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Supercontinuum sources in a high-power femtosecond laser
pulse propagating in liquids and gases

V.P. Kandidov, 1.S. Golubtsov, O.G. Kosareva

Abstract. The mechanism of supercontinuum generation and
the spatial distribution of its sources during the propagation
of a high-power femtosecond laser pulse in liquids and gases
are studied. The numerical simulation shows that the
supercontinuum is generated due to self-phase modulation
of the laser pulse in space and time in the presence of
nonlinearity and wave effects. Supercontinuum sources are
found to be located mainly in the ring structure of the laser
pulse at the intensity minima. It is established that the
efficiency of generation of the short-wavelength part of the
supercontinuum during the propagation of the focused laser
beam depends on the initial phase modulation and achieves a
maximum when the compression length slightly exceeds the
length of nonlinear focusing.
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1. Introduction

The spatial and temporal characteristics of high-power
femtosecond pulses strongly change during their propaga-
tion in transparent dielectrics due to the nonlinear
interaction of the laser field with the medium. One of
manifestations of these changes is a very strong broadening
of the frequency spectrum of the pulse — the formation of a
supercontinuum at high energy densities of the light field
[1, 2]. The spatial density of energy in dielectrics is achieved
due to nonlinear and geometrical focusing of radiation [3—
5], while the density of energy in time is produced upon
nonlinear compression of laser pulses [6, 7].

The results of many experiments with laser pulses
propagating in condensed media and gases demonstrate
the similarity of supercontinuum spectra [4, 8, 9]. A laser
pulse broadens during its interaction with a medium up to a
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few hundreds of nanometres, both to the Stokes and anti-
Stokes regions. The broadening to the blue usually domi-
nates. The frequency spectrum of the supercontinuum is
continuous and does not contain distinct spectral lines. The
anti-Stokes wing of the supercontinuum has, as a rule, a
nontrivial angular distribution representing conical emission
with the divergence angle increasing with decreasing wave-
length [4, 5, 10].

The nature of supercontinuum and conical emission, as a
part of the continuum, has been interpreted differently. In
the first papers [1, 11] devoted to this subject, the generation
of the supercontinuum was explained by the temporal self-
phase modulation of the light field. At the same time, the
numerical estimates of the broadening of the spectrum
performed using the model of plane waves proved to be
substantially lower than the experimental broadening. The
appearance of conical emission was explained by the Ceren-
kov effect [12] and by four-wave parametric interaction in
the case of the Kerr nonlinearity [10]. However, according to
the last hypothesis, conical emission should be observed in
the Stokes region of the spectrum as well, which was not
found in experiments.

It was assumed in Ref. [3], where the supercontinuum
was observed for the first time in gases, that an extremely
strong broadening of the laser-pulse spectrum can be
explained by taking into account not only a nonlinear
transformation of the pulse in time but also its spatial
variations caused by the effect of self-focusing and a laser
plasma. Many authors discussed the nature of conical
emission pointing to an inseparable relation between the
spatial and temporal modulations. It was shown in review
[13] that in the case of the resonance interaction of laser
radiation with a two-level atomic medium, the spatiotem-
poral modulation of the laser pulse produces sideband
harmonics in the spectrum propagating at an angle to
the axis. The author of Ref. [14] considered theoretically
the generation of the supercontinuum upon focusing a laser
beam to argon at high pressures and concluded that the time
gradient of the refractive index of the medium can take place
only in the presence of the corresponding spatial gradient,
and therefore the spectral components of the pulse acquire
the angular divergence along with the frequency shift. The
authors of Ref. [15] studied experimentally and theoretically
the propagation of a picosecond laser pulse in a quasi-
resonance medium — cesium and barium vapours and
explained the angular divergence by the spatial self-phase
modulation of the light field in the beam cross section. The
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spectral maps of the supercontinuum observed upon a tight
focusing of laser beams to various gases were obtained
experimentally [16] and theoretically [14].

