
Abstract. The state of the art of investigations on
élamentation of a high-power femtosecond laser radiation
in transparent media is reviewed. The physical picture of this
phenomenon is presented and its relation to the fundamental
concepts of nonlinear optics and practical applications is
demonstrated. Experimental and theoretical methods are
brieêy considered and laser radiation parameters in the case
of élamentation are given. The review can be of interest both
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for specialists and researches wanting to become familiar with
a new, rapidly developing direction in laser physics.

Keywords: élamentation, femtosecond laser pulses, self-focusing,
plasma channels, supercontinuum, conic radiation, atmospheric
optics, microoptics.

1. Introduction

The phenomenon of laser radiation élamentation, which
has been known beginning from the 1960s ë 1970s, attracted
attention again in the mid-1990s, when extended thin high-
energy-density `élaments' were obtained during the prop-
agation of high-power femtosecond laser pulses in air. The
spatiotemporal energy localisation upon élamentation of
such pulses in gases and transparent dielectrics is accom-
panied by the generation of plasma channels, conic
emission, supercontinuum radiation, and the enhancement
of the nonlinear optical interaction of laser radiation with a
medium. The unique properties of élamentation open up
new possibilities for using femtosecond laser technologies in
atmospheric optics, microoptics, and other applications.
The fundamental and applied aspects of this phenomenon
have been considered in many papers, including reviews. In-
vestigations performed by the late 1990s were brieêy
reviewed in paper [1]. Recently, comprehensive reviews
[2 ë 5] were published. A special issue of Applied Physics [6]
is devoted to investigations of a supercontinuum; book [7]
published by Springer contains papers presented by leading
research groups studying élamentation. Our review presents
the state of the art of investigations and physical picture of
élamentation of femtosecond laser radiation. The relation
between these investigations and studies of the self-focusing
and nonlinear-optical interaction of laser radiation with
various media performed in the 1960s ë 1980s is demon-
strated. Applications of élamentation in modern laser
technologies are considered.

A luminous élament was observed for the érst time in
1965 upon focusing 20-MW nanosecond laser pulses into a
cell with organic liquids [8]. It was assumed in earlier papers
that a waveguide regime exists during the propagation of an
electromagnetic beam [9] and self-focusing appears in the
beams when their powers exceeds a threshold value called
the critical power [10]. The damage of an optical glass
produced by focused laser beams was reported in [11]. The
élament parameters and critical power of laser radiation
self-focusing in carbon disuléde were determined in [12] by
measuring a change in the beam proéle with distance. The
self-focusing of radiation in air was érst observed in [13] for
a converging beam and in [14] for a collimated beam. In
high-power-density radiation, small-scale self-focusing
develops during which a laser beam splits due to the
modulation instability of the intense light éeld in a medium
with the Kerr nonlinearity [15]. The damage of optical
elements during small-scale self-focusing was observed in
experiments with neodymium glass ampliéers [16, 17].

With the advent of high-power femtosecond lasers the
generation of extended élaments became possible during the
propagation of collimated radiation in gases, in particular,
in air at the atmospheric pressure. In the érst laboratory
experiments with 5 ë 50-GW, 150 ë 239-fs pulses at 800 nm
[18 ë 20] in air, the generation of élaments of length up to a
hundred meters was observed, which exceeds their Rayleigh
length by many times. The colour rings of supercontinuum

conic emission were formed around a élament. In the case of
60-fs, 300-GW pulses, the élament length exceeded 200 m
[21]. In experiment [22], white light was observed for the érst
time during scattering of supercontinuum radiation in the
atmosphere at altitudes up to 2 km. On the Teramobile
Franco-German setup (793 nm, 70 fs, 350 mJ, 6 TW, the
beam diameter 5 cm) [23], the `trace' of fundamental
radiation was obtained at altitudes up to 20 km and
multiple scattering of the UV wing of a supercontinuum
in a haze was recorded at an altitude of a few kilometres
[24]. The supercontinuum spectrum measured on this setup
covered the range from 300 nm to 4.5 mm [25]. On the Alise
setup (1054 nm, 520 fs, 26 J, 32 TW), the formation of a
hundred of élaments in a pulse was detected, which
generated white light (supercontinuum) propagating up
to the altitude exceeding 20 km [26].

The possibility of probing the atmosphere by super-
continuum radiation was demonstrated for the érst time in
[22, 24]. A femtosecond white light lidar, in which directed
broadband pulsed radiation is emitted by a élament
generating a supercontinuum, combines the advantages
of time-resolved probing and differential absorption spec-
troscopy. In the érst élamentation-induced êuorescence
spectroscopy experiments, the remote probing of ethanol
molecules [27] and bioaerosols containing riboêavin [28] was
performed in air. In remote emission spectroscopy experi-
ments, in which a élament generated plasma at a remote
target (laser-induced breakdown spectroscopy), the atomic
spectra of copper and steel were recorded [29]. The control
of a high-voltage electric discharge with the help of the
plasma channel produced by a élament was demonstrated
for the érst time in [30]. The authors of [31] proposed to use
near-IR femtosecond radiation for recording elements of
microoptics in glasses.

2. Phenomenon of laser pulse élamentation

2.1 Detection of a élament and its parameters in air

Filamentation during the propagation of femtosecond laser
pulses in air is commonly obtained and detected by using a
commercial terawatt Ti : sapphire laser with a pulse
repetition rate of 10 Hz [32]. Visually, a élament produced
by the 800-nm radiation is a long thread luminous due to
êuorescence of nitrogen molecules in the intense light éeld
(Fig. 1) [2]. To detect directly the parameters of élaments, a
scheme was proposed [33] in which the nonlinear inter-
action of high-power radiation with the measuring
equipment was minimised by using a helium chamber
with a gas valve. Due to a low cubic nonlinearity coefécient
and a high ionisation potential of a helium atom, the
radiation intensity is reduced down to a safe level by
retaining the similarity of parameters in the process of
linear diffraction of radiation in the chamber.

The method of time-resolved polarisation measurements
[34] can be used to detect the instant intensity distribution in
a pulse and a change in this distribution along a élament. In
this method, a change in the polarisation of a probe beam is
measured, which is caused by the nonlinear increment in the
refractive index of a medium produced by a high-power
pulse forming the élament. In [35], a train of four probe
pulses was used, which were separated by time intervals and
intersected a élament in several planes along the élament
length (Fig. 2). The time-resolved measurements of the
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three-dimensional intensity distribution based on the cross-
correlation scheme of sum-frequency generation during the
nonlinear-optical interaction of a élament in a crystal with
the quadratic nonlinearity were performed in [36, 37]. This
technique was modiéed to the method of gating in spectral
measurements allowing to record the evolution of the
frequency-angular spectrum during a pulse [38].

The parameters of a plasma channel produced upon the
multiphoton ionisation of oxygen and nitrogen molecules in
a strong éeld in air can be measured by using various
schemes. In [39], the electron density was measured by a
change in the resistance of the air gap between the plates of
high-voltage electrodes, where the plasma channel of a
élament was formed. The interference scheme with a probe
beam propagating along the channel [21] was used to
estimate the average electron density, while the scheme
with a beam perpendicular to the élament [40] was used
to measure the lifetime of the laser plasma in air. The
possibilities of a shadow scheme with a probe beam
perpendicular to the channel for measuring the parameters
of the laser plasma were experimentally compared with the
interference scheme in [41]. The transverse dimensions of a
plasma channel were determined by the method of dif-
fraction of second-harmonic radiation from a Ti : sapphire
laser [42, 43]. The electron density distribution along the

channel length was measured by the acoustooptic method
with a microphone with a narrow directivity diagram [44].
In a scheme with an antenna located close to a élament [45],
a change in the sign of the total charge along the channel
was detected, which indicates the existence of pondermotive
forces in the laser plasma. The method of super-high-speed
interferometry was used to obtain the spatiotemporal
electron density proéles in plasma and detect its postionisa-
tion [46].

During the élamentation of radiation, a spatial mode,
close to the Townes mode, is selected, which is a stationary
solution of the beam self-focusing equation [10, 47]. This
effect, which is called the beam `self-puriécation' in the
foreign literature, was observed in [48, 49] and discussed in
detail in [50].

The parameters of élaments at a éxed radiation wave-
length weakly depend on the initial parameters of a laser
pulse and are determined by the radiation wavelength and
optical properties of a medium. The typical diameter of a
élament in air for a radiation wavelength of 800 nm is
100 mm [18 ë 20], while the peak radiation intensity achieves
4� 1013 W cmÿ2 [51 ë 53]. According to the érst publica-
tions, 8%ë10% of the pulse energy is localised in a thin
élament [20]. The direct measurements [33] of parameters of
a élament produced by a 800-nm, 50-fs, 20-mJ pulse
propagated a distance 10 m in air gave the élament diameter
130 mm (at the 0.5 level), the élament energy 152 J, the peak
radiation intensity 1:3� 1013 W cmÿ2, the peak radiation
power 2.9 GW, and the energy transferred through the unit
area 0.6 J cmÿ2. The free electron density in the induced
laser plasma is 1014 ÿ 1016 cmÿ3 [21, 39, 54], the plasma
channel diameter is estimated as 20 ë 85 mm [42, 54], its
speciéc resistance is estimated as 1 O cm, and the character-
istic recombination time of the plasma is 1 ë 10 ns
[39, 40, 55 ë 58]. When the second pulse delayed by 10 ns
was used, the plasma lifetime increased up to 200 ns [59, 60].
The attenuation coefécient of the pulse energy during
élamentation in air estimated from lidar measurements
performed in [61] is (7:7ÿ 1:2)� 10ÿ3 mÿ1. The length of
a élament (and a plasma channel) in pure air is determined
by the energy loss for photoionisation (which is small) and
achieves a few meters ë tens of metres depending on the
experimental conditions. A plasma channel of diameter
150 mm and length 5 m with the average electron density
of 1018 cmÿ3 was obtained upon élamentation of 25-fs, 15-
mJ pulses in air [62]. In the case of multiple élamentation
produced by phase-modulated terawatt pulses, continuous
plasma channels of length � 100 m were observed. As the
pulse duration was increased due to phase modulation, these
channels decomposed into individual plasma bursts, which
were observed at distances up to 370 m (Fig. 3) [63].

In focused radiation, a competition between élamenta-
tion and optical breakdown can take place, and the élament
and plasma channel parameters strongly depend on the
geometrical focusing distance [64]. In the case of weak
focusing, élamentation dominates and an extended plasma
channel with a low electron density is formed. When the
geometrical focusing distance was decreased, both the
plasma channel of the élament formed in front of the
geometrical focus and the dense optical breakdown plasma
in its vicinity were observed. In the case of tight focusing,
the élament length becomes too small to be measured, and
only the breakdown plasma with the high electron density
exists in the geometrical focus of a lens. In experiments with
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Figure 1. Side view of a élament during the propagation of 800-nm, 13-
mJ, 45-fs pulses in air focused by a lens with the focal distance F � 5 m.
The élament diameter is 100 mm [2].
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Figure 2. Two side views of a pulse, each of them being obtained for one
pulse by the method of time-resolved polarigraphy successively with a
displacement of 0.2 mm along a élament in air. The pulse energy and
duration are 9.5 mJ and 160 fs, respectively, the geometrical focusing
distance is 200 mm. The pulse propagates from left to right. The image
brightness is proportional to the product of the square of the élament
intensity and intensities of probe pulses shifted in time by 0.67 ps [35].
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807-nm, 45-fs, 60-GW pulses [54], the electron density in air
increased from 1015 to 2� 1018 cmÿ3 when the focal
distance of a lens was decreased from 380 to 10 cm.

