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Abstract.  The regularities of multiple filamentation of gigawatt 
femtosecond laser pulses in a solid dielectric (optical glass) have 
been considered. The fine spatial structure of the plasma region 
that is formed under glass photoionisation and accompanies the for-
mation of light filaments is analysed experimentally and by means 
of numerical simulation. The dependence of the number, position, 
and extension of individual ‘generations’ of plasma channels on the 
laser pulse energy has been investigated for the first time. It is 
found that the distribution of the number of plasma channels over 
the length of a dielectric sample has a maximum, the position of 
which correlates well with the position of the nonlinear focus of the 
light beam as a whole; at the same time, the average channel length 
decreases with increasing pulse power, whereas the number of suc-
cessive channel ‘generations’, on the contrary, increases.

Keywords: multiple filamentation of femtosecond laser radiation, 
solid dielectric, plasma channels.

1. Introduction 

Filamentation is a striking manifestation of self-focusing [1] 
of high-power laser radiation propagating in a medium with 
cubic  optical  (Kerr)  nonlinearity.  The  radiation  self-action 
leads  to  spatial  decomposition of  the  light-beam  transverse 
profile into localised high-intensity zones (filaments). Visual 
signs of beam filamentation are  the occurrence of  extended 
luminous  plasma  channels  along  the  propagation  path  and 
generation  of  extremely  broadband  radiation:  supercontin-
uum. Plasma is formed as a result of ionisation of a medium 
by radiation, which is highly intense in filamentation zones. 
The state of the art of the studies in this field is described, for 
example, in reviews [2 – 4].

To pass  to  the  filamentation  regime,  a  laser beam must 
overcome  natural  diffraction,  which  leads  to  its  expansion 
during propagation in a medium. This circumstance imposes 
a certain threshold condition on the beam power at a speci-
fied wavelength. For example, in air under normal pressure, 
the  threshold  (or  critical)  self-focusing  power  Pc  in  the 
micrometre wavelength range is on the order of several GW. 

In  transparent  liquids  (water,  ethanol)  and  solid  dielectrics 
(quartz,  optical  glass),  this  value  is  generally  several  thou-
sands of times smaller.

The initial peak power P0 of radiation determines in the 
long run the number of filaments produced in a medium and 
the  plasma-channel  structure  corresponding  to  these  fila-
ments. If the initial beam peak power greatly exceeds the crit-
ical  level  (P0  >>  Pc),  many  filaments  are  simultaneously 
formed [5 – 7]. Multiple filamentation (MF) is a random pro-
cess in many respects, because its development is significantly 
affected  by  the  small-scale  self-focusing  of  the  spatial  and 
temporal profile of the laser beam on random inhomogene-
ities [5, 8] and by the optical inhomogeneity of the propaga-
tion medium [9, 10].

Many studies of different research teams were devoted to 
the theoretical analysis of the laser beam MF in media with 
different  physical  characteristics  (the  corresponding  refer-
ences can be found, e.g., in reviews [2 – 4]). The key point of 
the MF theoretical model  is  the concept of  ‘optical  turbu-
lence’ [6], which is implemented under conditions of multi-
ple self-focusing of light. This means that the MF of a high-
power  laser  pulse,  similar  to  the  evolutionary  processes 
occurring in other physical systems under strong turbulence 
conditions, has generally a stochastic character. The physi-
cal pattern of MF evolution in a regular air medium – the 
diffractive  interaction  of  individual  filaments, which  leads 
either to the occurrence of new (‘daughter’) filaments or to 
the  suppression  of  existing  ones  –  was  investigated  in 
[11,  12].  The  statistical  characteristics  of  the  evolution  of 
filaments  upon  laser  beam MF  in  a  turbulent  atmosphere 
were reported in [13].

This,  rather  complicated  and  unstable  (from  pulse  to 
pulse)  turbulent pattern of  laser beam MF, where filaments 
and plasma channels formed by them exhibit significant vari-
ability of their spatial position and transverse size along the 
propagation path,  is  characteristic  specifically of gas media 
and near-IR laser radiation [11] (filamentation of UV light in 
air is characterised by reproducible transverse distribution of 
filaments [14]).

