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Abstract.  We report the results of experimental and theoretical 
studies of the post-filamentation stage of nonlinear propagation of 
high-power pulsed radiation from a Ti : sapphire laser in air. We 
have for the first time obtained the experimental dependences of the 
angular divergence of specific spatially localised high-intensity 
light structures that are observed in the beam after its multiple fila-
mentation (post-filamentation of channels) when varying the initial 
focusing of laser radiation and its energy. It is found that the angu-
lar divergence of the post-filamentation channels decreases with 
increasing pulse energy and reducing beam numerical aperture. The 
experimental dependences are qualitatively interpreted based on 
the diffraction model of the Bessel – Gaussian beam.

Keywords: ultrashort laser radiation, self-focusing, filamentation, 
post-filament channelling.

1. Introduction

Filamentation  represents  the  most  interesting  regime  of 
propagation of high-power laser radiation in a medium with 
optical nonlinearity of self-focusing (Kerr) type [1 – 3]. In the 
process  of  filamentation,  the  radiation  beam  disintegrates 
into finer threads, i.e. filaments, which possess an increased 
intensity and are characterised by a stable transverse size at 
a  rather  long  distance.  In  the  air  and  other  transparent 
media (water, dielectrics), the peak intensity in the filament 
can  reach  tens  of TW cm–2, whereas  the  average  size  of  a 
filament lies in the range from a few to hundreds microme-
tres, depending on the type of the propagation medium and 
the radiation wavelength [1]. High radiation intensity in the 
filaments  causes  ionisation  of  the  medium  molecules  and 
leads to emergence of the concomitant plasma regions with 
a  characteristic  concentration  of  free  electrons  of 
1015 – 1018 cm–3 [4], which, in particular, are responsible for 
the glow of the medium in the beam channel within the vis-
ible wavelength range [5].

The area of practical use of the filamentation phenome-
non is quite wide and presently embraces the laser technology 
issues,  such  as  femtosecond  microstructuring  of  various 
media, generation of ultra-wideband radiation [6 – 8] and also 
the  atmospheric-optical  applications  related  to  terrestrial 
electricity, remote environmental diagnostics and directional 
transmission of laser energy [9 – 12].

At the same time, as it was first established experimentally 
in  [13],  after  the  cessation  of  radiation  filamentation  and 
plasma formation, certain spatially localised light structures 
continue to exist  in the medium within the laser beam, pos-
sessing a fairly high (several TW cm–2) intensity and an abnor-
mally  low angular divergence  compared  to  the main beam. 
The authors of [13] called this phenomenon the new regime of 
inertialess  self-channelling  of  radiation.  The  first  physical 
explanation  for  this effect has been proposed  in  [14] on  the 
basis of the representations on self-filtration of spatial modes 
of the laser beam in the process of its filamentation with sub-
sequent dominance of a weakly divergent fundamental mode 
on the post-filamentation phase of evolution.

Afterwards,  a  number  of  investigations  have  been  con-
ducted  [15 – 18],  dedicated  to  the  study of  characteristics  of 
post-filamentation  channelling  and  physical  mechanisms 
responsible for their existence. In particular, Daigle et al. [15] 
presented  experimental  data on  the divergence  angle of  the 
most intense central region of the light beam after its filamen-
tation in the air. According to the estimations of the authors 
of this work, the divergence of the ‘post-filamentation’ beam, 
which, in accordance with [17], we hereafter for definiteness 
call the post-filamentation channel (PFC), amounts to about 
0.03 mrad, turns out by almost an order of magnitude smaller 
than the divergence of the beam as a whole. In this work, a 
physical  PFC model  has  been  presented  as  a  specific  light 
structure formed after filamentation disintegration as a result 
of diffraction of the optical pulse field on the plasmoid formed 
by  that  pulse,  and  is  supported  by  the  continuing  focusing 
action  of  the Kerr  nonlinearity  on  the  high-intensity  beam 
areas.

The  key  role  of  energy  periphery  (energy  ‘reservoir’)  in 
maintaining the PFC directivity was observed in [16, 17] and 
indirectly confirmed by the diaphragming of the intense axial 
part of the beam at the stage of its post-filamentation propa-
gation [17]. A somewhat different physical picture of the iner-
tialess channelling of radiation was proposed in [18]: post-fil-
amentation was considered as a result of the cubic (Kerr) self-
focusing  of  the  light  channel,  balanced  by  the  defocusing 
effect of higher nonlinearities.

