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Formation of extended plasma channels in a condensed medium
upon axicon focusing of a femtosecond laser pulse

0O.G. Kosareva, A.V. Grigor’evskii, V.P. Kandidov

Abstract. The formation of plasma channels of a femto-
second laser pulse in the bulk of fused silica is studied by
numerical simulation, and the advantages of using a conical
lens (axicon) over conventional parabolic lenses are shown. It
is found that the length of the plasma channel formed with the
help of an axicon exceeds the length of the channel formed
upon lens focusing.
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1. Femtosecond laser pulses with a high peak power offer a
promising means of developing microoptics elements in the
bulk of a transparent medium [1-4]. When a pulse of
energy 0.1—-10 mJ and duration 50-100 fs is focused into
the sample, the peak intensity achieves 10’2 — 10"* W cm 2,
which leads to a multiphoton transition of electrons from
the valence band to the conduction band. After the passage
of the pulse, the electrons return to the valence band,
causing local heating and optical modification of the
material [2].

The possibility of developing optical waveguides in the
bulk of fused silica with the help of femtosecond laser pulses
was shown in [1]. The authors of [3] found that the key
factor in waveguide recording is the radiation focusing
condition in the sample. After the passage of a pulse
focused by a long-focus lens, the molten material in the
region of the laser plasma self-induced by the pulse passes
into the solid state, forming a region with a uniformly
increased refractive index (An ~ 10~* — 1072) of transverse
size 1 -2 pm and a length of several millimetres. The use of a
short-focus lens leads to an increase in the number of free
electrons in the bulk of the sample, to a local destruction of
the material during plasma relaxation, and to a deterio-
ration of the waveguide quality. Thus, the geometry of the
experiment is one of the decisive factors facilitating the
modification of the material in a preset form.

An increase in the length of optical waveguides in the
bulk of transparent solids is provided by displacing the
sample at a laser pulse repetition rate of 1 kHz. The
recording time can be shortened by increasing the length
of the channel formed in a single laser pulse.
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An axicon was used in the experimental work [4] for
increasing the length of the nonlinear optical interaction
while focusing femtosecond subterawatt radiation into a
transparent dielectric target. It can be expected that the
length of the plasma channel in a single pulse will increase
upon axicon focusing, and hence the rate and quality of
recording of optical waveguides will also improve.

This study aims at an analysis of the control over a
femtosecond laser pulse channel in fused silica by varying
the wavefront of the input beam with the help of lenses of
various focal lengths and an axicon. Investigations were
carried out by numerical simulation.

2. Numerical simulation is based on the quasi-optics
equation for a slowly varying electric field amplitude:
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The first and second terms on the right-hand side of
Eqn (1) describe the diffraction and dispersion of input
radiation in fused silica respectively (t =1t —z/vy is the
running time), while the third term described the Kerr self-
focusing and defocusing in self-induced laser plasma. The
fourth term accounts for the loss of energy due to multi-
photon transition of electrons from the valence band to the
conduction band. Here, « is the attenuation factor asso-
ciated with ionisation, @, is the plasma frequency, v, is the
frequency of elastic collisions of electrons with atoms, and
s 18 the laser frequency corresponding to a wavelength
A =800 nm. The rate of increase in the number of free
electrons in fused silica can be described by the equation

O — REP)(No — No) + v, — BNZ. ®

The first term on the right-hand side of this equation
describes multiphoton ionisation according to the Keldysh
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model, the second terms describes the impact ionisation,
while the third term corresponds to recombination of
electrons in triple collisions; Ny = 2.1 x 102 em ™ is the
density of neutral molecules before the passage of a pulse.
The impact ionisation frequency is defined as [5]
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where W, =9 eV is the band gap in silica.

Numerical simulation was performed under conditions
close to the experiment [3], where a pulse of duration 43 fs
and energy 2 pJ was focused at fused silica. The ratio of the
peak power P to the critical power P, =2.6 MW in
fused silica was found to be ~ 17. The initial Gaussian beam
of radius 3.4 mm was focused by the axicon with an apex
angle of 174.28°. Fig. la shows the distributions of free
electron density in the plane [r = (x> + y*)"/2, z] immedi-
ately after the passage of a pulse. The formation of a 2-mm-
long plasma channel in which the electron density is
(4—8)x 103N, can be seen clearly. For comparison,
Figs 1b and 1c show the electron density in channels formed
upon focusing by lenses with F = 6 and 21 cm. In this case,
the geometrical focus lies in the bulk of the sample at a
distance of 1 mm from its surface. Plasma channels obtained
as a result of numerical simulation match qualitatively the
experimentally recorded zones of local increase in the
refractive index which were recorded experimentally with
the help of a microscope [3] for different focal lengths of the
lenses.
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Figure 1. Spatial distribution of free electron density after the passage of
a femtosecond pulse in the bulk of fused silica. The pulse propagates
from left to right, z = 0 corresponds to the input surface of the sample,
the vertical line shows the position of the geometrical focus (Fig. la
corresponds to an axicon with a base angle 2.86°, Figs 1b and ¢
correspond to lenses with focal lengths 6 and 21 cm, respectively).

An increase in the focal length of a lens leads to an
increase in the length of the plasma channel and a decrease
in the region of transverse plasma distribution. However,
the longest and narrowest plasma channel was obtained as a
result of focusing by the axicon. Figure 2 shows the lengths
of plasma channels formed by focusing with the help of
different lenses and the axicon. It should be observed that a
further increase in the focal length of a conventional lens
leads to a refocusing of radiation and a nonuniform
distribution of electron densities in the channel.
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Figure 2. Dependence of the plasma channel length (recorded at a level
20 % of the highest electron density in the sample) on the focal length of
the lens. The horizontal line in the figure shows the length of the most
homogeneous region of the axicon channel (z < 1050 pm) in Fig. la.

Thus, the fact that the axicon channel is the longest and
the narrowest suggests that the conic lens is a promising tool
for recording of optical waveguides.
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