At the same time, the MF pattern in condensed (liquids) 
and solid media is apparently characterised by higher stabil-
ity.  When  the  self-focusing  critical  power  is  significantly 
exceeded, groups of filaments arise as a result of small-scale 
self-focusing of  the  light beam, which  form parallel plasma 
channels  in the medium [15 – 18];  these channels retain their 
transverse  position  in  the  beam.  In  addition,  experiments 
showed that an individual plasma channel (and the light fila-
ment generating it) may be interrupted and arise again several 
times  in  the  same area of  the  light beam cross  section  [17], 
thus  demonstrating  the  so-called  light  focusing – refocusing 
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cycles [18]. The number of refocusings, producing successive 
‘generations’  of  plasma  channels,  depends  directly  on  the 
peak  pulse  power.  However,  this  problem  has  not  been 
addressed in detail, and some other statistical characteristics 
of the plasma channels accompanying a laser pulse undergo-
ing  filamentation  in  a  solid  dielectric,  have  not  been  deter-
mined either.

In  this  paper, we  report  the  results  of  studying  the  fine 
spatial structure of the plasma region formed by a high-power 
laser  beam  in  a medium during  its  propagation  in  the MF 
regime.  Experimental  measurements  were  performed  with 
optical glass BK7. The model medium in the theoretical cal-
culations was chosen to be fused silica, which has a cubic non-
linearity  coefficient  of  the  refractive  index  close  to  that  of 
glass. To the best of our knowledge, the spatial configuration, 
number,  position  and  length  of  different  generations  of 
plasma  channels,  as  well  as  their  dependence  on  the  laser 
beam energy, were  investigated  for  the  first  time. The main 
purpose  of  our  study was  to  gain  a  deeper  insight  into  the 
physical  nature  of  small-scale  random  MF  of  high-power 
radiation in a nonlinear medium (specifically, to analyse the 
spatial  variability  of  the  plasma  region  in  the  laser-beam 
channel). As a result, we revealed a close-to-unimodal distri-
bution  of  plasma  linear  density  along  the  dielectric  sample 
length, with a maximum correlating with the position of the 
laser-beam nonlinear focus. It was found that the number of 
generations of plasma channels increases with an increase in 
the radiation energy, and the extension of plasma channels in 
each generation is characterised by a large spread: from sev-
eral micrometres to several tens of millimetres. At the same 

time, the average length of channels decreases with an increase 
in the pulse power. 

2. Experimental results 

Experiments were performed on a bench of  the  Institute of 
Automatics  and  Control  Processes,  Far  Eastern  Branch, 
Russian Academy of Sciences. We used the fundamental har-
monic (centre wavelength l0 = 800 nm) of a Ti : sapphire laser 
(Spitfire Pro40F, Spectra Physics) with the following param-
eters:  full  width  at  half  maximum  (FWHM)  of  individual 
pulses 45 fs, their repetition frequency 1 kHz, beam diameter 
9  mm  (at  a  level  of  е–2),  maximum  pulse  power  P0  up  to 
120  GW, and energy E0 up to 5.4 mJ.

A  laser pulse was directed  to  a  rectangular  (80 ´  40 ´ 
40 mm) BK7 glass sample (with a near-IR refractive index of 
1.51).  When  the  power  reached  a  certain  level,  the  pulse 
underwent self-focusing and filamentation  in  the glass sam-
ple.  The  lateral  luminescence  (of  pronounced  blue-green 
colour)  from  the  filamentation  zone  was  recorded  by  an 
ANDOR-Clara E CCD camera, equipped with an HELIOS-
44M  2/58  objective  and  located  on  a  linearly moving  plat-
form, which made it possible to observe successively the entire 
filamentation zone. Since the sample was not entirely fit into 
the objective field of view, the camera was moved in the lon-
gitudinal direction, and parts of the glass bar with a field-of-
view  length  of  25  mm  were  successively  imaged.  The  thus 
obtained individual frames were matched in a graphical edi-
tor,  and  the  resulting  image was  then  processed within  the 
special program package Profilometer [19].
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Figure 1. (a, b) Images of a laser beam filamentation zone in a glass bar at E0 = (a) 3 and (b) 4.5 mJ, (c) the luminescence intensity profile J for 
plasma channels at E0 = 3 mJ along the bar axis (the inset shows a transverse intensity profile at z = 3 cm), and (d) the integral luminescence inten-
sity SJ along the sample (E0 = 3 mJ). The arrow indicates the beam propagation direction.
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Figure 1  shows an  example of processing  experimental 
data. Here, cases where the glass bar is exposed to a train 
of laser pulses with energies of 3 and 4.5 mJ are presented. 
These energies corresponded to average pulse powers of 70 
and 100 GW, respectively, i.e., values exceeding the critical 
self-focusing power  in glass by  three orders of magnitude. 
Under these conditions, a laser pulse propagates in the MF 
regime  with  the  formation  of  plasma  channels  practically 
throughout the entire sample length. The recombination de-
excitation of these channels occurs in all directions, includ-
ing the normal to the sample lateral face. As can be seen in 
Figs 1a and 1b, it is characterised by nonuniform brightness 
distribution  both  along  and  across  the  beam  propagation 
direction.

