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Femtosecond ﬁlamentation in air at low pressures:
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Abstract
We investigate numerically the inﬂuence of the pressure on femtosecond ﬁlamentation in air. We show that femtosecond ﬁlamentation
occurs at low pressure and compute the features of the plasma channel generated in the wake of the pulse. We discuss the inﬂuence of the
pulse duration, chirp and input beam shape on the length of the plasma channels. These calculations constitute a prerequisite for
laboratory experiments over short distances as well as for vertical femtosecond ﬁlamentation at high altitude on which light detection
and ranging techniques or lightning protection rely.
 2005 Elsevier B.V. All rights reserved.
PACS: 42.25.Bs; 42.65.Jx; 42.65.Sf; 52.38.Hb

1. Introduction
The propagation in gases or in condensed media of femtosecond laser pulses with powers exceeding the critical
power for self-focusing Pcr  3.77k2/8pn0n2 (3 GW in air
at k = 800 nm) [1] generates speciﬁc structures called ﬁlaments [2–4]. A ﬁlament possesses a narrow central core
(diameter of about 100 lm in air) surrounded by a laser
energy reservoir [5]. Powerful beams usually form multiple
ﬁlaments fed by this energy reservoir. Their global evolution involves a dynamical competition between several
physical eﬀects. Diﬀraction, Kerr self-focusing, photo-ionization, multiphoton absorption participate in the dynamics.
The pulse temporal proﬁle is also signiﬁcantly modiﬁed due
to group velocity dispersion, self-phase modulation and
self-steepening.
Several applications rely on speciﬁc properties of femtosecond ﬁlaments. Three properties are particularly interest*
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ing: (i) Light ﬁlaments can propagate horizontally over
distances exceeding 2 km [6–8] and vertically over distances
presumably reaching several kilometers [9,10]. (ii) Light ﬁlaments produce, via self-phase modulation, a white light
continuum [3,11,12]. For instance, light detection and
ranging (LIDAR) techniques use both properties and allow
the detection of pollutants in the atmosphere when the laser pulse is launched in the sky and the backscattered light
is collected by a telescope and analyzed [13]. (iii) Light
ﬁlaments produce ionized channels in their wake. The triggering and guiding of electric discharges by a ﬁlament has
been demonstrated in the laboratory, over distances of several meters [14–18], see [19] for a review. These scales must
be extended to hundreds of meters for practical applications.
Both for lightning protection and LIDAR applications,
the pressure evolves from the atmospheric pressure to a few
tenths of bars at an altitude of 10 km. It has been shown
recently that a control of ﬁlamentation can be achieved
over horizontal kilometric distances by varying the chirp
of the input pulse [7,8]. In order to achieve a control of
the ﬁlamentation process in the atmosphere, the properties
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of ﬁlaments must be studied in detail as a function of the
pressure.
The aim of the present paper is to present theoretical
investigations on femtosecond ﬁlaments propagating in
air at various pressures from 0.1 to 1 atm. This study shows
the inﬂuence of various control parameters of the input
pulse. Calculations are performed for pulse durations of
60 fs, 120 fs and 500 fs, with the longest durations obtained
by chirping the shortest pulse. The inﬂuence of the shape of
the input beam is also studied. This parameter is shown to
play an important role in the physics of ﬁlamentation. In
particular, the length of the plasma column generated in
the wake of the pulse vary with the shape of the input beam
and can be signiﬁcantly enhanced by using diaphragmed
input beams with steep intensity gradients. The general
trends show the existence of low pressure ﬁlaments, as well
as the increase in the length of the plasma channels at lower
pressures. The simulations also show that a chirp in the input pulse allows the generation of a plasma channel from a
nonlinear focus located at a larger distance without significant change in the channel length. Finally, the numerical
results show that femtosecond ﬁlamentation can occur at
low pressures (0.2 6 p 6 1 atm), which corresponds to altitudes higher than 10 km.
The outline of this paper is the following: First, we present the physical model in Section 2. In Section 3, we present
numerical results about the propagation of laser pulses in
air at low pressures and the generation of plasma channels.
In Section 4, we present results showing the inﬂuence of the
pulse duration. The inﬂuence of the beam focusing is studied in Section 5. The inﬂuence of the shape of the input
beam is shown in Section 6. Finally, conclusions and outlook are given in Section 7.
2. Numerical simulations
The numerical code used in this study relies on the physical model developed for the propagation of an intense
pulse in noble gases or air [7,8,20–23], fused silica [24–
26], and liquids [27–29].
We model the linearly polarized beam with cylindrical
symmetry around the propagation axis z by the envelope
E of the electric ﬁeld E, written as E ¼ Re½E expðikz
ix0 tÞ, where k = n0x0/c and x0 are the wavenumber and
frequency of the carrier wave and n0 denotes the refraction
index of air. In the following, these quantities correspond
to a laser wavelength of 800 nm. The input pulses were
modeled by Gaussians with energy Ein and a temporal
FWHM duration sFWHM (temporal half width tp):
!
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The input power is computed
from the energy and pulse
pﬃﬃﬃﬃﬃﬃﬃﬃ
duration P in ¼ Ein =tp p=2 and the input intensity is computed from the input power, the transverse waist w0 and
the shape of the beam. For a Gaussian beam (n = 2),

