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ABSTRACT Ti:sapphire femtosecond laser pulse filamentation in competition with op-
tical breakdown in condensed matter is studied both experimentally and numerically
using water as an example. Strong random deflection and modulation of the supercon-
tinuum under tight focusing conditions were observed. They manifest the beginning
of the filamentation process near the highly disordered plasma created by optical

breakdown at the geometrical focus.

PACS 52.38.Hb; 42.65.Jx; 42.65.Tg; 33.80.Wz; 52.35.Mw

1 Introduction

Recently, it became possible
to write waveguides inside optical ma-
terials using infrared femtosecond laser
pulses [1-4]. For the successful tech-
nological development of writing such
kinds of waveguides towards a use in
integrated optics, it is important to un-
derstand the interaction between a fem-
tosecond laser and different optical ma-
terials. Laser induced optical break-
down and laser pulse filamentation are
the main non-linear processes during
waveguide writing.

Filamentation usually occurs during
the propagation of a powerful ultrashort
laser pulse in all kinds of optical ma-
terials such as gases, liquids and solids
(e.g. [5-13]). It is the result of a bal-
ance between a number of non-linear
processes, mainly the Kerr self-focusing
of the laser pulse and the defocusing
effect of the plasma generated at high in-
tensities in the self-focal region due to
multiphoton/tunnel ionization in gases
or multiphoton excitation of electrons

to the conduction band in condensed
matter. The filamentation process is
accompanied by a strong broadening
of the laser spectrum, which can ex-
tend from the near-infrared to the vis-
ible, due to self-phase modulation and
self-steepening [14, 15]. This is called
a super-continuum (SC) [16] or white-
light laser [17].

The plasma density needed to bal-
ance the self-focusing was found to
be much lower than the material dens-
ity [18]. However, such a weak plasma
already changes the refractive index of
the optical material, resulting in the fil-
amentation process, but avoids damage
inside the condensed matter. In contrast,
optical breakdown appears to be due to
multiphoton and avalanche ionization
induced by the laser under tight focusing
conditions and the breakdown plasma
is usually so strong that real damage
to the material occurs. Thus, the fila-
mentation process seems to potentially
open a more promising way to write
high-quality waveguides than optical
breakdown.

b0 Fax: +1-418/656-2623, E-mail: wliu@phy.ulaval.ca

Laser-induced breakdown produced
by femtosecond pulses in water has been
discussed in several papers (e.g. [19—
23]). In particular, these works address
experimental and theoretical studies of
the breakdown threshold dependence
on the pulse duration, energy, wave-
length, geometry of the experiment
and additives in the sample. Accord-
ing to [19,20], the optical breakdown
in water can be identified as the ap-
pearance of the residual bubbles that
takes place when the free electron dens-
ity reaches approximately 10'8 cm™3.
Time-resolved shadow imaging of the
breakdown-induced refractive index
modifications in water indicates the
presence of filamentation [23]. The
authors of [23] briefly mention the pres-
ence of randomly distributed white light
spots over the transverse beam pro-
file, which is evidence of the spec-
tral broadening of a 100-fs laser pulse
in water. At the same time, the in-
vestigation of the joint manifestation
of such non-linear processes as self-
focusing and multiphoton ionization
continued by avalanche ionization in
the course of geometrical focusing of
a femtosecond pulse into the water cell
has not been presented in the literature
so far.

We have studied both experimen-
tally and numerically the competition
of laser-pulse filamentation and laser-
induced optical breakdown in water as
an example of condensed matter under
different focusing conditions. The de-
tailed results will be given elsewhere.
In advance, we report in this short com-
munication the observation of a strong
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deflection and modulation of the white-
light beam, which characterizes the ap-
pearance of the filament near the strong,
highly disordered optical breakdown
plasma.

2 Experimental set-up and

results

The experimental set-up is
schematically illustrated in Fig. 1. The
laser pulses were generated by a chirped-
pulse-amplification (CPA) Ti:sapphire
laser system, which included a Ti:sap-
phire oscillator (Spectra Physics Maitai,
300 mW, 80 MHz) followed by a CPA
regenerative amplifier (Spectra Physics
Spitfire) at 1kHz repetition rate and
a compressor. The laser pulses centered
at 1o = 810 nm with 45-fs pulse dura-
tion (FWMH, measured by a Positive
Light single shot auto-correlater) and
a beam diameter of 5mm (1/e?). The
beam was focused by a microscope ob-
jective into a glass water cell of 2.cm
in length as well as in diameter, while
the windows of the cell were 1 mm
thick. The geometrical focus was lo-
cated at the center of the cell. In the
forward direction, the generated white-
light beam was collected by two lenses
(both with f = 6 cm) onto a photodiode
(PD). The signal of the photodiode was
observed on an oscilloscope. A Bgl2

blue filter and a 0° incident angle di-
electric mirror (with ~ 100% reflectiv-
ity around 800 nm) were used in order
to filter the strong laser spectrum and
the optical breakdown spectrum around
810 nm.

