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Abstract.  The filamentation of IR and UV laser pulses has been 
studied numerically and experimentally for different initial beam 
focusing geometries, and linear electron density profiles along the 
plasma channel of filaments have been obtained. The results demon-
strate that changes in laser beam focusing have a stronger effect 
on filament and plasma channel parameters for UV radiation than 
for IR radiation. Focusing causes individual high fluence regions 
produced by refocusing to merge to form a continuous extended fila-
ment with a continuous plasma channel.

Keywords:   filamentation, femtosecond laser pulse, laser-induced 
plasma, UV filaments.

1. Introduction

The propagation of high-power femtosecond laser radiation 
is accompanied by self-trapping of the beam and the forma-
tion of  thin extended  filaments  [1 – 4]. The high  intensity of 
the  optical  field  in  the  filaments  leads  to  photoionisation 
of the medium, and the laser pulse produces plasma channels 
with a relatively high free electron concentration.

In the initial stage of filamentation, the laser beam under-
goes self-focusing due to the Kerr nonlinearity of the medium. 
The  process  takes  place when  the  peak  laser  output  power 
exceeds  the  critical  power  for  self-focusing  in  the medium, 
Pcr , which decreases significantly with decreasing laser wave-
length. The critical power for self-focusing in air is 2 – 6 GW at 
a wavelength of 800 nm and about 70 MW at 248 nm. Because 
of this, UV filaments can be obtained using considerably lower 
laser pulse energies.

The  self-trapping  of  laser  light  and  the  forming  plasma 
channels determine the application area of filamentation [5, 6]. 
As pointed out  in  a number of  reports, UV  filaments have 
significant advantages in several applications, e.g. in the creation 
of atmospheric waveguides [7, 8], LIBS [9], remote sensing of 
explosives  [10]  and microhole  drilling  [11].  Ionin  et  al.  [12] 
considered the use of UV pulses for controlling an electric dis-

charge. According to their results, a combination of a train of 
picosecond UV pulses and a long UV pulse increases the dis-
charge photocurrent by two orders of magnitude relative to 
the current due to a single long pulse.

As pointed out in the first reports [13, 14], the UV genera-
tion of a laser plasma occurs at a considerably lower multi-
photon ionisation order than does the IR generation. Whereas 
the  photoionisation  of  oxygen  and  nitrogen molecules  at  a 
wavelength of 800 nm requires 8 and 11 photons, respectively, 
that  at  248  nm  requires  just  three  and  four  photons.  As  a 
result,  the  balance  between  the  Kerr  self-focusing  and  the 
plasma-induced defocusing of light in UV filaments is more 
delicate than that in IR filaments. Tzortzakis et al. [13] point 
out that this leads to a greater length of UV filaments in com-
parison  with  IR  filaments.  According  to  experiments  with 
tightly focused beams [15] and numerical simulations for col-
limated beams [16], the plasma channel diameter in UV fila-
ments is smaller than that in IR filaments. As shown in stud-
ies of UV filamentation [17], the plasma channel diameter and 
electron concentration increase with pulse duration. In a theo-
retical study, Schwarz and Diels [18] assumed the possibility of 
producing UV filaments several hundred millijoules in energy 
and several kilometres in length.

Numerical  simulations  of  UV  filamentation  were  per-
formed for near-laboratory conditions and beams focused by 
a lens with a focal length of several metres. The characteris-
tics  of UV and  IR  filaments were  examined  independently. 
According to Fedorov and Kandidov [16], in the case of col-
limated  light  the peak  intensity  and  fluence  are weak  func-
tions of wavelength, whereas the electron concentration in the 
plasma  channel  decreases  with  increasing  wavelength.  As 
shown by Geints and Zemlyanov [19], the transverse size of 
the maximum intensity region of a focused femtosecond laser 
beam  at  800  nm  depends  on  beam  parameters  and  varies 
insignificantly  across  the  self-trapping  region.  Papazoglou 
et al. [20] found a relationship between structural changes in 
fused silica and plasma channels  in filaments and evaluated 
the  electron  concentration  at  which  permanent  structural 
changes in fused silica are caused by even a single laser pulse.

