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Abstract The filamentation of a femtosecond laser pulse
in atmosphere under the joint influence of turbulence and
aerosol has been numerically studied for the first time. A re-
sult of these studies is that the presence of aerosol in a turbu-
lent atmosphere increases the distance to the onset of multi-
filamentation. We have studied the competition between two
factors of aerosol coherent scattering in the process of multi-
ple filamentation of a femtosecond pulse in the atmosphere:
generation of light field perturbations and energy losses.
Similarity parameters have been determined for different
conditions in the problem of multifilamentation in aerosol.

1 Introduction

When femtosecond laser radiation of giga- and terawatt
power propagates in atmospheric air, filamentation occurs
and laser energy localizes in thin long filaments. The gen-
eration of filaments is a result of the dynamic balance be-
tween Kerr self-focusing of laser light in air and defocusing
in laser-induced plasma that originates in photoionization of
the air gaseous components [1–4].

Filamentation of femtosecond laser pulses is accompa-
nied by a number of important effects that find applica-
tions in atmospheric optics [5]. Due to the strong nonlinear-
optical transformation of the pulse, its spectrum is broad-
ened out and results in a supercontinuum that propagates
together with the pulse. The broadband radiation of su-
percontinuum, for example, is used in femtosecond lidars
for remote sensing applications [6]. White light with short
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duration allows to efficiently probe the composition of at-
mosphere and to identify pollutants in a wide range of ab-
sorption spectra. Femtosecond filaments due to high concen-
tration of laser radiation constitute potential tools for plasma
breakdown and generation of fluorescence signal from tar-
gets located at distances of several kilometers [7]. Further-
more, plasma channels in filaments can be applied for light-
ning discharge control [6] and to obtain virtual microwave
waveguides [4].

In real conditions, pulses of terawatt power, tens and hun-
dreds times higher than critical power of self-focusing in
air, break up into many chaotically located filaments [4, 5].
This results from modulation instability of intense light field
in a medium with Kerr nonlinearity [8]. Filaments can be
initiated by stochastic perturbations of the light field in the
pulse cross-section of the output beam [9] and perturbations
caused by the refractive-index fluctuations in turbulent at-
mosphere [10] and scattering on aerosol particles [11].

Atmospheric turbulence causes fluctuations of air refrac-
tive index and thus disturbs phase of the pulse light field.
Spatial spectrum of these fluctuations consists of a wide
range of scales [10]. Large-scale fluctuations result in ran-
dom wandering of laser beams as a whole. Small-scale fluc-
tuations influence the processes of filament initiation and
formation and lead to random filaments generation in the
beam cross-section [40]. In [12], experimental and numer-
ical investigations of single filament wandering on the at-
mospheric path were performed. Statistical processing of the
obtained data showed that filament-center displacements in
the transverse plane obey a Rayleigh distribution law. In the
more general case of turbulence, the distribution of filaments
is better fitted with Weibull distribution law [13]. The typical
transversal size of a filament is significantly smaller than the
spatial scale of turbulent phase fluctuations. Filament can
exist after propagation through a region with strong turbu-
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lence above typical atmospheric values [14]. At the same
time, when such region is located on the pulse path before
the start of a filament, filament generation probability de-
creases sharply [13, 15]. Strong turbulence can inhibit the
pulse filamentation process.

Filamentation start distance depends strongly on the tur-
bulent conditions on the path. When pulse peak power is
slightly greater than the critical power for self-focusing in
air, i.e. the regime of a single filament, the distance to fil-
ament generation increases with the increase of turbulent
fluctuations intensity C2

n [16]. When the pulse peak power
is high enough and it is possible for multiple filaments to
be generated at once, the filament start distance can be ei-
ther longer or shorter under high values of C2

n [17]. In
pulses of power P0 much greater than the critical power
Pcr for self-focusing in air, turbulent perturbations cause
chaotic multiple filamentation and shorten distance to its
start [10, 17–20]. Thus, there are two antithetical tendencies
in filament formation in turbulent atmosphere. These are the
increase of filament start distance under relatively low pulse
power and the decrease of this distance, when P0 � Pcr

and modulation instability develops. An attempt to quanti-
tatively estimate an interchange between these regimes was
performed in [13, 21].

