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Femtosecond filamentation in air at low pressures.
Part II: Laboratory experiments
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b Centre de Physique Théorique, École Polytechnique, CNRS UMR 7644, F-91128 Palaiseau Cedex, France

Received 30 August 2005; received in revised form 15 October 2005; accepted 15 October 2005
Abstract

We present experimental studies of filamentation of a femtosecond laser pulse in air at low pressures. The evolution of the filament has
been studied by measuring along the propagation axis the conductivity and the sub-THz emission from the plasma channel. We show
experimentally that the filamentation process occurs at pressures as low as 0.2 atm in agreement with numerical simulations. Experimen-
tal and numerical results [A. Couairon, M. Franco, G. Méchain, T. Olivier, B. Prade, A. Mysyrowicz, Opt. Commun., submitted for
publication] are compared and the possible sources of discrepancy are discussed.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The propagation of femtosecond laser pulses carrying
several times the critical power for self-focusing [2] leads
to a particular type of propagation called filamentation,
which has been studied both theoretically and experimen-
tally during the past decade [3–7]. This filamentation or
self-channeling of the beam takes place via a dynamic com-
petition between beam self-focusing due to the optical Kerr
effect and beam defocussing due to photo-ionization when
the pulse intensity becomes high enough to induce multi-
photon absorption. Other effects are involved in this com-
plex dynamics such as diffraction, group velocity
dispersion, self-phase modulation and pulse self-steepen-
ing, the combination of which leads to a strong pulse
restructuring. This is also at the origin of an important
spectral broadening (white continuum emission). Filamen-
tation in air allows intense IR femtosecond pulses to prop-
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agate over very long distances, reaching hundreds of meters
[8–10]. Using appropriate temporal chirps, the onset of the
filament as well as its length can be controlled [9,10]. The
white light continuum emitted by the filament can be used
to probe the atmosphere with LIDAR techniques [11–13].
Moreover, the plasma column created by filamentation
has been used to trigger and guide electric discharges and
might possibly be used for lighting protection [14–19].
For such applications, vertical propagation should be
achieved to high altitudes. Thus, the study of filamentation
at low pressures is important.

In this paper, we present laboratory studies of filamenta-
tion as a function of pressure, down to 0.2 atm, which corre-
sponds to altitudes higher than 10 km. These filamentation
studies have been performed in a single filament configura-
tion. The measurements presented here concern mainly air
conductivity measurements [20–22]. However, because we
found some disagreements between our results and simula-
tions, we have performed additional measurements using
heterodyne radiometric detection in the sub-THz range
[23–31]. Both experimental techniques yield similar results.
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Fig. 2. Left: Beam profile measured with a calibrated CCD camera just
before the focusing lens. Right: Fluence profile taken along the horizontal
diameter of the beam (solid line) and super-Gaussian fit (dashed line)
following the relationship IðrÞ / exp½�2ð r

w0
Þn�, with n = 22 and w0 =

2.32 mm.
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The experimental setup and the methods, procedures
and conditions of the measurements are described in Sec-
tion 2. In Section 3, the data are presented and compared
with the numerical studies of Ref. [1]. We focus especially
on the behavior of the filament length as a function of
pressure.

2. Experimental setup and measurement methods

The experimental setup is presented in Fig. 1. The laser
system is a Ti:sapphire CPA (Chirp Pulse Amplification)
laser system operating at 10 Hz and delivering a maximum
output power of 0.2 TW per pulse. The pulse duration has
been characterized using an autocorrelation setup and is
equal to 130–135 fs (FWHM). The beam at the output of
the compressor is roughly Gaussian with a waist equal to
10.4 mm. This beam is truncated by a circular aperture
whose radius is equal to 4.5 mm in order to have a more
stable beam shape with a perfect circular symmetry. A Gal-
ilean telescope further reduces the beam by a factor roughly
equal to 2. The final laser beam profile after the telescope has
been characterized by a calibrated CCD-camera. Fig. 2
represents this beam profile, fitted by a super-Gaussian
profile whose radius at 1/e2 is equal to 2.32 mm.

After the telescope, the laser beam is focused inside a
tube assembly by using a converging lens having a two
meter focal length. The air pressure inside the tube can
be controlled from 0.2 to 1 atm. The tube consists in a
1.5 m glass tube followed by metallic tubes of various
lengths. A special cell with two electrodes can be inserted
to allow conductivity measurements at various distances
and pressures. These measurements are performed by
recording the electric conduction of the plasma channel
using the method described in a previous work [20]. A volt-
age of 800 V is applied between two copper electrodes
drilled in their center and separated by 25 mm (see
Fig. 1). The conducting plasma column formed by the
self-guided pulse closes the electric circuit. The peak of
the induced current between the electrodes is measured
through a load resistance R = 8.2 kX linked to a fast digital
oscilloscope (1-GHz bandwidth). All curves presented here
have been obtained using the same procedure. Each point
represents the average on three measurements. Each mea-
Fig. 1. Experimental setup used for low pressure m
surement corresponds to the highest value obtained in a
consecutive series of 100 laser shots.

The sub-terahertz radiation emitted by the plasma chan-
nel has been detected via an heterodyne radiometer. The
detailed description of the detector is reported in Ref.
[32]. The detection frequency is 91(±3) GHz. The detector
is aligned perpendicularly to the plasma channel direction.
The emission of the electromagnetic pulse (EMP) is col-
lected inside the corrugated horn of a radiometer with
two Teflon lenses, with a focal length equal to 80 mm.
The lenses are transparent in the spectral range of interest
and have a corrugated structure to avoid reflections. In
order to perform the radiometric measurements at different
pressures, a cross-shaped tube with two Teflon windows
facing one another is used and can be set at different posi-
tions along the plasma channel.