In  this  paper,  we  examine  the  filamentation  of  focused 
light at wavelengths of 800 and 248 nm in a wide range of focal 
lengths. To compare the UV and IR filamentation effects, we 
consider pulses at identical parameters determining the initial 
stage of filamentation.

2. Model and numerical experiment

In numerical simulation of the propagation of a femtosecond 
laser pulse in air, we used a self-consistent system of equations 
for  a  slowly varying  complex amplitude of  an optical  field, 
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A(r, z, t), and the free electron concentration, ne(r, z, t). In the 
axisymmetric  approximation,  this  system, written  using  the 
‘retarded’ time t = t – zn0 /c, has the form
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Here, k0 = 2p/l is the wavenumber; n0 is the refractive index 
of  the undisturbed medium at  the  centre wavelength of  the 
pulse; DnK  and Dnpl  are  the  changes  in  the  refractive  index 
of air due to the Kerr and plasma nonlinearities, respectively; 
I is the radiation intensity; ne(1) and ne(2) are the electron con-
centrations due to the ionisation of oxygen and nitrogen mol-
ecules in air, respectively; n0

(1) and n0
(2) are the initial concen-

trations of oxygen and nitrogen molecules; e  is  the electron 
charge; and me is the electron mass. The first term in the equa-
tion for the complex field amplitude describes diffraction in 
the parabolic approximation. The dispersion  in  the medium, 
denoted by an operator Du , was taken into consideration in a 
spectral representation, so that

 A(z + Dz) = FFT–1{FFT [A(z)] exp (ik0n(w)Dz)}.  (5)

For the refractive index, we used the Cauchy formula,

n( l) = 1 + A(1 + B/l2),  (6)

with A = 2.879 ́  10–4 and B = 5.67 ́  10–11 cm2 [21].
In evaluating the Kerr nonlinearity contribution, both the 

instantaneous and delayed responses were taken into account 
[22]. The convolution kernel in (2) has the form
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where W = 20.6 THz; G = 26 THz; and L =  /42 2W G-  [23]. 
The cubic nonlinearity coefficient is n2 = 4 ́  10–19 cm2 W–1 at 
a wavelength of 800 nm and 13.4 ́  10–19 cm2 W–1 at 248 nm 
[24 – 26], which corresponds to a critical power for self-focus-
ing of 2.4 GW and 70 MW, respectively. The plasma nonlin-
earity is determined by the free electron concentration, ne. In 
our  calculations,  a  two-component model  of  air  was  used, 
with n0

(1) and n0
(2) initial concentrations of 21 % and 79 % of the 

total concentration of molecules in air: nM = 2.7 ́  1019 cm–3.
The  ionisation  rates  of  oxygen  and  nitrogen molecules, 

R(1,2) , in (4) were determined by the optical field intensity I. 
The R(1,2)    rates  at  a wavelength of  800 nm were  evaluated 
in  the  PPT model  [27].  In  the UV  region,  the multiphoton 
approximation is applicable at any intensity:

R(I) = sIK,  (8)

where K = [1 + W/'w0] is the minimum number of photons of 
centre frequency w0 whose total energy exceeds the ionisation 
potential  of  the molecule, W,  and  s  is  the  photoionisation 
cross section. We took K(1) = 3 and s(1) = 1.34 ́  10–27 cm6 s–1 W–3 
for oxygen and K(2) = 4 and s(2) = 2.4 ́  10–43 cm8 s–1 W–4 for 
nitrogen [14, 17, 28]. Figure 1 shows the photoionisation rate 
as a function of incident intensity at wavelengths of 800 and 
248 nm.

The coefficient d in (1) is related to the energy loss through 
the photoionisation of the medium by
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The complex amplitude of the optical field was taken in the 
form
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where r0 is the beam radius; t0 is the 1/e pulse width; and f is 
the radius of curvature of the phase front.

In numerically solving the problem, we used the split-step 
method. At each integration step, linear and nonlinear factors 
were taken into account separately. The diffraction operator 
was  approximated  using  an  implicit  difference  scheme.  To 
accurately represent the dispersion of the medium, we used a 
spectral-domain solution.