Filamentation in air has been studied mainly at a
wavelength of 800 nm emitted by widespread femtosecond
lasers with a Ti : sapphire output ampliéer. However, one of
the key experiments on élamentation on a long path has
been performed by using a Nd :YLF laser emitting at
1053 nm [21]. The number of experiments on the élamen-
tation of visible and UV radiation in air is small. In these
experiments, the second harmonic of a neodymium glass
laser [65] and the second [49, 66] and third [67 ë 69]
harmonics of a Ti : sapphire laser were used. Filamentation
of the parametrically generated 1.54-mm, 100-GW radiation
in air and fused silica was studied in [70]. The parameters of
élaments and plasma channels in air are presented in
Table 1.

2.2 Filamentation in condensed media

The phenomenon of élamentation of near-IR femtosecond
laser radiation in condensed media attracts attention érst of
all because the élament plasma can be used to modify
optical materials to fabricate elements of microoptics. The
image of a femtosecond élament in fused silica and the
change in the refractive index produced by the élament was
recorded at a long exposure time in [71] by focusing 130-fs
laser pulses with the numerical aperture NA � 0:01. The
instant image of the `trace' of pulsed radiation focused into
a silica sample was obtained by the method of time-resolved
femtosecond optical polarigraphy [72].

An extended élament can be obtained by weakly
focusing radiation on the front face of a sample without
its damage. However, in the case of tight focusing of

femtosecond radiation on a transparent dielectric, the effect
of the interaction of radiation with the sample can be
qualitatively different. Focused radiation with energy 2 mJ
produces the breakdown plasma with the electron density up
to 1020 cmÿ3 in a beam waist of diameter 1 mm, resulting in
the formation of a diffusion damage region [73]. Behind this
region, an extended trace (material modiécation) produced
by the plasma élament channel with the low electron density
was observed. Experimental studies [74] showed that only
weakly focused radiation could produce the low-density
élament plasma, which causes the modiécation of the
refractive index required for recording high-quality wave-
guides in glass. The possibility of producing an extended
plasma channel in fused silica upon axicon focusing of
femtosecond radiation was demonstrated in [75]. The
élamentation of radiation in a two-component condensed
medium was studied in [76].

The image of the plasma élament channel in fused silica
was obtained in [77] by scattering the probe radiation from a
He ëNe laser (616 nm, 200 fs, 10 mJ). The formation of a
channel with the modiéed refractive index in glass and the
relation between this process with the electron density of the
laser plasma with increasing the number of 248-nm, 450-fs
laser pulses were studied in [78]. The change in the refractive
index occurs at the electron density 4� 1019 cmÿ3 and
amounts to 0:4� 10ÿ3 after irradiation by one pulse, to
1:2� 10ÿ3 after 100 pulses, and saturates at the 3:5� 10ÿ3

level after irradiation by 1000 pulses.
The spatiotemporal picture of a change in the refractive

index upon élamentation of femtosecond radiation in water
was obtained by the shadow method in [79]. The change in
the refractive index at the leading edge of the élament
caused by the Kerr nonlinearity is positive and is 3� 10ÿ4,
while at the tail in the plasma channel it is negative and is
(1:2� 0:2)� 10ÿ4 (Fig. 4). The longitudinal modulation of
variations Dn in the refractive index in the plasma channel at
the scale � 20 mm is explained by the refocusing of radiation
upon élamentation. The formation of an extended élament
during the propagation of a pulse in liquid can be also
visualised by two-photon êuorescence detected through a
side window of a cell [80].

The competition of the optical breakdown and élam-
entation of focused femtosecond radiation in water, as an
example of a condensed medium, was investigated in [81].
As the radiation geometrical focusing distance is increased,
the optical breakdown threshold slightly increases, while the
supercontinuum generation threshold, characterising
élamen-tation, decreases by several times. The energy
density distribution in a pulse and the electron density
distribution in the laser plasma during breakdown have the
shape of a short cone with the dense plasma region at the
top and a narrow élament formed behind this region. In the
case of weak focusing, a radiation pulse of the same energy
produces an extended élament of diameter 5 ë 10 mm and a
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Figure 3. Position and length of élaments as functions of the initial chirp
of a laser pulse. A transform -limited pulse has the duration of 100 fs.
The dark lines and dots indicate distances at which bright light élaments
and plasma were observed in air; the grey lines indicate distances at
which only light élaments were observed [63].

Table 1. Main parameters of a élament in air obtained in experiments with radiation pulses at different wavelengths.

Wavele-
ngth

�
nm

Filament
radius

�
mm

Radiation intensity in
a élament

�
W cmÿ2

Plasma
channel radius

�
mm

Electron
concentration

�
cmÿ3

References

248 100 ë 150 1012 ë 3� 1015 ÿ 1016 [67 ë 69]

406 100 ë ë ë [49]

527 120 6� 1012 ë ë [65]

800 80 ë 150 5� 1013 ÿ 1014 50 ë 65 1016 ÿ 1017 [18, 19, 40, 42]

1053 100 ë 1000 5� 1012 ë 1016 [21]
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plasma channel of diameter 2 ë 5 mm, in which the electron
density is considerably lower than that during the break-
down. Filamentation experiments with 527-nm, 200-fs
pulses focused into a water cell were performed in
[82, 83]. The ampliécation of radiation in a élament was
obtained in the sulforhodamine 640 dye solution in meth-
anol pumped by the 532-nm radiation [84].

2.3 Physical models of élamentation

Filamentation appears due to nonlinear-optical interaction
of high-power short laser pulses with a transparent
medium. Nonlinear optical effects caused by the absorption
of laser energy (thermal self-action, refraction by acoustic
waves, etc.) are too slow for femtosecond radiation and the
interaction of this radiation with a medium is determined
by the Kerr nonlinearity and nonlinearity of the laser
plasma produced upon photoionisation in a strong light
éeld of the élament. The nonlinear increment DnK of the
refractive index n0 caused by the Kerr nonlinearity is
positive and proportional to the éeld intensity I:

DnK � n2I, (1)

where n2 is the coefécient of the cubic nonlinearity of the
medium; I � cn0jEj2=(8p); E is the light éeld strength; and c
is the speed of light in vacuum. The increment Dnp of the
refractive index in the plasma is negative and is described in
the simplest case by the expression

Dnp � ÿ
o 2

p

2o 2
; (2)

where op � (4pe 2Ne=me)
1=2 is the plasma frequency; e, me,

and Ne are the electron charge, mass, and concentration,
respectively; and o is the light éeld frequency. Electrons in
gases are érst generated due to multiphoton ionisation
[85, 86] with the probability proportional to IK, where K is
the ionisation order equal to the number of photons
required to ionise the medium. As the radiation intensity is
increased, the probability of tunnelling ionisation of atoms
and molecules increases. The generation of laser plasma in
condensed media occurs due to the transition of electrons to

the conduction band under the action of laser radiation and
avalanche ionisation at which the electron density in the
plasma increases exponentially in time. In the general case,
the time dependence of the electron density Ne(r; z; t) upon
photoionisation is described by the equation

qNe

qt
� R�I ��N0 ÿNe� � viNe ÿ bN 2

e ; (3)

where N0 and R(I) are the density and ionisation rate of
neutral particles, respectively; b is the coefécient of
radiative recombination of electrons and vi is the avalanche
ionisation rate. The contribution of avalanche ionisation to
the generation of electrons in gases at the atmospheric
pressure is negligible, and the electron density Ne during
multiphoton ionisation increases according to the power
law with time. Because of the exponential and power (with
K4 1) dependences of the ionisation rate on the radiation
intensity, the change in the electron density and the
appearance of plasma defocusing with increasing the
radiation intensity have a threshold. For a wavelength of
0.8 mm, the photoionisation threshold in air is Ii �
1013 ÿ 1014 W cmÿ2 [51] and in water Ii � 1013 W cmÿ2

[81].
The intensity of a pulse with the peak intensity exceeding

the critical self-focusing power increases with approaching
the nonlinear focus. As the peak intensity achieves the
photoionisation threshold, a laser plasma is produced,
which causes the defocusing of radiation, thereby restricting
the intensity increase in the nonlinear focus. The dynamic
balance of the Kerr self-focusing and plasma defocusing
leads to the stability of parameters in the extended élament
of a femtosecond pulse. The balance of these quantities in
the élament does not mean that the waveguide regime
appears and the self-channeling of the pulse in the medium
takes place. At the same time, the érst estimates of the light
éeld intensity and electron density in a élament were
obtained in [18] based on the model of the self-channeling
of a femtosecond laser pulse, which assumes the equality of
the phase incursion caused by the Kerr nonlinearity and the
phase incursion produced by diffraction and plasma non-
linearity. The model of the waveguide propagation of a
femtosecond laser pulse during élamentation was proposed
in [19, 87]. According to this model, an extended élament is
a quasi-stable leaking mode of an antiwaveguide in which
the pulse-induced refractive index of the core is smaller than
that of the cladding, while conic emission observed upon
élamentation is the Cerenkov radiation.

In [20, 88], the dynamic model of moving foci was
developed to interpret the élamentation of femtosecond
laser radiation. The moving foci model was proposed for the
érst time in [89] to explain the quasi-stationary self-focusing
of nanosecond laser radiation and was then developed in
[90]. This model was experimentally conérmed in papers
[90 ë 92]. According to the dynamic moving foci model, a
élament represents a continuous set of nonlinear foci
appearing in the time slices of a pulse, beginning from a
slice corresponding to the peak power, and then successively
in slices at the leading edge of the pulse. The time slices of
the pulse in the dynamic model are not independent, and
intensity redistribution in a slice is determined by processes
in previous slices, in which the radiation intensity achieved
the photoionisation and laser plasma formation threshold.
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Figure 4. Side views of the change in the refractive index in water upon
élamentation of 120-fs pulses. The two images shifted in time by 600 fs
are obtained by the shadow method with a transverse spatial resolution
of 1.5 mm and a longitudinal resolution of 5.2 mm (23 fs) [79].
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The relation between the Kerr and plasma nonlinearities
is different in different time slices: at the leading edge the
Kerr nonlinearity dominates, while at the trailing edge the
plasma nonlinearity dominates, which causes the defocusing
of time slices following after focused slices. As a result, the
Kerr self-focusing at the leading edge of the pulse is changed
to the nonstationary plasma defocusing at the trailing edge
due to the increase in the electron density with time upon
photoionisation of the medium. Because of this upon
élamentation, unlike quasi-stationary self-focusing [89],
aberration distortions in the intensity distribution appear
in pulse slices after self-focusing. Slices at the trailing edge
decompose under the action of the laser plasma into a set of
concentric rings in the cross section plane. The nonlinear
focus moves to the leading edge of the pulse during its
propagation, and the circular structure in the beam cross
section covers the increasing part of the time proéle of the
pulse (Fig. 5) [7, 88, 93]. Circular structures were detected in
[94] by the damage of the glass surface on which radiation
experiencing élamentation in air was incident. A simple
model explaining the formation of rings surrounding
élaments in the beam cross section was proposed in [95].
According to this model, rings in the intensity distribution
are caused by the interference of a wave at the fundamental
frequency, which diverges from the beam axis due to plasma
defocusing, with a wave at the beam periphery, which
experienced slight distortions and whose wavefront can
be assumed plane.

2.4 Energy reservoir of an extended élament
and refocusing

An extended narrow élament with a high light éeld
concentration is formed due to a surrounding energy
reservoir which provides the existence of the élament
[96]. During the élamentation of radiation, a continuous
energy exchange occurs between the axial region of the
beam with the high radiation intensity and its periphery
with the low intensity [97]. During the formation of the
nonlinear focus, the radiation power from the beam
periphery `contracts' to the beam axis, while during
defocusing in the plasma, the radiation power from the
axial region `êows' back to the periphery.