E20 ¼ 2P in =pw20 whereas for a super-Gaussian beam
E20 ¼ ½P in =2pw20   ½n22=n =Cð2=nÞ. The quantity f denotes
the curvature of the input beam and C the chirp of the input pulse, linked to the minimum pulse duration
(according
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ
to the laws of Gaussian optics) tmin
¼ tp = 1 þ C 2 and the
p
second order derivative /ð2Þ ¼ Ct2p =2ð1 þ C 2 Þ.
We have performed various set of experiments using
diaphragmed beams. In order to mimic input beams obtained in usual experiments on ﬁlamentation, the numerical
simulation can start either with Gaussian or super-Gaussian beams. Their feet can also be masked by requiring
Eðr; t; z ¼ 0Þ ¼ 0 for r > rmask so as to model a circular
aperture.
Two coupled equations describe the evolution of the
envelope of the electric ﬁeld and the electron density. The
scalar envelope Eðr; t; zÞ is assumed to be slowly varying
in time. It evolves along the propagation axis z according
to the nonlinear envelope equation [30], expressed in the
frequency domain:
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where Eðr;
kvg , vg  ox/ok|x0 denotes the group velocity and
TFfN ðEÞg denotes the time-Fourier transform of the nonlinear terms. Eq. (2) accounts for diﬀraction in the transverse plane, group velocity dispersion and high-order
dispersive terms exactly computed by means of a Sellmeier
dispersion relation for the refraction index n(x) of air. The
^ in front of o/oz in Eq. (2) accounts for space–
operator U
time focusing (see [30,31]). A small x  x0 expansion of
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leads to the second and third order dispersive coeﬃcients
k00  o2k/ox2|x0 = 0.2 fs2/cm and k000  o3k/ox3|x0 = 0.1 fs3/
cm at 800 nm. Eq. (2) can be written in the time domain by
using the retarded time t  tlab  z/vg and by neglecting
the high-order dispersive terms:
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where U  ð1 þ kvi g oto Þ and the nonlinear eﬀects include the
optical Kerr eﬀect with a nonlocal term corresponding to
delayed Raman–Kerr optical shock response [32,33], selfsteepening, plasma absorption, plasma defocusing and
multiphoton absorption:
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The operator T  1 þ xi0 oto in front of the Kerr term is
responsible for the self-steepening of the pulse [31,34,35].
Self-focusing related to the Kerr eﬀect occurs for pulses
with Pin above Pcr = 3 GW. This critical value corresponds
to the nonlinear refraction index of air n2 = 3.2 · 1019
cm2/W at p = 1 bar, which we used in our simulations.
From [32,36], the response function that accounts for the
delayed Raman contribution in the Kerr eﬀect may be written as


 
t
t
2
RðtÞ ¼ X ss exp 
 sin
;
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with the characteristic times sd = 70 fs and ss = 63 fs,
2
X2 ¼ s2
s þ sd ¼ 21 THz, and fraction fR = 0.5.
For plasma absorption, the cross-section for inverse
bremsstrahlung follows the Drude model [37] and reads
r¼

ke2
x0 sc

;
n20 x20 0 m 1 þ x20 s2c

ð6Þ

where the momentum transfer collision time sc = 350 fs at
p = 1 bar. Since sc  x1
0 ¼ 0:42 fs, the classical plasma
defocusing term is retrieved in Eq. (5):
i
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where qc denotes the critical plasma density above which
the plasma becomes opaque.
The evolution equation for the electron density reads
oq
r
¼ rK jEj2K ðqat  qÞ þ qjEj2 .
ot
Ui