Even for an axisymmetric system, the problem of filamen-
tation (1) – (4) requires considerable computational resources. 
This is caused by the necessity of high spatial and temporal 
resolutions of the difference mesh, which is in turn related to 
the distinctive features of the solution, namely,  to the small 
structures forming in the beam and pulse. Another difficulty 
is presented by the calculation of focused beams: first, because 
of the large initial beam size and, second, because of the larger 
beam divergence behind the linear focus in comparison with 
collimated beams. Typical spatial and temporal mesh resolu-
tions in our computations were 1 mm and 0.5 fs, and the total 
number of nodes in the computational mesh was up to 3400 
along the spatial coordinate and 2048 along the time coordi-
nate. To solve the problem in question, we used parallel pro-
gramming  methods  and  resources  of  the  Chebyshev  and 

R/s–1

1010

100

10–10

10–20

10–30

10–40

10–50

108 109 1010 1011 1012 I/W cm–2

1

2

3

4

Figure 1. Ionisation rates of ( 1, 3 ) oxygen and ( 2, 4 ) nitrogen as func-
tions of laser intensity at wavelengths of ( 1, 2 ) 248 and ( 3, 4 ) 800 nm.
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Lomonosov  supercomputers  (Research  Computing  Center, 
M.V. Lomonosov Moscow State University) [29].

The simulation results were used to evaluate the following 
filament and plasma channel parameters: fluence,
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peak axial intensity,

Imax(z) = maxt I(r = 0, z, t) (W cm–2);

plasma density in the wake of a pulse,

Ne(r, z) = ne(r, z, t = ¥) (cm–3);

linear plasma density,
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The value of rintegr was determined by integrating over a circle 
with r < 0.85 mm in order to obtain the average over the self-
trapping region of the filament.

The initial laser pulse parameters are listed in Table 1. To 
compare IR and UV filamentation, we considered 248- and 
800-nm radiations at identical pulse durations (t0), beam radii 
(r0) and focal lengths (  f  ).  In addition, the peak laser output 
power, P, was  taken  such  that  the  ratio of P  to  the critical 
power for self-focusing, Pcr, which determines the initial stage 
of filamentation, was the same at the two wavelengths. In our 
numerical simulations, we used P/Pcr = 10, which ensured the 
formation of a single filament in the beam cross section. The 
other similarity parameters of the problem were then different: 
diffraction length, ldif = k0 r02; dispersion length, ldisp = t02/k''w; 
and  the  distance  to  the  filament  start,  zfil,  evaluated  from 
numerical simulation results. Comparison of the above param-
eters indicates that the higher dispersion and greater diffrac-
tion length in the UV spectral region compared to the IR lead 
to delay of filament formation at a given difference between 
the peak power and critical power.  In particular, at a  focal 
length f = 50 m (so-called weak focusing) the distance to the 
filament start is 35 m in the UV and 19 m in the IR. It is worth 
noting that, in the absence of focusing, UV pulse propagation 

is  accompanied  by  no  filamentation  because  of  the  severe 
dispersion-induced broadening.

3. Numerical simulation results

Figures 2 and 3 present numerical modelling results for the fila-
mentation of IR and UV pulses, respectively. It is seen that, in 
the case of weak focusing for IR and UV pulses, the filament 
breaks up into a sequence of regions with a high fluence, F (r, z), 
and high electron concentration, Ne(r, z), due to refocusing [3]. At 
the beam parameters under consideration, the extent of an indi-
vidual region is about 50 cm and the regions are 2 – 3 m apart. In 
the case of  tight  focusing  (  f = 5 m),  individual high  fluence 
regions merge  to  form  a  continuous  filament  owing  to  the 
energy inflow from the periphery of the beam. The fluence in 
the filament, F(r, z),  then  increases by only a factor of 2 – 4, 
and its length decreases to 1 – 1.5 m. In the case of weak focus-
ing, the high fluence regions in the filament and the plasma 
channel  are  located  before  the  linear  focus  of  the  system, 
whereas  in  the  case  of  tight  focusing  the  filament  extends 
10 – 20 cm beyond the geometric focus. Note that this distance 
agrees with the length of the linear beam waist (12 and 40 cm 
for the UV and IR pulses, respectively), where pulse refocusing 
is possible.