In [10] it is demonstrated that with the growth of the in-
ner scale of atmospheric turbulence l0, the distance where
filaments begin to form increases and the transversal size
of filament bunches decreases. In [22] authors show the de-
velopment of modulation instability in a pulse under turbu-
lence with inner scale values close to those for atmosphere
l0 = 1–2 mm. The increase of the inner scale of turbulence
up to l0 = 6 mm resulted in suppression of modulation in-
stability development. Besides, small-scale fluctuations of
the medium’s refractive index can result in the decrease of
background coherence, thus preventing energy refill in the
filament. According to the opinion of [23], this can lead to
the change of typical filaments parameters: their transversal
size increases and their peak intensity decreases.

Also, an important factor determining laser filamentation
process is the presence of clouds and precipitation on an at-
mospheric path which results in scattering and attenuation
of laser radiation. Laboratory experiments on interaction be-
tween filament and single droplets [24] as well as theoreti-
cal investigations [25, 26] show that a droplet blocking fila-
ment’s central core does not inevitably stop its further prop-
agation. Filament is rapidly rebuilt after the droplet.

According to [24, 27], if the density of aerosol parti-
cles is high enough (∼105 cm−3), then the energy losses
of the formed filament are described by the Bouguer law.
Filaments number decrease due to energy losses in aerosol
has been registered in a 10 m long fog with droplet density
2.2 × 104 cm−3 [28]. Similar results have been obtained in
the experiments on filamentation in water when laser pulses
propagate through polystyrene suspension [29].

Theoretical investigations of multifilamentation in ae-
rosol usually apply models where droplets are replaced by
opaque screens, absorbing light [25, 28], or a scattering
medium is replaced by a linear damping medium with an
equivalent extinction coefficient [30]. Due to energy losses
in aerosol, a filament generates later and its length becomes
shorter.

However, under filamentation of laser light in clouds
and fogs at the wavelength λ = 800 nm, for which ab-
sorption in water is low, pulse transformation and its ener-
getic characteristics are determined by scattering on aerosol
particles [11]. Coherent scattering on particles can initiate
multifilamentation and at the same time can cause energy
losses [31, 32].

When laser light propagates in turbulent atmosphere with
aerosol, the spatial scale of medium inhomogeneities is
much greater than the wavelength, the scattering indicatrix
is strongly elongated in the forward direction and a signifi-
cant scattering component remains in the beam. That is why
the influence of turbulence and aerosol on filamentation in
atmosphere does not result only in energy losses. Laser pulse
intensity fluctuations, induced by turbulence and scattering
on particles, can stimulate filaments stochastic generation.
Filamentation of a high-power femtosecond laser pulse in
turbulent atmosphere with aerosol was not currently investi-
gated.

We numerically investigated the influence of aerosol scat-
tering and random phase fluctuations due to turbulence on
multifilamentation of a high-power femtosecond laser pulse
in atmosphere. We studied the competition of two factors
under multifilamentation in the presence of aerosol scatter-
ing: light field perturbations generation and energy losses.
An average distance to the multifilamentation starting point
was determined in different conditions on the path by means
of Monte Carlo method. We compared the dynamic scenar-
ios of multiple filaments development, caused by refractive-
index random fluctuations, scattering on aerosol particles
and their joint influence.