We interpret the maxima in the longitudinal and trans-
verse  profiles  of  relative  brightness  J  of  the  image  as  the 
luminescence  from  individual  plasma  channels,  which 
accompany individual light filaments in the laser beam. An 
analysis of  the data  in Fig. 1c and the corresponding  inset 
suggests  that  the  transverse  size  of  the  plasma  channels 
formed at different points of the glass bar is characterised by 
high  stability,  whereas  the  channel  length  varies  in  rather 
wide limits.

Since  glass  is  transparent  in  its  luminescence  spectral 
range,  the CCD matrix  camera  records  the  total  radiation 
emitted  throughout  the  entire  volume  of  the  glass  bar. 
Therefore, the plasma-channel length, determined from the 
longitudinal  profile  of  the  plasma-region  luminescence 
brightness, is a conditional value to some extent because of 
possible superposition of the images of channels located at 
different depths in the glass. The real channel length could 
not  be  estimated  in  our  experiments  without  physical 
destruction  of  the  sample  (note  that  the  use  of  a  wedge-
shaped sample partially removes this problem [20]). For this 
reason, this problem was solved by numerical simulation of 
the  MF  of  an  ultrashort  laser  pulse  in  quartz  glass  (see 
results below).

At the same time, the lateral-luminescence images of the 
glass bar can be used to characterise fairly exactly the change 
in the linear density of the total number of plasma channels, 
nf,  formed within  the  filamentation  zone.  To  this  end,  one 
must perform numerical  integration of channel brightness J 
along vertical grid lines:

( )S z y JJ i ij
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where Jij is the brightness at a point with coordinates zi and yj; 
and Ny and Dy are, respectively, the grid dimension and size 
along the y axis. The dependence of the total brightness (nor-
malised to its maximum) on z is shown in Fig. 1d.

It can be seen  in Fig. 1d that  the total brightness of  the 
plasma-channel  image  has  a  pronounced  main  maximum, 
which  is somewhat shifted with respect to the filamentation 
zone  centre  (the point  in  the  spatial  region  from which  the 
glass bar luminescence is recorded) toward the bar input face. 
This maximum is a manifestation of the crowding of the num-
ber of channels near the beam optical axis; as will be shown 
below, it corresponds to the nonlinear focus of the laser beam 
(global nonlinear  focus). The tail of  the dependence Sj (z)  is 
rather  flat  and  contains  separated  local maxima, which are 
formed (as follows from Fig. 1a) by peripheral (relative to the 
optical axis) plasma channels.

An increase in the input radiation energy (Fig. 1b) leads to 
elongation of  the plasma  luminescence  region  (i.e.,  the  fila-
mentation zone) in the glass bar and increases the number of 
newly  formed  plasma  channels.  The  corresponding  depen-
dences are shown in Fig. 2.

The length of the entire beam-filamentation zone Lpl was 
estimated  from  the  plasma-luminescence  brightness  histo-
grams  (similar  to  the  longitudinal  profile  J(z)  presented  in 
Fig. 1c) at a level of 1 % of the maximum.

The number of plasma channels nf was determined as the 
total number of local luminescence brightness maxima in the 
recorded  images  of  the  plasma  region  in  the  sample.  The 
results were  averaged over  a  series  of  several  tens  of  single 
pulse shots.

It is of interest that, at pulse powers P0 > 70 GW, plasma 
channels  were  observed  practically  throughout  the  entire 
length of the glass bar. As can be seen in Fig. 2a, the increase 
in the effective filamentation length with an increase in power 
was  small.  At  the  same  time,  the  total  number  of  newly 
formed plasma channels  increases  significantly under at  the 
same  observation  conditions  (Fig.  2b).  This  fact  suggests 
expansion  of  the  plasma-formation  region  away  from  the 
optical axis of the laser beam with an increase in its power and 
involvement of its peripheral regions into filamentation.

