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Abstract We present a numerical investigation of high-
fluence energy transport by a femtosecond filament in air.
Our study shows that an increase of the initial pulse dura-
tion leads to an increase of this energy in the pulse and to its
higher localization in the filament.

PACS 42.65.Jx · 42.68.Ay

1 Introduction

During filamentation of a femtosecond laser pulse, energy
localizes in both space and time. This localization is con-
served on tens and hundreds of meters. Self-channeling of
laser energy in a filament is a result of dynamical equilib-
rium between Kerr self-focusing and defocusing in induced
laser plasma. This equilibrium can be reached under condi-
tions of high power and short duration of the pulse. Spatio-
temporal localization of energy during pulse filamentation
is accompanied by plasma channel generation, generation
of supercontinuum, and conical emission [1–3]. These fea-
tures open fundamentally new possibilities for femtosecond
laser technologies in atmospheric optics [4–6].

In air, the intensity in a filament is about 5 × 1013 W/cm2

[7]. Such intensity leads to ionization of molecules of air
gaseous components and to generation of plasma at the sur-
faces of ranged targets [6]. The method of filament-induced

V.Y. Fedorov (�) · O.V. Tverskoy · V.P. Kandidov
International Laser Center and Faculty of Physics,
M.V. Lomonosov Moscow State University, Leninskie Gori,
Moscow 119991, Russia
e-mail: fedoroff_v@mail.ru
Fax: +7-495-9393113

fluorescence spectroscopy (FIFS) was used for remote sens-
ing of methane and ethanol molecules as well as other
gaseous pollutants in air [8], bioaerosols consisting of ri-
boflavin [9], and different salts [10]. Beam squeezing [11]
and geometrical focusing [12] were used to increase the flu-
orescence signal, since they provide greater volume of non-
linear optical interaction of a light field with a medium.

The fluence inside the filament is high enough for ab-
lation of metals [13] and optical breakdown of transpar-
ent dielectrics [14]. Thus, filaments of femtosecond laser
pulses are promising tools for energy delivery and genera-
tion of a laser-induced plasma on remote objects. This is the
basis for remote filament-induced breakdown spectroscopy
(FIBS) [6].

The maximum remote sensing distance of a metallic tar-
get in the FIBS method was 90 m [13, 15]. According to
estimations [16], in the FIBS method it is possible to obtain
with one pulse a signal sufficient for diagnostics of metallic
targets located at distances up to 1 km, and with lower spec-
tral resolution—up to several kilometers. Experiments [13]
showed that the signal from a target is maximal if the fila-
ments were created several meters before the target surface.
The authors note that in this case high fluence inside the fil-
ament initiates and sustains optical breakdown on a target
surface during the whole pulse length.

Laser ablation or optical breakdown of a remote target
occurs when the pulse fluence exceeds a certain threshold
typical of a given condensed matter. Emission of plasma on
the target (and therefore the received signal) is determined
by the total amount of high-fluence energy (HFE) that is car-
ried by the filament. The high-fluence energy can be deter-
mined as the energy for which the fluence is higher than the
threshold one for a given sample.
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In the present work we use numerical simulation to study
transport of HFE by a femtosecond filament in air, and the
influence of pulse duration on this process.

2 Formulation of the problem

In order to study energy characteristics of a femtosecond fil-
ament we performed numerical simulation of the femtosec-
ond pulse propagation in air. Assuming that pulse propaga-
tion occurs along the z axis, the equation for the slowly vary-
ing envelope of the light field is [17, 18]

2ik0
∂E

∂z
= Δ⊥E + k0k2

∂2E

∂t2

+ k0

2n0
(Δnk + Δnp)E + iαE, (1)

where k0 is the wave number and n0 is the linear refrac-
tive index. The first term on the right-hand side of (1) de-
scribes diffraction, the second the dispersion in second-order
approximation, and the third the contribution of Kerr and
plasma nonlinearities. The last term corresponds to the ab-
sorption of radiation due to medium ionization.