Note that the interest in the regime of inertialess self-chan-
nelling of the beam is not accidental and, apart from the sci-
entific component, is stipulated by the possible prospects of 
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the  practical  use  of  intense  highly  directional  radiation  at 
kilometre-long distances in the atmosphere, leading to a sig-
nificant  expansion  of  the  ‘working  area’  of  modern  high-
power femtosecond lasers [19].

In  this  regard,  it  is  important  to  know  how  the  spatial 
characteristics of the PFC depend on the initial parameters of 
laser radiation,  in particular on  its energy and focusing. To 
date, to our knowledge, there is no such data in the literature. 
In our work, we  give  a partial  answer  to  this  question  and 
present the results of  laboratory and numerical experiments 
on  studying  the  angular  divergence  of  high-intensity  light 
channels formed at the stage of the post-filamentation propa-
gation  of  focused  femtosecond  pulses  from  a  Ti : sapphire 
laser with different energy in the air. It turned out that, with 
increasing initial energy (power) of pulses by about an order 
of magnitude, the angular divergence of the PFC is reduced 
by several times. A similar trend was observed when reducing 
the numerical aperture of the beam. We believe that the phys-
ical causes of the observed regularities of the post-filamenta-
tion  channelling  of  radiation  are  in  the  combined  effect  of 
Kerr self-focusing of the field inside the high-intensity chan-
nel and the diffraction retention of the low-intensity annular 
areas surrounding the channel, which are formed in the pro-
cess of the light beam filamentation.

2. Results and discussion

The experiments were performed with the laser pulses gener-
ated by a Ti : sapphire laser system. The FWHM pulse dura-
tion was 100  fs,  the centre wavelength was 740 nm and  the 
pulse repetition rate was 10 Hz. After exiting the laser system, 
the laser pulse energy was changed by the binary diffractive 
attenuator, after which, using a  flat mirror,  the pulses were 
directed to a focusing spherical mirror. In the experiments, we 
used the mirrors with the focal length f in the range from 18 to 
295  cm,  which  corresponds  to  the  numerical  aperture  NA 
from  0.013  to  8 ́  10–4.  In  accordance  with  the  technique 
described in [20], we measured the longitudinal profile of lin-
ear concentration re of free electrons in the plasma produced 
by a laser beam in the process of filamentation.

The characteristic profile re obtained in focusing by means 
of a mirror with f = 52 cm is shown in Fig. 1. In this experi-
ment, plasma emerged at a distance of ~15 cm from the linear 
focus of the beam (the focal plane in the figure corresponds to 
point z = 0). At a distance of few centimetres from the focus, 
the  plasma  concentration  decreased  sharply.  At  some  dis-
tance  behind  the  linear  focus,  a  system  for  recording  the 
transverse distribution of the laser beam energy density was 
placed, consisting of a screen and a lens to project the screen 

image  onto  the  CCD  array. Moving  this  system  along  the 
beam  axis  allowed  obtaining  the  transverse  profiles  of  the 
laser beam at different distances from the linear focus.

As an example, Figs 2a and 2b show the transverse pro-
files  of  the  laser  beam with  an  initial  radius R0 =  2.3 mm, 
which is focused in the air by a mirror with f = 52 cm (NA = 
4 ́  10–3) at various distances from the linear focus. The initial 
energy E0  of  the  radiation  pulse  was  3.9  mJ,  which  corre-
sponds to an approximately tenfold excess of the pulse peak 
power P above the critical self-focusing power Pcr = 3 GW at 
this wavelength. The size of each image is 16 ́  12 mm.

It is seen that the external beam size grows with increasing 
distance  from  the  focus,  and  the  spatial  separation  of  ‘hot 
zones’  becomes  more  distinct.  At  a  distance  z  =  125  cm 
(Fig.  2a)  four  such  zones,  i.e. PFCs with  an approximately 
similar transverse cross section, can be distinctly distinguished 
in the beam structure. Further propagation of the beam (z = 
230 cm, Fig. 2b) leads to a decrease in the PFC energy density. 
The  channels  are  located  inside  the  beam which has  rather 
sharply defined borders, and are surrounded by several rings 
emerging as a result of successive re-focusing of the pulse in 
the filamentation zone.