2 Stratified-medium model

Pulse filamentation is considered in the slowly varying en-
velope approximation. According to it, a stochastic equa-
tion for complex amplitude of femtosecond pulse envelope
˜E(x,y, z, t) in nonlinear randomly inhomogeneous scatter-
ing medium is as follows:

2ik
∂ ˜E(x,y, z, t)

∂z

= �⊥ ˜E(x,y, z, t) + 2k2

n0
(�nnl + �ñ)˜E(x,y, z, t)

− ikαion ˜E(x,y, z, t) + ̂
˜Daer ˜E(x,y, z, t) (1)
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where k is the wavenumber, n0 is the air refractive index,
̂
˜Daer stands for the transformation of the light field due
to coherent scattering on aerosol particles, �ñ(x, y, z) is
a refractive-index change caused by turbulence. Nonlinear
refractive index �nnl is determined by Kerr nonlinearity
�nkerr and laser-induced plasma �npl:

�nnl = �nkerr + �npl. (2)

Coefficient αion describes energy losses caused by multipho-
ton ionization.

In the model, group velocity dispersion, and therefore
space-time focusing, and pulse self-steepening are not taken
into account because they are negligible for considered pulse
durations (more than 100 fs) and do not affect energetic
characteristics studied in these investigations.

Also, in the model we neglect plasma generation inside a
water particle. Plasma is generated near shadow surface of
a droplet and is significant only for the femtosecond pulse
tail [33]. Based on laboratory experiments [34] it was shown
that total contribution of free electrons, generated inside
aerosol particles, to plasma channels of filaments can be ne-
glected in atmosphere.

For considered pulse duration, it is possible to neglect
delayed nonlinear response, caused by induced Raman scat-
tering on rotational transitions of air molecules [35]. Then,
the Kerr nonlinear refractive index is instantaneous:

�nkerr = n2I, (3)

where I (x, y, z, t) = c0n0ε0
2 |˜E(x,y, z, t)|2 is light intensity,

c0 and n2 denote light velocity and coefficient of cubic
nonlinearity in air, respectively. Since the volume fraction
of water in aerosol particles is smaller than 0.001%, its
contribution to n2 value can be neglected. We used n2 =
2.4×10−19 cm2/W for dry air [2, 4]. This value corresponds
to a critical power of self-focusing Pcr = 4 GW at the wave-
length λ = 800 nm.

The plasma refractive-index change �npl equals:

�npl = −e2Ne(x, y, z, t)

2ε0meω2
, (4)

where me and e are electron mass and charge, respectively;
ω is light frequency. The electron density Ne(x, y, z, t) is
determined according to kinetic equation for photoioniza-
tion in air [1, 2]:

∂Ne

∂t
= R

(|E|2)(N0 − Ne), (5)

where ionization rate R(|E|2) is given by the Perelomov–
Popov–Terent’ev model [36], N0 is the concentration of
neutral molecules. For nitrogen N2 and oxygen O2, (5) is
considered separately, and total electron density Ne is ob-
tained according to their concentration in air.

Fig. 1 Stratified-medium model. L is transversal size of the computa-
tional area, �z is the distance between adjacent sets of screens

The extinction coefficient for multiphoton ionization
equals:

αion = m�ω

I (x, y, z, t)
· ∂Ne(x, y, z, t)

∂t
, (6)

where m stands for number of photons, necessary to ionize
air molecules. For oxygen: m = 8, for nitrogen: m = 10.

The numerical simulation of the femtosecond laser pulse
propagation in atmosphere is based on the stratified-medium
model of laser light propagation in nonlinear randomly in-
homogeneous scattering media. According to the model,
a medium is represented as a sequence of layers with fi-
nite thickness �z (Fig. 1). Every layer is modeled by non-
linear, aerosol and turbulent screens. Free diffraction takes
place between the screens. Light field changes, induced by
aerosol, turbulence, nonlinearity, dissipation and diffraction
in a single layer, are much smaller than the incident on the
layer field. At the same time, at the end of propagation path
consisting of many stratification layers, field perturbations
can be strong. The split-step algorithm along z-coordinate
was used to propagate pulse through each layer.