The physical model of the supercontinuum generation
during the propagation of a high-power femtosecond laser
pulse due to the self-phase modulation of radiation in space
and time was developed consistently in Refs [2, 4, 17—-19].
According to this model, a nonlinear phase shift, appearing
due to the interaction of the laser pulse with the medium in
the case of a high spatiotemporal localisation of energy, has
substantial time and spatial gradients, which lead to the
broadening of the frequency spectrum and the appearance
of the angular divergence. A combined contribution from
the inseparable Kerr and plasma nonlinearities, wave
diffraction effects and the material dispersion of air causes
an extreme broadening of the frequency-angular spectrum
of the laser pulse, which is observed as the supercontinuum
and conical emission. The role of the wave instability, which
leads to an increase in the steepness of the trailing edge of
the femtosecond pulse during its self-focusing in a nonlinear
medium, resulting in the broadening of the blue wing of the
pulse spectrum, was analysed in Refs [2, 20].

The aim of this paper is to study in detail the super-
continuum generation during the propagation of high-
power femtosecond laser pulses in continuous transparent
media and to find the location of sources of spectral
components and to determine their nature.

2. Model of the nonlinear-optical interaction

The supercontinuum generation during the propagation of
high-power femtosecond laser pulses in continuous trans-
parent media is described by the model considered in detail
in Refs [18, 19]. This model uses the slowly varying
envelope approximation, which adequately describes [21—
23] the transformation of pulses of duration as short as a
few optical cycles. The equation for the amplitude of the
light field E of a femtosecond laser pulse has the form [2]
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Here, k is the wave-vector modulus; k. and k. are its
derivatives with respect to the carrier frequency; ng is the
refractive index of the medium; o is the absorption
coefficient related to the photoionisation losses of radiation;
and A, =0%/or® +r~'0/0r.

The first term in the right-hand side of (1) describes the
beam diffraction, the second and third ones describe the
material dispersion in the third approximation of the
dispersion theory, the fourth term describes contributions
from the Kerr (Any) and plasma (An,) nonlinearities to the
refractive index of the medium, and, finally, the last term
describes photoionisation energy losses. Operators of the
type £(i/wy)(0/01), where wy is the laser frequency, describe
the effect of the wave instability, which results, in particular,
in an increase in the steepness of the trailing edge of the
pulse in the Kerr medium.

The change in the refractive index caused by the Kerr
nonlinearity, taking into account the nonstationary con-
tribution of stimulated Raman scattering from vibrational
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molecular transitions of the medium, has the form
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where H(t) is the transfer function presented in Ref. [24].

The nonlinearity of the laser plasma produced upon
multiphoton collision ionisation in the intense laser field is
described by the expression
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where o, = (41T€2Ne/m)1/2 is the plasma frequency; N, is
the density of free electrons; and v, = Nyv.o, is the effective
frequency of collisions between electrons and molecules of
the medium. The change in the density N, of free electrons
is described by the rate equations

O — ROBP)(No — No) + v — N2, @
where v; is the frequency of ion—electron collisions; R is the
ionisation rate of the medium; and f is the radiative
recombination coefficient.

The spatial and temporal variation of the electric field is
described in this paper by a Gaussian, which is close to
experimental data [8]:
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where a, is the beam radius and R; is the geometrical
focusing length (distance from a lens to the beam waist).
The initial pulse duration 7,(0) and the parameter J, which
characterises the value of the phase modulation of the pulse
with a constant width Aw.1 of the frequency spectrum at
the ™! level are related by the expression [7]
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Tp (5)
where 7y = (Awe-1) "' = 7,(0 = 0) is the transform-limited

pulse duration; the plus and minus signs in the right-hand
side correspond to the positive and negative phase
modulation, respectively.

3. Supercontinuum sources
and transformation of a laser pulse

The nonlinear-optical transformation of a laser pulse is
manifested in the change in the spatiotemporal dependences
of the pulse envelope E(r,t,z) and its frequency-angular
spectrum E(w, 6, z) with z. A two-way analysis of the light
field of the laser pulse allows one to explain the physical
nature of the supercontinuum generation and to study the
process of formation of its sources.