The  influence  of  beam  focusing  on  the  filamentation 
behaviour  of  the  beam  can  be  qualitatively  interpreted  in 
terms of the moving-focus model for femtosecond radiation 
[3]. In the case of weak focusing, like in a collimated beam 
geometry,  energy  localisation  in  an  extended  filament  is 
caused by the self-focusing of temporal slices of the pulse at 
its centre and leading edge. If the pulse power is sufficiently 
high,  subsequent  energy  localisation  is  caused,  among other 
things, by refocusing: radiation defocused in a laser-induced 
plasma  can  be  focused  owing  to  Kerr  nonlinearity  [30]. 
Refocusing covers temporal slices of the trailing part of the 
pulse, where no nonlinear focus was formed and only defo-
cusing in the plasma induced by the preceding temporal slices 
took place. Refocusing occurs as well in those temporal slices 
where  a  nonlinear  focus  was  formed  and  then  defocusing 
occurred in the laser-induced plasma of the preceding tem-
poral slices.

Hypothetically,  in  a quasi-steady  state  representation,  a 
filament in a collimated beam should be infinitely long if there 
is no absorption. In focused radiation in the absence of refo-
cusing,  a  filament  should  extend  to  the  end  of  the  waist 
because it corresponds to infinity for a collimated beam. An 
attempt to eliminate the inconsistency between physical ideas 
and experimental and theoretical results was made by Geints 
and Zemlyanov [31], who evaluated the filament length using 
the Bouguer formula with nonlinear absorption caused by the 
loss through photoionisation of the medium.

That femtosecond filaments have a finite length is due to 
the transient nature of the spatiotemporal energy localisation 
process.  Indeed,  for  the  temporal  slices  that  are  separated 
from the leading edge of the pulse by an interval approaching 

Table 1. Laser pulse parameters used in numerical simulation. 

l/nm  t0/fs  r0 /mm  f/m  E/mJ  P/Pcr  Imax /W cm–2  ldif /m  ldisp /m  zfil /m

800  60  4  50 / 5  2.5  10  4.6 ́  1010  125  132  19 / 4.2
248  60  4  50 / 5  0.07  10  1.3 ́  109  405    41  35 / 4.7

Note:  l is the centre wavelength; t0, r0 and f are the pulse duration, beam radius and radius of curvature of the phase front in (10); E is the pulse 
energy; P is the peak pulse power (we give the ratio to the critical power for self-focusing, Pcr, at the specified wavelength); Imax is the initial peak pulse 
intensity; ldif is the diffraction length; ldisp is the dispersion length of the pulse; and zfil is the distance to the filament start (for two focal lengths).
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the delay time of the Kerr response, the critical power for self-
focusing increases, and the increase is larger for shorter inter-
vals. Moreover, reducing the power in the temporal slices at 
the  leading  edge  reduces  the  duration of  the  intensity  peak 
that  results  from  the  spatial  beam  compression  under  self-
focusing  conditions.  This  increases  the  dispersion-induced 
broadening  of  the  forming  intensity  peak,  which  limits  the 

self-focusing-induced  increase  in  intensity  and  can  suppress 
the  formation  of  a  nonlinear  focus  in  the  temporal  slices 
where the power exceeded the critical power for self-focusing. 
As shown earlier [32, 33], a high group velocity dispersion in 
the absence of plasma generation and energy losses can prevent 
beam collapse and, hence, radiation filamentation. In particu-
lar,  under  the  present  simulation  conditions  the  dispersion 
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length decreases by more than a factor of 100 because of the 
pulse  self-compression  in  a  filament  and,  according  to  our 
estimates, is at least 1 m in the IR and 0.3 m in the UV. Dis per-
sion-induced broadening has a stronger effect on the filamen-
tation of UV  radiation. According  to numerical  simulation 
results, no UV filamentation occurs  in  collimated  radiation 
with the parameters given in Table 1, but an IR filament does 
form.