The aerosol screen includes all particles of a layer [37]. It
consists of two parallel planes. On the first plane there is an
ensemble of spherical particles, where the light field is scat-
tering; on the second plane the light field is determined as
a result of interference between waves scattered by droplets
and the unperturbed field. Aerosol particles are located ran-
domly in the nodes of a computational grid. The distance
between planes of aerosol screen is small to avoid an over-
lapping of the fields scattered by neighboring particles. For
each droplet, scattering is considered in the anomalous dif-
fraction approximation [38]. In order to determine scatter-
ing field on the second plane of aerosol screen we calculate
the Kirchhoff integral, using a subsidiary computational grid
with a step much less than step �x = �y of the main com-
putational grid used to calculate complex amplitude ˜E.

The turbulent screens simulate light field perturbations,
caused by refractive-index fluctuations �ñ(x, y, z) in tur-
bulent atmosphere, described by the modified von Kármán
spectrum [39]:

Fn(κx, κy, κz)

= 0.033C2
n

(

κ2 + κ2
0

)−11/6 exp
(−κ2/κ2

m

)

, (7)
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where C2
n is the refractive-index structure constant, charac-

terizing the magnitude of turbulent fluctuations; κ0 = 2π/L0

and κm = 5.92/l0, where L0 and l0 are outer and in-
ner scales of turbulence, respectively. The two-dimensional
spectrum of spatial phase fluctuations on a turbulent screen
is as follows [10]:

Fϕ(κx, κy) = 2πk2
0�zFn(κx, κy,0). (8)

The nonlinear screen describes the nonlinear-optical in-
teraction of a pulse with gaseous air components and with
laser-induced plasma in a layer.

The problem of diffraction is solved in spectral space for
variables (x, y) using Fast Fourier Transform. Equation (5)
is integrated over coordinate t using the Euler method for
consecutive time slices of the pulse at each step �z. In the
simulations, we used spatially uniform transversal grid with
resolution �x = �y ≈ 20 µm, an adaptive step �z depend-
ing on intensity and nonuniform time grid with minimal step
�t ≈ 0.6 fs increasing to the pulse front and tail. Simu-
lations were performed on two dual-core processors Xeon
2.66 GHz with 16 GB of RAM.

The solution, obtained with a certain sequence of screens,
corresponds to the registration of a random field ˜E(x,y,
z∗, t) for a single pulse at given distance z∗. In order to
get statistical characteristics of the femtosecond light pulse
propagation and filamentation, we used the Monte Carlo
method. An ensemble of the fields {˜Ej(x, y, z∗, t), j =
1, . . . ,M} is obtained as a result of multiple simulations
of the pulses propagation in turbulent medium with aerosol,
each pulse propagating through a new chain of statistically
independent turbulent and aerosol screens.

Scattering on particles and turbulent fluctuations of
refractive-index result in wave divergence, and thus some
field components quickly deviate away from the propagation
direction. In order to avoid field reflection from the edges of
the computational grid, an absorption coefficient, smoothly
increasing towards the boundary, is introduced. Such ab-
sorption removes scattered field from the computational re-
gion and thus models energy losses due to scattering.

The problem under consideration is characterized by a
wide range of spatial scales:

L0 � a0 � l0 � dfil � Raer ∼ h, (9)

where dfil stands for the typical filament size.
When analyzing multifilamentation, initiated by turbu-

lent atmosphere and aerosol scattering, we assume that the
pulse has Gaussian shape and Gaussian intensity distribution
in the cross-section without any field perturbations.

3 Statistical analysis of multifilamentation initiation
in aerosol

At first, let us consider influence of just aerosol on high-
power femtosecond laser pulse breakup into filaments in at-
mosphere.

At the initial stage of filamentation when intensity does
not reach photoionization threshold 1013 ÷1014 W/cm2 [41]
and plasma is not generated, the power redistribution in the
cross-section of the pulse time slices and nonlinear foci for-
mation take place only due to Kerr nonlinearity. That is why
filaments initiation in aerosol can be described by (1) at
�npl = 0 and αion = 0. In case of the absence of turbulence,
also �ñ = 0.