Let us analyse, for example, a femtosecond laser pulse
focused to a cell with water. Such experiments were
performed in Ref. [8] with 0.2—3 pJ, 800-nm pulses from
a Ti : sapphire laser. The FWHM duration of pulses was
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Figure 1. Spatiotemporal intensity distribution /(r, ) in the (r, 7) plane (a) and the radial intensity distribution (x,y) for t = 0 (b) for the laser pulse

in a cell with water located at a distance of 40 pm from the geometrical focus (in front of it) of the cell with R, =
705 = 45 fs and its energy is W, = 3 pJ. The pulse intensity is normalised to I, =

16.9 mm. The pulse duration is
102 W em™2.

45 fs and the laser beam diameter was 5 mm. The beam
focusing length R; was varied from 10 to 74 mm. A
supercontinuum pulse propagating forward was recorded
whose energy increased with increasing the laser pulse
energy and the focal distance of the objective.

This experiment was simulated numerically by solving
the system of equations (1)—(4) by the method of splitting
over physical factors using the sweep method for integration
with respect to the radial coordinate r, the spectral
representation for integration with respect to time ¢, and
an adaptive step over the evolution coordinate z. The
computational grid had 2048 x 2048 nodes over coordinates
r and t. The number of steps along the z axis was varied
from 3600 (fo Ry = 73.5 mm) to 5800 (for Ry =16.9 mm).

Because of the geometrical and Kerr focusing, the
intensity at the pulse axis increases up to the value
~ 4 x 10" W em™, at which multiphoton and avalanche
ionisation develop in water. Defocusing in the produced
laser plasma restricts a further increase in the pulse intensity.
The nonlinear refraction of the trailing edge of the pulse
caused by the Kerr and plasma nonlinearities leads to the
formation of a complex ring structure in the pulse cross
section. Figure 1 shows the spatiotemporal distribution of
the intensity I(r,t) and the radial distribution of the
intensity 7/(x,y) at the central layer of the pulse (r =0)
in a cell with water at a distance of 40 um from the
geometrical focus (in front of it) of a lens with R;=
16.9 mm.

Figure 1b gives a complete picture of the spatiotemporal
intensity distribution in the pulse at this distance. In this
case, the pulse intensity takes its maximum in the temporal

layer for T = —40 fs. The next layers of the pulse decompose
into concentric rings whose radius increases toward the
pulse tail.

The formation of the intensity rings in the cross section
of temporal layers of the pulse is accompanied by the
appearance of a continuous high-frequency wing in the
frequency-angular spectrum, whose components propagate
at an angle to the optical axis. This radiation represents
conical emission in which the divergence of the frequency
components increases with decreasing wavelength. The
intensity distribution of conical emission is illustrated in
Fig. 2, where the lines S(4,6) = const of equal spectral
power density of the frequency-angular spectrum of the
laser pulse are plotted in the wavelength-radiation diver-

gence angle plane (4,0). Conical emission extends to the
high-frequency region down to 400 nm, whereas it is absent
in the low-frequency region. For the chosen level of the
spectral power density (for example, 1g.S(4,0)/Spax = —1,
—2, etc.), the radiation divergence angle 6 of the anti-Stokes
components (4 < 800 nm) increases with decreasing their
wavelength A, whereas 0 is close to zero for Stokes
components (4 > 800 nm).

-20 C
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Figure 2. Frequency-angular spectrum represented by the lines S (4, 0) of
equal power density of spectral components of the laser pulse with
195 =45fs and W,=3 ) focused into a cell with water for
=169 mm (the observation plane is located at the distance
=40 pm from the geometrical focus of the lens) (a) and
Ry =43.1 mm (z = 120 pm from the geometrical focus of the lens) (b).
The power density levels are presented at the logarithmic scale norma-
lised to the maximum (1g S (2,0)/Spax = —1, =2, etc.).