The role of the energy reservoir in the formation of an
extended élament is clearly conérmed by laboratory experi-
ments. The centre of a élament in [98] was completely
blocked by an opaque disc of diameter 55 mm, and only the
beam periphery, containing � 20% of the pulse energy, was
unblocked. Nevertheless, the élament was interrupted only
at a small distance behind the disc and then was recovered
over the entire length, as in the absence of the screen. A

similar experiment in air, in which a élament was blocked by
a suspended drop of diameter 95 mm, was performed in [99].
The key role of the energy reservoir at the beam periphery in
the formation of an extended élament is conérmed by a
direct experiment [100] in which a thin aluminium foil screen
was placed into the beam in air. The intense éeld of the
élament burned a hole in the foil. It was found that a screen
with a hole produced by the élament completely blocked
élamentation behind it for next pulses because it blocked the
beam periphery representing the energy reservoir required
for the existence of an extended élament.

When the radiation pulse power exceeds the critical self-
focusing power by a factor of 6 ë 10, refocusing appears. In
this case, the radiation defocused in the plasma in time slices
at the trailing edge of the pulse again `contracts' to the beam
axis due to the Kerr self-focusing, thereby increasing the
energy density at the beam axis (Fig. 5). The refocusing
effect, observed for the érst time in [20], was theoretically
studied in [1, 88]. By measuring êuorescence of nitrogen
molecules in air, the authors of [101] observed refocusing in
a converging beam, which leads to the formation of the
second intensity maximum behind the geometrical focus of a
lens [2]. The refocusing of time slices in the dynamic moving
foci model explains the observation of a élament in focused
radiation behind the geometrical focus of a lens [87].

The inêuence of the air pressure on refocusing during
élamentation of focused radiation was considered in [52]. In
a medium with a strong material dispersion, multiple
refocusing can occur at which a continuous élament
degenerates to a sequence of `hot' dots with high energy
density [102].

2.5 Filament generation

The dynamic moving foci model allows one to determine a
distance to the élamentation onset based on simple
considerations. At the initial stage of élamentation, a
nonlinear focus is formed, the radiation intensity does not
exceed the photoionisation threshold of a medium, and the
light éeld changes only due to the Kerr self-focusing. For
pulses of duration of a few tens or hundreds of femto-
seconds, élamentation in air and, as a rule, in optical
glasses begins at distances that are considerably smaller
than the dispersion length, and the inêuence of the material
dispersion on the generation of élaments can be neglected.
By neglecting the delay of the nonlinear response of a Kerr
medium irradiated by a femtosecond pulse, the distance to
the élament formation can be estimated by using the
stationary self-focusing model. In this model, the time slice
of a pulse corresponding to the peak power is focused at the
smallest distance, thereby determining the élamentation
onset. The distance zfil to the élament beginning coincides
with the self-focusing length of a cw radiation beam with
power equal to the peak pulse power P0. The stationary
self-focusing length was described in [103] by the empirical
formula

zfil �
0:367ka 2

f��P0=Pcr�1=2 ÿ 0:852�2 ÿ 0:0219g1=2
; (4)

obtained by generalising the results of numerical inves-
tigations. Here, a is the beam radius at the Çÿ1 intensity
level; k � 2p=l is the wave number; Pcr � Rcrl

2=(8pn0n2) is
the critical self-focusing power; Rcr is the nonlinearity

2
a

2t0

z

Figure 5. Radiation refocusing during élamentation. The qualitative
picture of the change in the intensity distribution in a plane parallel to
the pulse propagation direction; t0 is the pulse duration.
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parameter (Rcr � 3:77 for an axially symmetric collimated
Gaussian beam).

The critical power depends on the radiation intensity
distribution in the beam. For a beam with proéle coinciding
with the Townes mode [10], the power Pcr is minimal, and
the corresponding nonlinearity parameter is RT

cr � 3:72
[104]. For beams with the intensity distribution without
the axial symmetry, the critical self-focusing power increases
due to the `leakage' of their power during the formation of
the axially symmetric Townes mode. Thus, it was found that
the critical power Pcr(a=b) for beams with the elliptic
intensity proéle increases by several times with increasing
the axial ratio a/b of the intensity distribution [105, 106].

The inêuence of the polarisation of a light éeld on the
élamentation of radiation was studied in [107], where its was
shown that the distance zfil to the élament onset in the case
of linear polarisation was smaller than that in the case of
circular polarisation due to a higher nonlinearity coefécient
n2 and, hence, a lower critical power Pcr.

According to experimental data obtained by different
methods, the cubic nonlinearity coefécient n2 of air for
nanosecond radiation at a wavelength of 800 nm was
estimated as (1:92ÿ 5:57)� 10ÿ19 cm2 Wÿ1 [108 ë 110].
Correspondingly, the critical self-focusing power in air is
5 ë 1.72 GW. The dependences of the cubic susceptibility of
nitrogen and oxygen on the radiation wavelength were
determined in [111] from experimental data. The wavelength
dependences of the nonlinearity coefécient n2 and critical
power Pcr in air at the atmospheric pressure, obtained based
on the known experimental data, are presented in [112].

The cubic nonlinearity coefécient for femtosecond
radiation at 800 nm in water is 4:4� 10ÿ16 cm2 Wÿ1

[113] and the critical self-focusing power is 4.2 MW
[114]. According to the measurements performed with
picosecond pulses [115], the critical self-focusing power in
water at 1.06 mm is 2.34 MW. This power for fused silica is
2.3 MW [116].

The nonlinear increment DnK of the refractive index in
optical glass is mainly caused by the electronic component,
and the delay time of the nonlinear response does not exceed
10 fs [117]. Therefore, the cubic nonlinearity of glass
irradiated by pulses of duration of a few tens of femto-
seconds can be considered inertialless. The increment DnK in
gases is determined by the electronic nonlinearity and
stimulated scattering by the rotational transitions in mol-
ecules, which causes the delay of the electronic response with
the characteristic time tnl � 70 fs in air [109, 118, 119]. In
[96, 120], the approximation was proposed to describe the
time dependence of the increment DnK in air. To estimate
the distance to the élamentation onset by expression (4), the
effective nonlinearity coefécient n eff

2 (t) was introduced in
[95, 121] for a time slice in a pulse with the speciéed
intensity proéle I(t) and the quasi-stationary estimate of
the critical self-focusing power was obtained.

3. Pulse spectrum transformation

The generation of a supercontinuum and conic emission by
femtosecond radiation occurs due to a strong nonlinear-
optical interaction of an electric éeld with a medium, which
is achieved owing to the high spatiotemporal localisation of
the light éeld. Conditions for the generation of a super-
continuum can be obtained in optical guiding systems such
as capillaries [122], optical ébres [123], and photonic

crystals [124]. Due to the mode dispersion of radiation in
guiding systems, it is possible to obtain the high light éeld
intensity at a comparatively large length, which provides
the high eféciency of the nonlinear-optical conversion of
the frequency spectrum of the pulse.

In a transparent medium, gas, liquid, optical glass, the
localisation of the light éeld is achieved due to nonlinear-
optical effects of beam self-focusing and pulse a compres-
sion, and also due to the geometrical focusing of radiation.
A élament in a transparent medium is a self-focusing
guiding system, in which spatial éltration occurs and the
fundamental mode is separated on the axis. A considerable
length of a élament, the high energy concentration, the
stability of parameters along the entire élament length, and
the interaction time of radiation with the medium (a few
tens femtoseconds) produce unique conditions for non-
linear-optical interaction, which can be called the
nonlinear optics of élaments [50]. This optics includes
supercontinuum generation during the propagation of a
femtosecond pulse in a transparent dielectric. The eféciency
of conversion of laser radiation to a white light pulse upon
élamentation is lower than in the case of optical ébres or
photonic crystals. However, élamentation does not require
special devices and allows one to form a white light source in
a speciéed region of a transparent medium.

3.1 Supercontinuum generation

In one of the érst experiments on supercontinuum
generation, 0.1-mJ picosecond pulses were focused to a
CS2 cell [125]. The formation of élaments in focused
radiation was accompanied by the broadening of its
spectrum, which was explained by the self-phase modu-
lation in the medium with cubic nonlinearity. According to
theoretical study [126], the spectrum becomes asymmetric,
being broadened predominantly to the Stokes region due to
the delay of the nonlinear response of the medium. The
formation of asymmetric supercontinuum spectra upon
focusing the second harmonic of a picosecond neodymium
laser to optical crystals and glasses [127] was explained in
[128] by the self-phase modulation of radiation caused by
the electronic component of the Kerr nonlinearity.

During the élamentation of laser pulses in gases, the
spectrum broadens due to the self-phase modulation of
radiation and is determined both by the Kerr and plasma
nonlinearities whose responses are substantially nonstatio-
nary in the femtosecond range. Filamentation accompanied
by the generation of a supercontinuum in the range from
150 to 900 nm was observed in [129] upon weak focusing of
790-nm, 125-fs, 2-TW laser pulses to a tube of length 9 m
élled with noble gases at the atmospheric pressure. In a
scheme with two cells in tandem élled with argon at the
atmospheric pressure [130], 805-nm, 45-fs, 1-mJ pulses,
whose duration decreased down to 11 fs after élamentation
in the érst cell, were weakly focused to the second cell to
obtain the supercontinuum spectrum covering the range
from 250 to 1000 nm in the case of optimal pulse param-
eters. By using a prism compressor, 70-fs, 0.7-mJ pulses in
the range 270 ë 290 nm were obtained from the short-wave-
length wing of the supercontinuum.

In experiments with terawatt pulses from Ti : sapphire
lasers in open atmosphere, a supercontinuum generated in a
élament of length more than 20 m was recorded [25]. Upon
irradiation by 100-fs pulses, the supercontinuum covered the
range from 0.5 to 1.6 mm, while in the case of 35-fs pulses,
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the supercontinuum broadened to the IR region up to
4.5 mm (Fig. 6). In the case of pulses with the negative
initial phase modulation, at which their duration increased
up to 55 fs, the eféciency of radiation conversion to the IR
region of the supercontinuum increased. The cross-corre-
lation maps of intensity êuctuations of the spectral
components of the supercontinuum obtained upon élam-
entation of radiation at 815 nm in air show that the self-
phase modulation dominates in the supercontinuum gen-
eration [131]. The inêuence of radiation polarisation on the
supercontinuum generation in air was experimentally
studied in [132] for focused 800-nm, 25-fs, 650-mJ pulses.
The higher eféciency of conversion to the short-wavelength
region in the case of circular polarisation compared to linear
polarisation is explained by a decrease in the Kerr non-
linearity coefécient leading to the increase in the élament
length and, therefore, in the nonlinear-optical transforma-
tion length. It was shown numerically in [133] that the
supercontinuum width at the 10ÿ5 level normalised to the
central wavelength l was 0.5 for l � 248 nm, 1.0 for
l � 800 nm, and 1.5 for l � 1550 nm.

According to calculations, the eféciency of laser pulse
energy conversion in air to the blue region of a super-
continuum can achieve 5%ë 10% [134]. In one of the érst
experiments [135], the supercontinuum energy within the
1 ë 1.5-mm band was � 7% of the 800-nm pulse, which is
explained by a large length of the nonlinear interaction of
radiation in the atmospheric path.