In the stationary problem of light self-focusing in aerosol
atmosphere, we consider a Gaussian beam, which power P0

equals to the pulse peak power. The time slice with peak
power P0 self-focuses in a medium with Kerr nonlinearity
at the shortest distance, determining the start of a filament.
Statistical investigation of multiple filaments initiation has
been done by means of the Monte Carlo method for pulses of
different power in monodisperse aerosol with particle radius
Raer = 15 µm and different concentrations Naer. The results
were obtained by averaging of 10 statistically independent
realizations of aerosol path.

Figure 2 demonstrates the dependence of the average dis-
tance 〈zfil〉 to filamentation starting point of the pulse with
peak power P0 = 400 GW (100Pcr) on particle concentra-
tion Naer in aerosol. Typical intensity distributions I (x, y)

of the pulse peak cross-section directly ahead of the first (if
any) filament formation are shown in figure insets, illustrat-
ing filamentation regimes in the different ranges of particle

Fig. 2 Dependence of average filamentation distance zfil on aerosol
concentration Naer with particle radius Raer = 15 µm for the
propagation of the beam with initial parameters: a0 = 2.5 mm,
I0 = 2 × 1012 W/cm2, P0 = 100Pcr. Dashed line highlights the dis-
tance to the starting point of one filament in clear atmosphere. Num-
bers in circles mark different ranges of aerosol concentrations, insets
showing typical intensity distribution
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concentrations. In the range 1 the filamentation start distance
decreases with aerosol concentration increase. In this range,
the influence of light field perturbations caused by multi-
ple coherent scattering dominates. When concentration in-
creases, there are more sources of interfering scattering pat-
terns and this causes widening of the range of perturbations
spatial scales. The probability for perturbations with large
growth increment increases, and modulation instability of
the intense light field in Kerr medium develops at shorter
distance.

With the further increase of particle concentration Naer

(range 2), the influence of energy losses due to scattering in-
creases, multiple filaments are initiated at longer distance
and their number decreases. At the concentration values
from the ranges 1 and 2, pulse power is enough for small-
scale self-focusing to occur on the perturbations. This self-
focusing occurs before there could be self-focusing of the
beam as a whole. Increase of the concentration higher than
430 cm−3 (range 3) results in the decrease of intensity level
and, thus, in the termination of small-scale self-focusing de-
velopment. The power in this case is enough only for a sin-
gle maximum in the vicinity of the beam axis to develop.
The distance, where single filament forms, is longer than in
clear air. If the concentration value is higher than 500 cm−3,
then energy losses caused by aerosol scattering dominate
over Kerr self-focusing, and filamentation does not occur.

Filament start distance and particle concentration, at
which the change of filaments initiation regimes occurs,
depend on initial pulse parameters. So, in a pulse of the
same peak power P0 = 400 GW (100Pcr) but with a larger
beam radius a0 = 10 mm, and hence lower peak inten-
sity I0 = 1.3 × 1011 W/cm2, filamentation start distance is
longer (Fig. 3). Such character of the dependence change is
explained in the following way. When intensity decreases,
perturbations with the maximal growth increment in Kerr
medium [8] has larger spatial scale (lcr ∼ (Pcr/πI0)

1/2).
The growth of spatial scale of perturbations leads to the in-
crease of the distance to their self-focusing, and, therefore
the increase of filamentation start distance. At the same time,
the range of concentrations Naer, where multifilamentation
exists, is shortened, because the influence of energy losses
caused by scattering at longer distances also increases.

