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FILAMENTATION LENGTH OF HIGH-POWER SHARPLY FOCUSED FEMTOSECOND
LASER RADIATION IN AIR

The results of the laboratory experiments on measurements of length and position of filamentation zone of femto-
second laser GW radiation at the wavelengths of 800 and 400 nm with millimeter-sized aperture propagating in air under
the conditions of sharp external focusing are presented. The dependences of length of the radiation filamentation zone on
its initial radius and power are studied. Qualitatively new regularity is obtained, which consists in invariance of the ob-
served length of the beam filamentation zone with respect to variation of its diameter with the assumption of equality of
the initial intensities. The regularity is not characterized for collimated radiation and connected with geometrical focusing
dominance over Kerr self-focusing of the beam during filament formation.
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The propagation of femtosecond laser GW radiation in air is accompanied by the phenomenon of the
light beam filamentation. Visually filamentation manifests itself in the form of a thin luminous filaments
plasma channels generated by optical filaments in the propagation medium. Spatio-temporal localization
of energy in these pulses filamentation in gases and transparent dielectrics is accompanied by the genera-
tion of plasma channels, conical emission, the formation of supercontinuum radiation, as well as strength-
ening of the nonlinear optical interaction of laser radiation with the medium. The unique properties of
filamentation give entirely new possibilities for the use of femtosecond laser technologies in various
fields of activities [1, 2]. In the problems of atmospheric optics interesting opportunity of wiring lightning
strikes on a given path through the creation of extended ionized channels – filaments, significantly ex-
pands the opportunity to probe the atmospheric parameters of the so-called white light lidar. In addition,
the studies of the filamentation tightly focused laser beams from the point of view of establishing the in-
fluence of the geometrical focus and Kerr self-focusing on the spatial characteristics of the filaments are
of special interest [3, 4].

The experiments on the filamentation of light were performed in the laboratory of the Institute of
Automation of Controlling Systems of Dalnevostochny Federal University RAS in collaboration  with the
Institute of Atmospheric Optics RAS. In the experiments the radiation of Ti: Sapphire-laser with a pulse
duration of 45 fs of GW power in the primary (800 nm) and the second harmonic (400 nm) focused by
means of  lens having a focal length f = 200 mm in the air was used. The structure of the experimental
stand schematically is shown in Fig. 1.
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Fig. 1. Schematic of the experiment: 1 – a laser system (Spitfire Pro40F, Spectra Physics); 2 – Attenuator;
3, 9, 10 – revolving plate; 4 – autocorrelator (PSCOUT PL-SP-LF, Spectra Physics); 5 – harmonics trans-
former (β-BaB2O4); 6 – a telescope with a lens = 500 mm (7) and (8) C–250 mm; 11 – the energy meter
(Spectra Physics 407A); 12 – aperture = 2,5 mm; 13 – meter beam profile (Newport LBP-HR); 14 – focus-
ing lens f = 200 mm; 15 – CCD-camera («videoskan-285/P-USB»); 16 – camera (Sony DSC-F828); 17 –
linear polarizer (LPVIS100, THORLABS); 18 – screen, 19 – filamentation region.

The registration of plasma filaments was carried out at the same values of the energy and power of
the laser pulse for different beam diameters. The main objective of the experiments was to obtain experi-
mental data on the possible dependence of the length and position of the zone of the filament tightly fo-
cused femtosecond pulses on an initial size of the beam. To achieve this goal side photographic of fila-
mentation zone was carried out using of CCD-camera. This zone presents a luminous thread-or spindle-
shaped area located near the geometric focus of the lens. This emission is associated with the plasma for-
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mation in the channel and is due to fluorescence of nitrogen ionized by intense optical field pulse, and
thus can be considered as an indicator of radiation filamentation. The very intensity of fluorescence is
proportional to the number of free electrons formed during the laser pulse in the channel of the beam in
the ionization of the gas molecules. Sample image of zone filamentation beams of various sizes on two
harmonics of Ti: Sapphire-laser, recorded near the focus of the lens is shown in Fig. 2.