The spectrum of a low-energy pulse (0.4 ë 1.8 mJ) in
water slightly increases symmetrically due to the self-phase
modulation under the conditions of Kerr nonlinearity. In
the case of a high-energy pulse (2 ë 260 mJ), a élament with a
plasma channel is formed, in which the self-phase modu-
lation leads to the blue shift of the spectrum and its
broadening by a few hundreds nanometres [53]. The key
role of the material dispersion in the broadening of the
spectrum during the élamentation of a pulse in a condensed
medium was pointed out in theoretical paper [136].

The energy gap width in condensed media strongly
affects the broadening of a pulse spectrum during its

élamentation. A considerable broadening of the pulse
spectrum, which can be treated as supercontinuum gen-
eration, is achieved only when the energy gap width W
exceeds the laser photon energy hv more than by three times
[137]. The general conclusion about the width of a super-
continuum generated in condensed media by femtosecond
laser pulses is formulated in [138] based on the results of
experiments performed with different optical materials
irradiated by pulses at 262, 393, and 785 nm. It was found
that the generation threshold of the anti-Stokes components
of the supercontinuum is determined by the condition
W=(hv)5 2, and the broadening to the anti-Stokes region
increases with increasing the ratio W=(hv) (Fig. 7). The
spectrum of a 801-nm, 42-fs pulse with the peak power
P0 � 100Pcr in barium êuoride symmetrically broadens
without shift, while for P0 � 3600Pcr the spectrum shifts
to the blue by 20 nm and broadens asymmetrically up to
500 nm [139, 140].

3.2 Conic emission and X-waves

The relation between the spectral intensity of the short-
wavelength components of the spectrum with their spectral
distribution was established for the blue wing of a
supercontinuum in [141] for picosecond and femtosecond
radiation at 600 nm and in [142] for the third harmonic of
femtosecond radiation (80 fs) at 800 nm propagating in
inert gases. Experiments on élamentation in water and
heavy water with 1.06-mm, 22-ps, 35-mJ laser pulses showed
that the divergence of the spectral components of a
supercontinuum in the anti-Stokes region is independent
of the geometrical focusing distance of radiation and
increases with their shift to the blue [143]. This phenom-
enon, which was called the conic emission of a
supercontinuum, was explained by the author of [143] by
the Cerenkov radiation on the élament surface. This
interpretation is based on the introduction of the phase
velocity to a plasma élament channel in the waveguide
model of an extended élament, which exceeds, according to
(2), the speed of light in the air shell surrounding the
channel [19]. The increase in the angular divergence of the
supercontinuum with increasing the frequency of spectral
components, which was observed upon focusing to an
ethylene glycol jet, was explained in [144] by the four-
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photon parametric generation of a supercontinuum on the
élament surface.

Many papers devoted to the analysis of the mechanism
of formation of conic emission point out the relation
between the spatial and temporal phase modulations of
radiation in a nonlinear medium (see, for example, 145]).
According to the concept about the relation between the
spatial and temporal parameters of laser radiation in the
case of nonlinearity, the angular divergence of spectral
components increases with their shift to the blue because
a higher phase gradient in time in the expression for the
nonlinear increment of the refractive index is related to its
higher spatial gradient [146].

The increase in the divergence angle y with increasing the
anti-Stokes shift of spectral components of conic emission
upon élamentation of femtosecond laser radiation in air was
studied experimentally and numerically in papers
[20, 93, 147, 148]. The characteristic angle of deviation y
from the axis for conic emission at 500 nm is � 0:128 in the
case of élamentation of radiation from a Ti : sapphire laser.
The increase in the divergence angle of conic emission at
400 nm with increasing the blue shift was obtained in [49].
According to experiments [149] (527 nm, 200 fs, 3 mJ), the
deviation angle y during élamentation in air linearly
depends on the frequency shift Do of its spectral compo-
nents.

The enrichment of the frequency-angular emission
spectrum caused by nonlinear-optical interaction of the
light éeld is related to the spatiotemporal transformation
of the pulse shape. Filamentation is accompanied by the
sharpening of the pulse and spatial compression of its time
slices at the leading edge. In addition, the aberration
defocusing of subsequent slices occurs in the induced laser
plasma, the fundamental radiation is produced in the form
of diverging rings, which are compressed during refocusing
and, énally, the pulse decomposes into subpulses with the

sharpened trailing edge due to the wave nonstationarity.
(The term `wave nonstationarity' introduced in book [150] is
translated in the Anglophone literature as `self-steeping'.)
The blue wing of a supercontinuum at the élament onset is
mainly generated in defocusing rings at the trailing edge of
the pulse, by producing conic emission (Fig. 8) [151]. Then,
decomposition into subpulses occurs, and due to the
increase in their steepness at the trailing edge, the high-
frequency components of the spectrum appear, propagating
along the axis. The generation of intense anti-Stokes
components in a broad spectral band is caused by an
`optical shock' wave, which is formed in the medium during
the increase in the steepness of the trailing edge of the pulse
due to the self-steeping during the spatiotemporal pulse
compression [151, 152]. The duration of this short-wave-
length component pulse is determined by the width of its
trailing edge. This is conérmed by experiments with 800-nm,
12-fs pulses [153] in which élamentation in argon ceased
when the gas pressure was drastically decreased, which
provided the suppression of the dispersion spread of a
broadband pulse of the supercontinuum. When the short-
wavelength radiation was separated from the supercontin-
uum by a dielectric mirror, a 9.7-fs, 290-nm UV radiation
pulse of width 65 nm was formed.

The notion of the broadening of the frequency spectrum
of a pulse due to the self-phase modulation of the light éeld
in a nonlinear medium and the concept of the inseparable
relation between temporal and spatial variations in the pulse
and, hence between its frequency and angular spectra form
the basis of the theory of conic emission of a super-
continuum in a élament [2, 93, 147, 151]. The phase
incursion j(r; z; t) of the light éeld during self-modulation
in medium with the Kerr (1) and plasma (2) nonlinearities is
a spatiotemporal function, which can be written in the form

j(r 0; z; t 0) � j0(r
0; z; t 0)� Do(r 0; z; t 0)t 0�
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�Dk?(r
0; z; t 0)r 0 � D2j; (5)

where D2j is the term containing the second and higher
derivatives of the phase j(r 0; z; t 0). The frequency increment
Do (or wavelength Dl) of the light éeld is determined by
the time derivative of the induced phase Do � qj=qt, while
the change in the transverse component of the wave vector
Dk? (or the divergence angle y � Dk?=k of the spectral
component) is determined by the spatial gradient of the
phase Dk? � gradj in the cross section. In [154], the
spectral and angular maps of emission in a élament were
obtained, which show that the sources of the short-
wavelength of the supercontinuum are located at the
trailing edge of the pulse whose steepness increases due
to self-steeping. In this case, diverging conic emission is
mainly formed in the vicinity of edge phase dislocations in
ring structures, where both temporal and spatial phase
gradients are especially large. The low-frequency spectral
components are mainly generated at the leading edge of the
pulse. Because of this, the long-wavelength wing of the
supercontinuum is recorded in the form of an axially
symmetric maximum on the axis, while the short-wave-
length wing is observed in the form of concentric rings.
When radiation is focused with an axicon, the élament
decomposes into an equidistant sequence of conic-emission
sources. The interference of emission from these sources
leads to the splitting of the continuous angular spectrum of
conic emission into narrow rings separated by interference
minima [155, 156].

The concept of X-waves used to interpret the élamen-
tation phenomenon is based on the representation of a pulse
in the form of a packet of conic waves. The near-éeld
intensity distribution in the r; t coordinate space and the far-
éeld intensity distribution in the y; l coordinate space upon
élamentation in a medium with the normal dispersion have
the characteristic X-like shape. X-waves are especially
clearly observed in condensed media, for example, in water
during the élamentation of radiation with the central
wavelength lying in the visible range (Fig. 9) [157]. For
`green' radiation at 527 nm in water, conic waves shifted to

the red and blue regions have close intensities, whereas for
IR radiation in air at 800 nm, they exist only for the anti-
Stokes components of the spectrum. It was shown numeri-
cally [158] that, in the case of a competition between
diffraction, normal dispersion, and Kerr nonlinearity sta-
tionary, weakly localised X-wave can exist, which are the
solutions of the nonlinear Schr�odinger equation for the
pulse envelope. The detection of X-waves in the near- and
far-éeld femtosecond radiation in water [159] and air [160]
conérms that the concept of X-waves can be used in
investigations of élamentation [157, 161 ë 163].

The divergence angle of conic emission in a medium with
anomalous dispersion decreases with increasing the anti-
Stokes shift of spectral components [164, 165], and the pulse
spectrum in the y; l coordinates has an elliptic shape unlike
the X-like shape in the case of normal dispersion [166].

3.3 Frequency conversion and terahertz radiation
generation

Third harmonic generation in the optical breakdown
plasma in air during focusing of femtosecond laser pulses
was observed in [167]. As the incident pulse energy exceeded
a threshold, the increase in the third harmonic energy
slowed down, which was explained, in the opinion of
authors of [167], by spatial and temporal self-action effects.
At the same time, these effects produce during élamentation
the conditions for the nonlinear-optical conversion of an
extended élament in a plasma channel. Third harmonic
generation during élamentation of femtosecond radiation at
800 nm was studied in [168]. Due to the nonlinear phase
matching of third harmonic and fundamental radiations,
the efécient conversion length considerably exceeds the
length of their coherent interaction in air. As a result, a
`two-colour' élament is formed. In experiments with 800-
nm, 45-fs, 0.5-mJ pulses focused by a lens with the focal
distance F � 100 cm, the length of a `two-colour' élament
was � 10 cm, while the third harmonic intensity was 0.1%
of the pump intensity. Due to the clamping of the pump
intensity upon élamentation, the third harmonic conversion
eféciency is low and weakly depends on pump parameters.
The third harmonic conversion eféciency for optimal
focusing length and power was 0.12% for 800-nm,
340-fs, 30-mJ pulses [169] and 0.2% for 1.54-mm, 300-fs,
30-mJ pulses [70], and 0.13% for Ti : sapphire laser
radiation focused to argon at the optimal pressure 500 ë
700 Torr [170].

Investigations of the spatial distribution of third har-
monic radiation showed that phase-matching conditions
were fulélled both on the élament axis and in its ring
structure [171]. For the third harmonic beam coaxial with
the pump beam, this condition is preserved over the large
length of the élament and its intensity increases exponen-
tially with pump power. The diverging third harmonic
radiation appears at the élament onset, its intensity érst
increases and then saturates with increasing pump power. It
follows from spatially resolved spectral measurements with
800-nm, 50-fs, 20-mJ pulses [172] that the third harmonic
dominates in the supercontinuum generated in the region
surrounding the élament. In this case, emission from this
region is better reproduced from pulse to pulse than the
short-wavelength supercontinuum emission appearing due
to self-phase modulation.

The generation of higher harmonics upon élamentation
was demonstrated in paper [173]. A élament formed in air
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during the propagation of radiation at 800 nm was intro-
duced through a 100-mm-thick quartz window into a cell
élled with xenon. The cell length and xenon pressure in it
were varied in a broad range. In the cell of length 35 mm at
the xenon pressure 38 Torr, the generation of harmonics up
to the 15th was obtained. The generation of higher
harmonics, from the 45th to 91st, was obtained in [174]
upon élamentation of 800-nm, 430-fs, 5-mJ pulses in a cell
élled with helium at a pressure of 80 Torr. It was found that
these harmonics were generated in the region between two
foci during the refocusing of radiation in a élament, where
diverging radiation changes to converging.