In order to generalize the obtained results for the dif-
ferent initial parameters of pulse and aerosol medium, we
performed a series of simulations where we varied the
beam peak power, its radius, the concentration and radius
of aerosol particles in a wide range of values, typical for
multifilamentation investigations. As a result of statisti-
cal analysis, the dependencies of filamentation start dis-
tances on particles concentration for the different pulses
have been obtained (Fig. 4). For the purpose of generaliza-
tion we have introduced the following dimensionless vari-
ables: filamentation start distance ζfil = zfil/kl2

cr, normal-

Fig. 3 Dependence of filamentation distance zfil on aerosol concen-
tration Naer with particle radius Raer = 15 µm for the beam with ini-
tial parameters: a0 = 10 mm, I0 = 1.3 × 1011 W/cm2, P0 = 100Pcr
in aerosol medium (solid curve) and in linear damping medium with
the extinction coefficient α0 = 2πR2

aerNaer (dotted curve). Dashed line
highlights the distance to the starting point of one filament in clear
atmosphere. Numbers in circles mark different ranges of aerosol con-
centrations, insets showing typical intensity distribution

Fig. 4 Dependence of filamentation start distance on aerosol opti-
cal thickness for different pulses and different radii of aerosol parti-
cles, expressed in terms of dimensionless variables: ζfil = zfil/kl2

cr and
τaer = 2πR2

aerNaerz
∗
fil. Bold curve is the generalization of the depicted

results

ized to diffraction length of a perturbation containing crit-
ical power for self-focusing and medium optical thickness
τaer = 2πR2

aerNaerz
∗
fil, where z∗

fil is the minimal distance
of multifilamentation. For example, in the case, presented
in Fig. 2, this distance is z∗

fil = 1.4 m and in Fig. 3 it is
z∗

fil = 27 m. In these dimensionless variables, the obtained
dependencies are close to each other (Fig. 4). When particle
concentration is low and optical thickness at the filamenta-
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Table 1 Filamentation start distance, m

Pulse (P0 = 400 GW) a0, cm 1 1 2

Turbulence parameters C2
n , cm−2/3 10−16 10−16 10−17

(L0 = 1 m, l0 = 1 mm) d turb
ext , m 2300 2300 8400

Aerosol parameters Raer, µm 15 15 5

Naer, cm−3 10 25 10

daer
ext , m 71 29 637

Turbulent transparent medium z̃turb 24.6 24.6 97.4

Aerosol without turbulence 〈zaer〉 28.0 ± 1.4 41.2 ± 3.6 104.3 ± 6.1

Turbulent medium with aerosol 〈zturb+aer〉 27.2 ± 1.1 41.1 ± 3.9 100.1 ± 5.0

Turbulent medium with linear damping 29.4 44.5 104.2

tion start distance is τaer < 0.2, influence of the light field
perturbations determines multifilamentation. When particle
concentration is high and optical thickness at the filamenta-
tion start distance is τaer > 0.2, energy losses are crucial.

It is of practical interest to estimate if it is possible to
replace the scattering aerosol by an equivalent linear damp-
ing medium in the filamentation study. The extinction coef-
ficient α0 is determined by aerosol parameters:

α0 = 2πNaerR
2
aer. (10)

In Fig. 3, the dotted line shows the dependence of filamen-
tation start distance on concentration value, determining the
extinction coefficient α0 of linear damping medium. In this
medium, only one filament forms at any particle concentra-
tion and at a distance longer than in clear air. Only one fila-
ment forms also in a stochastic aerosol medium (solid curve
in Fig. 3) with concentration from the range 3, however its
generation begins at a shorter distance. Because, in spite of
the predominance of energy losses, the initial field perturba-
tions caused by scattering on particles serve as a seed for fil-
ament formation. Only for high concentration the results of
statistical analysis and deterministic approach on the basis
of linear damping medium model agree within confidence
limits. These results correspond qualitatively to the results
of the work in [28].

4 Filamentation in turbulent atmosphere with aerosol

Using a stationary approximation, we have statistically an-
alyzed the influence of aerosol scattering on the distance to
multifilamentation start of the pulse in turbulent atmosphere.
We considered laser beam with radius a0 = 10 mm and ini-
tial peak power P0 = 400 GW, corresponding to intensity
I0 = 1.3 × 1011 W/cm2.

