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Abstract.  Using experiment and numerical simulation, we study 
the effect of anomalous group velocity dispersion (AGVD) on the 
formation of a visible supercontinuum band and light bullets arising 
in the course of filamentation of mid-IR femtosecond pulses in 
fused silica and fluorides. It is found that the anti-Stokes shift of 
the visible band increases with increasing energy of the pulse, the 
centre wavelength of which lies in the region of weak AGVD, and 
does not depend on this energy in the region of strong AGVD. A 
criterion is introduced for assessment of the AGVD ‘strength’, at 
which the stable visible supercontinuum band accompanies the for-
mation of a robust light bullet in the mid-IR filament.

Keywords: filamentation, femtosecond pulses, light bullet, super-
continuum, anomalous group velocity dispersion.

1. Introduction

Filamentation  of  a  femtosecond  laser  pulse  in  dielectrics  is 
accompanied  by  the  generation  of  a  supercontinuum  (SC), 
for which the spectral band extends from the UV-to-mid-IR 
range [1, 2]. The supercontinuum with the broadest band (a 
few octaves) is generated during the pulse filamentation under 
the  conditions  of  anomalous  group  velocity  dispersion 
(AGVD) [3 – 6]. In this case, an isolated wing is formed in the 
visible  range  of  the  SC,  the  spectral  bandwidth  of  which 
becomes  narrower  with  the  maximum  shifted  towards  the 
anti-Stokes region, when the centre wavelength l0 of the inci-
dent light is increased [7 – 11]. 

The physical origin of  the broad spectral minimum that 
arises  between  the  anti-Stokes  wing  and  the  region  of  the 
pulse  centre  wavelength  is  reproduced  by  the  interference 
model  [12]  that  allows  the  analytical  calculation  of  the  SC 
frequency-angular  spectrum,  as  well  as  by  the  allied  three-
wave mixing model  [13]  that describes  the  formation of  the 
global maximum in the frequency-angular spectrum.

The  generation  of  a  broadband  SC  and  its  anti-Stokes 
wing in the case of AGVD is closely related to the spatiotem-
poral self-compression of laser radiation and the formation of 
high-intensity  light bullets (LBs), the duration of which can 

amount to less than two optical oscillations [14 – 16]. A LB is 
a robust object, and in the course of the formation of a train 
of LBs in a near-IR filament, each bullet ‘expels’ in the visible 
range of  the SC a similar portion of energy,  the amount of 
which decreases with increasing pulse wavelength [17, 18]. 

The effect of AGVD on the formation of the SC and LB 
under  femtosecond  filamentation  depends  on  the  centre 
wavelength of the incident pulse and the material dispersion 
of the medium. We found [19] the general rule that determines 
the dispersion shift of the anti-Stokes band of the LB super-
continuum, which  is confirmed by the spectroscopic studies 
of  the pulse filamentation  in the near- and mid-IR range  in 
fused silica and fluorides. To date, a number of experiments 
have been  carried out on  the  filamentation of pulses  at  the 
wavelength that falls in the region of zero group velocity dis-
persion.  In  Ref.  [20]  it  is  shown  that  for  the  close-to-zero 
AGVD, the filament in the BK 7 glass has a maximal length, 
and the spectral width of the SC approaches 650 nm and cov-
ers the region having the width of the order of the pulse wave-
length. According to the experiments carried out in sapphire 
and  fused  silica  [21],  a  femtosecond pulse  under  the  condi-
tions of weak AGVD filamentation decays into subpulses, its 
spectrum  consisting  of  two  maxima  near  the  initial  wave-
length. On the contrary, under the conditions of moderate or 
strong  AGVD,  the  pulse  becomes  compressed  and  the  LB 
with  a  broad  SC  spectrum  is  formed.  From  the  numerical 
simulation [22] it follows that at the pulse power exceeding by 
three times the critical self-focusing power Pcr, a single LB is 
formed  in  the  filament, when  the dispersion  length  is much 
greater than the self-focusing length, and a sequence of LBs is 
formed  for  the  close  values  of  dispersion  and  diffraction 
lengths.