  а

  b

  c

  d

  e
Fig. 2. Images of the filamentation of radiation with λ0 = 800 nm and P0 = 30 GW (a, b, c); 400 nm
and P0 = 8 GW (d, e), obtained at the CCD-matrix. The initial diameter of the laser beam was: d0 =
= 2,5 (a) 4,5 (b, d) and 9 mm (b, d). Frame in the lower right corner on the last two frames shows
the position of the geometrical focus.

The figure shows a tendency to shortening of filamentation with increasing the diameter of the light
beam at a constant of its initial capacity. This trend is observed for both spectral bands of radiation. In
addition, increasing the size of the beam increases the transverse dimension (width) and brightness of il-
lumination, and it shifts to the geometric focus of the lens.

The results of experimental measurements of the length of the filamentation of the radiation power is
shown in (Fig. 3), from which it follows that the length of the filamentation increases monotonically with
increasing intensity of the laser pulse, reaching a value of about 5 cm for the narrowest of the beam used
in the experiments (diameter source beam of 9 mm). Angle dependence decreases with increasing size of
the light beam and a wide beam (d0 = 9 mm) filament length parameter slightly varies with laser power.
Small and almost constant size recorded plasma region (~ 1–1,5 cm) at a sufficiently high power pulse on
both harmonics may indicate a change of regime of propagation and realization of optical breakdown in
the focal beam waist.

0 20 40 60 80 100 120 140
0

10

20

30

40

50 d0 = 2.5 mm
4.5 mm
7 mm
9 mm

L fil
, m

m

P0 , GW
     

0 5 10 15 20 25 30 35
0

10

20

30

40

50 d
0
 = 2.5 mm

4.5 mm
7 mm
9 mm

L fil
, m

m

P0 , GW

Fig. 3. Dependence of the length of the filamentation on the peak radiation power for λ0 = 800 nm (a)
and 400 nm (b); bar – approximation.

The dependence of the length of the filamentation on the laser pulse intensity for different sizes of
beams is shown in Fig. 4 and differs from dependence on the power. Practically For all diameters experi-
mental values of the filament length «pulled together» in a curve that is well described by a linear de-
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pendence of the length of the optical breakdown near the geometric focus, without taking into account the
nonlinear self-focusing of the beam.
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Fig. 4. The dependence of the length of filamentation at different peak pulse intensity
λ = 800 nm); bar - approximation, solid line - numerical calculation [4].

The same trend is observed for the dependence of the distance on the focusing lens up to the begin-
ning of the filament length of the so-called «self-focusing». This is presented in Fig. 5.
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Fig. 5. Dependencies of start position filamentation (positions nonlinear focus) on the
intensity of the laser pulse with a wavelength of 800 nm, for beams with different di-
ameters.

The figure shows that for all beam diameters the measured distance to the start of the plasma column
is well described by the curve calculated by the formula derived from the laws of geometrical optics,
without taking into account focusing in a medium with cubic nonlinearity Z = f(1 – (I0/Ith)1/2) (1), where Z
– the distance from the lens to the beginning of the filament, I0 – initial pulse intensity, Ith – the threshold
intensity of multiphoton ionization of air (the best agreement with the experimental data obtained by Ith =
= 1,33⋅1013 W/cm2). It should be noted that in the experiments of broadening the spectrum of the radiation
is associated with the phase modulation of the light wave [6], as well as substantial asymmetry of ob-
served plasma channel relative to the geometric focal point (Fig. 2) indicates that, in these experiments
filamentation of the laser beam is observed.

In summary, the results of the laboratory experiments on measurements of a length and the position
of filamentation zone of femtosecond laser GW radiation with millimeter-sized diameter aperture propa-
gating in air under the conditions of sharp external focusing suggest the detection of at least two wave-
lengths qualitatively new and not previously mentioned in the literature of the laws, namely the invari-
ance of the observed length of the glow (filamentation) in relation to the diameter of the beam under  the
condition of the same peak intensity. The specified pattern does not result from the theory of stationary
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self-focusing of a collimated or weakly focused radiation and is explained by mainly the linear nature of
the transverse compression of the light beam to the nonlinear focus.
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