In aerosol (Naer = 10 cm−3, Raer = 15 µm, α0 =
0.014 m−1) in the absence of turbulence an average distance
to filamentation start for such pulse is 〈zaer〉 = 28.0 ± 1.4 m

(Table 1). For a certain realization of refractive-index fluc-
tuations ñ(x, y, z) on the path in turbulent transparent at-
mosphere (C2

n = 10−16 cm−2/3, L0 = 1 m, l0 = 1 mm) mul-
tifilamentation starts at a closer distance z̃turb = 24.6 m.
On the same turbulent path with the same fluctuations
ñ(x, y, z), the presence of the aforementioned aerosol leads
to the increase of the average filamentation start distance
〈zturb+aer〉 = 27.2 ± 1.1 m. In order to find the cause of dis-
tance increase due to aerosol scattering, we have studied
pulse filamentation at the same turbulence in linear damp-
ing medium with the same extinction coefficient as in the
aerosol. It turned out that under these conditions the filamen-
tation start distance is longer than in turbulent aerosol at-
mosphere and equals 29.4 m. This means that in a turbulent
atmosphere, aerosol scattering slows down multifilamenta-
tion due to pulse energy losses, while in contrast, it stim-
ulates filament initiation on the field perturbations caused
by coherent scattering. This conclusion is confirmed by the
results, obtained in simulations with different parameters of
the turbulent aerosol medium and the pulse (Table 1).

We considered a possibility to use extinction length for
analysis of multifilamentation of laser light in atmosphere.
When light propagates in a turbulent atmosphere, the inten-
sity decreases due to turbulent broadening of the beam on
average. In a Gaussian approximation, the turbulent change
of the average intensity with distance is described by [39]:

I (r, z) = I0

(1 + 1.63σ
12/5
1 Λ)

× exp

(

− r2

a0(1 + 1.63σ
12/5
1 Λ)

)

(11)

where σ 2
1 = 1.23C2

nk7/6z11/6 is the Rytov variance of inten-
sity fluctuations associated with a plane wave, Λ = z/ka2

0
is the distance in diffraction lengths. In this approximation
the typical extinction length in turbulence d turb

ext is about
1000 m and much higher than in aerosol daer

ext = 1/α0 (see
(10)) which is typically 10–100 m, whereas the distances to
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Fig. 5 Fluence distribution J/J0(x, y) at different distances z (a),
(b), (c) and relative high-fluence energy WHFE/W0 (J > 3J0) depen-
dence on distance (d) of the pulse (a) in aerosol with concentration
Naer = 10 cm−3 and particles radius Raer = 15 µm, (b) in turbulent at-
mosphere with parameters: structure constant C2

n = 10−13 cm−2/3, in-

ner scale l0 = 1 mm, outer scale L0 = 1 m, (c) in turbulent atmosphere
with aerosol, medium parameters are the same as in (a) and (b).
Pulse parameters: duration τp = 280 fs, radius a0 = 2.5 mm, initial
peak intensity I0 = 1012 W/cm2, initial peak fluence J0 = 0.25 J/cm2,
W0 = 50 mJ

the filamentation onset in both cases are of the same order
of magnitude (Table 1). Thus, the extinction length is not
a similarity criterion for the problem of femtosecond pulse
multifilamentation in atmosphere.

5 Dynamic scenario of multifilamentation
in atmosphere

We considered a dynamic problem of multifilamentation
in atmosphere in order to compare the influence of tur-
bulence and aerosol on filaments development along the
propagation path. A stochastic breakup of a pulse at a ran-
dom distribution of aerosol particles and refractive-index
fluctuations in atmosphere is described by (1)–(8). Prelim-
inary analysis shows that a demonstrative dynamic sce-
nario of pulse multifilamentation takes place in low den-
sity aerosol with large droplets. We considered aerosol with
Raer = 15 µm and Naer = 10 cm−3 and strong turbulence
with C2

n = 10−13 cm−2/3 [39] and l0 = 1 mm, L0 = 1 m.
Laser pulse parameters were as follows: wavelength λ =

800 nm, duration τp = 280 fs (e−1 intensity level), energy
50 mJ and beam radius a0 = 2.5 mm (e−1 intensity level).
At these parameters, peak fluence is J0 = 0.25 J/cm2 and
peak power is P0 = 200 GW, it corresponds to P0 = 50Pcr.
The duration of the pulse, slightly longer than usually used
in experiments, allows to safely neglect group velocity dis-
persion and delayed Kerr response in the model.