In the present paper, we study the visible band of the SC 
spectrum and the LB formation in the process of femtosecond 
pulse filamentation at a number of wavelengths in the regions 
of weak and strong AGVD in fused silica, BaF2, and CaF2. 
The regime of single filamentation at the pulse power exceed-
ing Pcr by 1.2 – 3 times is considered. We analyse the role of 
the pulse energy in the formation of the SC visible band and 
LB in the regions of weak and strong AGVD. Based on the 
experimental and numerical results, we show that the ratio of 
dispersion and diffraction lengths is a similarity criterion that 
determines the AGVD ‘strength’, providing the formation of 
the LB with a stable SC visible-range band in the filament.

2. Experiment

The experimental studies of the SC spectrum were carried out 
using  the  spectrometric  femtosecond  system  based  on  a 
TOPAS  tunable  parametric  amplifier,  combined  with  a 
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Spitfire Pro regenerative amplifier. The centre wavelength of 
laser pulses varied from 1400 to 3800 nm, which corresponds 
to the regions of weak and strong AGVD of the materials in 
question. The pulse energy W was measured using a Fieldmax 
meter with a PS-10 detector. For implementing the single-fil-
ament  regime we varied W within  the  range W =  (1 – 15) × 
10–6 J. For the signal wave of the parametric amplifier at l0 = 
1400 nm the duration of the pulses at the half-maximum level 
t0.5 amounted to t0.5 = 70 fs, the diameter of the output beam 
being d0.5 = 1.7 mm. For the idler wave at l0 = 2600 nm the 
pulse duration t0.5  increased to 100 fs, and the output beam 
had an elliptic cross section, 1.7 × 2.4 mm. At l0 = 3800 nm 
the pulse duration was t0.5 = 100 fs, the cross section of the 
beam having the size 2.5 × 3.8 mm. The pulses were focused 
on the input face of the samples by means of a thin silica lens 
with a focal length F = 19 cm in the near-IR and F = 21 cm in 
the mid-IR range. The spectra were recorded using an ASP-
100MF  fibre  spectrometer  and  an  ASPIRHS  spectrometer 
(Avesta  Ltd)  in  the  spectral  ranges  200 – 1100  nm  and 
1200 – 2600 nm, respectively. To obtain the anti-Stokes band 
spectra, the diverging SC radiation was focused onto a thin 
diffuse  scatterer,  placed  immediately  before  the  spectrome-
ters. The spectra were studied in the regime of single filamen-
tation,  in  which  the  peak  pulse  power  in  all  materials 
amounted to (1.2 – 4.0)Pcr.

Under the weak AGVD conditions, the filamentation was 
implemented  using  the  pulses  at  the  wavelength,  insignifi-
cantly exceeding the wavelength lk2 = 0, at which the parameter 
k2 = ∂2k(w)/∂w2 that determines the group velocity dispersion 
(GVD) turns into zero. In fused silica, lk2 = 0 = 1273 nm, in the 
CaF2 crystal, lk2 = 0 = 1546 nm, and in BaF2, lk2 = 0 = 1925 nm 
[23].  The  spectra  in  the  anti-Stokes  region  were  studied  in 
fused  silica  under  the  filamentation  of  pulses  at  the  wave-
length l0 = 1400 nm, at which k2 = –11.7 fs2 mm–1 and Pcr = 
8.2 MW. The corresponding parameters were l0 = 1800 nm,  
k2  =  –10.9  fs2  mm–1,  Pcr  =  18.0  MW  for  CaF2  and  l0  = 
2100 nm, k2 = –5.9 fs2 mm–1, Pcr = 15.7 MW for BaF2, respec-
tively. It was found that under the conditions of weak AGVD 
the  spectrum  of  the  anti-Stokes  SC  band  essentially  shifts 
towards the short-wavelength region with the growth of the 
pulse energy (Fig. 1a). In the process of filamentation in fused 
silica, CaF2, and BaF2, the maximum of spectral intensity in 
the anti-Stokes band  max

asl  shifts from the IR region 800 – 1000 
nm to the visible region 600 – 500 nm, when the pulse energy 
is increased approximately by 30 %. 