Figures 1a and 1b demonstrate also the effect of succes-
sive refocusings of the optical field of the pulse during its fila-
mentation in the quartz glass. Indeed, let us consider Fig. 3, 
which  shows  (on  the  enlarged  scale)  a  small  portion of  the 
glass bar with luminous plasma channels. Here, one can select 
some  groups  of  channels  (e.g.,  three  enumerated  channels) 
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Figure 2. Dependences of the (a) effective length Lpl of plasma-formation region and (b) total number of plasma channels nf on laser pulse power P0. 
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that are located on one straight line along the beam propa-
gation  direction.  These  channels  have  generally  different 
lengths  and  thicknesses;  however,  by  analogy  with  the 
results of single-filamentation studies [17, 18], one can sug-
gest that they all are formed as a result of successive refocus-
ing  cycles  of  the  optical  field  of  the  same  filament.  These 
filament oscillations are due to the instability of the dynamic 
balance  between  the  focusing  optical  nonlinearity  of  the 
medium  (Kerr  self-focusing)  and  the  physical mechanisms 
leading to beam defocusing, such as  the nonlinear absorp-
tion  at  photoionisation  and  refraction  in  the  self-induced 
plasma. The number of these successive filament refocusings 
increases with an increase in the laser pulse energy, while the 
length of individual plasma channels decreases under these 
conditions [17]. For convenience, we will refer to the plasma 
channels formed successively by the same filament as chan-
nel generations; they will be enumerated successively, as in 
Fig. 3.

3. Numerical model of laser pulse filamentation 

The above experimental data make it possible to reveal gen-
eral  properties  of  self-focusing  and  filamentation  of  ultra-
short laser pulses (USLPs) in a nonlinear medium and obtain 
quantitative  information  about  the  position  and  density  of 
plasma channels inside a transparent dielectric. However, the 
evolution  of  laser  beam MF  and  the  fine  structure  of  the 
plasma-formation  region  cannot  yet  be  studied  experimen-
tally; thus, one has to simulate numerically the physical pro-
cess under study.

The theoretical simulation of the nonlinear propagation 
of gigawatt USLPs in a dielectric is generally based on the 
equation of paraxial optics and takes into account the non-
linear response of the material. We will consider this equa-
tion as a nonlinear Schrödinger equation (NSE) in the four-
dimensional space – time continuum. To make a full descrip-
tion of  laser pulse MF, one must calculate  the  spatial and 
temporal dynamics of the pulse optical field along all coor-
dinates, with  allowance  for  the  optical  nonlinearity  of  the 
medium (Kerr effect), its photoionisation and the formation 
of  plasma  regions.  The NSE  approach  allows  one  to  cor-
rectly  take  into account,  along with  linear  effects  (diffrac-
tion, absorption), the ‘temporal memory’ of the propagation 
medium, which is related to the frequency dispersion of the 
temporal profile of light pulse, inertia of cubic nonlinearity 
(Raman  scattering),  and  the  nonstationary  character  of 
plasma defocusing [2, 21].

The NSE used to simulate numerically the MF in quartz 
can be written in the form [22]
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Here, U  is  the  field  amplitude;  ¶ ¶ ¶ ¶/ /x y2 2 2 2 2d = +=   is  the 
transverse Laplacian; n0  is  the  linear  refractive  index of  the 
medium; k0 = 2p /l0 is the wave number; I = cn0|U |2/(8p) is the 
pulse  intensity;  c  is  the  speed  of  light  in  vacuum;  w''k = 
¶ ¶/k2 2w  is the second-order dispersion coefficient of the light 
pulse group velocity in the medium;  ( )n t2u  is the effective coef-
ficient  of  cubic  (Kerr)  nonlinearity  with  allowance  for  the 
response inertia [22]; npl = – re /(2rc n0) is the ‘plasma’ nonlin-
earity coefficient; rc = 1/(sc tc c) is the critical plasma electron 
density;  aNL = sc re /2 + (2I ) –1WI Ei( rnt – re) is the nonlinear 
absorption  coefficient  of  the  medium;  sc,  tc,  and  Ei  are, 
respectively, the cascade ionisation cross section, the electron 
mean free time and the dielectric band gap; and WI is the pho-
toionisation probability of a material with a concentration of 
neutral atoms (molecules) rnt.

The evolution of the concentration re of light-induced free 
electrons in a laser-beam channel obeys the following simpli-
fied kinetic equation [23], with allowance for the implementa-
tion of field (multiphoton) and collisional (avalanche) ionisa-
tion regimes in the material:

¶
¶
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t
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r
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where ni and nr are, respectively, the effective impact ionisa-
tion  and  recombination  rates.  In  the Drude  approximation 
[2],  where  the  free-electron-velocity  distribution  is  disre-
garded,  and  some  electrons  averaged  over  kinetic  energies 
and having a mean constant transit time tc between collisions 
are  considered,  the  electron-impact  ionisation  rate  of  the 
atom (ni) depends linearly on the light-wave intensity and cas-
cade ionisation cross section sc: ni = I(r, t)sc /Ei. The free-elec-
tron  recombination  rate  nr  in  a  solid  dielectric  is  generally 
assumed to be constant.