In order to correlate the radiometric measurements
and the conductivity measurements, we have first com-
pared both signals, pulse after pulse, at a given position
(170 cm from the focusing lens) where the conductivity is
quite high. The results of these fluctuation and correlation
studies is represented in Fig. 3. As can be noticed, the cor-
relation is excellent. Another comparison is performed by
measuring the plasma length with both methods (see
Fig. 4), showing again good agreement. As a conclusion,
the radiometric measurements validate the conductivity
measurements. Only the conductivity measurements will
be presented in the rest of this paper, since the radiometric
measurements have a smaller dynamic range.
easurements of the conductivity of the filament.



Fig. 3. Measurement of the conductivity (circles) and radiometric heterodyne signal radiated at 91 GHz (squares) recorded simultaneously at the same
position.

Fig. 4. Filament characterization: Comparison between conductivity measurements and radiometric heterodyne measurements (diamonds = radiometric
measurement, circles = conductivity measurement).
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3. Experimental results and discussion

The measurements, presented in Fig. 5, were per-
formed with an incident energy of 3.7 mJ, which is the
Fig. 5. Evolution of the conductivity of the filament along the optical axis wit
The presented signal corresponds to the current in the load resistance. The m
varying from 0.2 to 1 atm.
maximum energy that produces a single plasma channel.
One notices several features. First, the filamentation sub-
sists even at our lowest pressure of 0.2 atm. Second, the
maximum signal is clamped to the same value. Finally,
h an energy equal to 3.7 mJ/pulse. z is the distance from the focusing lens.
easurements have been performed for different pressures inside the tube,



Fig. 6. Comparison between the experimental results at 3.7 mJ (diamonds, scale on the right axis) and numerical simulations (line, scale on the left axis) of
the number of electrons per length unit (rho) for 3 pressures (0.2, 0.6 and 1 atm). A super-Gaussian beam profile is used as in Fig. 7.
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the total length of the filament diminishes at the lowest
pressures.

Using the method and the numerical model described in
Ref. [1], we have performed numerical simulations adapted
to our experimental setup and conditions. Fig. 6 represents
simulations that have been performed for three different
representative pressures: 0.2, 0.6 and 1 atm using a super-
Gaussian initial beam shape which closely fits the measured
beam profile.

We now compare the results of Fig. 5 to the numerical
results. In Fig. 6, we plot the experimental results obtained
with a pulse energy of 3.7 mJ at three representative pres-
sures together with numerical simulations. As can be seen,
the numerical results reproduce well the first portion of the
filament including the magnitude of the signal and the loca-
tion of the start of the filament. The discrepancy concern-
ing the total length of the plasma column for 0.6 and
1 atm appear when we introduce the super-Gaussian input
beam in the simulations. A Gaussian input beam, although
farther from the experimental input beam leads to a good
Fig. 7. Numerical simulations of the number of electrons per length unit
(rho) for three different incident energies: 2, 3.7 and 5.4 mJ. The pressure is
0.6 atm. A super-Gaussian beam profile, IðrÞ / exp½�2ð r

w0
Þn�, with n = 22

and w0 = 2.32 mm, is used.
agreement for the length of the plasma channel. We also
note that by reducing the pulse energy by a factor of two
with the super-Gaussian beam, the extension of the plasma
channel vanishes (see Fig. 7), we retrieve the experimental
data. From the observed discrepancy, we conclude first of
all that the modulations in the input beam which are pro-
duced by the circular aperture have an influence in the
dynamics and cannot simply be considered as noise and
averaged. Second, the ionization rates in our model are
computed from the Keldysh formulation taken in the
multiphoton limit. Some authors correct these rates by
numerical factors to approach the effective ionization rates
[33]. The length of the plasma channel, in particular the
presence of a refocusing clearly depend on these rates. A
closer inspection of the numerical data explains why the
measured air resistivity is approximately constant for all
pressures. The diameter of the plasma column increases
with decreasing pressure while the on-axis electron density
decreases correspondingly, keeping the integrated electron
density approximately constant. On the other hand, the
experimental signal is proportional to the number of
charges integrated over a plasma channel cross-section.

4. Conclusion

Following the simulations performed in part one, we
studied experimentally the behavior of femtosecond light
filaments in air at low pressures. The possibility of filamen-
tation in air at pressures as low as 0.2 atm has been demon-
strated. This corresponds to a vertical propagation at an
altitude greater than 10 km, which is fundamental for
LIDAR or lightning triggering applications. Besides, the
reduction of the plasma channel length has been observed
as the pressure decreases, which validates the simulations
performed in Ref. [1]. Experimentally, the effect of the



326 G. Méchain et al. / Optics Communications 261 (2006) 322–326
pressure on the position of the onset of the filament follows
that predicted by Marburger�s law for the position of the
nonlinear focus which is shifted a few cm toward the focus
of the lens when pressure decreases to 0.2 atm. In addition,
we note both experimentally and theoretically that the
maximum conductivity level is clamped to a value that is
almost not affected by the pressure variation. The simula-
tions performed with input beams roughly mimicking the
experimental intensity profile predict that plasma columns
are longer than measured. This discrepancy in the length of
the plasma channel indicated that not only the averaged
intensity profile could affect the propagation dynamics
but also the diffraction rings introduced by the inverse tele-
scope. The ionization rates were also found to play a key
role in the formation of an extended plasma channel.
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