The frequency conversion of 800-nm, 45-fs pulses upon
degenerate four-wave mixing in the case of élamentation in
air and argon was performed in [175]. The initial radiation
in the 1.1 ë 2.4-mm band propagating along the élament axis
was converted to a visible radiation pulse of duration up to
12 fs whose wavelength could be tuned from 475 to 600 nm.
The conversion eféciency achieved 25% of the initial pulse
energy in the long-wavelength region of the output radiation
and decreased down to 5%ë10% in the short-wavelength
region. Upon four-wave mixing of the 800-nm radiation and
its second harmonic in élaments in neon, 12-fs, 26-mJ pulses
at 260 nm were obtained, while in the cascade process, 2-mJ,
200-nm pulses were generated [176].

Terahertz radiation emitted in the direction perpendic-
ular to the élament axis was obtained in [177]. The radial
radiation intensity at frequencies 94 and 118 GHz remained
constant along a plasma channel of length 1 m in air. In
xenon, which has a higher nonlinearity coefécient and the
relatively low ionisation potential compared to air, the
generation of terahertz radiation is more efécient [178].
Terahertz radiation directed forward at a small angle to the
élament axis has a higher intensity (Fig. 10) [179]. The angle
decreases with increasing the geometrical focusing distance
of radiation and, hence, the length of a produced plasma
channel [180]. Terahertz radiation has the radial polar-
isation independently of the laser pulse polarisation.
Terahertz radiation directed forward is interpreted as the
transfer Cerenkov radiation produced by longitudinal

dipole-like charges [45], which are formed behind the
ionisation front in the élament and are transferred together
with the pulse at the speed of light.

There also exist other models explaining the nature of
terahertz radiation of élaments. According to [181], tera-
hertz radiation is produced by the currents of the induced
plasma, which appear under the action of pondermotive
forces and propagate together with the laser pulse. The
characteristic frequency of terahertz radiation is determined
by the duration of the pulse envelope and is independent of
the plasma frequency. Based on experiments performed in
[182] for focused radiation, it was concluded that terahertz
radiation is mainly generated due to the degenerate four-
wave mixing of the pump and second harmonic radiation
appearing in the induced plasma. Under the condition of
multiple élamentation, the coherence and polarisation state
of terahertz radiation are violated due to the phase shift of
radiation of individual plasma channels [180]. When a
longitudinal electric éeld of strength a few kilovolts is
applied to a plasma channel, intense depolarised and
incoherent terahertz radiation appears, which is interpreted
by the authors of [180] as the thermal radiation of air heated
due to joule losses in a current-conducting plasma channel.

3.4 Pulse compression

The broadening of the frequency spectrum of a pulse upon
generation of a supercontinuum in a élament opens up the
possibilities of generating ultrashort pulses directly in the
medium. The use of a élament instead of guiding systems
provides a considerable increase in the energy of com-
pressed pulses. In [183], weakly focused 800-nm, 42-fs,
0.84-mJ pulses propagated through two extended cells in
tandem élled with argon at a pressure of � 1 atm, in which
the spectrum was broadened due to self-phase modulation
upon élamentation. Compressors based on chirped mirrors,
which were placed behind each of the cells, compensated
the phase modulation of radiation. The pulse duration
behind the érst cell decreased down to 10.5 fs, its energy
being 94% of the initial energy, and behind the second cell
the pulse duration was 5.7 fs, its energy 45% of the initial
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Figure 10. Qualitative experimental scheme for generating terahertz radiation during élamentation of focused radiation in air. The pulse duration,
energy, and repetition rate are 150 fs, 4 mJ, and 10 Hz, respectively. The aperture diameter is 5 mm and the focal distance of a lens is 2 m; vph is the
phase velocity. Terahertz radiation was detected with a 91 ë 110-GHz heterodyne detector. The inset shows the direction of polarisation in a terahertz
radiation cone [179].
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energy. When better mirrors were used to compensate for
phase modulation, the output pulse duration decreased
down to 5.1 fs [184]. The use of higher-power input pulses
of energy 2 mJ and the spatial éltration of radiation by
`soft' apertures to suppress multiple élamentation in cells
provided the increase in the pulse energy up to 0.7 mJ in a
two-stage compression scheme, the pulse duration and
repetition rate being 5 fs and 1 kHz, respectively [185].

During élamentation a radiation pulse splits into sub-
pulses after refocusing, and providing conditions for the
formation of only one shortest-wavelength pulse, it is
possible to compress it without additional compressing
devices. Thus, the duration of a 750-nm, 150-fs, 1-mJ pulse
decreases down to 30 fs in a cell with methane of length
80 cm with increasing pressure up to 6 ë 7 atm, and then the
pulse splits into subpulses [186]. Based on the results
obtained for various gases and fused silica, the authors
of [186] concluded that the self-compression of a high-
intensity pulse is a general phenomenon, which can be
observed in various dispersive nonlinear-optical media. This
conclusion is conérmed in paper [187], where the pulse
duration after élamentation in a VK7 glass decreased from
50 to 20 fs. The authors of [188] determined the region of a
élament for collimated radiation in air where the maximum
compression of a pulsed was achieved. It was shown that the
duration of a 805-nm, 55-fs, 4-mJ pulse under these
conditions decreased to 9 fs. The possibility of the pulse-
duration reduction down to an optical cycle upon élamen-
tation in gas with a pressure gradient for suppressing
refocusing was studied numerically in [189].

The pulse compression in the mid-IR range during
élamentation was achieved for the érst time in [48]. The
2-mm, 55-fs, 0.33-mJ pulses were weakly focused to a 1-m-
long cell élled with xenon at a pressure of more than 2 atm
to obtain an extended élament. Due to spectral broadening
upon élamentation, a highly stable 17-fs, 0.27-mJ pulse
corresponding to one spatial mode with the phase-matched
carrier was formed at the cell output.

4. Multiple élamentation

Pulsed radiation with the peak power exceeding the critical
self-focusing power by more than an order of magnitude
produces multiple élaments. This is the inevitable conse-
quence of the spatial-modulation instability of the intense
light éeld in a medium with the cubic nonlinearity [15]. The
initial stage of multiple élamentation is determined by the
small-scale self-focusing in the time slices of the pulse where
nonlinear foci are formed. The centres of creation of
nonlinear foci are perturbations of the intensity and phase
of the light éeld, which can be caused by the distribution of
radiation at the output aperture of a laser system, by
natural êuctuations of the refractive index in the medium
and scattering by particles.

4.1 Formation of multiple élaments

The formation of nonlinear foci at the initial stage of
creation of multiple élaments causes the intensity redis-
tribution in the beam cross section, which depends on the
pulse energy and perturbation geometry at the laser system
output. In experiments [21], the formation of three ë four
maxima of the energy density in the beam cross section was
observed at small distances, not all of them producing
élaments. In [190], a beam with the non-unimodal energy

density distribution in the cross section and the peak power
exceeding the critical self-focusing power by 25 times érst
decomposed, by forming two maxima in the cross section,
which then merged to form one élament. As shown in paper
[191], the energy competition appears between nonlinear
foci formed from closely located perturbations, which can
delay the onset of élament formation during the pulse
propagation. As a result, the distance to the élament
generation does not decrease monotonically with increasing
pulse power but increases in the vicinity of powers at which
the number of élaments increases. The decomposition of a
beam with the azimuthal modulation of the intensity
distribution in the cross section was numerically studied
in [192].

In experiments [95, 121] with collimated pulsed radiation
(800 nm, 45 fs, 7 ë 14 mJ), élaments were formed in air from
large-scale perturbations of the initial beam proéle inde-
pendently of each other. However, when the pulse energy
was increased up to 40 mJ, a beam consisting of many
élaments was formed, which were generated at different
distances from the output aperture of the laser and were
irregularly arranged in the beam cross section. For such
pulse parameters, intensity perturbations of transverse size
� 0:1 cm grow with a small increment due to the modu-
lation of instability [15]. Filaments generated from small-
scale perturbations of the initial beam proéle are arranged
randomly and their position irregularly changes in the
general case from pulse to pulse [193].

In experiments [194] on multiple élamentation with the
use of the Teramobile system (100-fs, 230-mJ pulses with the
peak power 700 times greater than the critical self-focusing
power), érst large-scale `hot' zones were formed, which
corresponded to dense multiple élaments generated in the
regions of strongest êuctuations in the initial intensity
distribution. At a distance of a few metres from these
regions, hundreds of individual élaments appear, which are
detected in the form of small-scale `hot' dots and later
occupy the entire beam cross section. According to numer-
ical simulations [195], the number of élaments and the
distance to the place of their formation are inversely
proportional to the air pressure.

The formation of the multiple élamentation of radiation
with the intensity perturbations in the initial beam proéle
was investigated in [193, 196]. From initial perturbations,
the primary élaments are generated, around which ring
structures caused by the defocusing of radiation in the laser
plasma are formed. Due to the interference of rings
diverging from closely spaced élaments, the intensity max-
ima appear, which become the centres of generation of
`child' élaments. Because of the energy competition between
`parental' and `child' élaments, a part of them disappear,
while élaments formed later can generate new élaments. As
the distance increases, the number of élaments decreases due
to energy losses and diffraction divergence reducing the
energy of a reservoir supplying energy to élaments.

The stochastic nature of the formation of multiple
élaments explains, in particular, the quenching of êuor-
escence of nitrogen molecules in plasma channels during
repetitively pulsed probing of atmosphere. When initial
perturbations have a higher density, a greater number of
child élaments are formed, the electron density in plasma
channels increases and, hence, the stability and intensity of
êuorescence also increases [197, 198]. The dynamic scenario
of multiple élamentation is conérmed in experiments
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performed by using the high-power Extreme Light (XL)-II
laser setup emitting 800-nm, 30-fs, 640-mJ pulses, which
were weakly focused in air and generated dominating
élaments from the initial intensity perturbations and small
`child' élaments, which decayed and merged [199]. The
spatiotemporal picture of the generation and decomposition
of élaments and the appearance of new élaments in a beam
with large-scale harmonic intensity perturbations in the
cross section obtained numerically in paper [200] was
deéned by the authors of this paper as optical turbulence
in the pulse.

4.2 Supercontinuum of multiple élaments

The formation of a supercontinuum upon multiple élam-
entation is mainly determined by the spatial coherence and
frequency-angular spectrum of broadband radiation gen-
erated by élaments. Femtosecond radiation has the high
coherence, and supercontinuum sources appearing in the
élaments of one pulse are coherent [137, 201]. The sources
of the long-wavelength components of the supercontinuum
are located on the axes of élaments, and the spatial
distribution of the supercontinuum in this spectral region
represents a set of axially symmetric peaks with centres on
the axes of corresponding élaments. In the short-wave-
length region, the interference of the conic emission rings of
the supercontinuum diverging from each of the élaments is
observed [196]. The interference pattern in a beam
consisting of multiple randomly arranged élaments acquires
a fancy view, its size increasing due to the angular
divergence of conic emission [32]. As the distance increases,
as in the one-élament regime, the eféciency of radiation
conversion to the supercontinuum increases. The broad-
ening of the frequency spectrum of the pulse in the multiple
élamentation regime and the interference of the short-
wavelength wing of the supercontinuum in water were
studied in [202, 203].

5. Filamentation control

Filaments are formed due to the redistribution of the
radiation intensity both in space upon nonlinear refraction
related to the cubic and plasma nonlinearities and in time
due to self-phase modulation, dispersion and self-steeping
of nonlinearity. Therefore, the two types of élamentation
control are possible: the time control achieved by varying
the duration and initial modulation of the pulse phase and
the spatial control by varying focusing and the distributions
of the radiation intensity and phase in the beam cross
section.