The  model  medium  was  chosen  to  be  fused  silica.  The 
optical properties of this material are similar to those of the 
BK7 glass  used  in our  experiments  (see,  for  example,  [24]); 
however, fused silica is much more completely certified in the 
scientific  literature.  The  main  parameters  of  the  above-
described numerical model for fused silica in the region of the 
main harmonic of Ti : sapphire laser ( l0 = 800 nm) were taken 
from [23, 25].

To provide small-scale MF in numerical calculations, we 
set the initial laser beam profile using a model ideal Gaussian 
beam  [uG(r^)]  in  the  spatial – temporal  continuum,  with 
imposed random amplitude and phase noise of the light field:

( , 0) ( ) ( )u z u Aur r rG rnd= = += = =u .

Here, u = U/U0  is  the  complex amplitude of  the  light-pulse 
electric field, normalised to the initial value U0 (it is a function 
of transverse coordinates r^ º {x, y} and evolution variable z); 

uG(r^) = exp{–[|r^|/(2a0)]2}exp[–i(2k0|r^|2/f )];

a0 is the beam radius at a level of 1/e; f is the initial radius of 
curvature of the beam phase front (in the case under consider-
ation, one always has f ® ¥); and  urndu  is a two-dimensional 
random  (complex)  noise  with  a  normal  distribution,  zero 
mean and a unit peak amplitude. The scale coefficient A was 
0.1.  All  numerically  obtained  parameters  were  statistically 

1 2 3

1 cm

Figure 3. Enlarged image of plasma channels in a glass bar. Successive 
pulse refocusings are enumerated. The arrow indicates the beam propa-
gation direction.
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averaged  over  ten  independent  calculations  of  the  model 
problem (with other conditions invariable).

The  photoionisation  rate was  calculated  using  the well-
known  Keldysh  multiphoton  ionisation  model  [26].  The 
quartz band gap was chosen to be 9 eV [23]; this value call for 
six optical field photons to be absorbed to transfer a bound 
electron to the valence band.

4. Structural characteristics of MF 

Let  us  consider  the  characteristics  of  the  plasma  region 
formed in the bulk of fused silica irradiated by a femtosecond 
laser pulse. It was impossible to calculate numerically the fila-
mentation  dynamics  for  the  real  (used  in  our  experiments) 
laser beam (with an initial radius R0 » 3 mm) because of the 
well-known problem of extremely  stringent  requirements  to 
the  dimension  of  the  four-dimensional  numerical  matrices 
storing the complex optical-field amplitudes at each point of 
the optical path. For this reason, we have numerically simu-
lated MF for a laser beam scaled to smaller diameters. As a 
result, we could not perform direct numerical interpretation 
of the experimental data; nevertheless, the simulation allowed 
us  to reproduce the main qualitative regularities of  the fila-
mentation evolution in the bulk of nonlinear medium. All cal-
culations were  performed  for  a  beam with  an  initial  radius 
R0 = 0.1 mm and a pulse width of 45 fs. Correspondingly, we 
diminished the maximum laser pulse energy (to 80 mJ) and the 
reduced-power parameter h = P0 /Pe.

The 3D images of plasma channels, presented in Fig. 4 in 
the form of surfaces of equal free-electron concentration ( re = 
1013 cm–3) for two pulse energies E0, describe qualitatively the 
MF process. Figures 4a and 4b show also the spatial distribu-
tions (in the form of continuous-tone volume figures) of the 
light energy density v (x, y, z) for a pulsed laser beam passing 
through a quartz bar. It can be seen that an  increase  in the 
pulse energy, which is equivalent to an increase in peak power 
P0 within the numerical experiment, leads to evolution of the 
newly formed plasma region along all spatial coordinates: the 
total  length  of  the  domain  of  existence  of  plasma  channels 
increases, and its area in the transverse direction increases as 
well. For a relatively low pulse energy, E0 = 10 mJ (h = 62), 
there are only few (about five) plasma channels in the quartz 
sample; the longest is located near the laser beam axis and is 

characterised  by  longitudinal  connectivity  on  a  length  of 
about 0.5 cm.