To obtain quantitative information about the PFC angu-
lar  divergence,  a  detailed  analysis  of  the  transverse  energy 
profiles was conducted by means of the software module we 
had  elaborated.  The  result  of  this  analysis  is  presented  in 
Fig. 2 in the form of the root mean square (effective) radius of 
the entire beam Rb and the PFC radius rc averaged over all 
allocated channels as a function of the distance.
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Figure 1. Longitudinal profile of the linear concentration re of plasma 
electrons; f = 52 cm, E0 = 3.9 mJ.
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Figure 2. Transverse profile distributions of the radiation energy density with E0 = 3.9 mJ at the distances from the linear beam focus z = (a) 125 
and (b) 230 cm at f = 52 cm; (c) dependence of the effective radius of ( 1 ) the entire beam Rb and ( 2 ) PFC rc on the distance z from the linear focus.
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A few issues are worth of special attention. Firstly, the size 
of  the entire beam and the radius of channels  increase with 
increasing  distance  from  the  beam  focus.  Secondly,  quite 
apparent is the fact noted in [13 – 18] that the PFC divergence 
is  considerably  reduced  compared  to  the  total  beam  diver-
gence (difference in tilt angles). And finally, the dependence 
of the channel radius on the distance is almost linear. The lat-
ter allows us to represent the dependence rc(z) as a linear func-
tion: rc(z) = rc0 + gcz, where rc0 is a certain initial radius of the 
PFC,  and  gc  is  the  angular  divergence.  Thus,  for  the  case 
shown in Fig. 2, this parameter is about 0.07 mrad, while the 
whole  beam  divergence  behind  the  filamentation  area  is 
almost thirty times higher: gb = 1.8 mrad.

Consider the effect of  initial power of the laser pulse on 
the  spatial  evolution of  the  emerging PFC. The  laser beam 
transverse profile measured at the same distance from the lin-
ear focus of the mirror with f = 110 cm is shown in Figs 3a – 3c. 
Each of these images is obtained at different pulse energies. It 
is seen that, with increasing radiation energy, firstly, the laser 
beam’s outer size in the measurement plane increases, i.e. the 
beam  divergence  as  a  whole  increases.  Secondly,  the  PFC 
formed in the beam becomes more compact, and its intensity 
grows.  Furthermore,  there  are  three  such  channels  at  the 
maximum pulse energy (3.9 mJ). The sizes of the beam and 
PFC as a function of the parameter E0 are shown in Fig. 3d.

Figure 4 shows the dependences of the angular divergence 
of the channels (gc) and the entire beam (gb) on the radiation 
energy. For convenience, all the values are normalised to the 
beam divergence parameter with the subcritical power E0 = 
0.1 mJ, which actually corresponds to the focused radiation 
divergence in vacuum:  g0 = ( ) ( / )M L fd d

2 2 2g + , where М 2 
is  the beam quality parameter; gd  is  the angular divergence; 
and Ld  is  the  diffraction  length of  the  collimated Gaussian 
beam.

The main conclusion that can be drawn from the data pre-
sented in Figs 3 and 4 is diametrically opposite behaviour of 
the  beam  and  PFC  divergences  when  changing  the  pulse 
energy: gb increases with increasing E0, while gc, on the con-
trary, decreases. As for the growing divergence of the entire 
beam  behind  the  filamentation  zone  with  increasing  beam 
power (energy), as is shown in [21], this is caused by the aber-
rations of the initially smooth radiation profile, which are a 
consequence  of  emerging  ring  structures  surrounding  the 
individual filaments. The higher the pulse power, the greater 
the  number  of  the  rings  formed,  and  the  greater  the  final 
divergence of such a distorted beam as a whole.

The  trend turns out opposite  [15]  for post-filamentation 
channels, their divergence being always lower than the radia-
tion divergence in the case of linear distribution. The reason 
for this, as already noted, is cubic optical nonlinearity of air, 

the  effect  of  which  is most  effective  at  those  beam  regions 
where the intensity is higher, i.e. within the PFC zone. Indeed, 
a simple numerical experiment with the Kerr effect in the pro-
gramme code having been ‘switched off’ immediately after the 
pulse filamentation termination leads to equalising of gb and 
gc divergences.