One can see from Fig. 2 that the divergence angle of
conical emission increases with decreasing R;. To explain
this, we will assume that the angle o, of conical emission
from a focused beam is equal to the sum of the divergence
angle og;r of the pump beam in the absence of nonlinearity
and the angle o, of conical emission from a collimated
beam:
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where agr = mngag/(2R;). For Ry =16.9 mm, the angle
ogir = 13°, and for Ry =43.1 mm, agr=5°. According
to Fig. 2, the angle ¢, of conical emission at a wavelength
of 500 nm for these focal distances is 21° and 12°,
respectively. The angles of conical emission ¢, estimated
from (7) for these two focal distances are close. Therefore,
the assumption about the additivity of contributions from
the divergence of the pump beam and conical emission to
the resulting divergence of the short-wavelengths compo-
nents of the supercontinuum in a focused beam is valid.

The radial distribution of the spectral power of the
supercontinuum components in the region of the geo-
metrical focus of the lens for Ry = 16.9 mm is shown in
Fig. 3 as a map in the radius-wavelength plane (r, 1). Darker
regions correspond to the higher power density of the
corresponding spectral components. One can see that the
energy of the long-wavelength (1 > 800 nm) components of
the supercontinuum is mainly localised on the pulse axis,
whereas the energy of the short-wavelength (4 < 800 nm)
components is localised at its periphery in the ring structure
of a filament (see Fig. 1).
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Figure 3. Radial distribution of the spectral power density S(r, A) of the
laser pulse in a cell with water in the region of the geometrical focus of
the lens for 155 =45fs, Wy =3 pJ, and Ry =16.9 mm. The darker
regions correspond to a greater power density S/Sp.. of spectral
components.

The assumption that the supercontinuum is produced
due to the self-phase modulation of a laser pulse upon the
nonlinear phase shift in space and time allows us to
determine the localisation of sources of the spectral com-
ponents. The self-phase modulation of the light field of the
laser pulse leads to the radiation frequency shift and the
angular divergence of spectral components. The frequency
shift of the supercontinuum harmonics with respect to the
carrier frequency is determined by the phase gradient in
time: Aw(r,t) = 0¢(r,t)/0t, and the angle 6 at which
radiation propagates is determined by the spatial gradient:
0(r, t) = arctan[—(1/k)(@¢(r, 7)/0r)]. Figure 4 shows the spa-
tial localisation of sources of the spectral components of
supercontinuum and their angular directivity. Here, we
present the radial distributions 7(r,t = 0) of the laser pulse
intensity, the wavelength of the supercontinuum sources
determined by the relation A(r,r = 0) = 2nc/[wy+
Ao (r,t=0)], and of the radiation divergence angle
0 (r,t = 0) for the temporal layer = = 0 of a pulse focused
by a lens with Ry = 16.9 mm into a cell with water.

Il I
20
10

4/nm
1000
800
600
400
0/°
30
0
-30

760' . : g,:
—-10 -5 0 5 10

r/um
Figure 4. Radial distributions of the laser pulse intensity I(r,7 = 0) (a),
the wavelength A(r, 7 = 0) = 2nc/[wy + dw(r, T = 0)] of supercontinuum
sources (b), and the divergence angle 0(r,7 = 0) of their radiation (c) in
the temporal layer T = 0 of the laser pulse in a cell with water located at a
distance of 40 um from the geometrical focus (in front of it) of the lens
for tg =45 fs, Wy =3 wJ, and Ry = 16.9 mm. The negative and positive
values of the angle 0 correspond to the convergence and divergence of
radiation to the optical axis, respectively. The pulse intensity is norma-
lised to Iy = 10'> W em™2.