Linear  losses,  as well  as  losses  due  to  ionisation  during 
self-focusing,  may  arrest  beam  collapse.  According  to 
numerical simulation results, the loss due to the generation 
of all the plasma in a filament is 4 % and 7 % for weak and 
tight  focusing  of  IR  radiation,  respectively,  and  20 %  and 
40 % for UV radiation. The high relative loss due to ionisa-
tion for UV radiation can be accounted for as follows: The 
total number of free electrons in the plasma, Qe

tot (Table 2), 
and the absolute energy  loss due  to  the  ionisation  in a UV 
filament  are  about  one  order  of  magnitude  smaller  than 
those in an IR filament. At the same time, at a given P/Pcr 
ratio  and  pulse  duration  the UV  pulse  energy  is  35  times 
lower than the IR pulse energy.

As a result, before refocusing occurs the peak axial pulse 
intensity  and  electron  concentration  decrease  significantly 
along  the  filament,  and  the  high  fluence  and  laser-induced 
plasma regions become shorter. A filament of collimated fem-
tosecond radiation is then finite even when there are no linear 
losses in the medium. In a focused beam, the radiation con-
verges  to  the beam axis, maintaining energy  localisation on 
the filament axis to the end of the waist. Subsequent refocus-
ing leads to the formation of a high fluence/electron concen-
tration region beyond the waist of the focused beam. A fila-
ment beyond the focus of a lens was first detected by Lange et 
al. [34].

Graphs of the filament radius rfil versus distance can be used 
to determine the cross-sectional size of the energy localisation 
region. Before filament formation, rfil  is  large and coincides 
with the beam radius. In a filament, rfil drops to 25 – 100 mm, 
depending on beam parameters. The low rfil(z) value obtained 
numerically  beyond  the  filamentation  region  is  the  conse-
quence of the locality of this parameter, which becomes inap-
plicable to a beam profile severely distorted after filamenta-
tion. Figures 2 and 3 present the integral radius rintegr in the 
filamentation  region.  It  considerably  exceeds  the  rfil  at  the 
1/e level because the filament is surrounded by a large energy 
reservoir. The increase in rintegr(z) beyond the filament reflects 
the global radiation divergence beyond the waist of the focused 
beam. Such divergence is particularly large in the case of tight 
focusing [35].

Note that, because of the high energy flux to the propaga-
tion axis due to tight focusing, one of the refocusings in an IR 
pulse has the form of a ring (Fig. 2b, upper panel, z = 470 cm). 
Moreover, as a result of tight focusing the rings resulting from 
the interference of the convergent light with the optical field 
defocused by a self-induced laser plasma [36] remain localised 

near the beam propagation axis  (Fig. 2b, upper panel, z = 
440 cm; Fig. 3b, upper panel, z = 480 – 520 cm).

Quantitative characteristics of filaments and plasma chan-
nels are presented in Table 2. For parameters that vary widely 
along a filament or plasma channel, we indicate their spread. 
It is seen in the first two lines that reducing the distance to the 
linear focus by ten times causes no significant changes in any 
parameters of the IR filament or its plasma channel. The rfil 
and rpl  radii and maximum intensity  in  the  filament change 
very little, whereas the maximum fluence and the linear and 
bulk plasma densities  increase by a factor of 2 – 3. It can be 
stated with certainty that, in the focusing range examined, the 
IR filament and plasma channel parameters are determined 
not so much by geometric focusing as by nonlinear refraction.

At  the  same  time,  in  the  case  of  a  UV  pulse  a  similar 
change  in  focusing  leads  to  significant  changes  in  filament 
and plasma channel parameters. The  radii of  the  structures 
decrease by a factor of two, and the maximum intensity in the 
filament increases by three times. The linear and bulk plasma 
densities increase by one and half orders of magnitude. Thus, 
during UV pulse filamentation the linear focusing effect has a 
considerably stronger influence on the energetic and geometric 
parameters of the filaments and plasma channels.