Equation (1) does not contain an operator of self-
steepening [19], which appears if we keep more terms in
the time-variable expansion [20]. This operator allows one
to describe an increase in the steepness of the pulse edges.
This is essential in the study of pulse spectrum transforma-
tion. But, for analysis of energetic characteristics, the influ-
ence of self-steepening as well as higher-order dispersion is
negligible.

The Kerr increment of the refractive index in air Δnk is
determined by electronic nonlinearity and induced Raman
scattering on rotational transitions of air molecules, which
lead to delayed nonlinear response [21]. The response time
of Raman scattering in air is about 70 fs [22, 23] and it
should be taken into account for pulses of femtosecond du-
ration. According to [18, 24], for an increment Δnk in air
the following approximation is valid:

Δnk = 1

2
n2I + 1

2
n2

∫ t

−∞
H(t − τ)I (τ )dτ, (2)

where H(t) is the response function; I = c0n0ε0|E|2/2 is
the field intensity; and n2 is the nonlinear coefficient of air.
For air and wavelength 800 nm we used a nonlinear coeffi-
cient equal to n2 = 4 × 10−19 cm2/W, which corresponds to
a self-focusing critical power of 2.4 GW.

The plasma contribution to the refractive index Δnp is
negative. In air, Δnp is determined by the equation

Δnp = − 1

2n0

ω2
p

ω2
0

, (3)

where ωp = (e2Ne/meε0)
1/2 is the plasma frequency; e and

me are the electron charge and mass; and Ne is the density
of free electrons.

We considered air as a two-component medium consist-
ing of 78% of nitrogen and 22% of oxygen. For each com-
ponent, the density of free electrons Ne(r, z, t) is described
by the equation

∂Ne

∂t
= R(I)(N0 − Ne), (4)

where R(I) and N0 are the ionization rate and density of
neutrals. In air of atmospheric pressure, the density of neu-
tral molecules N0 is small and the contributions of avalanche
ionization and recombination are negligible. For the ion-
ization rate R(I) we used the Perelomov–Popov–Terent’ev
model [25], which reproduces experimental data in a most
adequate way [26].

In order to study filamentation, we solved numerically (1)
in the approximation of axial symmetry. The initial pulse
was collimated and had a Gaussian shape of its envelope in
time and space:

E(x,y, t, z = 0) = E0 exp

(
− r2

2a2
0

)
exp

(
− t2

2τ 2
0

)
, (5)

where E0 is the initial amplitude; a0 and τ0 are the beam
radius and half of the pulse duration at the e−1 level.

3 High-fluence energy in pulses with different duration

In order to study transport of HFE by a filament, we consid-
ered transform-limited pulses of 800-nm wavelength with
constant energy W0 = 8 mJ and beam radius a0 = 1.2 mm.
The full pulse duration 2τ0 was varied from 100 fs to 2 ps.
As long as the pulse energy is constant, an increase of
pulse duration 2τ0 results in a decrease of initial pulse in-
tensity I0 from 2 × 1012 for 2τ0 = 100 fs to 1011 W/cm2

for 2τ0 = 2 ps. Correspondingly, the initial pulse power P0

decreases from 90 GW to 4.5 GW, and the ratio of P0 to
the self-focusing critical power Pcr in air decreases from 38
to 1.9. Note that in the case of high P0/Pcr ratio, multifila-
mentation takes place [27] and the regime of one filament is
hypothetical.

Also, one should note that the beam radius we chose is
less than the one which is usually used in experiments on re-
alistic atmospheric paths. Our choice is determined by limi-
tations of computer simulation. For a beam with 1.2-mm ra-
dius we can simulate filamentation with multiple refocusing,
which determines the efficiency of HFE transport. We car-
ried out analysis of transform-limited pulses with different
durations in order to exclude the influence of their compres-
sion on the process of HFE transport. An example of HFE
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transport by a chirped pulse is presented at the end of this
section.