qat ¼ qat;0  p;

sc ¼ sc;0 =p;

r ¼ r0 

the nonlinear dynamics is not expected to be trivially rescaled with air pressure, which enters in the plasma induced
defocusing and plasma absorption terms with a diﬀerent
power than in other nonlinear terms. Therefore, the numerical investigation is important in order to reveal the
changes in the competition between the nonlinear eﬀects
when the pressure varies.
Our numerical code contains several numerical scheme
as explained in [23]. One of the most eﬃcient follows a
standard split step Crank–Nicholson scheme applied to
each frequency corresponding to the Fourier decomposition in time of the pulse. It is clearly a formidable computational task to propagate a pulsed beam over large
distances due to the wide range of spatial and temporal
scales involved. Adaptative unevenly distributed mesh
grids allow us to adjust the resolution to this wide range
going from the micron scale to a few centimeters and from
a fraction of fs to ps durations [8]. Usually, a resolution of
5–10 lm in the transverse direction and 1–3 fs in the time
direction is suﬃcient for most weakly nonlinear situations
whereas much higher resolution is achieved around the
peak intensities, with this adaptative mesh, when necessary.
The gain in computational time corresponds to a factor of
10 when this standard Crank–Nicholson–Fourier scheme is
used with an adaptative mesh, compared to the case of a
mesh with constant step sizes.
3. Long distance propagation of collimated beams at low
pressures

ð7Þ

The ﬁrst term on the right-hand side of Eq. (7) describes
free electron generation via multiphoton ionization of oxygen with neutral atom density qat = 0.2qair, involving
K  hhUxi0 þ 1i photons. The quantity Ui = 12.06 eV denotes
the ionization potential of oxygen molecules and hÆi denotes the integer part. At 800 nm, K = 8 photons are necessary and the photoionization rate of oxygen molecules
is computed in the framework of Keldyshs general formulation [38] revisited by Mishima et al. [39] so as to take into
account a speciﬁc preexponential factor for diatomic mole2K
cules. In the multiphoton ionization regime W PI ¼ rK jEj ,
96 1
16
8
where rK = 3.7 · 10
s cm W . The multiphoton
absorption cross-section reads as bK = rK · K
hx0qat =
3.7 · 1095 cm13 W7. The second term in Eq. (7) accounts
for avalanche ionization.
Some of the parameters in this model vary with the pressure of the gas. The values given above corresponds to a
gas of 1 atm and their variation with the pressure in the
range 0.1–10 atm is as follows:
n2 ¼ n2;0  p;
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pð1 þ x20 s2c;0 Þ
;
p2 þ x20 s2c;0

bK ¼ bK;0  p;

where p is expressed in atm and the index 0 denotes atmospheric pressure at sea level. These expressions show that

Laser pulses of 50 mJ energy and 120 fs duration
(FWHM) are ﬁrst shown to lead to ﬁlamentation over long
distances when they propagate in air at low pressures from
0.2 to 1 atm. The restriction to cylindrical symmetry might
seem questionable in the case of large peak input powers
because a real beam is inherently non-homogeneous and
undergoes beam-breakup and multiple ﬁlamentation. We
investigate however the ideal case where a perfectly clean,
and possibly powerful, input beam is launched and leads
to a single ﬁlament. Among the reasons, there is the fact
that our (3+1)D simulation code does not lead to a symmetry breaking when it is initiated by a pulsed cylindrically
symmetric beam, without noise. The break-up of a powerful beam into multiple beamlets which eventually evolve
into ﬁlaments actually depends on the level of input noise,
as recently shown in [40]. The nonlinear saturation of the
growing beamlets can also prevent the formation of a fully
developed multiﬁlamentation pattern as predicted by linear
stability analyses [41,42]. In addition, a large number of
(3+1)D simulations would be necessary to perform various
statistical realizations and obtain a valuable information
about the multiple ﬁlaments initiated with a white noise,
which is beyond the scope of the present paper. We therefore describe the physics of a single ﬁlament in interaction
with its surrounding energy reservoir. This is relevant even
if the ﬁlament is produced by a pulse with high peak input
power since several experimental situations show that