An  increase  in  the  beam  energy  to  30  mJ  (h  =  187)  (i) 
approaches the plasma formation point to the input face of 
the sample and (ii) leads to rapid generation of free charges 
throughout the entire beam cross section rather than on only 
the beam axis. This pattern, being in complete agreement with 
the  qualitative  conclusions  based  on  experimental  data,  is 
confirmed  by  the  dependences  shown  in  Fig.  2.  The  total 
number of the plasma channels formed throughout the entire 
extent of the filamentation zone is approximately an order of 
magnitude larger than for a low-energy pulse, and the plasma 
channels are on average shorter; this is caused by the decrease 
in the spatial sizes of the laser beam profile inhomogeneities, 
which  is  sufficient  for  developing  local  (small-scale)  beam 
self-focusing.  Another  characteristic  distinctive  feature  of 
these images is that the longitudinal distribution of the num-
ber of plasma channels is significantly nonuniform for E0 = 
30 mJ.  In  fact,  one  can  state  that  an  increase  in E0  causes 
grouping of plasma regions in the initial portion of the light 
beam path.

Let  us  now  analyse  quantitatively  the  above-considered 
regularities. To calculate the MF statistics, we made it possi-
ble to trace the entire life cycle of individual plasma channels 
formed in a quartz sample in our numerical experiments. This 
procedure was implemented as follows.

The two-dimensional distribution of the concentration of 
free  plasma  electrons, re(x, y, z),  steady  by  the  end  of  laser 
pulse, was calculated at each point of the optical path at all 
points of the transverse grid. Then this distribution was bina-
rised with respect  to some specified  threshold  level re1. The 
resulting array of binary values was analysed  (using a  two-
pass  ABC  algorithm  [27])  for  the  presence  of  connected 
regions (CRs), which were considered as projections of indi-
vidual  plasma  channels  onto  a  specified  cross  section.  A 
unique index was assigned to each such region, and the spatial 
characteristics of the latter (position, area, and rms sizes over 
axes) were  compared with  the  corresponding parameters of 
plasma channels, saved in a special database in the previous 
spatial step.

Longitudinal  step-by-step  tracing  of  connected  regions 
(channels)  was  based  on  the  assumption  of  small  displace-
ment of the centroid of region chosen from its position at the 
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Figure 4. Isosurfaces of re = 1013 cm–3 and laser beam energy density (continuous-tone figures) upon filamentation in a (0.4 ´ 0.4 ´ 30)-mm quartz 
bar for E0 = (a) 10 and (b) 30 mJ. The beam propagates from left to right.
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previous step. This means that the longitudinal coordinate is 
used  to  calculate  the  coordinates  of  the  centroid  and  rms 
radius of each CR found at each next computation step. Then 
displacement d of the centroid of each such region from the 
position rc of  the centroid of each CR fixed at  the previous 
step was calculated. Provided that d £ rc, it was assumed that 
the CR under  consideration belongs  to  the plasma  channel 
subjected  to  tracing.  If  this  condition was  not  satisfied  for 
some CR (or some CRs), this region was taken as a starting 
point for a new filament (plasma channel). The length of ele-
mentary plasma channels (Lfm) was calculated from the previ-
ously saved coordinates of their origins.

To  enumerate  the  plasma  channels  (filaments)  succes-
sively formed in a given CR, we introduced into consideration 
an  integer  index m,  characterising  the number of  local  field 
refocusings in a chosen area of beam cross section. In other 
words,  if m > 0, a plasma channel with a specified electron 
concentration   re ³ re1 arose and disappeared m  times  in a 
given CR during light beam evolution. For example, the pat-
tern in Fig. 5 exhibits the formation of five successive plasma 

channels in some chosen CR, which are denoted as PChm (m 
is the serial number of plasma channel). At the final point of 
the beam path, the matrices containing lengths and starting 
coordinates of filaments were statistically processed to calcu-
late the mean values and range of variation in parameters.

The above-described procedure of determining the num-
ber  of  isolated  filamentation  zones  is  illustrated  in  Fig.  6, 
which shows the transverse arrangement of the plasma chan-
nels arising in quartz at different distances. The images were 
constructed by transforming the real profile of the free-elec-
tron concentration re(x, y)  into a binary distribution A(x, y) 
based on the condition re > re1, where re1 = 1015 cm–3. This 
value was chosen proceeding from the experimental data on 
the fluorescence of plasma channels in gases with an average 
free-electron concentration on the order of 1013 – 1015 cm–3 [2]. 
Both individual plasma channels and groups of closely spaced 
channels are shown as dark spots in Fig. 6. Depending on the 
longitudinal coordinate, the total number of channels in the 
quartz bar may change; however the characteristic groups of 
channels  (examples  are  those  successively  enumerated  in 
Fig.  6) retain their position in the beam throughout the entire 
propagation path. In this numerical realisation, an individual 
plasma channel, evolving along the propagation path, could 
change  its  transverse  half-width  in  the  range  of  4 – 10  mm, 
which  corresponds  to  a  similar  range  of  transverse  coordi-
nates of computational grid points.