By solving (1)–(4) with the initial condition determined
by (5) we determine the spatio-temporal evolution of the
light field envelope E(r, t, z) and the distribution of elec-
tron density Ne(r, t, z) during pulse propagation. Further
processing of these results allows us to derive parameters
of the laser pulse and plasma channel, which one measures
in experiments. For example, at given distance z the fluence
distribution in the pulse cross section F(r, z) is equal to

F(r, z) =
∫

I (r, t, z)dt. (6)

In order to introduce the HFE value we need to specify
the threshold fluence Fth for plasma generation on a remote
target. In general, the value of Fth depends on material prop-
erties, laser wavelength, and pulse duration. The mechanism
of laser energy absorption is different for opaque and trans-
parent samples. Linear absorption is the main contribution
in opaque materials (e.g. metals), whereas absorption has to
be realized by nonlinear processes of avalanche and multi-
photon ionization in transparent materials (e.g. glass) [28].
Due to that, in general the threshold fluence Fth is higher for
transparent materials. For example, for sub-picosecond laser
pulse durations and for the wavelength of a Ti:sapphire laser,
the threshold fluence for a copper sample is 0.12 J/cm2 [29]
and for fused silica is 1.5 J/cm2 [30]. However, in the con-
text of FIBS, the parameter of crucial interest is the thresh-
old fluence for which the useful spectral lines emerge from
the background signal. The existence of these lines implies
that a plasma has been formed, so that one naturally expects
this threshold to be significantly higher than the ablation or
optical breakdown threshold. For example, in an experiment
[31] the threshold fluence for the appearance of some spec-
tral lines of an aluminum sample reached 5 J/cm2.

The dependence of the threshold fluence Fth on pulse du-
ration in the sub-picosecond regime is still not well investi-
gated. For laser pulses with duration longer than 10 ps the
value of Fth increases proportionally to

√
τ0 with increase

of pulse duration τ0 [32]. In many experiments it was shown
that the threshold fluence dependence on pulse duration de-
viates from this relation for pulses with τ0 < 10 ps [33–36].
A weakening [34–36] and even reversal [33] of the

√
τ0 de-

pendence of the threshold fluence on pulse duration were
reported in the sub-picosecond regime.

In the present paper we do not make any assumptions
about the nature of a target material. We choose Fth equal to
1.7 J/cm2. In terms of our problem, this value corresponds
to Fth = 10F0, where F0 = 0.17 J/cm2 is the initial fluence
(which remains constant for all pulse durations in the case
of constant energy).

Also, we assume that the value of Fth is the same for all
of our pulses with durations τ0 = 50 fs–1 ps. Making this as-
sumption, we take into account that due to the filamentation

process all the pulses will compress in time. The difference
in time scales of the compressed pulses is much smaller than
those of the initial ones. Assuming a weakening of the

√
τ0

dependence of the threshold fluence for femtosecond pulses,
we suppose that the difference in the Fth value for our pulses
will be negligibly small.

Finally, we introduce HFE as the energy WHF with flu-
ence F(r, z) higher than the threshold fluence Fth:

WHF(z) = 2π

∫
SHF

F(r, z)r dr, (7)

where SHF is the area in the pulse cross section where the
following condition is fulfilled:

F(r, z) ≥ Fth. (8)

In other words, SHF is the area of HFE localization.
Let us consider in detail the propagation of two pulses.

The first one has τ0 = 100 fs (we will call it a ‘short’ pulse)
and the second one has τ0 = 500 fs (we will call it a ‘long’
pulse). Figure 1 shows the fluence F(r, z) as a function
of the transverse coordinate r and propagation distance z

for ‘short’ and ‘long’ pulses. The area SHF where F(r, z)

is higher than the threshold Fth is marked by gray color.
One can see that during pulse propagation the fluence in
the surroundings of the pulse axis F(r = 0, z) dramatically
increases. The distance zf at which the fluence reaches its
first maximum is very close to the filament start distance de-
termined as the distance at which laser plasma is generated
and intensity growth due to Kerr self-focusing is arrested. In
what follows we will not distinguish these two distances. For
a ‘short’ pulse the filament start distance is zf = 1.4 m. The
initial intensity in a ‘long’ pulse is lower and the filament
starts at a greater distance zf = 3.8 m.