The difference in the relationship between linear and non-
linear factors for IR and UV pulses is caused by the difference 
between the multiphoton ionisation orders at the wavelengths 
under consideration. Whereas, according to (8), the ionisation 
rate of oxygen molecules, R(1), at 248 nm is proportional to I 3, 
at 800 nm we have R(1) µ I 8 at intensities below 1012 W cm–2. 
At higher intensities, the deviation of the process from multi-
photon ionisation becomes significant, and R(1) decreases some-
what. For the ionisation rate of nitrogen, we have R(2) µ I 4 
at 248 nm and R(2) µ I 11 at 800 nm. The power law behaviour 
of  the  plasma  nonlinearity  as  a  function  of  intensity  has  a 
large exponent. As a consequence, the electron concentration 
increases sharply with increasing intensity along the filament. 
The plasma-induced phase shift varies strongly with time and 
over the cross section of the filament, considerably exceeding 
the geometric/optical phase gradient.  For UV radiation, the 
electron  concentration  is  a  significantly weaker  function  of 
intensity. As a consequence, the gradient of the plasma-induced 
nonlinear phase shift is lower. The geometric/optical focusing 
of UV radiation can have a stronger effect on filament forma-
tion and parameters. The difference in ionisation rate between 
IR and UV radiations has a marked effect on filament param-
eters in the case of weak focusing, where the nonlinearity con-
tribution is more significant.

In  the  case of UV  radiation,  the photoionisation of  the 
medium begins at lower laser field intensities, leading to earlier 
defocusing and, as a consequence, to mild filament formation. 
Because of this, the highest axial intensity is reached behind the 
high fluence region (Fig. 3a), where the focused pulsed radia-
tion  peak  diminishes,  as  does  the  electron  concentration  in 
the  laser-induced  plasma,  responsible  for  defocusing.  As  a 

Table 2. Parameters of filaments and plasma channels of IR and UV pulses for weak and tight focusing.

l/nm  f/m  rfil/mm  rpl /mm  Imax /TW cm–2  Fmax /J cm–2  Ne
max/N0  rlin /cm–1  Qe

tot

800  50  80 – 150  20 – 40  25 – 120  0.5 – 2  1.2 ́  10–3  7 ́  1011  4.6 ́  1013

  5  100  20 – 30  100 – 120  1 – 3.5  2.3 ́  10–3  2 ́  1012      8 ́  1013

248
  50  45 – 100  20 – 30  0.25 – 2.6  0.03 – 0.2      1 ́  10–4  4 ́  1010  4.6 ́  1012

  5  25 – 50  13 – 30  8  0.2 – 0.6      5 ́  10–3  8 ́  1011  9.5 ́  1012

Note.  The filament (rfil) and plasma channel (rpl) radii were determined at the e–1 fluence (F) and plasma density (Ne) levels, respectively.
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result, a balance between the Kerr and plasma nonlinearities 
in the UV filament is reached at a peak intensity (Imax), peak 
electron  concentration  (Ne

max),  fluence  (Fmax)  and  linear 
plasma density  ( rlin) one  to  two orders of magnitude  lower 
than those for IR radiation. Therefore, UV filamentation is 
closer to a guided propagation mode than is IR filamentation.

4. Experimental

Figure  4  shows  a  schematic of  the  experimental  setup. The 
744-nm radiation from a Ti : sapphire laser and its third har-
monic (248 nm) were used to study IR and UV filamentation. 
Convergent beams of 4 mm radius with focal lengths of 110 
and 100 cm at wavelengths of 744 and 248 nm, respectively, 
were formed by spherical mirrors. The pulse duration (FWHM) 
was 100 fs. The linear plasma density rlin was measured using 
a capacitor in the form of two 1-cm-radius hemispheres whose 
centres  lay  on  a  normal  to  the  plasma  channel  being mea-
sured. The gap between the hemispheres was 2 – 3 mm. The 
formation  of  a  plasma  channel  in  a  filament  between  the 
hemispheres  changed  the  capacitance  of  the  capacitor,  and 
the recharge current was measured with an oscilloscope. Since 
the change in the capacitance depended on the electron con-
centration and  the  length and width of  the plasma  channel 
between the spheres, the measured recharge current was pro-
portional to the linear plasma density in the filament.