268

A. Couairon et al. / Optics Communications 259 (2006) 265–273

multiple ﬁlaments in air interact through their mutual energy reservoir [7,8,21,43].
Fig. 1 shows simulation results for the ﬂuence, intensity,
electron density and beam width obtained from a collimated Gaussian input beam with n = 2 and w0 = 14 mm
launched in air at three diﬀerent pressures. Figs. 1(a1)–
(a3) correspond to the lowest pressure of 0.2 bar. The ﬂuence proﬁle in Fig. 1(a1) shows a light ﬁlament exhibiting
several peaks and radiation losses emitted from the core
at each of these peaks. The ﬁlament starts at z = 80 m
and propagates beyond 250 m. At low pressures between
0.6 and 1 bar, Figs. 1(b1) and (c1) also show evidence of
an extended ﬁlamentation, with refocusing peaks located
at distances larger than 300 m. The peak intensity and
the peak electron density are plotted as functions of the
propagation distance in Figs. 1(a2), (b2), (c2). They reach
saturation at the levels 2 · 1013 W/cm2 and 2–10 · 1015
cm3. The ratio of the saturation levels for the electron
density obtained at diﬀerent pressures follows the ratio of
the gas pressures. This eﬀect is due to intensity clamping

as explained in Section 5. The nonlinear focus beyond
which the plasma string is generated is located at smaller
propagation distances when the pressure is increased. This
eﬀect is well explained by the fact that the critical power for
self-focusing scales as 1/p, and therefore decreases when the
pressure increases. Thus, the location of the nonlinear
focus decreases because it is closer to the laser when the
eﬀective ratio P eff
in =P cr is large. As shown in [44] the position
of the nonlinear focus znf as a function of P eff
in =P cr follows a
Marburger-like scaling law when a Raman contribution is
present in the Kerr eﬀect:
0:367zR
znf ¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
1=2
 0:8522  0:0219
½ðmax P eff
in ðtÞ=P cr Þ
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where zR denotes the Rayleigh length and
Z t
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Rðt0  tÞ
P in ðtÞ ¼ P in ½ð1  fR Þ expð2t =tp Þ þ fR
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Fig. 1. Propagation of a 50 mJ, 120 fs laser pulse in the atmosphere at (a) 0.2 bar, (b) 0.6 bar and (c) 1 bar. The input beam is a collimated Gaussian with
w0 = 14 mm. (a1), (b1), (c1) Fluence proﬁle as a function of the propagation distance. (a2), (b2), (c2) Intensity (continuous curve, left axis) and electron
density (dashed curve, right axis) vs. z. (a3), (b3), (c3) Beam width vs. z. The levels correspond to a fraction of the maximum ﬂuence, from 50% to 90%.
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We have also performed numerical simulations (not
shown) with a continuously decreasing pressure with altitude, so as to model a vertical propagation. In these simulations, p varies with the altitude according to the simple
isothermal model (between 0 and 11 km): p = p0exp((z 
z0)/zp), where zp  RT/Mg ’ 8 km. Since the typical ﬁlamentation scale of about 100 m is much smaller than zp,
no signiﬁcant changes in the ﬁlament and plasma channels
were obtained in comparison with the case of a constant low
pressure. Filamentation occurs over several hundreds of
meters in both cases with discontinuous plasma channels.