Under such parameters of the pulse and atmosphere mul-
tifilamentation develops approximately at the same distance
for the given pulse propagation in aerosol and turbulence

separately (Figs. 5(a), (b)). The maximum value of fluence,
achieved in these numerical simulations, is 10J0.

Both stochastic factors in atmosphere, aerosol and tur-
bulence, result in the formation of the light field perturba-
tions in the pulse cross-section, which cause multifilamen-
tation. However, these perturbations are different by nature:
amplitude perturbations due to the interference of scattering
patterns in aerosol and phase field perturbations in turbu-
lent atmosphere form essentially different fluence distribu-
tions J (x, y) at the same distances (Figs. 5(a), (b)). In the
early beginning of the aerosol path, there are visible small-
scale perturbations in the fluence distribution in the form of
diffraction rings due to scattering on the separate droplets.
Slightly further, the fluence distribution of the pulse prop-
agating in pure aerosol is manifested as a speckle pattern.
However filament initiation occurs at a significantly longer
distance. The perturbations, induced by turbulence, have
larger scale and become visible in the fluence distribution
only at a distance close to the filamentation start. The num-
ber of filaments in turbulence is more than in aerosol at-
mosphere.

In turbulent aerosol medium, small-scale perturbations in
aerosol superpose on large-scale turbulent perturbations. At
the beginning of the path, turbulence dominates and deter-
mines the initial location of the “hot” spots in fluence distri-
bution (Fig. 5(c)). However, later on the interplay between
scattering on aerosol particles and refractive-index fluctua-
tions leads to energy redistribution in the pulse and “hot”
spot displacements in comparison to the case of transparent
turbulent atmosphere (Fig. 5(b)).

Pulse energy losses in these media are also different.
We considered the amount of energy localized by filament,
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namely energy where fluence is high (high-fluence energy
HFE), for example, with J > 3J0. Figure 5(d) shows that
HFE in aerosol is less than in turbulent medium and en-
ergy losses, caused by aerosol scattering, dominate in HFE
change with distance in atmosphere with both turbulence
and aerosol.

6 Conclusions

We have studied numerically in the process of femtosec-
ond laser pulse multifilamentation the competition between
two factors, related to aerosol scattering: generation of light
field perturbations and energy losses. Dimensionless vari-
ables in the problem of multifilamentation in aerosol are
the filamentation start distance, normalized to diffraction
length of a scale containing critical power for self-focusing,
and medium optical thickness at the minimal distance of
multifilamentation starting point. We showed that, when a
pulse propagates in atmospheric aerosol with small opti-
cal thickness (τaer < 0.2) at a typical filamentation start
distance, the influence of perturbations caused by coherent
scattering dominate and multifilamentation develops. With
the increase of optical thickness (τaer > 0.2), pulse energy
losses caused by scattering becomes substantial and fila-
mentation start distance increases, number of filaments de-
creasing. Further growth of optical thickness results in the
regime of a single filament and, finally, filamentation sup-
pression.

The filamentation of a high-power femtosecond laser
pulse in the joint influence of turbulence and aerosol scatter-
ing has been investigated for the first time. We have deter-
mined that the presence of aerosol in turbulent atmosphere
increases distance to filamentation start.

The replacement of an aerosol medium by a linear damp-
ing medium with the same extinction coefficient applies
only when the energy losses caused by scattering dominate
during filamentation process.
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