Under  the  conditions  of  strong AGVD, when  the mag-
nitude of the parameter k2 increases by more than ten times 
(k2 = –285 fs2 mm–1, Pcr = 28 MW at l0 = 2600 nm in fused 
silica, k2 = –115 fs2 mm–1, Pcr = 52 MW at l0 = 3060 nm in 
CaF2, k2 = –112 fs2 mm–1, Pcr = 51.5 MW at l0 = 3750 nm in 
BaF2), in all materials the spectral position of the anti-Stokes 
band maximum  max

asl   is  independent of  the pulse energy W, 
varied within the range, corresponding to the single filamen-
tation regime (Fig. 1b). 

3. Numerical modelling

To analyse the observed features of the SC spectrum forma-
tion we performed numerical modelling of the pulse filamen-
tation with  the  parameters,  close  to  the  experimental  ones. 
We used the approximation of a slowly varying envelope [24], 
the equations of which  include the nonstationary variations 
in  the  medium  refractive  index  induced  by  the  Kerr  and 

plasma nonlinearity, the diffraction of radiation, the medium 
material dispersion, described by  the Sellmeier  formula,  the 
effect of the pulse front self-steepening, the laser plasma gen-
eration due  to photoionisation  and  avalanche  ionisation of 
dielectrics,  as  well  as  the  radiation  attenuation  caused  by 
inverse bremsstrahlung and photoionisation losses. The com-
plete  system  of  multidimensional  nonlinear  equations  with 
the dimensionality 3D  +  1 that describes the spatiotemporal 
transformation of the wave packet envelope and the genera-
tion of a laser plasma in the medium is presented in detail in 
Refs [18, 25]. The radiation at the input face of the sample was 
specified in the form of a collimated beam of transform-lim-
ited pulsed radiation having a Gaussian spatiotemporal shape
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where a0 and t0 are the beam radius and the pulse half-dura-
tion at the intensity level e–1; and A0 is the peak amplitude of 
the  light  field. The  parameter  t0  is  related  to  the measured 
pulse  duration  t0.5  as  t0.5 =  ln2 2 0t .  The  radius  a0  of  the 
beam, focused at the input face of the sample by means of a 
lens having a focal length F, was estimated using the formula  

/( )lna F d2 .0 0 0 5pl= , where d0.5 is the beam diameter at the 
lens. The amplitude A0 was determined using the peak radia-
tion intensity I0 = c0n0e0A0

2 /2, where e0 = 8.85 × 10–12 F m–1 is 
the electric constant; n0 is the refractive index of the medium; 
and c0 is the velocity of light. The peak values of the intensity 
I0 and the power P0 = pa02I0 of the incident pulse were calcu-
lated from the measured values of the pulse energy W =  p × 
t0P0.
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Figure 1. Dependences of the wavelength  max
asl  of the visible SC band 

spectral maximum on  the pulse  energy  for  the  filamentation  in  ( ,  ) 
fused silica, ( ,  ) CaF2 and ( ,  ) BaF2 under the conditions of (a) weak 
and (b) strong AGVD; filled points present the experiment and empty 
ones present the numerical simulation.
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3.1. Weak AGVD

For fused silica we considered the radiation at the wavelength 
l0 = 1400 nm with t0 = 42 fs, a0 = 41.5 mm (Table 1). The dis-
persion length of the considered wave packet Ldis = t0

2 /|k2| = 
152 mm exceeds its diffraction length Ldif = ka0

2 = 11 mm by 
more than an order of magnitude. Figure 2 presents the spa-
tial variations in the pulse axial intensity distribution I(t, r = 
0, z) and concentration of electrons Ne(r = 0, z) for the nonlin-
earity parameters R = P0 /Pcr = 1.2 and R = 2.0 in the local 
reference frame moving with the pulse, t = t – z/ug, where ug is 
the group velocity of the pulse. 

At a low energy (R = 1.2), the peak intensity Ipeak and the 
concentration of electrons Ne(r = 0, z) at  the axis  smoothly 
increase, reaching a maximum in the nonlinear  focus at  the 
distance z = 14.0 mm (Fig. 2a). The pulse duration at the axis 
of  the wave  packet monotonically  decreases  along  the  fila-
ment, reaching a minimum in the nonlinear focus, and then 
grows again. The difference of the formed wave packet prop-
agation velocity ub  from  the group velocity ug of  the  initial 
pulse at R = 1.2 is not large: Du = ug – ub = 0.0016ug.