Figure 5 shows the measured linear plasma density profiles 
along a filament formed near the waist by 744- and 248-nm 

radiations  at  two  pulse  energies.  These  results  demonstrate 
that, with increasing IR or UV pulse energy, the length of the 
plasma channel increases and its front end shifts closer to the 
incident light. The electron concentration in the plasma chan-
nel of  the  IR  radiation  sharply drops behind  the geometric 
focus,  whereas  in  the  case  of  the  UV  radiation  it  extends 
beyond  the  focus  of  the  beam.  The  linear  plasma  density 
profile rlin(z) obtained by numerically solving the system of 
Eqns (1) – (4) with the radiation parameters used in our experi-
ments  agrees  with  the  present  experimental  data.  The  two 
maxima in the linear-density profile obtained numerically for 
the plasma of the IR filament seem to be responsible for the 
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Figure 4. Schematic of the experimental setup:  
( 1 ) laser radiation, ( 2 ) autocorrelator, ( 3 ) energy meter, ( 4 ) beam split-
ters, ( 5 ) attenuator, ( 6 ) lens, ( 7 ) electrodes, ( 8 ) aperture, ( 9 ) oscillo-
scope. The voltage applied to the electrodes is V = 300 V.
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Figure 5. Linear plasma density ( rlin) profiles along the pulse propagation direction. For 744-nm pulses (a, b), the distance to the geometric focus 
of the system was 110 cm; for 248-nm pulses (c, d), the distance was 100 cm (the focal plane is represented by the dashed line). The solid squares 
represent the experimental data and the solid lines represent the simulation results at different initial pulse energies, E.
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local extrema in experimental rlin(z) data. One maximum cor-
responds to the filament start point, and the other coincides 
with the geometric focus of the beam. The profile for the UV 
pulse has only one maximum, near the geometric focus, and 
the plasma channel persists behind the focal plane.

The  differences  between  the  measured  and  simulated 
plasma channel  lengths can be related to the finite aperture 
of  the measuring  capacitor.  The  spatial  resolution  is  deter-
mined by the dimensions of the region whose conductivity has 
a  significant effect on  the capacitance of  the capacitor. For 
the  hemispheres  used,  such  a  region  may  be  several  centi-
metres  in  size,  and  the measurands  are  effectively  averaged 
within it. This may account as well for the fact that the mea-
sured profile  in  the plasma channel of  the IR radiation has 
only one peak.

5. Conclusions

The filamentation of IR and UV femtosecond laser pulses in 
air at a peak power ten times the critical power has been stud-
ied numerically and experimentally for different beam focus-
ing geometries. The results indicate that tight focusing can lead 
to the coalescence of  individual regions of high fluence and 
high  plasma  density  that  result  from  multiple  refocusing, 
whereas in the case of weak focusing such regions are sepa-
rated  in  the  pulse  propagation  direction.  According  to 
Matvienko et al. [37], tight focusing leads to ‘continuous’ fila-
mentation, and weak focusing, to ‘discontinuous’ filamenta-
tion.

The absolute filament length in the case of tight focusing 
is shorter than that in the case of weak focusing. In the case 
of tight focusing, the filament may extend beyond the linear 
focus of the system owing to refocusing over a distance com-
parable to the initial beam waist length.  Because of the large 
energy inflow from the periphery of the beam to the propaga-
tion  axis,  the  rings  of  the  radiation  defocused  by  the  self-
induced laser plasma remain localized near the optical axis of 
the beam.

The differences  in quantitative parameters  between  fila-
ments and plasma channels of IR and UV pulses arise mainly 
from the different dependences of the photoionisation rate of 
gaseous species in air on laser radiation intensity. High pho-
toionisation rates for UV radiation lead to earlier termination 
of  the  self-focusing  process  in  the  case  of  weak  focusing, 
which  results  in  a  lower  laser  field  intensity  in  the  filament 
and a lower free electron concentration in the plasma chan-
nel. The lower multiphoton ionisation order in the case of UV 
radiation  leads  to  a  stronger  effect  of  geometric  focusing 
on  filament  formation  and  facilitates  control  over  filament 
parameters. At a sufficiently tight focusing, the free electron 
concentration  in  the plasma channel of a UV pulse  is com-
parable to parameters of the plasma channel of an IR pulse.  
The present numerical simulation results are consistent with 
our measurements for tightly focused 744- and 248-nm radia-
tions.
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