One can see that the supercontinuum sources are
predominantly located in the ring structure of the laser
pulse, not only near the optical axis but also at the beam
periphery. The frequency shift is maximal at the minima of
the intensity of the ring structure, which appeared due to the
interference of energy fluxes in the beam cross section. One
of the fluxes propagates towards the optical axis under the
action of self-focusing and geometrical focusing, whereas
the second flux propagates in the opposite direction due to
radiation defocusing in the laser plasma. The interference of
waves during the propagation of the laser pulse leads to the
formation of edge phase dislocations [25], where the super-
continuum generation occurs. The pulse phase in the
dislocation vicinity strongly changes in space and time,
resulting in the generation of new frequency components
and the angular divergence. Therefore, conical emission is
generated namely in the region of phase dislocations of the
ring structure of the laser pulse.

By comparing the radial dependences of the wavelength
A(r) and the divergence angle 6(r) of radiation from super-
continuum sources of the laser pulse, we can see that the
sources of low-frequency components are located close to
the intensity rings 7(r) nearest to the optical axis and their
radiation is directed to the axis. The sources of high-
frequency components with 4 < 600 nm are localised near
the periphery rings 7(r) and their radiation is directed from
the axis. As a result, the short-wavelength radiation has the
angular divergence, whereas the low-frequency harmonics
propagate predominantly along the optical axis, which is
confirmed experimentally [4, 21].

4. Effect of the wave instability
on the supercontinuum generation

The self-phase modulation of the light field resulting in the
supercontinuum generation is caused by various nonlinear-
optical mechanisms of the interaction of high-power laser
radiation with a medium. Thus, the nonlinear phase shift in
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the axial region at the leading edge of the pulse is mainly
determined by the Kerr nonlinearity of the medium because
an increase in the density of free electrons is still not
sufficient. A drastic increase in the pulse intensity with time
[01(r,7)/0t > 0] due to this nonlinearity leads to a negative
shift of the radiation frequency: Aw(r,t) ~ —0I(r,7)/0t < 0.
A drastic decrease in the intensity at the trailing edge of the
pulse [0(r,7)/0t < 0] upon pulse defocusing in the laser
plasma leads to a positive shift of the radiation frequency.

The supercontinuum generation during the propagation
of femtosecond laser pulses is substantially determined by
the wave instability described by operators +(i/w()(0/07) in
Eqn (1). The wave instability leads to an increase in the
steepness of the trailing edge of the pulse and a decrease in
the steepness of the leading edge, resulting in the broadening
of the spectrum in the short-wavelength region and narrow-
ing of the spectrum in the long-wavelength region [19, 20].

The effect of the steepness of the trailing edge of the
pulse on the supercontinuum generation is demonstrated in
Fig. 5 where the spatiotemporal intensity distributions and
frequency-angular spectra of the laser pulse in the air are
presented. These results were obtained by solving the system
of equations (1)—(4) for the 230-fs, 8-mJ laser pulse and the
laser beam diameter of 0.28 mm [17]. At the distance z =
0.43Lgir (Lgir is the diffraction length), the trailing edge of
the laser pulse acquires a ring structure under the action of
the Kerr and plasma nonlinearities (Fig. 5a), which is
manifested in the spectral space as conical emission in
the anti-Stokes region (Fig. 5b). Upon a further propaga-
tion (z = 0.6Lg;), the laser pulse is decomposed into a pair
of pulses (Fig. 5¢c), the steepness of the trailing edge of the
second pulse giving rise to the broadening of the spectrum in
the anti-Stokes region (Fig. 5d).

We analysed the influence of self-steepening by calculat-
ing the spatiotemporal intensity distribution and frequency-
angular spectrum of the laser pulse in the air at the distance
z=0.6Lg in the absence of operators +(i/w()(0/01). A

comparison of Figs 5c and e and Figs 5d and f shows that
the trailing edge of the second pulse has a larger gradient
due to self-steepening; this is manifested in the frequency-
angular spectrum in a stronger broadening of the laser pulse
spectrum in the anti-Stokes region.