4. Inﬂuence of the chirp of the input pulse on the plasma
channel
Another parameter playing a crucial role is duration of
the input pulse. When experiments are performed with a
single laser, the pulse duration is controlled by modifying
the chirp of the input pulse. Usually, the propagation of
ultrashort laser pulses over long distances is achieved by
precompensation of the group velocity dispersion of air.
This is done by means of a negative chirp in the initial
pulse, which therefore becomes longer and consequently,
contains less power. A theoretical analysis of the ﬁlamentation length with chirped pulses satisfying these conditions has been done in [45]. This analysis shows that the
ﬁlamentation length is enhanced for large negative chirps,
provided the dispersive-compression length (deﬁned as the
distance necessary to compress the chirped pulse owing to
group velocity dispersion) slightly exceeds the self-focusing distance (deﬁned by Eq. (8)). This result is in agreement with experimental results in [8]. Fig. 2 shows a
comparison between the plasma channels generated by
numerical simulation of the propagation of chirped and
non chirped pulses (minimum duration of tp = 120 fs),
with either collimated or focused Gaussian input beams
(focal length of f = 50 m), 50 mJ energy and w0 =
14 mm. Fig. 2(a) corresponds to a non-chirped pulse
and collimated beam: the nonlinear focus is located at a
distance of 30 m from the source, which is comparable
to the value znf = 31 m predicted by Eq. (8). The plasma
channel generated on axis is not continuous but appears
by bursts. Its total length, deﬁned as the distance over
which the on-axis electron density exceeds 1015 cm3, is
about 69 m. The propagation of a pulse with the same
parameters except for the chirp /(2) = 3 · 104 fs2 (corresponding to an input duration of 500 fs) shows that the
nonlinear focus is located at 75 m from the source and
the generated plasma channel is still discontinuous with
a total length of about 47 m (Fig. 2(b)). Here, the dispersive compression length is about 1.5 km, much larger than
the self-focusing length. By using pulses with the same energy and minimum duration, a negative chirp therefore
delays the beginning of ﬁlamentation as expected but
the extension of the generated plasma channel is only
slightly smaller in agreement with the analysis in [45]. It

Fig. 2. Inﬂuence of the initial chirp on the plasma channel. (a) The input
beam is Gaussian with w0 = 14 mm, Ein = 50 mJ; the input pulse is not
chirped with tp = 120 fs. (b) Same conditions as in (a) with a chirp of
3 · 104 fs2 (input pulse duration of 500 fs). (c) Same conditions as in (a)
with a focused beam corresponding to a focal length f = 50 m. (d) Same
conditions as in (c) with a chirp of 3 · 104 fs2. Note that (a), (b) and (c),
(d) have diﬀerent scales for the propagation distance.

is worth noting that these simulations model single shot
experiments. In an experiment, very close plasma bursts
would be measured as a single continuous plasma channel, ﬁrst because shot to shot ﬂuctuations might lead to
a natural averaging process and second because the measurement technique itself averages the electron density
over a short centimetric scale.
5. Propagation of focused beams at low pressures
Figs. 2(c) and (d) show the electron density generated
on-axis for the same pulses as in Section 4 except that
the beam is now focused by a lens of focal length
f = 50 m. The plasma channel generated with the unchirped pulse is now continuous. The focusing lens therefore
facilitates the connection of the electron bursts into a single
28 m long channel, which starts closer to the laser. As in
the case of the collimated beam, the chirped pulse associated with the focused beam generates a 21 m long continuous plasma channel but the beginning of the ﬁlament is
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delayed (see Fig. 2(d)). The chirp of the input pulse therefore not only allows a shift of the beginning of ﬁlamentation but also a control of its length, whereas its
continuity is controlled by the focal length. By tuning independently the focal length and the chirp, it is possible to
produce various type of plasma channels. In practice, the
choice of these parameters will depend whether a speciﬁc
application needs a discontinuous plasma channels cover-

ing a large distance or a continuous plasma channel over
a shorter range. In particular, a lens compresses the ﬁlamentation dynamics along the longitudinal direction.
When a pulsed collimated beam generates the ﬁlament, it
leads to successive focusing defocusing cycles reﬂecting
the competition between the optical Kerr eﬀect, multiphoton absorption and plasma induced defocusing. The periodicity between the pinching points of the beam, and