5.1 Control by phase modulation

During élamentation the material dispersion of a medium
causes the transformation of the time proéle of a laser pulse
and its decomposition into several peaks [204 ë 206]. Note
that the material dispersion proves to be considerable also
in cases when the dispersion length of the initial laser pulse
exceeds the self-focusing length by one ë two orders of
magnitude because the duration of individual peaks can
decrease down to a few femtoseconds. The pulse `spread'
due to the group velocity dispersion reduces the eféciency
of energy localisation in a élament with increasing distance.

The inêuence of the initial phase modulation of the pulse
on the élament formation is determined by two factors
[134]. The érst, quasi-stationary factor is a decrease in the

initial power in time slices, which is independent of the
phase modulation sign. The pulse duration upon phase
modulation increases, the peak power decreases, and the
distance to the élament onset increases according to (4). The
second, dynamic factor is the preliminary compensation of
the group velocity dispersion, which depends on the phase
modulation sign. In a medium with the normal dispersion, a
pulse with the negative phase modulation is compressed and
its peak power increases during propagation. The increase of
the power in the time slices of the pulse caused by its
compression in the case of negative phase modulation
reduces the distance to the élament onset. This distance
can be estimated from above by expression (4) with the peak
power for a phase-modulated pulse.

By using the negative phase modulation, élaments
produced in a collimated beam of diameter 3.8 mm were
displaced along the beam axis by a distance of up to 30 m
[21]. To increase the élament length at kilometre distances,
the authors of [23, 24] used the preliminary compensation of
the group velocity dispersion due to negative phase mod-
ulation. Different élamentation regimes for 190-mJ pulses
were observed in horizontal paths in air when the pulse
duration increased from 200 fs to 9.6 ps at the initial phase
modulation [63, 207] (Fig. 3). In vertical paths, plasma
élament channels were obtained at heights � 2 km for
phase-modulated terawatt pulses [208]. Multiterawatt pulsed
radiation (1.06 mm, 570 fs, 26 J, 32 TW) produced hundreds
(up to 400) of élaments in air, and independently of the
initial phase modulation, a white light source (whose
position corresponds to the élament onset) was detected
at the same distance (19 m). The 32-TW pulses of duration
570 fs, which were close to transform-limited pulses, pro-
duced a relatively short élamentation region, which ended
already at a height of 100 m, whereas in the case of phase-
modulated pulses of duration 2.1 ps (9 TW), this region was
extended over a distance of 350 m from the laser source.

In the case of the negative initial phase modulation, the
supercontinuum broadens and its generation eféciency
increases upon élamentation in a medium with the normal
dispersion [24, 25]. This is explained by the increase in the
energy density in the region of nonlinear interaction due to
the `temporal focusing' of radiation. As shown in paper
[134], the maximum eféciency of supercontinuum generation
and the maximum distance to the élament onset and the
maximum élament length were achieved when the com-
pression length of the initially phase-modulated pulse was
equal to the nonlinear focusing length or slightly exceeded it.

5.2 Large-scale control and elliptic beams

Radiation focusing, global intensity redistribution and
beam scaling in the beam cross section can be used for
large-scale élamentation control. A élament is generated in
a focused beam in front of its waist and exists behind the
geometrical focus of a lens due to refocusing at peak
powers considerably exceeding Pcr [87]. The weak focusing
of radiation by lenses with focal distances F � 8 and 30 m
was used in experiments [22] to displace the élament
generation region. The control of the distance to the
élament onset by varying the angular divergence and peak
power of pulsed radiation (800 nm, 30 fs, 600 mJ) was
demonstrated on the Extreme Light (XL)-II complex [209]
equipped with a controllable bimorph mirror to vary the
angular divergence of the input beam. In [210], the angular
divergence of femtosecond radiation was changed by using

Filamentation of high-power femtosecond laser radiation 217



a simple telescopic system of two lenses with a variable
distance between them.

The combined inêuence of focusing and initial phase
modulation of a pulse on the eféciency of supercontinuum
generation in air was studied numerically in [211]. It was
shown that in the case of the optimal control of temporal
and spatial focusing of radiation, the energy of anti-Stokes
components in the pulse spectrum could achieve 5% of the
pulse energy. The possibility of the spatiotemporal control
of élamentation and generation of a supercontinuum during
the propagation of radiation at two different wavelengths
was considered in [212]. If the power of each of the pulses is
insufécient to produce élaments, a élament can be generated
at a given distance when pulses are overlapped, their overlap
being determined by the group velocity dispersion and time
delay.

The élament parameters can be controlled by scaling the
laser beam diameter and using the elliptic intensity dis-
tribution in the beam cross section. As the initial radius a of
the laser beam is increased, the distance zfil to the élament
onset increases according to expression (4). When the initial
beam is compressed, the linear electron density in plasma
channels upon multiple élamentation increases and the
stability of a êuorescence signal during femtosecond prob-
ing of air improves [213]. The increase in the axial ratio of
the elliptic intensity distribution in the beam cross section
leads to the increase in the critical self-focusing power and
diffraction length of the beam, resulting in the increase in
the distance to the élament onset [105, 106]. In addition, the
ellipticity of the initial beam proéle stabilise the position of
élaments despite the presence of initial perturbations in the
beam [214, 215]. The possibility of generating two spatially
separated élaments in radiation with the astigmatic wave
front was considered in [216].

5.3 Formation of an ordered group of élaments

Methods for formation of an ordered group of numerous
élaments for pulses of power exceeding the critical self-
focusing power by hundreds times have been developed in a
number of papers. The authors of [216] proposed to
produce strong gradients of a light éeld in the beam cross
section by the overlap of masks with few holes and circular
apertures. For radiation with the super-Gaussian transverse
intensity distribution, a ring is formed, which decomposes
due to random êuctuations into a group of élaments
irregularly arranged on this ring [217].

The general approach to the spatial regularisation of a
group of élaments by means of the regular modulation of
the light-éeld amplitude or phase in the beam cross section
was developed in [218, 219]. It was shown experimentally
and numerically that the periodic intensity modulation can
suppress stochastic élamentation caused by random êuctu-
ations of the transverse intensity proéle. Statistical
calculations [220] have shown that the maximum eféciency
of the spatial regularisation of a group of élaments is
achieved in the case of transverse periodic intensity modu-
lation when the radiation power corresponding to one
modulation period exceeds the critical self-focusing power
in a medium by a factor of 3.1 ë 3.2. The method of periodic
modulation of the pulse intensity with the help of a network
was used in [221] for the formation of the ordered group of
channels with the modiéed refractive index in fused silica
induced by the plasma of multiple élaments.

The phase modulation of the light éeld in the beam cross

section, unlike the amplitude modulation, does not intro-
duce losses and is preferable for high-power radiation. The
regularisation of numerous élaments by means of a phase
mask was performed in [222], by means of spiral phase
plates simulating wave-front dislocations ë in [223], and with
the help of a set of lenses tilted to the optical axis by using a
bean with the elliptic proéle ë in [224]. The optical control of
multiple élamentation by means of microlenses formed in
the nonlinear-optical interaction of two overlapping radi-
ation beams was demonstrated in [225]. By using a network
modulating the transverse intensity distribution in one of the
beams, a set of microlenses of diameter 500 mm with a focal
distance of 37 mm was formed in a VK7 glass, which was
controlled by varying the delay time of overlapped pulses.
The possibility of using a lens set for the spatial regularisa-
tion of a stochastic beam of élaments produced during the
propagation of a pulse in the turbulent atmosphere was
numerically considered in [226].

6. Theoretical élamentation models

6.1 Nonlinear equation for a pulse envelope

In theoretical studies of élamentation the method of slowly
varying amplitudes is commonly used, which is applied if
the pulse envelope contains more than ten optical
oscillations [150]*.

Because of the dispersion of the Kerr nonlinearity, the
steepness of the trailing edge of a pulse increases during
élamentation and an envelope shock wave appears [150]. In
this case, the standard approach to the slowly varying
amplitude equation, the so-called nonlinear Schr�odinger
equation, in which the terms of the érst-order smallness
are retained, is not valid for the description of this effect. In
[227], an approach was developed which allows one to
reproduce the increase in the pulse-front steepness, the
appearance of the envelope shock wave, and the related
extreme broadening of the pulse spectrum. Within the
framework of this approach, which the authors of [227]
called the slowly varying wave approximation, the equation
for the envelope was obtained, which extends the region of
applicability of the slowly varying amplitude method to
pulsed radiation with the spectral width comparable with
the carrier frequency and duration comparable with the
optical oscillation cycle. For a problem of a femtosecond
laser pulse élamentation, the equation for the pulse envelope
E(x; y; z; t) in this approximation has the form
[148, 151, 228 ë 230]
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where a is the absorption coefécient. The érst term in the
right-hand side of equation (6) describes the beam

*It is shown in [227] that this method can be applied for pulses containing
down to 1.5 optical oscillations.
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diffraction, the second and third terms describe the
dispersion of laser radiation, the fourth term describes
the change in the refractive index of the medium caused by
the Kerr and plasma nonlinearities and, énally, the éfth
term describes the absorption of radiation caused by the
nonlinear ionisation of the medium by laser radiation.
Equation (6), unlike the traditional slowly varying ampli-
tude equation, contains the operator �1� (i=o)(q=qt)�,
which appears when higher-order-smallness terms are
retained in the expansion. A comparison of the results of
numerical simulation of élamentation based on the wave
equation, which directly follows from the Maxwell system
of equations, and in the slowly varying wave approximation
showed that supercontinuum spectra obtained by these two
methods coincide in a broad wavelength range and
noticeable differ only in the frequency region above 3.5o
[231].

A similar equation describing the material dispersion of
a medium according to the Sellmeyer formula, was obtained
in [232] for analysis of the spatial and spectral-temporal
transformation of femtosecond radiation tightly focused
into fused silica. Different variants of equations for a pulse
envelope in the unidirectional propagation approximation
were considered in [223]. For light pulses containing a few
optical cycles, the equation for the strength of the electric
éeld strength oscillating at an optical frequency was
obtained [234, 235], which can be considered as the general-
isation of different modiécations of the equation for the
pulse envelope. This approach was used to study the spatial
dynamics of the light éeld, the formation of the blue wing of
the supercontinuum during the propagation of a pulse
containing a few optical cycles in a transparent dielectric,
and the interaction of co-propagating and counterpropagat-
ing ultrashort pulses [236 ë 238].

Slowly varying wave equation (6), which correctly
describes a change in the proéle of a pulse upon élamen-
tation, is used ést of all for studying a decrease in the pulse
duration, the transformation of its frequency spectrum, the
generation of harmonics, and supercontinuum formation. In
problems devoted to analysis of the spatial structure of a
élament, which does not depend considerably on the
increase in the pulse front steepness, the nonlinear
Schr�odinger equation can be applied, which is obtained
from equation (6) by replacing the operator �1� (i=o)(q=qt)�
by unity.

The nonstationary nonlinear equation describing the
élamentation of femtosecond radiation has in the general
case the dimensionality 3D� 1, and its solution involves
considerable computational problems. To overcome these
problems, splitting algorithms, schemes with nonuniform
computational networks and the adaptive integration step
over the evolution coordinate, and other methods are used,
which increase the eféciency of numerical analysis
[106, 239, 240]. The variational method [241] was applied
to the problem of radiation élamentation in [242]. The
equation for the effective radius of a laser beam upon
élamentation was obtained in [243], where the evolution of
the beam parameters in the one-élament regime was
qualitatively analysed.