5. Supercontinuum generation in a focused beam
in the presence of the initial phase modulation of
the pulse

The possibility of increasing the energy density in the
interaction region upon compression of pulses with the
initial negative phase modulation in media with a normal
dispersion was studied in Refs [6, 7]. It was shown that the
efficiency of supercontinuum generation by collimated high-
power femtosecond laser pulses achieved a maximum when
the compression length L., was close to the self-focusing
length L. To verify the correctness of this conclusion for
focused radiation, we consider the propagation in the air of
a pulse with the initial phase modulation and W, = 60 mJ,
the diameter of the initial beam 24, =6 cm, and
R =0.3Lg;. The FWHM pulse duration in the absence
of phase modulation is 745 = 35 fs.

Figure 6 shows the maximum intensity of the laser pulse
and the energy of the supercontinuum blue wing as
functions of the distance z upon focusing a laser pulse
with the initial phase modulation in the air. The energy of
the supercontinuum blue wing is treated as the energy of
spectral components W (z) = L‘““’X S(4, z)d A, where S(4, z) is
varied from A, = 500 nm to A, = 700 nm. One can see
that, in the case of a transform-limited pulse
(to55—0 = 35 fs, Fig. 6a), the supercontinuum energy is
minimal. In the case of a negative phase modulation, despite
a decrease in the initial peak power, the energy of the
supercontinuum blue wing considerably increases and, for
the initial pulse duration 7(s5(d) = 1200 fs (Fig. 6b), it
becomes more than two orders of magnitude greater

11,
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Figure 5. Spatiotemporal intensity distributions (a, ¢, €) and frequency-angular spectra (b, d, f) of the laser pulse in the air at distances 0.43 L (a, b)
and 0.6Lg; (c—f) taking self-steepening into account (a—d) and neglecting it (e, f) for 7y5 = 230 fs, W, =8 mJ, and the input beam diameter of

0.28 mm. The intensity /(r, 7) is normalised to I, = 10"* W cm 2.
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than the energy of the transform-limited pulse. An increase
in the efficiency of the supercontinuum generation is
explained by the fact that the spatial localisation of energy
in the beam cross section due to the geometrical and
nonlinear focusing of the beam occurs at the same distance
z as the localisation in time caused by the pulse compression.
Indeed, a pulse of the initial duration t5(5) = 1200 fs
undergoes the maximum compression in the air at the
distance z = Ly, = 0.13Lgg, where Ly = kag = 7000 m.
The nonlinear focusing length L, for a focused beam can be
estimated from the expression [26]

1 1 1

Ly Ly - Ry’ ®
where Ly is the self-focusing length for a collimated beam.
For the initial duration of the laser pulse 74 5(5) = 1200 fs,
its peak power is 48 GW. The critical self-focusing power in
the air P, = 6 GW, and we obtain, according to Ref. [26],
Ly ~ 0.19Lg;. According to (8), L, = 0.12Lg, which is
close to the compression length L., = 0.13Lg;.
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Figure 6. Maximum intensity of the laser pulse with W, = 60 mlJ,
ay =3 cm for Ry = 0.3Ly;r (dashed curves) and the energy of the super-
continuum blue wing (solid curves) as functions of the distance z in the
case of focusing in the air of the transform-limited laser pulse for
05|50 = 35 fs and L., =0 (a) and of pulses with the negative phase
modulation for 745(0) = 1200 fs, L.,m = 0.13Lg;r (b) and 745(5) =
2000 fs, Leom = 0.22Lg¢ (c). The pulse intensity is normalised to
I, = 10" W em™2. The dot-and-dash vertical straight lines indicate the
compression length L.

On the contrary, the 35-fs transform-limited pulse,
having propagated the distance z = L,; = 0.02Lg;, spreads
due to the material dispersion and its duration increases up
to 180 fs, resulting in a decrease in its peak intensity and an
increase in the distance between the filament onset and the
exit aperture. As a result, the pulse duration achieves 800 fs
in the nonlinear focus at the distance z = 0.09 Ly, the time
gradient of the induced phase decreases, and hence, the
efficiency of the supercontinuum generation also decreases.
For a pulse with the initial duration of 2000 fs, the density
of energy in space occurs much faster than the pulse
compression because L.y, > L., which also leads to a
decrease in the supercontinuum energy compared to the
energy of the pulse with the initial duration of 1200 fs.