However,  the  tendency  for  decreasing  the divergence of 
channels with increasing E0, which is observed in Fig. 4, can 
be hardly explained by the Kerr effect alone, since the inten-
sity in the filaments that actually give start to the PFC is lim-
ited in amplitude [1] and has approximately one and the same 
value  at  any  radiation  power.  Obviously,  the  reason  for 
energy  dependence  in  the  divergence  of  channels  must  be 
sought for in the transverse beam profile, which, in the post-
filamentation  area,  is  different  for  the  pulses  of  different 
power. This is well seen from Fig. 5, which shows the density 
distribution of the radiation energy w along one of the trans-
verse axes, calculated for two cases with different pulse pow-
ers. The radiation is focused at a distance of 25 cm, and the 
profiles are constructed  for z = 45 cm. The values of w  are 
normalised to their maxima wmax, which in each case are dif-
ferent.

It follows from Fig. 5 that the spatial profile of the beam 
energy density represents a central peak surrounded by a sys-
tem of rings that are formed as a result of interference of the 
fields at  the beam periphery and  filamentation zones  in  the 
course of successive refocusing of the pulse [22, 23]. It is seen 
that, at the same propagation distance, the low-power pulse 
forms the central peak with a larger cross section and a lesser 

Rb/mm, rc/mm

1

1

E/mJ

a b c

d

1

2

Figure 3. Transverse profile distribution of the radiation energy density with f = 110 cm at a distance z = 385 cm from the focus at E0 = (a) 0.4, (b) 
1.0 and (c) 3.9 mJ; (d) dependences of the effective radius of ( 1 ) the entire beam Rb and ( 2 ) PFC rc on the pulse energy E.
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Figure 4. Experimental dependences of  the normalised angular diver-
gences of (a) the entire beam gb and (b) PFC gc on the initial pulse en-
ergy at f = ( 1 ) 18, ( 2 ) 25, ( 3 ) 52, ( 4 ) 108 and ( 5 ) 295 cm.



  Yu.E. Geints, A.A. Zemlyanov, A.A. Ionin, et al.1012

number of surrounding rings compared to the pulse having a 
power that exceeds tenfold the critical one.

A  good  approximation  to  such  a  distribution  is  the 
Bessel – Gauss (BG) beam profile [24] which is characterised 
by  the  fact  that  its  diffraction  ‘starts’  not  from  the  central 
intensity peak as in the Gaussian beam, but from the periph-
ery. The BG beam has  two characteristic  spatial  scales:  the 
radius of  its axial, most  intense part (inner dimension), and 
the radius of the beam as a whole, including the rings (exter-
nal dimension). These sizes are increased during free BG dif-
fraction of the beam, but at different speeds.

In the framework of the BG beam diffraction model, an 
increase  in  the number of  external  rings around  the  central 
peak, as shown in Fig. 5b, changes the beam divergence, thus 
increasing the growth rate of its outer radius and simultane-
ously reducing the rate of broadening of its internal part. To 
a certain extent it simulates the situation with PFC divergence 
(Fig. 4b), given the known fact of  increasing the number of 
rings  in  the energy density distribution around  the  filament 
with increasing pulse energy [22]. Therefore, it can be argued 
that the presence of a system of external rings performing the 
diffraction  retention of a high-intensity part of  the beam  is 
necessary in order to maintain the channelled propagation of 
radiation at the post-filamentary stage.

For  experimental  verification  of  this  hypothesis,  one  of 
the light channels formed after filamentation was cut from the 
laser beam by means of a circular aperture, and then a change 
in its size along the propagation distance was recorded. The 
aperture diameter and its position were chosen to guarantee 
the cutting-out of a ring structure around the PFC. The com-
parative results on the dynamics of the isolated PFC and the 
same channel as a part of the beam (without a diaphragm) are 
shown in Fig. 6 in the form of a dependence of the total chan-
nel size Dc, which is defined by the level of 0.1 in the trans-
verse  density  distribution  of  light  energy,  on  the  distance 
counted from the aperture with a diameter of 1.6 mm, placed 
behind the focal waist at a distance zD = 35 cm. As follows 
from Fig. 6, the removal of the peripheral ring structure from 
the PFC increases its angular divergence almost by half.