6.2 Plasma generation models

The change in the refractive index Dnp caused by the
generation of laser plasma due to photoionisation [244] is
described in the most general form by the expression
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The effective frequency vc � N0vesc of elastic collisions of
plasma electrons with atoms and molecules is determined
by the root-mean-square electron velocity ve � eE=(meo),
the electron collision cross section sc, and the concentration
N0 of neutral particles. The rate vi of avalanche ionisation,
which causes the exponential increase in the electron density
in plasma, is desctibed by the expression

vi �
1

W

e 2E 2

2me�o 2 � v 2c �
vc; (8)

where W is the ionisation potential for gases or the energy
band gap for condensed media.

The effective collision frequency vc in gases with the
atmospheric density (N0 � 1019 cmÿ3) is much lower than
the optical frequency o, the concentration Ne of plasma
electrons in a élament is three orders of magnitude lower
than that of neutral molecules (Ne=N0 4 10ÿ3), and the
contribution of avalanche ionisation to the generation of
electrons is negligible. In this approximation, expression (7)
for the increment of the refractive index caused by the laser
plasma is described by expression (2), and the term viNe

describing avalanche ionisation in the right-hand side of
kinetic equation (3) disappears.

The generation rate of electrons R(I) is determined by
the probability of multiphoton and tunnelling ionisation of
neutral atoms and molecules in a strong light éeld [86],
which depends, according to the Keldysh theory [85], on the
adiabatic parameter g � (o

�������������
2meW
p

=(eE). The low light éeld
strength E, at which g4 1, corresponds to multiphoton
ionisation, while the high strength E, at which g5 1,
corresponds to tunnelling ionisation. The ionisation poten-
tials of the oxygen and nitrogen molecules are 12.1 and
15.6 eV, respectively, while the multiphoton orders K for
these molecules for radiation at 800 nm are 8 and 11,
respectively. In the case of multiphoton ionisation, the
electron generation rate R(I) is described by the power
dependence R(I ) � sKI

K. The coefécient sK decreases with
increasing K. Thus, for oxygen, we have sK�8 � 2:8�
10ÿ96 sÿ1 cm16 Wÿ8, while for nitrogen, we have sK�11 �
6� 10ÿ140 sÿ1 cm22 Wÿ11 [3].

In a élament produced by the near-IR radiation, the
parameter g for the gas components of air is close to unity,
and asymptotic estimates of the ionisation rate cannot be
used in this case. The photoionisation rate of nitrogen and
oxygen molecules irradiated by laser pulses at 800 nm was
measured in [245]. It was shown in this paper that the
Perelomov ëPopov ëTerent'ev model [246] with the phe-
nomenologically determined effective charge Zeff of a
molecular ion better describes experimental data than the
Amosov ëDelone ëKrainov [247] and Szoke et al. [248]
models for radiation intensities in the range from 1013 to
1015 W cmÿ2.

A change in the electron density in the élament plasma
in condensed media is determined by the éled and avalanche
ionisations, which are described by kinetic equations (3).
The energy gap is a few electron-volts, the élament radiation
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intensity does not exceed 1013 W cmÿ2, and the éeld-
induced electronic transition from the valence band to
the conduction band is mainly caused by the multiphoton
process [116, 249]. For example, the energy gap for fused
silica is W � 7:6 eV, the multiphoton order is K � 5 for
radiation at 800 nm, and sK�5 � 1:3� 10ÿ55 sÿ1 cm10 Wÿ5

[116]. The model of multiphoton éeld ionisation is com-
monly used for numerical simulations of élamentation in
condensed media (see, for example, [116, 136, 250]). At the
same time, according to [251], during élamentation of
radiation at 800 nm, the éeld ionisation of fused silica is
determined both by multiphoton and tunnelling processes.
In [252], a model of avalanche ionisation in transparent
condensed media is proposed, which involves a sequence of
elementary kinetic processes of the interaction of an intense
light éeld with free electrons terminating by impact ionisa-
tion.

7. Filamentation in atmosphere

Filamentation of femtosecond laser radiation in the real
atmosphere as a multicomponent medium encompasses a
broad scope of problems. One of them is the stochastic
multiple élamentation of terawatt radiation, which can be
caused by êuctuations of the refractive index in the
turbulent atmosphere and the scattering and absorption
of radiation by atmospheric aerosol particles.

7.1 Inêuence of atmospheric turbulence

Fluctuations of the refractive index in the atmosphere are
responsible for the random nature of generation of
élaments and their random walk. It was found in
theoretical and experimental studies with 800-nm, 190-fs,
4.6-mJ pulses (the laser beam diameter was 9.6 mm) that
random displacements of élaments in the beam cross
section were isotropic and their distribution was described
by the Rayleigh law [253, 254]. The average displacements
of a élament in the beam cross section were 0.5 and 1.3 mm
at distances 30 and 100 m, respectively.

Random êuctuations of the refractive index of air in the
atmosphere initiate the stochastic decomposition of the
beam into multiple élaments at peak radiation powers
P0 4Pcr. Phase êuctuations of the light éeld caused by
the turbulence are transformed to intensity êuctuations and
play, along with initial êuctuations, the `seeding' role for
generating multiple élaments. As a result, multiple élaments
are formed, which are randomly arranged in the laser beam
cross section and are generated at different distances from
the output aperture of the laser system. In this case, the
generation, formation, and statistic characteristics of the
élament beam considerably depend on the atmospheric
turbulence parameters [255].

It was found in [256] that the probability of élament
formation decreased with increasing the structural constant
C 2

n of the turbulence in a layer located in front of the
élament. The layers of turbulent air close to the output
aperture strongly affect the formation of élaments because
generated élaments weakly depend on êuctuations of the
refractive index in the atmosphere [257]. Laboratory experi-
ments [257] on the élamentation of focused 200-fs, 30-GW
laser pulses in an extended turbulent layer showed that the
collapse of élaments can occur only at very strong êuctua-
tions, which are equivalent to êuctuations in an atmospheric
path of length 4 km in the case of a strong turbulence with

the structural constant C 2
n � 0:5� 10ÿ14 cmÿ2=3. By com-

paring the characteristic dimensions of spatial
inhomogeneities of atmosphere and radiation, we can
conclude [259] that the same êuctuations in air are
small-scale at the initial stage of generation of élaments
and are large-scale for élaments that were already formed.
Therefore, turbulence strongly affects élaments in the
process of their generation and weakly affects generated
élaments, which was conérmed experimentally [258].

For pulses with the peak power slightly exceeding the
critical self-focusing power, the distance to the élament
onset in a path with a weak turbulence (C 2

n � 10ÿ16 cmÿ2=3)
can increase compared to that in a regular medium
[260, 261]. This occurs when êuctuations of the refractive
index cause only small variations in the initially Gaussian
intensity distribution in the beam cross section and, hence,
the increase in the distance to the region of separation of the
Townes mode in the beam (see section 2 of this paper) or the
appearance of closely spaced perturbations, between which
energy competition begins, resulting in the slowing down of
the development of both élaments [191, 193]. In the case of
strong enough turbulent êuctuations, the number of
élaments and the average distance to the onset of the
érst élament decreases, while in some pulses this élament
need not be formed at all [260].

As the peak intensity of input radiation was increased,
the picture of formation of élaments was complicated. The
interference of the light éeld, diverging during defocusing in
the élament plasma, with the éeld perturbed by turbulence
produces randomly arranged centres of generation of `child'
élaments [191, 240, 262]. As the structural constant C 2

n

increases, a beam of randomly formed élaments expands.

7.2 Scattering by aerosol particles

It was found in the érst experiment on élamentation of
laser radiation (150-fs, 2.50-TW laser pulses with the laser
beam diameter 3 cm) performed in a real atmospheric path
that élaments could be formed during weak rain, and the
formation of diffraction rings upon scattering of pulses by
water particles was observed [263]. Numerical studies [264]
based on the stratiéed model of élamentation [265] taking
into account the coherent scattering of radiation in a
dispersion medium conérmed experimental results. The
existence of regimes of single or multiple élamentation
depending on the concentration and size of water aerosol
particles was determined by the Monte-Carlo method [266].

Laboratory experiments on élamentation of laser radi-
ation in the atmospheric aerosol [99, 267 ë 269] showed that
in an aerodispesion medium with a high concentration of
water particles (105 cmÿ3) the pulse energy and, hence, the
number of élaments decreases due to scattering. This is
conérmed by numerical analysis performed by replacing
aerosols by a continuous absorbing medium [270].

Experiments on the interaction of a élament with
separately located water drops of diameter from 30 to
100 mm showed that a `large' particle of size comparable
with the élament diameter exerts a negligible effect on the
further élamentation process, which is explained by the
existence of the energy reservoir maintaining élamentation
(see section 2). The inêuence of an individual drop on a
élament was considered theoretically in the simplest model
approximation by simulating a particle by an absorbing disc
[271].
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7.3 Filamentation at a distance of a few kilometres
The formation of élaments at large distances from a laser
system, for example, a few kilometres is very important for
atmospheric applications. One of the methods for increas-
ing a distance to the region of formation of élaments is
beam scaling [272]. The increase in the beam cross section
and the spatial scale of its inhomogeneities inhibits the
development of small-scale focusing and, therefore, sto-
chastic élamentation. In the case of long atmospheric paths,
the most efécient is a combination of the laser beam
scaling, its focusing, and initial phase modulation. It was
shown numerically [273, 274] that the negative phase
modulation not only displaced the élament onset in air
but also can change the type of refocusing, by increasing
the length of the élamentation region, whereas the
continuity of a élament plasma channel can be controlled
by beam focusing [275]. To calculate approximately the
élamentation of phase-modulated pulsed radiation at
distances of a few kilometres, a semi-analytic model was
proposed [276], which takes into account the inêuence of
turbulent êuctuations of the refractive index on the
development of multiple élamentation at atmospheric
paths.

7.4 Filamentation at high altitudes

The properties of élamentation of femtosecond radiation at
high altitudes and vertical atmospheric paths are deter-
mined by the dependence of the air density of the altitude
and increase in the critical self-focusing power with
increasing altitude. In a vertical path, élaments are formed
at a larger distance than in a horizontal path, and their
number decreases during multiple élamentation. This is
conérmed by experiments performed in [263] at a horizon-
tal path of length 325 m at an altitude of 3.2 km over the
sea level. It was shown experimentally and theoretically
[277] that the radiation intensity in a élament is independ-
ent of the air pressure and, hence, its diameter increases
with altitude. It was found experimentally [278] that, as a
pressure decreased from 1 to 0.2 atm, the peak conduction
of a plasma élament channel remained constant but its
length decreased approximately by a factor of 1.5. It was
shown numerically in [279] that, by using phase-modulated
pulses, the élament onset in vertical paths can be displaced
up to an altitude of 6.8 km.

8. Application of élamentation in atmospheric
optics

8.1 Probing of the environment. A femtosecond lidar

Supercontinuum emission generated by femtosecond laser
radiation upon élamentation can be used for probing the
environment [5, 22, 24, 280]. First, this pulsed radiation,
appearing due to nonlinear-optical transformation, has the
femtosecond duration, which provides a high spatial
resolution. Second, it has a broad spectrum covering the
absorption lines of many pollutants and such gases as
ozone, benzene and toluene vapours, etc. [25]. Thus, the
supercontinuum of a élament provides the broadband
spectral-temporal analysis of the multifrequency response
of a medium under study with a high spatial resolution.
Compared to a differential absorption two-wave lidar, no
problems occur when a femtosecond lidar is used to probe
narrow absorption lines such as, for example, water

absorption lines [23]. The width of the continuum spectrum
upon élamentation considerably exceeds, for example, the
spectral range of a tunable OPO lidar [281]. The angular
distribution of supercontinuum scattering can give infor-
mation on the size of drops and their concentration inside a
cloud layer being probed [282].