For the pulse with a higher energy (R = 2) the peak inten-
sity Ipeak varies nonmonotonically with the distance (Fig. 2b). 
At first Ipeak increases due to self-focusing of the most high-
power layers of the pulse, shifted towards its tail because of 
the nonlinear response delay, forming a local maximum at the 
distance z = 6.8 mm. Then, Ipeak decreases due to the diffrac-
tion and plasma defocusing, and then increases again due to 
the temporal compression of the wave packet under AGVD, 
achieving a global maximum at z = 7.1 mm. The compression 
in time is more efficient, which is confirmed by a smaller dura-
tion  of  the  second  maximum.  The  velocity  difference  Du 
between ug and the wave packet velocity ub at R = 2 becomes 
more  essential  and  amounts  to  0.002ug. An  increase  in  the 
pulse energy also causes the reduction of the distance at which 
the plasma appears, and the length of the plasma channel, in 
which  the concentration of electrons Ne > 10–4N0  (N0 being 

the concentration of neutral particles) increases from 0.15 to 
0.50 mm. The minimal  duration  at  the wave  packet  axis  is 
close to one period of the light field.

The process of pulse compression in the course of filamen-
tation  is  illustrated by  the  greyscale patterns of  the  intensity 
spatiotemporal distribution lg(I(r, t)/I0) in the LB and the axial 
intensity  profiles  I(r  =  0,  t)  at R  =  1.2  (Fig.  3a)  and R  =  2 
(Fig.  3b) at a number of characteristic distances. The left-hand 
panels with the distributions lg(I(r, t)/I0) in Fig. 3 correspond to 
the appearance of a  laser plasma  in  the  filament,  the central 
panels  correspond  to  the  achievement  of  the  maximal  peak 
intensity  Ipeak  in  the wave packet,  and  the  right-hand panels 
correspond to the maximal localisation of the SC anti-Stokes 
wing  spectrum.  One  can  see  that  independent  of  the  pulse 
energy, the plasma generation causes the aberrational defocus-
ing and the formation of ring patterns in the tail of the wave 
packet. For  the pulse having a greater energy,  the  self-phase 
modulation is stronger, and the formation of the second maxi-
mum begins at the leading edge of the pulse, causing no forma-
tion of  the  second LB  in  the case of weak AGVD (Fig. 3b). 
With an increase in the pulse energy W the maximal value of 
the peak intensity Ipeak increases from 48 to 61 TW cm–2.

The formation of the anti-Stokes SC wing in the course of 
pulse  propagation  under  the  conditions  of  weak AGVD  is 
illustrated by Fig. 4, demonstrating the pulse spectrum in the 
logarithmic  scale  lg[S(l)/S(l0)],  where  S(l0)  is  the  spectral 
intensity at the wavelength of the incident pulse. The spectra 
are presented at the same distances, as the intensity distribu-
tions I(r, t). In the beginning of the filament the SC spectrum 
is  homogeneously  broadened,  and  then  the  isolated  anti-
Stokes wing is formed, in which the spectral intensity maxi-
mum exceeds  0.01S(l0). The  spectral  intensity  in  the  region 
that separates the band near the carrier wavelength l0 from 
the anti-Stokes wing, is smaller than S(l0) by a few orders of 
magnitude. This region is formed by destructive interference 
of broadband SC radiation, generated due to the self-phase 
modulation at the trailing edge of the pulse under the condi-

Table 1. Parameters of pulses in the case of weak AGVD.

Medium l0/nm t0/fs a0/mm W/mJ R Ldif/mm Ldis/mm Ldis /Ldif

Fused silica 1400 42 41 0.7 – 1.4 1.2 – 2.4 11 152 14

BaF2 2100 42 46 1.5 – 2.1 1.3 – 1.8 9.3 300 32

CaF2 1800 42 41 1.5 – 2.7 1.1 – 2.0 8.4 170 20
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Figure 2. Greyscale presentation of the axial intensity temporal distribution varying with propagation distance I(r = 0, t, z) and the electron concen-
tration profile Ne(r = 0, z) for pulse filamentation in fused silica under the conditions of weak AGVD at l0 = 1400 nm for (a) W = 0.7 mJ (R = 1.2), 
I0 = 0.18 TW cm–2 and (b) W = 1.2 mJ (R = 2.0), I0 = 0.3 TW cm–2.
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tions of its sharp defocusing in the laser-induced plasma and 
the effect of the pulse front self-steepening [12]. 