It  should be noted  that  the data on PFC angular diver-
gence  presented  in  Fig.  4  were  obtained  in  the  laser  pulse 
energy range of 0.4 mJ < E0 < 4 mJ. A further decrease in the 
PFC divergence should be expected for the pulses with greater 
energy.  However,  the  pace  of  this  trend  will  apparently 
decline, and primarily due to an increase in the total number 
of channels formed in the post-filamentation area of propaga-
tion. This would inevitably lead to an increase in the diffrac-
tion  interaction  of  both  the  PFCs  themselves  and  the  sur-
rounding ring structures. This issue, however, requires a sepa-
rate consideration.

Figure 7 shows the PFC angular divergence and threshold 
of multiple channelling as functions of the numerical aperture 
NA of the focused beam. It can be seen that, apart from the 
dependence of angular divergence on the pulse energy, a quite 
definite dependence on  the beam  focusing  is  also observed. 
An increase in the numerical aperture of focusing leads to bet-
ter PFC localisation relative to the entire beam. Thus, for the 
largest  value  of  the  numerical  aperture  (NA  =  0.013),  the 
ratio of the beam and channel divergences, gb /gc, depending 
on  the  initial  pulse  energy,  lies  in  the  range  from  three  to 
thirty. At the same time, in the case of the most soft focusing, 
this ratio changes from approximately two to ten. However, 
the absolute values of the PFC divergence are increased with 
increasing NA (Fig. 7a) for all the radiation energies in ques-
tion. This indicates that the PFC divergence is not an invari-
ant and depends of the degree of beam focusing.

It is of interest that a change in the numerical aperture of 
focusing results  in a change of the number of channels  that 
are  observed  in  the  far  field.  At  a  relatively  tight  focusing 
(NA > 0.004), even a two-fold excess of the pulse power above 
the  critical  value  inside  the beam  leads  to  the  formation of 
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Figure 5. Transverse profile of the normalised pulse energy density at 
P0/Pcr = ( 1 ) 2 and ( 2 ) 10.
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the  same  channel  as  a  part  of  the  beam  ( 2 )  on  the  distance  at E0 = 
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Figure 7. Dependences of the angular divergence of (a) the PFC at E0 = 
3.9 mJ and (b)  the multiple  filamentation threshold on the numerical 
aperture NA of the focused beam; points shows the experiment, solid 
curves represent the numerical simulation.
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two or more PFCs, which  indicates  the  presence  of  several 
filaments in the focusing area. By contrast, in the conditions 
of weakly  focused radiation, even  for a pulse,  the power of 
which exceeds by ten times the critical value, only one intense 
channel is observed in the density distribution of light energy. 
This suggests that  in this case either a certain ‘threshold’ of 
multiple filamentation (MF) of the beam was not overcome, 
or the MF was present; however, the channels formed from 
the filaments possessed a significantly different intensity, and 
only one of them was distinctly recorded in the observation 
zone. A rather large scatter in the data here is due to the fact 
that  the  pulse  energy  in  the  experiments  was  changed  in  a 
step-like  manner,  and  therefore  it  was  impossible  to  accu-
rately determine the ‘threshold’ desired.

To study this  issue, a series of numerical calculations of 
the MF process in the case of focused laser radiation in the air 
have been conducted in accordance with the technique thor-
oughly described in our paper [25]. In numerical experiments, 
an equation of quasi-optics for the complex envelope of elec-
tric field strength of a light wave with regard to the medium 
nonlinearity  (nonlinear  Schrödinger  equation)  was  solved. 
The  model  of  optical  nonlinearity  for  the  air  includes  the 
instantaneous  and  inertial  components  of  the  Kerr  effect, 
nonlinearity of higher orders (saturation by the Kerr nonlin-
earity),  a  change  in  the  complex  refractive  index  of  the 
medium due to photoionisation of the air molecules and the 
formation of a gas of  free  electrons. The  linear part of  this 
equation  describes  the  group  velocity  dispersion  of  a  laser 
pulse and the beam diffraction in the frame of phenomeno-
logical  evaluation of  the nonparaxial  nature  of  the  focused 
beam propagation [26]. To calculate the dynamics of the free 
electron concentration re in the beam channel, we have used 
the  appropriate  rate  equation  that  takes  into  account  the 
combined  (multiphoton/tunnel)  ionisation  mechanism  of 
atoms of the gas components in the atmospheric air (nitrogen, 
oxygen). The results of the numerical simulation for the initial 
laser radiation parameters that correspond to experiments are 
shown in Fig. 7 by the solid curves and show good agreement 
with experimental data.