Fig. 3. Plasma channel generated in the wake of the ultrashort pulse for a Gaussian input beam with w0 = 3 mm, Ein = 6 mJ, f = 6 m, sFWHM = 60 fs. (a)
p = 0.2 atm, (d) p = 0.6 atm and (g) p = 1 atm. (b) Beam diameter as a function of the propagation distance z for p = 0.2 atm. (e) and (h) same as in (b) for
p = 0.6 and p = 1 atm. (c) Intensity (continuous line, left axis) and electron density (dashed line, right axis) vs. z for p = 0.2 atm. (f) and (i) same as in (c)
for p = 0.6 and p = 1 atm.
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thus the continuity of the plasma, depends on the input
conditions. A pulsed beam with the same parameters, focused by a lens, will clearly produce a plasma channel with
a shorter periodicity, located between the nonlinear focus
and the position of the focus of the lens. If the focal length
is suﬃciently short, the plasma channel can become continuous. However, it is well known that it can also extend beyond the focus of the lens [46] with possible refocusing at
larger distances.
It is therefore also interesting to study ﬁlamentation
over laboratory scales since a prerequisite for experiments
about long distance ﬁlamentation is to test the predictions
of the calculations over shorter distances achievable in the
laboratory. A forthcoming paper will describe laboratory
experiments performed by using focal lengths in the meter
range [47].
The following results corresponds to smaller energies
and focused beams as used in laboratory experiments.
Fig. 3 shows a comparison between the plasma channels
numerically computed for p = 0.2, p = 0.6 and p = 1 atm.
These results are obtained for a Gaussian input beam with
w0 = 3 mm, a focal length of 6 m and an input energy of 6
mJ. The pulse duration is sFWHM = 60 fs. Figs. 3(a), (d)
and (g) show nearly connected plasma channels. The plasma strings undergo slight structural changes when the pressure is increased from 0.2 to 1 atm. The beam diameters
shown in Figs. 3(b) (e) and (h) show that the nonlinear focus beyond which the ﬁlament starts is located farther on
the propagation axis when the pressure is low. The maximum intensity shown in continuous line in Figs. 3(c), (f)
and (i) slightly exceeds 1013 W/cm2 but has comparable
values in the three cases. The intensity clamping governed
by a local balance between the index changes n2I and
q/2qc is indeed insensitive to the pressure because both
n2 and q are proportional to the pressure. This result follows from the fact that the electron density is mainly given
by its multiphoton contribution, in which case it scales as
q ’ rKIK qattp. The maximum intensity therefore scales as
I ’ (2n2qc/rKqattp)1/(K  1) which does not depend on the
pressure since n2/qat = n2,0/qat,0, all other parameters being
pressure independent. In contrast, the same scaling for the
electron density shows that q / p. The maximum electron
density shown in dashed curve on the same Figs. 3(c) and
(i) is thus in the ratio 1/5 as it should be from the ratio
of the pressures. The on-axis electron density increases with
pressure. Computation at larger pressures (p > 1 atm)
shows that the plasma channel becomes discontinuous
(not shown).
The diameter of the ionized plasma channel is larger at
lower pressure. As a result, integration of the electron density over the transverse dimension, i.e., the number of
charges per centimeter exhibits only a smooth variation
with pressure. Figs. 4(a)–(c) indeed show that the number
of charges per cm which in principle is directly proportional to the electric conductivity of the plasma, reaches
1013 cm1 for all pressures. The set of curves on each graph
in Fig. 4 correspond to various integration radii (10, 50,
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Fig. 4. Number of electrons per length unit as a function of the air
pressure. The parameters are the same as in Fig. 3. (a) p = 0.2 atm, (b)
p = 0.6 atm, (c) p = 1 atm. The curves on each graph correspond to
diﬀerent integration radii: 10, 50, 100 lm and the whole beam.

100 lm), the curve at the highest level reﬂecting the number
of charges per cm in the whole beam.
6. Inﬂuence of the input beam shape on the plasma column
Other input beam proﬁles have been used in the simulations. The general trends are recovered with all the beam
proﬁles but some structural modiﬁcations of the plasma
channels generated by the pulse occur. Fig. 5 shows the
integrated electron density, i.e., the number of electrons
per cm as a function of the propagation distance and the
gas pressure for three diﬀerent input beam proﬁles. The
pulse has an energy of 5.4 mJ with a duration of 130 fs
(FWHM). The focal length is f = 2 m. With a Gaussian
input beam (see dotted curves in Fig. 5), the integrated electron density exhibits a 60 cm long main channel before the
focus of the lens, reaching a few 1013 cm1. At 1 atm, two
secondary plasma channels, nearly two orders of magnitude below the main channel, are formed further on the
propagation axis (Fig. 5(a)). When the pressure decreases,
the length of the principle plasma channel decreases. With
a super-Gaussian input beam of order n = 50 (see continuous curves in Fig. 5), the main plasma channel is more spiky and a longer averaged plasma channel starting closer to
the focus of the lens is obtained at an optimal pressure of
0.6 atm (Fig. 5(b)). With a diaphragmed Gaussian beam
(dashed curves in Fig. 5), the same behavior is obtained except that the low level plasma channel extending beyond
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Fig. 5. Number of electrons per length unit as a function of the air
pressure for various input beam proﬁles. The pulse parameters are
Ein = 5.4 mJ, tp = 130 fs, f = 2 m. (a) p = 0.2 atm, (b) p = 0.6 atm, (c)
p = 1 atm. The diﬀerent beam shapes are indicated by dotted, continuous,
or dashed curves: dotted  Gaussian input beam with w0 = 2.6 mm
(shown in (d)); continuous  super-Gaussian input beam with
w0 = 2.6 mm and n = 50 (shown in (e)); dashed  diaphragmed Gaussian
input beam with w0 = 5.2 mm and rmask = 2.6 mm (shown in (f)).