In  the process of pulse propagation  in  the  filament,  the 
length of the plasma channel and, therefore, of the SC genera-
tion,  is  increased,  which  leads  to  the  broadening  of  the 
destructive  interference  region.  As  a  result,  the  anti-Stokes 
wing becomes isolated, its band becomes narrower, and  max

asl  
shifts  towards  the  short-wavelength  region  (Fig.  4).  The 
growth  of  the  pulse  energy W  leads  to  the  increase  in  the 
plasma channel length (see Fig. 2) and, therefore, to a greater 
short-wavelength shift of  max

asl . Besides that, with increasing 
W the velocity difference Du also grows, which, according to 
the  interference  model,  causes  an  additional  shift  of  max

asl  
towards  the  short-wavelength  region  [19].  When  the  pulse 
energy is increased by two times from 0.7 to 1.4 mJ, the calcu-
lated value of  max

asl   shifts  from 725 to 590 nm (see Fig. 1a). 
The presented analysis explains the experimentally observed 
shift of the wavelength  max

asl  of the anti-Stokes band spectral 
intensity maximum towards the short-wavelength region with 

increasing W.  The  values  of  max
asl ,  obtained  as  a  result  of 

numerical simulation of filamentation of pulses having differ-
ent energies in fused silica, are close to those measured in the 
experiment (Fig. 1a).

In the BaF2 crystal the filamentation was numerically stud-
ied in the case of weak AGVD for the pulses with the centre 
wavelength l0 = 2100 nm at t0 = 42 fs and a0 = 46 mm (Table 1). 
The variation of the pulse shape and the spectrum of the anti-
Stokes SC band in the course of filamentation in BaF2 is illus-
trated by Figs 5a and 5b. The peak intensity Ipeak at the axis of 
the wave packet achieves its maximal value of 120 TW cm–2 at 
W = 1.65 mJ and 135 TW cm–2 at W = 2.1 mJ (Fig. 5a). With 
increasing pulse energy the steepness of its trailing edge grows, 
giving rise to an increase in the anti-Stokes shift of the short-
wavelength cut-off, the band of destructive interference broad-
ens,  and  the  short-wavelength  shift  of  the  anti-Stokes  band 
maximum grows (Fig. 5b). When W increases from 1.5 mJ (R = 
1.3) to 2.0 mJ (R = 1.7) the wavelength  max

asl  of the band maxi-
mum shifts from 850 to 615 mm (see Fig. 1a).
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In CaF2 the weak-AGVD filamentation was numerically 
studied for the wave packets with the centre wavelength l0 = 
1800 nm, t0 = 42 fs, and a0 = 41 mm (Table 1). With increasing 
W  the  maximal  peak  intensity  Ipeak  increases  from  95  to 
135  TW  cm–2,  and  the  wavelength  max

asl   shifts  from  700  to 
500 nm (Figs 5c and 5d). The calculated dependences of  max

asl  
on the pulse energy W for the crystals of BaF2 and CaF2 are 
close to those measured experimentally (see Fig. 1a). 

Thus, in the case of weak AGVD in BaF2 and CaF2, simi-
lar to the case of fused silica, the wavelength  max

asl  of the spec-
tral  intensity  maximum  of  the  isolated  anti-Stokes  band 
decreases with increasing pulse energy W, as observed in the 
experiment (Fig. 1a). As follows from the above analysis, this 
is due  to  the variation  in  the group velocity ub of  the com-
pressed  wave  packet  and  the  extension  of  the  region  of 
destructive interference of SC radiation.

3.2. Strong AGVD

The parameters used for the numerical modelling of strong-
AGVD filamentation are summarised in Table 2. Similar to 
the case of weak AGVD, in this case the peak power P0 of the 
pulses  insignificantly  exceeded Pcr  at  the  considered  wave-

lengths in the appropriate materials, but the dispersion length 
was close to the diffraction length, Ldis » Ldif.