The above estimates can be generalised to pulses with
different ratios of lengths of nonlinear focusing L; and time

compression Lg,,. Figure 7 shows the diagram of the
supercontinuum generation efficiency in the (L., Lcom)
plane obtained in numerical experiments. Different curves
correspond to pulses with different initial energies, spectral
widths, beam radii, and geometrical focusing lengths. The
regions of variations in L, and L., correspond to some
range of the relative energies W, /W, of the blue part of the
supercontinuum (shown in the figure). The thick straight
line divides the regions in which the inequalities L, > L.,
and L, < L, are valid.

< 0.01%
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0.01% —0.1%
Lo < Lo B
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900
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Figure 7. Dependences of the pulse compression length L., on the
nonlinear focusing length L, for different initial phase modulations of
the laser pulse. Different curves correspond to laser pulses with different
initial parameters. The characteristic supercontinuum generation effi-
ciencies are indicated (in percent) in typical regions of variation of
parameters Ly and Loy.

These data demonstrate that the initial phase modu-
lation of the laser pulse strongly affects the supercontinuum
generation efficiency. The supercontinuum has the highest
energy (1 % —5% of the initial pulse energy) in the region
located close to the straight line L, = L.,,- The super-
continuum generation efficiency decreases away from this
straight line, the decrease being greater in the region
Ly > Leon. This is explained by the fact that the time
compression of the pulse occurs in this region before the
filamentation onset, whereas for L, < L., due to the
filament extension, the maximum time compression of the
pulse can occur at the high energy density in the filament
formed.

6. Conclusions

We have studied in detail the supercontinuum generation
during the propagation of high-power femtosecond laser
pulses in continuous transparent media — air and water, at
the different initial parameters of laser pulses.

It has been shown that the supercontinuum is generated
due to the self-phase spatial and temporal modulation of the
laser pulse upon the nonlinear-optical interaction of radia-
tion with the medium in the case of a high spatiotemporal
localisation of the field.

We have found in our study that:

(1) The frequency-angular spectrum of the supercontin-
uum is determined by the spatiotemporal distribution of the
nonlinear phase shift in a pulse with a continuous multiring
structure caused by the Kerr and plasma nonlinearities, and
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wave effects of diffraction and dispersion. The supercontin- & 15.

uum sources are located in the vicinity of edge phase
dislocations at the intensity minima of the ring structure.
The sources of the low-frequency spectral components are
located near rings of a smaller radius and their radiation is

directed to the axis, while the sources of the high-frequency 13,

components are located near peripheral rings and their

radiation is directed from the axis, which is manifested in @3 19.

conical emission.
(ii) The self-steepening makes a significant contribution

to the broadening of the pulse spectrum, resulting in an 5
increase in the steepness of the trailing edge of the pulsemy oo
upon self-focusing and, hence, in an increase in the intensity  23.

of high-frequency components in the pulse spectrum.

(iii) The angle of conical emission in the presence of
geometrical focusing depends on the geometrical focusing
length of the output beam. The divergence angle of conical
emission of a focused pulse can be estimated as the sum of

the far-field divergence of the beam and the divergence angle g 26.

of conical emission during the filamentation of a collimated
beam.

(iv) The supercontinuum generation efficiency can be
increased in media with a normal dispersion by using laser
pulses with a negative phase modulation. The ‘time’
focusing of radiation caused by the dispersion of such
pulses in the medium leads to the increase in the energy
density in the region of nonlinear interaction. The super-
continuum generation efficiency achieves a maximum when
the compression length of the pulse with the initial phase
modulation is equal or slightly exceeds the total nonlinear
focusing length caused by self-focusing and geometrical
focusing.
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