The HFE localization area SHF for each pulse has a qual-
itatively different form. In the case of a ‘short’ pulse, the
fluence above threshold is localized inside several separated
areas with a length of several centimeters each. In the case of
a ‘long’ pulse, the SHF area is continuous in the propagation
direction and its length exceeds several meters.

Figure 2 shows HFE WHF as a function of propagation
distance z for pulses with different durations. One can see
that the distance between areas of HFE localization, men-
tioned above for a ‘short’ pulse, is decreasing little by little
with increase of pulse duration.

In our problem linear weakening of the light field is
beyond consideration and the total pulse energy W(z)

decreases with distance only due to photoionization of
air gaseous components. Figure 3 shows that pulses with
shorter duration lose the same amount of energy on shorter
distances. A ‘short’ pulse with τ0 = 100 fs loses 7% of
its energy at distance ≈4 m, whereas a ‘long’ pulse with
τ0 = 500 fs loses 5% of its energy only at distance ≈11 m.
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Fig. 1 Contour map of fluence F(r, z) for pulses with durations
τ0 = 100 fs (a) and τ0 = 500 fs (b). Here F0 = 0.17 J/cm2. Contours
of F(r, z) are plotted for F = 0.5F0, 1.0F0, 2F0, 4F0, 6F0, 8F0, 10F0.
Areas of HFE localization (where F(r, z) is higher than the threshold
fluence Fth) are marked by gray color. Energy of the pulses is 8 mJ,
the beam radius is 1.2 mm. Vertical dashed lines mark distances z at
which the intensity distribution and density of electrons are presented
in Figs. 4 and 5

Fig. 2 High-fluence energy WHF as a function of propagation distance
z for pulses with different durations

Fig. 3 Total energy W as a function of propagation distance z for
pulses with different durations

To clarify the influence of an initial chirp on the HFE
transport we considered two pulses with equal duration τ0 =
500 fs. The first one was transform limited, and the second
one was obtained from a pulse with duration τ0 = 100 fs by
applying an initial chirp. As a result we observed a differ-
ence of less than 1% in the location of the SHF area border
and in the value of the fluence concentrated in this area.

4 Role of pulse refocusing and plasma defocusing

For an explanation of the qualitatively different form of HFE
localization areas, let us consider spatio-temporal intensity
dependences in ‘short’ and ‘long’ pulses. Figure 4 illustrates
temporal variations of on-axis intensity I (r = 0, z, t) and
on-axis density of electrons Ne(r = 0, z, t) (see Fig. 4(a)),
as well as the radial intensity distribution I (r, z, ti ) for sev-
eral time slices ti (see Fig. 4(b)) of a ‘short’ pulse at dis-
tance z = 1.9 m. This distance corresponds to the beginning
of the second area of HFE localization (see Fig. 1(a)). In
Fig. 4(a) one can see that the nonlinear focus is shifted to
the time slice t1 = −50 fs of the pulse front, where a nar-
row peak with 5-fs duration is formed. The intensity of this
peak reaches 1.6×1014 W/cm2, which is higher than the
air photoionization threshold. During this peak the density
of electrons dramatically increases to 7.5×1016 cm−3. The
transversal intensity distribution I (r, z, t1) in the maximum
of this peak has a unimodal Townes form [37] (Fig. 4(b)).
Plasma generated during this intensity peak leads to de-
focusing of the following time slices. Energy contained in
these defocusing slices is spreading out of the propagation
axis. Figure 4(b) shows that due to plasma defocusing the
intensity in the ‘short’ pulse cross section has the form of a
ring structure (see plots for t2 = −40 fs and t3 = 15 fs time
slices). In [38] it was demonstrated that ring structures in
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Fig. 4 Various sections of pulse with τ0 = 100 fs: (a) on-axis pulse
shape I (r = 0, z, t) and on-axis electron density Ne(r = 0, z, t); (b) ra-
dial distribution of intensity I (r, z, ti ) in several time slices ti from (a)
plot (t1 = −50 fs, t2 = −40 fs, t3 = 15 fs). Plots correspond to the be-
ginning of the second area of HFE at distance z = 1.9 m (see Fig. 1(a))