Under these conditions, alongside with the compression in 
the plane perpendicular to the propagation direction, the trans-
formation of the wave packet is accompanied by its compression 
in time. As a result, a LB with high spatiotemporal localisation 
of the light field is formed. The variation in the temporal distri-
bution of the intensity I(r = 0, t, z) at the filament axis with dis-
tance has the form, characteristic for a LB [7, 8, 15]. As an exam-
ple, Fig. 6 presents  the spatial variations  in  the axial  intensity 
distributions I(r = 0, t, z) and the electron concentration Ne(r = 
0, z) in the laser plasma with distance in the course of filamenta-
tion in fused silica and in BaF2. Due to the spectral shift, the LB 
group  velocity  differs  from  the  group  velocity  of  the  original 
wave packet, which leads to its time shift in the accompanying 
coordinate frame. The direction and velocity of the LB temporal 
drift essentially depend on the pulse dispersion and the process 
of dielectric photoionisation [18]. The LB is formed under com-
peting Kerr and plasma nonlinearities, and the variation in Ipeak 
and Ne(r = 0, z) with the distance is essentially nonmonotonic 
(Fig. 6). In the considered pulses after the dissipation of LB in 
space and time the next LB is formed at a distance of 8 mm in the 
fused silica and at 6 mm in BaF2.
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Figure 5. Calculated pulse profiles at a maximum intensity I(t) on the axis of the wave packet in the case of filamentation under conditions of weak 
AGVD in (a) BaF2 and (b) CaF2, as well as spectra in the visible region lg[S(l)/S(l0)] in the course of the formation of an isolated anti-Stokes SC 
wing in (c) BaF2 and (d) CaF2. The experimentally measured positions of the anti-Stokes band maximum  max

asl  are shown by vertical straight lines. 

Table 2. Parameters of pulses in the case of strong AGVD.

Medium l0/nm t0/fs a0/mm W/mJ R Ldif/mm Ldis/mm Ldis / Ldif

Fused silica 2600 60 72.5 11 – 13 3.6 – 4.3 18 12.3 0.7

BaF2 3800 60 69 7 – 12 1.3 – 2.2 11.5 30.7 2.7

CaF2 3000 60 68 6.8 – 9.5 1.2 – 1.6 13.7 41.3 3.0
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The LB formation is illustrated by Fig. 7, presenting the 
spatiotemporal distributions of intensity I(r, t) and the axial 
pulse profiles I(r = 0, t) at a number of characteristic distances 
z  in  the  course  of  pulse  filamentation  at  the  wavelength 
2600 nm in fused silica. One can see that due to plasma defo-
cusing of the LB tail, the intensity distributions in it have the 
form  of  a  paraboloid,  the  branches  of  which  are  directed 
towards the pulse tail. The peak intensity in the LB exceeds 
50 TW cm–2, its duration is close to the period of optical oscil-
lations, and its diameter varies with the distance, becoming as 
small  as  a  few wavelengths  of  the  optical  radiation. At  the 
distance  of  7.5 mm,  the LB dissipates,  and due  to  the  self-
phase modulation, under  the conditions of AGVD the next 
LB is  initiated (Fig. 7, right-hand part). This dynamics of a 
wave packet in the course of the LB formation was obtained 
in  the numerical simulations of pulse  filamentation  in BaF2 
and CaF2  at strong AGVD.

The change in the pulse energy by 1.5 – 2.0 times does not 
affect the scenario of the LB formation in fused silica, BaF2 , 
and CaF2 , but increases the number of LBs and their density 
in  the  train. The  relative  offset  of  the  peak  intensity  in  the 
train does not exceed 1 %. The spectrum of the anti-Stokes SC 
wing, generated by the LB, the path length of which amounts 
to 1 – 3 mm for the considered parameters, is also independent 
of the pulse energy.

Figure 8 presents the spectra of the SC anti-Stokes wing in 
fused silica, BaF2 and CaF2 . According to the numerical sim-
ulations, the anti-Stokes wing maximum wavelength is virtu-
ally unchanged under the variation in the pulse energy, which 
agrees with the experimental results (see Fig. 1b). The stabil-
ity of the parameters and the SC spectrum for the filamenta-

tion of pulses having different  energies  confirms  its  robust-
ness  with  respect  to  the  filamentation  conditions  at  strong 
AGVD.