The main causes of MF in the atmospheric-pressure air at 
relatively short (metre-long) tracks are associated with noni-
deality (non-unimodality) of the transverse amplitude – phase 
profile of the laser beam field at the output of the radiation 
shaping system. The MF itself is developed as a result of the 
amplitude or phase inhomogeneities if these inhomogeneities 
are  capable  of  transmitting  the  power  higher  than Pcr  [27]. 
Therefore, if the beam power amounts to the order of several 
critical values, a few filaments may, in principle, emerge.

In our  experiments,  the  laser beam profile,  though pos-
sessed an elliptical cross section, was sufficiently close to uni-
modal and characterised by a good quality parameter (M 2 ~ 2). 
This determined the prevailing self-focusing development of 
the  main  central  maximum  of  the  beam  intensity  and  the 
dominance of this maximum on the post-filamentation stage. 
Calculations show that, for a weakly focusing radiation, for 
example, as shown in Fig. 8, with f = 295 cm (NA = 8 ́  10–4), 
multiple filaments in the focal region can be simultaneously 
formed even at the pulse power P0 > 5Pcr  (the procedure of 
counting the number nf of filaments is described in detail  in 
[28]). Herewith,  however,  only  one  of  them  remains  by  the 
end of the filamentation zone. It is this filament that evolves 
into a single PFC.

If  we  turn  now  to  the  case  of  tight  radiation  focusing 
shown in Fig. 8b, the filamentation process ends here at the 

number of filaments equal to four, and just these four bright 
PFCs  are  visible  on  the  beam  energy  density  profiles  (see 
Fig. 2b).

This suggests that the initially low beam divergence of a 
weakly focused beam facilitates active  interaction (competi-
tions [29]) of individual filaments in the focal waist, so that, as 
a rule, only the most intense paraxial filaments remain. In the 
case of tight focusing of radiation, due to abrupt reduction of 
the filamentation region, individual filaments have no time to 
noticeably influence each other. This leads to the appearance 
of  isolated  inertialess  light  channels  in  the  transverse  beam 
profile at the stage of post-filamentation propagation.

3. Conclusions

The paper discusses the post-filamentation evolution of high-
power IR laser radiation in the process of its self-focusing in 
the air. The main attention is concentrated on the characteris-
tics of intense spatially localised light structures formed inside 
the beam after the termination of filamentation, the so-called 
post-filamentation channels. For the first time, experimental 
data  on  the  dependence  of  the  angular  divergence  and  the 
number of  intense post-filamentation channels on  the pulse 
energy and the degree of its focusing are presented.

The results of these studies confirm the existing physical 
model [13 – 15] of inertialess channelling of high-power laser 
radiation at the stage of  its post-filamentation propagation, 
when  high  directivity  of  the most  intense  part  of  the  beam 
(PFC)  is  ensured by  the  focusable Kerr  nonlinearity  of  the 
medium  and  simultaneously  is  diffractively  supported  by  a 
specific spatial energy distribution of the beam in the form of 
a  system of concentric  rings  surrounding  the channels.  It  is 
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Figure 8. Number nf of filaments formed along the laser pulse propaga-
tion distance with P0 = 5Pcr at f = (a) 295 and (b) 15 cm (NA = 8 ́  10–4 
and 0.015, respectively).
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found  that  the  PFCs  demonstrate  a  near-linear  increase  in 
their  size  with  distance,  while  their  angular  divergence 
decreases with increasing focal length of the system and pulse 
energy.  In  the  framework  of  the  diffraction  model  for  the 
Bessel – Gaussian  beam,  this  fact  can  be  qualitatively 
explained  by  an  increase  in  the  number  of  outer  rings  that 
preserve  the  ‘diffraction-free’  distribution  of  its  axial  part. 
The  minimum  divergence  value  of  the  post-filamentation 
channels recorded in these experiments is ~0.05 mrad at the 
most soft beam focusing ( f = 295 cm) and a pulse power being 
tenfold greater than the critical self-focusing power in the air.
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