the pulse cross section during filamentation appear as a re-
sult of the interference of the background field and the field
that diverges out from the filament’s core due to the defo-
cusing in laser plasma. In the time slice t3 = 15 fs there is
a second intensity maximum in the ‘short’ pulse temporal
profile. The peak intensity of this maximum is lower than
in the first one and the increment of electron density during
this sub-pulse is relatively small. The same spatio-temporal
dynamic can be observed in other HFE areas of the ‘short’
pulse.

Spatio-temporal variations in the ‘long’ pulse have a form
which differs from the ‘short’ pulse case. Figure 5(a) shows
the temporal variation of on-axis intensity I (r = 0, z, t) and
electron density Ne(r = 0, z, t) in the HFE area (z = 5 m)
of a ‘long’ pulse. The on-axis temporal shape of the ‘long’
pulse contains a sequence of multiple peaks. The first peak
is formed due to focusing of undistorted time slices. All
following peaks are formed due to multiple refocusing in
slices defocused by plasma. The intensity in the first peak
(t1 = −180 fs) reaches 8×1013 W/cm2 and the electron

Fig. 5 Various sections of pulse with τ0 = 500 fs: (a) on-axis pulse
shape I (r = 0, z, t) and on-axis electron density Ne(r = 0, z, t); (b) ra-
dial distribution of intensity I (r, z, ti ) in several time slices ti from
(a) plot (t1 = −180 fs, t2 = −160 fs, t3 = −120 fs). Plots correspond
to the beginning of the second area of HFE at distance z = 5 m (see
Fig. 1(b))

density reaches 1.5 × 1016 cm−3. These values are smaller
than in the case of the ‘short’ pulse. One should note that
in comparison with the ‘short’ pulse, where electrons are
generated mainly by the first maximum of the intensity,
here each intensity peak formed due to the refocusing gives
rise to a considerable increment of electron density. At the
end of the pulse the on-axis density of electrons reaches
2.8×1016 cm−3. The transversal intensity distribution in the
first peak has a unimodal Townes profile like in the ‘short’
pulse. The duration of this first peak is 20 fs, which is greater
than the 5-fs duration of the first peak in the case of the
‘short’ pulse. As in the case of the ‘short’ pulse, following
temporal slices propagate in ionized air and undergo plasma
defocusing. But, the radial distribution of intensity I (r, z, t)

in these slices stays unimodal (see slices t2 = −160 fs and
t3 = −120 fs in Fig. 5(b)). There is no ring structure in the
cross section of the ‘long’ pulse temporal slices involved
in defocusing. In order to explain the absence of defocus-
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Table 1 Parameters of filaments and plasma channels for pulses with
different durations τ0 and constant initial energy W0. P0/Pcr—ratio of
initial pulse power P0 to self-focusing critical power Pcr; I0—initial
pulse intensity; F0—initial pulse fluence; zf—distance of filament
start; Ifil, Ffil—filament intensity and fluence determined at zf; rpl,

Ne, De—plasma channel radius, density of electrons, and linear den-
sity determined at zf; RHF—average radius of HFE localization area;
WHF—average value of HFE transported by filament; Q—efficiency
of HFE transport determined by (10)

