi-
ents. Since the self-focusing action of
the Kerr effect is due to such gradi-
ents, the local intensity dips caused by
the droplets could even provide nucle-
ation centers for self-focusing and fila-
mentation. Our observation shows that
this possible positive contribution to fil-
amentation roughly balances that of the
power losses by diffraction. Once the fil-
amentation is established, the survival of
the filaments can be understood by the
continuous feeding by the photon bath,
as on the laboratory scale [33-35]. Fila-
ments can therefore form and propagate
in spite of rain.

4 Conclusion

As aconclusion, we have pre-
sented the first experimental data about
the propagation of high-power ultra-
short laser pulses at reduced pressure
over atmospheric scale distances. Lower
pressures result in fewer filaments form-
ing at longer distances, but without qual-
itatively affecting the filamentation pro-
cess. Moreover, the reduced Kerr effect
at high altitude does not prevent filamen-
tation from being initiated and propa-
gating in natural rain. The limited per-
turbation of both altitude and rain on
filamentation is favorable for real-scale
applications, which require actual fil-
amentation at remote distances and/or
high altitudes or vertical propagation
in the case of atmospheric profiling, in
clear atmosphere as well as under ad-
verse weather.
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