Obviously,  the approach used by us does not quite cor-
rectly  takes  into  account  the  situation  with  closely  spaced 
plasma  channels;  in  this  case,  neighbouring  projections  of 
channels (spots) coalesce in binarised profiles of the free elec-
tron  concentration.  For  example,  a  rather  large  spot  with 
number 1  in Fig. 6a  is divided  into two smaller spots  (indi-
vidual plasma channels) with numbers 1 and 2 (Figs 6b, 6c) 
when  moving  along  the  propagation  path.  The  numerical 
algorithm would interpret this fact as the occurrence of a new 
channel near  the  initial one with an  increase  in  the channel 
number counter by unity, although one can suggest that there 
were  two closely  spaced channels  initially. Nevertheless, we 
expect this ambiguity to lead to only a small error in our esti-
mates,  because  the  total  number  of  newly  formed  plasma 
channels is fairly large.

Let us now turn to Fig. 7, which shows functional depen-
dences of the parameters characterising the laser pulse MF in 
a medium: number of plasma channels nf and their length Lf.
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Figure 5. Example of evolution of peak free-electron concentration re 
at some fixed point of the transverse beam profile along the beam prop-
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A  comparison  of  the  dependences  of  nf  in  Figs  7a – 7c 
shows that a rise in E0 causes structural changes in the plasma 
region  (in  the  part  where  beam  filamentation  occurs):  its 
effective  length  increases,  and  the number of newly  formed 
channels sharply rises. At the same time, the aforementioned 
effect  of  plasma-channel  grouping  is  pronounced  in  the 
dependences nf (z). The number of plasma channels was found 
to be maximal near the coordinate of global nonlinear focus 
of the beam, zg, which is defined as the coordinate of the min-
imum in the longitudinal dependence of rms (effective) beam 
radius Re [28]:

( ) ( ) ( , ; ) ( )d dR z E z t I z t zr r r r
/

e gr
T R

1 2
1 2

= -= = =
-

=

2; Eyyy ,  (3) 

where E(z)  is  the  pulse  energy  at  the  point  z  and  rgr  is  the 
radius  vector  of  the  beam  centroid  [with  respect  to  beam 
intensity I(r^, z; t)]. The integration in (3) is over the entire cal-
culation domain, including the time (T ) and transverse spa-
tial (R^) grids. The dependences of the relative value re(z) = 
Re(z)/R0 are also shown in Fig. 7.

In the theory of aberration-free stationary self-focusing of 
a light beam [29], the evolution of the beam effective radius to 
the point of its transverse collapse is set by a simple relation:

( ) ( 0) ( ) ( / )R z R z z L1 1e e d
2h= = + - ,  (4) 

where  parameter Ld = k0R0
2  is  the  diffraction  length  of  the 

beam. It was shown in [30] that this law is also valid for the 
more  realistic  case  of  laser  pulse  single  filamentation,  pro-

1

3

10

30

nf

1

3

10

30

nf

1

3

10

30

nf

0 5 10 15 2520 z/mm

0 5 10 15 2520 z/mm

0 5 10 15 2520 z/mm

0.9

1.0

1.1

re

0.9

1.0

1.1

re

0.9

1.0

re

1.1

10–3

10–2

10–1

100

101

Lf/mm

10–3

10–2

10–1

100

101

Lf/mm

10–3

10–2

10–1

100

101

Lf/mm

1 2

2

3 4

4

m

m6 8 10

2 4 m6 8 10 12

a

b

c

d

e

f

Figure 7. (a – c) Number of plasma channels nf (symbols) and normalised effective beam radius re = Re /R0 (solid lines) along the optical path and 
(d – f) channel length Lf as a function of channel generation index m at E0 = (a, d) 10, (b, e) 30 and (c, f) 80 mJ. 



  Yu.E. Geints, S.S. Golik, A.A. Zemlyanov, A.M. Kabanov, A.V. Petrov140

vided that one corrects the reduced radiation power: h ® h* = 
h/b, where b >  1  is  some empirical  fitting parameter, which 
takes into account the temporal pulse profile.

Surprisingly,  formula  (4)  also  holds  true  for  the  MF 
regime considered here.  Indeed,  as  follows  from Fig.  8,  the 
dependence of the aberration-free rms beam radius (3) on the 
longitudinal  coordinate  describes  fairly  exactly  the  real 
dependence Re(z) obtained from numerical calculations if one 
takes b »  2 . A correlation  is observed  for different pulse 
energies (powers) and, as it was suggested, exists only up to 
the vicinity of the global focus coordinate zg, denoted by an 
asterisk in Fig. 8.