τ0 W0 P0/Pcr I0 F0 zf Ifil Ffil rpl Ne De RHF WHF Q

fs mJ 1012 W/cm2 J/cm2 m 1013 W/cm2 J/cm2 µm 1016 cm−3 1013 m−1 µm mJ %

50 8 38.0 2.00 0.17 1.0 9.9 2.2 22.4 5.96 9.0 59 0.22 2.7

100 8 19.0 1.00 0.17 1.4 8.4 4.3 22.1 5.78 8.8 62 0.32 4.0

200 8 9.5 0.50 0.17 2.0 7.4 6.8 21.1 5.76 8.2 65 0.42 5.2

300 8 6.3 0.33 0.17 2.6 7.0 8.4 19.8 5.63 7.5 75 0.60 7.5

500 8 3.8 0.20 0.17 3.8 6.3 10.5 19.2 4.68 5.4 86 1.13 14.1

750 8 2.5 0.13 0.17 5.6 5.4 12.1 16.9 3.07 3.2 89 1.24 15.5

1000 8 1.9 0.10 0.17 7.8 4.4 12.3 17.2 1.70 1.7 92 1.28 16.0

ing rings in the case of the ‘long’ pulse, one can note that
because of the constant energy of both pulses the P0/Pcr

ratio of the ‘long’ pulse is five times less than that of the
‘short’ one. Therefore, Kerr self-focusing of the ‘long’ pulse
is ‘softer’. As a result, less plasma is needed to stop inten-
sity growth. That is what we see for the density of electrons
generated by the first intensity peak: 1.5×1016 cm−3 for the
‘long’ pulse versus 7.5×1016 cm−3 for the ‘short’ pulse.
The smaller amount of plasma generated by the first peak
makes defocusing in it less strong. Smaller defocusing leads
to less energy spread out of the beam axis, which results in
formation of a continuous HFE channel.

For a quantitative description of HFE transport by a fila-
ment, we use the average value of HFE WHF determined by
the equation

WHF =
∫
LHF

WHF(z)dz∫
LHF

dz
, (9)

where LHF is the length of the HFE localization area along
the z axis (three spots for ‘short’ pulse and continuous area
for ‘long’ pulse in Fig. 1). The efficiency Q of HFE transport
will be expressed as the ratio of WHF to the initial pulse
energy W0 expressed in percent:

Q = WHF

W0
× 100%. (10)

Parameters of the filament and plasma channel in pulses
with different durations are summarized in Table 1. The sub-
mitted data shows that in the case of constant energy, pulses
with greater duration form filaments with lower intensity
Ifil but higher fluence Ffil. The average radius RHF of the
SHF area (where high fluence is localized) increases with in-
crease of pulse duration. A filament of a pulse with greater
duration has higher average HFE WHF in comparison with
a pulse of lower duration. The efficiency of HFE transport

Fig. 6 Efficiency of HFE transport Q as a function of pulse duration τ0

Q increases with growth of pulse duration. Increase of pulse
duration in the case of constant energy leads to decrease of
electron density Ne and radius of the plasma channel rpl.
This results in a significant decrease of the linear density of
electrons De = 2π

∫
Ne(r, z)r dr .

Figure 6 shows the efficiency of HFE transport Q as a
function of pulse duration. The efficiency Q increases by
several times with an increase of the pulse duration τ0 from
100 to 500 fs and saturates during a further increase of τ0.
Saturation of Q with an increase of τ0 is what one can ex-
pect. If one increases the pulse duration and keeps the en-
ergy constant then at some point the initial peak power will
be less than the self-focusing critical power and there will
be no HFE transport at all.

Parameters of filaments and plasma channels are ex-
plained by the nature of Kerr self-focusing determined by
pulse energy and duration. In the case of constant energy
in the pulses, the ratio of the initial power to the critical
one P0/Pcr decreases with longer pulse duration, and self-
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Table 2 Parameters of filaments and plasma channels for pulses with
different durations τ0 and constant initial ratio of initial pulse power
P0 to self-focusing critical power Pcr. W0—initial pulse energy; I0—
initial pulse intensity; F0—initial pulse fluence; zf—distance of fil-
ament start; Ifil, Ffil—filament intensity and fluence determined at

zf; rpl, Ne, De—plasma channel radius, density of electrons, and
linear density determined at zf; RHF—average radius of HFE local-
ization area; WHF—average value of HFE transported by filament;
Q—efficiency of HFE transport determined by (10)