4. Similarity parameter for the AGVD ‘strength’

The  assessment  of  strong  and weak AGVD  regions  by  the 
magnitude of the dimensioned parameter k2 does not reflect 
completely the effect of dispersion on the formation of the LB 
and related SC spectrum. Indeed, the LB is a result of the light 
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  S.V. Chekalin, V.O. Kompanets, A.E. Dormidonov, et al.258

field self-organisation  in the course of  its  interaction with a 
nonlinear medium under the AGVD conditions. Its parame-
ters and spectrum are independent of the incident pulse and 
determined by the wavelength and the medium material dis-
persion  [17, 18]. The LB  is  formed  in  the case of consistent 
self-compression of the wave packet both in time and in space 
[26]. Before the generation of a laser plasma, the wave packet 
is compressed due to the phase – amplitude conversion of the 
light field, the phase shift being caused by the Kerr nonlinear-
ity of the medium. In the second-order approximation of the 
dispersion theory, valid at the stage of initial compression of 
the wave packet, the field amplitude A(r, t, z) obeys the equa-
tion

¶
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¶2 | |ik
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A A k k

t
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nl0 0 2 2

2
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0
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DD= + += ,  (2)

where Dnnl = n2I(r, t, z) is the increment of the refractive index 
in the Kerr nonlinear medium. In the dimensionless variables 
z = z/Ldif, x = x/a0, h = y/a0, and t = t/t0 Eqn (2) takes the form
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Provided that Ldif /Ldis = 1, the spatial variables x and h in the 
cross-sectional plane and the time t are equivalent. This fact 
means that the self-focusing of the beam and the compression 
of  the  pulse  occur  simultaneously,  i.e.,  the  wave  packet  is 
compressed in space and time at the same path length in the 
filament, forming the LB.

If the dispersion length considerably exceeds the diffrac-
tion one, Ldis >> Ldif, then the wave packet has no time to be 
compressed  in  time during  its  spatial  self-focusing,  and  the 
LB  is  not  formed.  The  nonlinear  refraction  in  the  plasma, 
induced  by  the  focused  beam,  gives  rise  to  distortions  that 
disturb  the  temporal  compression  and  LB  formation.  This 
regime  of  nonlinear  optical  interaction  of  the  wave  packet 
with the dispersion medium can be identified as filamentation 
under the conditions of weak AGVD. If Ldif  » Ldis, then in 
the pulse,  the peak power of which slightly exceeds Pcr,  the 
stable  LBs  are  formed  having  a  spectrum  and  parameters, 
independent of  the pulse energy, which can be  identified as 
filamentation under the conditions of strong AGVD. If Ldif 
>> Ldis,  then  the compression of  the wave packet  in  time  is 
faster than its spatial focusing, breaking the concordant spa-
tiotemporal compression. In this case a decrease in the peak 
intensity of the wave packet, caused by the dispersion pulse 
broadening  at  the  beginning  of  propagation  before  the 
appearance  of  essential  self-phase  modulation  in  the  Kerr 
medium, can also inhibit the formation of the LB, when the 
pulse energy decreases [22]. 

5. Conclusions

The filamentation in transparent dielectrics under the condi-
tions of weak AGVD, when the dispersion length of femto-
second radiation is much greater than its diffraction length, 
does not lead to the formation of the LB, and the transforma-
tion of the spatiotemporal intensity distribution and the spec-
trum of the wave packet depends on the pulse energy. With an 
increase in this energy, the peak intensity of the wave packet 
grows, and due to the broadening of the destructive interfer-
ence region in the broadband supercontinuum its anti-Stokes 
wing becomes narrower  and  shifts  towards  the  short-wave-

length region. Under the conditions of strong AGVD, when 
the dispersion and the diffraction lengths are comparable, the 
filamentation  leads  to  the  formation  of  a  stable  LB,  the 
parameters and the spectrum of which are independent of the 
energy of the incident pulse. Due to this fact, the bandwidth 
and the position of the intensity maximum in the supercon-
tinuum anti-Stokes wing do not change under the variation of 
the acting pulse energy.
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