the linear focus of the lens has a maximum length at a larger pressure than with a super-Gaussian input beam.
These results show that the shape of the input beam provides another sensitive control parameter for the length of
the plasma channel.
7. Discussion and conclusion
The results show that femtosecond ﬁlamentation can
occur at low pressures (0.2 6 p 6 1 atm), which corresponds to altitudes up to 11 km. The eﬀect of lowering
the pressure modiﬁes mainly the self-focusing stage during the propagation of the ultra-short pulse. The length
of the plasma string does not change signiﬁcantly in the
range of pressure from 0.2 to 1 atm. Below 0.2 bar, the
length is strongly reduced but this reﬂects the fact that

the power is lower than the critical power for self-focusing. Indeed, the non-linear index of refraction n2 related
to the optical Kerr eﬀect depends on the gaz density:
n2 / p. Therefore, as the critical power Pcr is inversely
proportional to the non-linear index n2, Pcr is inversely
proportional to the gaz pressure. Hence, as the pressure
decreases, the critical power increases and consequently
the ﬁlament appears at a distance closer to the geometrical focus of the lens (or farther from the laser with collimated beams).
A second result concern the features of ﬁlamentation
when the shape of the input beam vary. We have shown
that this parameter, which is experimentally accessible,
plays an important role in ﬁlamentation. For instance, it
is possible to increase by a factor of two the length of the
plasma channel generated in the wake of the ultrashort laser pulse, simply by introducing steep intensity gradients at
the periphery of the input beam.
Finally, with a constant energy per pulse and a constant
duration, the chirp of the input pulse has been shown to be
of little inﬂuence on the length of the plasma channel generated by ﬁlamentation. However, if the input pulse is
stretched by introducing a chirp, the power of the input
beam is lowered and therefore, the beginning of ﬁlamentation is delayed in agreement with [7,8,45].
In conclusion, we have investigated by numerical simulations the inﬂuence of the pressure on ﬁlamentation.
The calculations indicate the crucial inﬂuence of the
shape of the input beam. In contrast, when the input
pulse duration and power are constant, a chirp has little
inﬂuence on ﬁlamentation. However, a chirp can be used
as a control parameter to modify the duration of the
input pulse and its power, which delays the beginning of ﬁlamentation and reduces the total length of the plasma channel. The plasma channel, however, may be discontinuous
with bursts spread over a long distance. In a previous study
[7,8], we have shown that large negative chirps allow an increase of the spread the plasma channels generated by horizontal propagation of ultrashort laser pulses at 1 atm.
Finally, simulations of vertical ﬁlamentation with varying
pressure have revealed ﬁlamentation over several hundreds
of meters accompanied by disconnected plasma channels
with a maximum electron density of 1016 cm3.

References
[1] J.H. Marburger, Prog. Quantum Electron. 4 (1975) 35.
[2] A. Braun, G. Korn, X. Liu, D. Du, J. Squier, G. Mourou, Opt. Lett.
20 (1995) 73.
[3] E.T.J. Nibbering, P.F. Curley, G. Grillon, B.S. Prade, M.A. Franco,
F. Salin, A. Mysyrowicz, Opt. Lett. 21 (1996) 62.
[4] A. Brodeur, C.Y. Chien, F.A. Ilkov, S.L. Chin, O.G. Kosareva, V.P.
Kandidov, Opt. Lett. 22 (1997) 304.
[5] M. Mlejnek, M. Kolesik, E.M. Wright, J.V. Moloney, Phys. Rev.
Lett. 83 (1999) 2938.
[6] B.L. Fontaine, F. Vidal, Z. Jiang, C.Y. Chien, D. Comtois, A.
Desparois, T.W. Johnston, J.-C. Kieﬀer, H. Pépin, Phys. Plasmas 6
(1999) 1615.

A. Couairon et al. / Optics Communications 259 (2006) 265–273
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