τ0 W0 P0/Pcr I0 F0 zf Ifil Ffil rpl Ne De RHF WHF Q

fs mJ 1012 W/cm2 J/cm2 m 1013 W/cm2 J/cm2 µm 1016 cm−3 1013 m−1 µm mJ %

50 4 19 1 0.09 1.6 10.1 1.9 20.3 5.31 7.0 34 0.05 1.4

100 8 19 1 0.17 1.4 8.4 4.3 22.1 5.78 8.8 62 0.32 4.0

200 16 19 1 0.35 1.3 7.6 7.4 23.2 6.98 11.2 89 0.84 9.7

500 40 19 1 0.89 1.2 6.8 13.2 22.2 8.39 12.6 219 4.90 12.2

focusing becomes less sharp. Under such conditions dynam-
ical equilibrium of Kerr compression and plasma defocusing
is reached for a smaller density of electrons. Vice versa, with
an increase of the P0/Pcr ratio the Kerr lens becomes tight
and strong plasma defocusing is needed to stop the inten-
sity growth. During such defocusing, energy goes out to the
periphery of the pulse cross section and Kerr nonlinearity
cannot localize it on the axis again. As a result, the number
of refocusing cycles and the amount of HFE transported by
the filament decrease.

Growth of HFE transported by the filament with an in-
crease of pulse duration takes place in the case of constant
P0/Pcr ratio, too (see Table 2). The initial energy W0 of
pulses with constant P0/Pcr ratio increases with an increase
of pulse duration.

In pulses with constant P0/Pcr ratio, with increase of
duration the time interval containing time slices which un-
dergo refocusing increases. Therefore, in pulses with con-
stant P0/Pcr, the WHF value increases considerably with in-
crease of duration. Table 2 contains the average value of
WHF, which is determined by (7) for Fth = 1.7 J/cm2. Ef-
ficiency of energy transformation to HFE during filamenta-
tion of pulses with constant P0/Pcr ratio also increases with
increase of duration.

However, in contrast to the case of constant W0, an in-
crease of pulse duration in the case of constant P0 results in
an increase of electron density Ne and De. At that time, the
intensity in the filament Ifil decreases. This is the evidence
that in pulses with higher duration generation of plasma
takes place during a longer time period.

Note that in the case of constant initial power P0 an in-
crease of pulse duration leads to an insignificant growth of
the optical strength of Kerr self-focusing due to the growth
of the Raman scattering contribution to the increment of the
refractive index Δnk (see (2)). Therefore, the filament start
distance decreases (see Table 2). This effect is especially
strong for pulses with longer duration.

5 Conclusions

We showed that an increase of pulse duration leads to higher
efficiency of HFE localization during filamentation in both
cases of constant energy W0 and constant power P0. This is
due to the fact that the parameters of filaments and plasma
channels of femtosecond laser pulses in air depend on the
strength (sharpness) of Kerr focusing. In pulses with peak
power P0 ≤ 4Pcr the Kerr phase shift is quite small and
dynamical equilibrium of self-focusing and plasma defo-
cusing is reached for a small density of electrons Ne ≤
4.6×1016 cm−3. Under these conditions plasma defocusing
is mostly aberrationless. Laser energy remains in an area
close to the beam axis. As a result of multiple refocusing
in the filament, a continuous area of high fluence is formed.
The total amount of HFE transported by the filament reaches
14% of the initial pulse energy. In the case of tight Kerr fo-
cusing of a pulse with P0 � 10Pcr, the density of electrons
in the induced plasma reaches Ne ≈ 1017 cm−3 and defo-
cusing inside this plasma is aberrational with formation of
ring structures in the intensity distribution. Divergent rings
carry out energy to the periphery of the pulse cross section.
Several separated areas with high fluence are formed. Inside
these areas there is HFE which is less than 5% of the total
energy.

Finally, we can conclude that one can expect that pulses
with greater duration are more suitable for filament-induced
breakdown spectroscopy of remote targets.

In our further investigations we will try to make the gen-
eralization of the formulated conclusions to the case of mul-
tifilamentation of powerful femtosecond laser pulses under
real atmospheric conditions.
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