It is important to know the coordinate of the global beam 
focus, because specifically in this region (see above) the num-
ber of filaments and corresponding plasma channels is maxi-
mal. One cannot determine a priori the coordinate zg of laser-
beam global focus without solving numerically the complete 
problem (1), (2). However, as our investigations showed, the 
zg value can be estimated with an error of about 10 % using 
the well-known Marburger formula [31],

zg »  ( )
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at h* > 1 and with the real peak power of laser pulse corrected 
using parameter b. Despite the fact that this expression was 
initially  obtained  as  an  approximation  of  data  calculated 
along the self-focusing length in the regime of a single axial 
filament, it can be applied to MF. This is evidenced by Fig. 8, 
where starting filamentation coordinates zM for a collimated 
laser  beam,  which  were  calculated  from  formula  (5),  are 
shown.

Let us now turn to Figs 7d – 7f, which show the evolution 
of the length of elementary plasma channels with an increase 
in the generation serial number m. The vertical lines indicate 
the range of variation in the parameter Lf for each generation 
of  channels.  The  points  connected  by  lines  correspond  to 
ensemble-averaged  realisations of  values. For  example,  one 
can  see  that,  in  the  case  of  moderate  laser  pulse  energy 
(Fig.  7d),  the  first  few  generations  of  plasma  channels  are 
characterised  by  a  larger  spread  of  lengths  (approximately 
from 6 mm to almost 24 mm) than the next generations. These 
channels are formed at different points along the beam propa-

gation path in the quartz sample and at different points of the 
beam  cross  section.  The  next  generations  contain  plasma 
channels characterised by a diminishing (generally) spread of 
Lf  values;  however,  the  channel  length  changes  on  average 
irregularly from generation to generation. This tendency can 
clearly be seen in all the dependences discussed above; it was 
also indicated previously in [17].

The number of  filament generations and  the number of 
shorter  plasma  channels  in  each  generation  increase  with 
increasing pulse energy. An analysis of our data on the change 
in the length of the plasma channels formed at different points 
of  the  laser  beam  cross  section  (omitted  here)  showed  that 
short-lived channels are generally formed at the beam periph-
ery, where initial local perturbations of the transverse profile 
of optical field amplitude (seeds of future filaments) contain 
low partial power. The closer they are positioned to the beam 
centre, the higher the power in these perturbations is (because 
of  the  Gaussian  envelope  of  the  intensity  profile)  and  the 
more actively and earlier the self-focusing and filamentation 
of these beam regions occur. In total, this circumstance would 
lead to a larger number of spatially local refocusings [17] in 
the central regions of the beam in comparison with its periph-
ery and, on  the whole,  to  longer plasma channels.  In other 
words, the physical nature of the phenomena under consider-
ation is the initially nonuniform energy (power) distribution 
over the laser beam cross section, which gives rise to differ-
ences in the coordinates of filamentation onset in the centre 
and at the periphery of the beam and in the number of local 
field refocusings (and, correspondingly, in the total length of 
plasma channels).

5. Conclusions

We performed an experimental and theoretical study of  the 
spatial structure of the plasma region formed by a high-power 
USLP  ( l0 = 800 nm) during  its nonlinear propagation  in a 
transparent dielectric in the MF regime. The statistics of the 
filament  formation  and  the  parameters  of MF-zone micro-
structure were analysed by tracing the entire life cycle of indi-
vidual  plasma  channels  formed  in  the  sample  bulk,  taking 
into account repeated beam refocusings (generations of chan-
nels). The dependences of the number, position, and length of 
plasma channels on the pulse energy were obtained.

The investigations revealed that, despite the dynamic and 
absolutely  random  character  of MF,  this  regime  of  USLP 
self-action exhibits also some regular features of its evolution. 
In particular, we found close-to-unimodal distribution of the 
number of plasma channels over the dielectric sample length; 
the position of the distribution peak correlates on the whole 
with the position of the laser beam nonlinear focus. In addi-
tion, an increase in the laser beam energy is accompanied by 
pronounced evolution of the arising plasma region along all 
spatial coordinates (the region elongates, and its cross section 
increases)  and  an  increase  in  the  number  of  newly  formed 
generations of channels. The extent of these channels is char-
acterised by a large spread of values in each generation; how-
ever, one can state that, the higher the laser pulse power, the 
shorter (on average) the forming plasma channels.
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