Time-resolved visible and IR absorption spectra were
obtained by using the supercontinuum emission produced
upon élamentation of terawatt femtosecond radiation [283].
The absorption lines of water vapour recorded in these
experiments coincide with the known spectroscopic data,
and their recording in the band of width 200 nm allows one
to measure simultaneously the air temperature and the water
vapour concentration. The possibility to move a super-
continuum source (élament) closer to an object being
probed [208] and the existence of large local gradients of
the refractive index induced by the élament [284] increase
the level of the detected signal.

Note that the intense radiation of élaments produces the
dissociation and multiphoton excitation of pollutant mole-
cules. The characteristic lines of this êuorescence also can be
used for the remote diagnostics of the concentration of
pollutants, which provides the additional probing channel
[4].

8.2 Fluorescence and emission spectroscopy induced
by élaments

Laser-induced breakdown spectroscopy uses êuorescence
emission appearing in the optical breakdown plasma
produced by a high-power laser pulse. The threshold of
a target ablation accompanying the optical surface break-
down is � 120ÿ 180 mJ cmÿ2 for copper [285, 286], which
is an order of magnitude lower than the energy density
� 1 J cmÿ2 in a femtosecond élament. Thus, high-power
femtosecond laser pulses in the élamentation regime can be
used to deliver energy for producing the optical breakdown
plasma and a êuorescence signal from targets located at
distances of a few kilometres. This method is called the
élament-induced breakdown spectroscopy (FIBS). In the
case of multiple élamentation of multiterawatt laser
radiation, the êuorescence signal increases due to the
summation of contributions from sources initiated on a
target by each élament.

The érst FIBS experiments with remote metal targets in
atmosphere were performed in [29, 58] and later in
[287, 288]. It follows from the results obtained for a target
located at a distance of 180 m from a laser (emitting 795-
nm, 75-fs, 350-mJ pulses at a repetition rate of 10 Hz) that,
to obtain the maximum êuorescence intensity, it is necessary
to produce élaments at a distance of a few metres from the
target [58]. In this case, the maximum probing distance
providing the resolution of atomic copper lines with the use
of a ICCD camera for detection was 150 m [29, 58]. The
estimates presented in [288] show that, by using terawatt
laser systems for probing at distances � 1 km, it is possible
to obtain a FIBS signal sufécient for diagnostics of metal
targets even for one pulse. The FIBS diagnostics used in the
lidar measuring scheme can be performed at distances up to
a few kilometres [58]. In this case, the limiting factor is not a
detecting system but a distance at which élamentation
occurs, i.e. the possibility of obtaining élamentation at
large distances.

The remote diagnostics of various metals and minerals
by FIBS spectroscopy was érst performed in [289] with the
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help of élaments produced by using 248-nm, 450-fs, 20-mJ
laser pulses. The remote FIBS detection of biological
aerosols in atmosphere was demonstrated in [290 ë 292].

8.3 Control of a high-voltage discharge

One of the possible applications of conducting plasma
élament channels can be the creation of a controllable
electric discharge, in particular, for controlling thunder
lightnings [24]. The main motivation in this case is the
protection of vital objects from lightning discharges.

A discharge was initiated by a élament in laboratory
experiments [293 ë 295] by coupling radiation from a femto-
second laser through a hole at the centre of êat electrodes
into a gap between them. The gap width was 2 ë 4.5 m, and a
voltage of a few megavolts was applied across the electrodes.
When élaments appeared between electrodes, a conducting
discharge channel became regular and reproducible, the
breakdown threshold decreased by 30% and the develop-
ment time of the controllable discharge decreased. The
possibility of increasing the control eféciency with the
help of the second `maintaining' nanosecond pulse of energy
a few hundreds of millijoules was demonstrated in [296].

It was shown in [30] that, unlike the tight focusing of a
laser beam, in the case of élamentation the main `triggering'
mechanism of a discharge is the joule heating of air in a
élament channel followed by the production of a low
pressure in the élament, which is accompanied by the
corresponding decrease in the breakdown threshold. In
[297], a beam of plasma channels was used to obtain a
continuous discharge of duration above 1 s between two
electrodes to which constant or alternate 50-Hz voltage was
applied. The temporal and spatial dynamics of a breakdown
initiated by élaments studied in [298] revealed the appear-
ance of two different breakdown regimes: the `slow' regime
with the characteristic time of the order of a millisecond and
the `fast' regime with the characteristic time about a few
microseconds, at which the breakdown threshold decreased
by 40%.

Laboratory experiments simulating the control of a
high-voltage discharge in a dense water cloud were per-
formed in [299], and full-scale experiments during raining
were performed in [300]. During the formation of a beam of
élaments of length � 100 m by radiation from a terawatt
laser system located at an altitude of 3209 m over the seal
level, radiofrequency pulses were detected which were
produced in electric processes in thunderclouds synchron-
ised with the formation of élaments.

8.4 Dynamic microwave waveguides

The plasma channel of a élament is a thin current-
conducting thread with an instant length of 1 ë 3 m,
which `êies' together with the laser pulse over tens and
hundreds of metres. Such a dynamic élament can be treated
as a virtual line for the directional transfer of the
electromagnetic energy [301]. The formation dynamics of
a virtual cylindrical waveguide consisting of plasma
channels of multiple élaments, the possibility of increasing
its effective thickness due to the formation of a multilayer
structure and the estimates of the main waveguide
parameters for microwave radiation were considered in
[302].

In the experiment conérming the above-mentioned idea,
a virtual plasma waveguide of diameter 4.5 cm was formed
by more than a thousand of plasma channels, which were

produced by using pulsed radiation (800-nm, 27-fs, 1.5-J,
100-TW pulses) focused to a ring by a êexible deformable
mirror [303]. An increase in the microwave emission signal
at a wavelength of 3 cm was detected at a distance of 16 cm
at the instants of formation of a virtual waveguide. The
possibility of obtaining a dielectric waveguide from plasma
élament channels was discussed in [304].

9. Application of élamentation
in the development of microoptics elements

A high power density of femtosecond radiation allows the
photoinduced micromodiécation of optical materials with-
out their thermal damage. The application of near-IR
radiation for changing the refractive index of optical
materials was érst demonstrated in [31]. Radiation focused
near a sample surface produced a thermal shock resulting in
the damage of the surface, whereas radiation focused into
the sample caused a change in the refractive index of the
material at the focal spot without damage at energy
densities up to 100 mJ cmÿ2. Micromodiécation lines
were recorded by moving the sample at rates of
0.1 ë 10 mm sÿ1 perpendicular and parallel to the laser
beam (Fig. 11).

9.1 Micromodiécation of optical materials

The main experiments were performed by scanning samples
exposed to the 800-nm radiation tightly focused inside
them. As the exposure was increased due to the increase in
the pulse energy or decrease in the scanning rate of a
sample, the increment Dn of the refractive index saturated,
achieving 3� 10ÿ3 in pure quartz and 5� 10ÿ3 in quartz
doped with boron [305]. For the pulse energy density of
8 ë 10 J cmÿ2, the increment Dn was 3� 10ÿ4, while the
increment of the material density was � 0:1%, which is
equivalent to the change in the quartz temperature by
500 8C. When the pulse energy density was increased up to
40 J cmÿ2, the increment Dn achieved 500� 10ÿ4 and the
density increment was � 11%, which corresponds to the
action of a strongly localised shock wave with the
amplitude 26� 109 Pa appearing during the relaxation of
the laser plasma energy in an atomic lattice [306].

The measurement of the energy of the delayed probe
radiation scattered in the modiéed region produced by
800-nm, 110-fs pulses at a repetition rate of 1 kHz showed
that the time of plasma formation and structural changes in
a material was � 35 ps [307]. The electron density in the
laser plasma and the electron collision time measured by
time-resolved shadow and interferometric methods were
5� 1019 cmÿ3 and 1.7 fs, respectively [308]. A change in
the cubic susceptibility in the induced micromodiécation
channel was studied in [309].

The existence of different micromodiécation regimes in
fused silica and the appearance of a birefringent region were
found in [310]. The érst irreversible modiécation of a
material with Dn � 5� 10ÿ3 is isotropic and can be
annealed at a temperature of 600 8C, while the second
modiécation with Dn � 10ÿ2 corresponds to the appearance
of the local birefringence and is preserved after annealing at
900 8C for a hour. Investigations performed for fused silica
cleavages showed that the shear stress appears in the
material [311]. The controllable variation in the refractive
index in fused silica appears upon irradiation by 0.35 ë
1.5-mJ pulses of durations from 130 to 230 fs [312]. The
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micromodiécation threshold increases with decreasing the
pulse duration, by forming in the pulse energy-duration
plane a triangle region of admissible pulse parameters for
inducing the increment Dn � 2� 10ÿ4 ÿ 1:6� 10ÿ3 in silica.
The results of studies performed in [74, 312 ë 314] allow the
optimisation of laser pulse parameters for formation micro-
modiécation channels in optical materials. The application
of commercial 1.55-mm ébre lasers for micromodiécations of
fused silica was demonstrated in [315].

In experiments on the micromodiécation of materials
upon radiation élamentation, a sample is éxed and the
transformation of an induced channel is detected by varying
the exposure time, duration, energy, and polarisation of
weakly focused radiation [71, 316, 317]. A micromodiéca-
tion channel is formed in the region of a élament and grows
with increasing exposure in the direction opposite to the
radiation propagation direction [71]. The channel growth
saturates and its length achieves 500 mm during the exposure
time of 30 min for 0.7 ë 2.3-mJ pulses at a repetition rate of
1 kHz focused by a lens with the numerical aperture
NA � 0:05. As the NA is increased, the saturation time
and the channel length in silica decrease. The channel
diameter, equal to 1.7 mm, and the increment of the
refractive index in it, equal to 0:8� 10ÿ2, remain invariable.
For circularly polarised incident radiation, the cross section
of the induced channel has the shape of a circle, while for
linearly polarised radiation, it has the form of an ellipse with
the major axis directed along the polarisation direction
[316]. The change in the refractive index Dn � (1:1ÿ 4:6)
�10ÿ4 in niobiumë telluric glasses was obtained by moving
samples parallel to the propagation direction of a femto-
second pulse [318].

The theoretical studies of changes in the optical proper-
ties of materials induced by femtosecond pulses are
considerably falling behind the experimental research.
The analysis of a thermal model by the examples of silica
and borosilicate glass showed [319] that temperature is not a
dominating factor for modiécation because the observed
increase in the refractive index Dn can be possible only at
temperatures that are not achieved in the regimes used in
experiments. The estimate of structural changes produced

by a shock wave during the relaxation of the laser plasma
shows that the increment Dn caused by the change in the
sample density is an order of magnitude lower than the
measured value. The generation of colour centres by laser
radiation can make a considerable contribution in the
change in the refractive index. Their concentration achieves
3� 1019 cmÿ3, which corresponds to Dn � 10ÿ3. However,
the annealing temperature of colour centres is signiécantly
lower than the temperature corresponding to the induced
refractive index. The general description of processes
proceeding in wide-gap dielectrics irradiated by femtosecond
laser pulses is presented in [249].

Micromodiécations induced by élaments were used to
fabricate waveguide couplers [320 ë 322], hexagonal arrays
of coupled waveguides [323], diffraction gratings [316],
focusing transparencies [324], and other elements of micro-
optics [325].

10. Conclusions

A new direction in optics ë the nonlinear optics of
femtosecond élaments, developed recently, encompasses a
broad scope of problems of nonlinear-optical interaction of
spatiotemporally self-localised femtosecond radiation with
a medium. The long-known and again enigmatic phenom-
enon of élamentation of laser radiation poses new questions
for researchers and opens up unexpected éelds of practical
applications of laser physics.
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