We used two microscope objectives
with focal lengths of f = 16.9 mm and
f =30.8mm. The laser input energy
was chosen to be 3.0 wWJ, which was
found to be equal to the threshold for
laser-pulse filamentation and supercon-
tinuum generation for the f = 16.9 mm
microscope objective, but to exceed the
respective threshold for the longer fo-
cal length (2.3 wJ). We further observed
at this input energy for both microscope
objectives the appearance of a strong
optical breakdown at the geometrical fo-
cus. Note that the glass window of the
water cell did not influence the beam
propagation significantly. It has been
shown [24] for similar input parame-
ters that laser-beam filamentation and
strong ionization within a 1 mm glass
plate occurs only when the beam ra-
dius does not exceed 30 uwm. In the
present experiment, the minimum beam
radius at the entrance of the window was
812 wm and, hence, far above this limit.
The influence of the glass window on
the results presented below is therefore
negligible.
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FIGURE 1 The experimental set-up
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FIGURE 2 Oscilloscope signal at an input energy of 3 uJ for microscope objectives with focal lengths

f=230.8mm (a) and f = 16.9 mm (b)

The signals detected on the oscil-
loscope for (a) the f =30.8 mm mi-
croscope objective and (b) the f =
16.9mm microscope objective are
shown in Fig. 2. The signals strongly
differ in their appearance frequencies.
While for the longer focal length the
frequency equals 1 kHz, corresponding
to the laser repetition rate, it drops to
less than 20 Hz for the microscope ob-
jective with the shorter focal length.
In the latter case, we further observed
by eye during the experiment a ran-
dom appearance of the SC white-light
beam at cone angles of up to +40°
with respect to the laser propagation
direction. We characterize this obser-
vation as a jumping or moving white-
light behavior. When the SC occurs ran-
domly at different angles, it will hit the
small opening of the photodiode very
rarely, as detected on the oscilloscope
(Fig. 2b). We also used a large-detector-
area (8.8 mm x 6.6 mm) CCD camera to
record all the moving white-light shots.
The camera worked at 25 frames per
second and could be video triggered.
During a period of 5 min, 54 shots were
recorded, and 253 shots were recorded
in 30 min. The jumping behavior of the
white-light beam was further accom-
panied by a random distribution of the
color components inside the SC.

3 Numerical simulations

In order to provide an expla-
nation of the moving white-light be-
haviour, we performed numerical sim-
ulations for the non-linear laser beam
propagation in water. Our theoretical
model was based on the wave equa-
tion for the slowly-varying-envelope ap-
proximation coupled to the equation for
the free-electron density. A similar sys-
tem of equations was used earlier for
the description of the filamentation in
air [25]. Assuming propagation along
the z-axis with group velocity v, the
electric field envelope E(r, z, t) is deter-
mined via the equation
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where the first and the second terms on
the right-hand side describe diffraction
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and group velocity dispersion. The non-
linearity is given by the instantaneous
Kerr contribution
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and the plasma contribution
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Here, E is the electric field ampli-

tude, w is the laser central frequency,
2 471@2Ne .

wp = T s the plasma frequency

and N,(r, z, 1) is the free-electron dens-

ity, determined by
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with the density of neutrals N, =
3.3 x 1022 cm™ and the avalanche ion-
ization frequency v; = ngvc-
Wy = 6.5V is the band gap energy and
Ve = N,ve0, is the electron collision fre-
quency with the root-mean-square elec-
tron velocity v, and the electron colli-
sion cross section o, = 10~ cm? [26].
m and e are the electron mass and
charge, respectively. The optical-field-
induced ionization rate R(| E|?) depend-
ing on the light intensity is calculated
according to [27]. The radiative elec-
tron recombination coefficient is given
by [26]:

8.75 x 1077

55— Ne lem?/s],
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where T is the electron temperature in
the laser-produced plasma in eV. The
last term on the right-hand side of (1)
describes the energy losses due to elec-
tron transitions to the conduction band.
a is the energy-loss coefficient due to
multiphoton ionization. The group vel-
ocity dispersion coefficient was k, ~
5x10728s2/cm [28]. The non-linear
refractive index coefficient was calcu-
lated from the critical power for self-
focusing obtained from the experiment
asny, =2 x 10719 cm?/W [10].

In the simulations, the parameters
and the geometry of the propagation
were chosen to correspond to those used
in the measurements. The pulse at the
entrance to the water cell was chosen
to be Gaussian in space and time with

a pulse length of 45 fs (FWHM). Lin-
ear propagation in air was assumed and
the focal distance in water was chosen as
1 cm.

The results of the simulations for an
initial pulse energy of 3.0 uJ and fo-
cal distances of (a) f = 30.8 mm and
(b) f =16.9 mm, as in the experiment,
are presented in Fig. 3. The upper plot
in each panel shows the change of the
fluence distribution with distance, while
the lower plot shows the change of the
electron density as a function of the pos-
ition along the water cell with respect to
the geometrical focal point at 0 mm.

W =3ud, f=30.8 mm

At the beginning of the water cell,
the propagation of the pulse is mainly
defined by the geometrical focusing. As
the pulse approaches the geometrical
focus, self-focusing starts to contribute
to the pulse transformation. The flu-
ence distribution in the plane {r, z} has
a sickle-shaped structure with the first
maximum located in the non-linear fo-
cal position 7/, calculated for the focused
beam undergoing self-focusing [29].
This indicates the start of the area with
the large value of fluence and we will
refer to this area with z > z}- as to the
filament.
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FIGURE 3 The simulated evolution of the fluence distribution (upper plots) and the electron density
distribution (lower plots) as a function of the propagation axis z in the water cell. The geometric fo-
cus position (z = 0.0 mm) is indicated by the vertical solid line. The initial pulse energy is W =3 pJ.
The interval between the electron density contours in a and b is AN, = 0.002N,. a The focal length
of the lens is f = 30.8 mm, the maximum electron density is Ne max = 0.012N;; and b f = 16.9 mm,

Ne max = 0.025N,
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In the case of a lens with the fo-
cal lens f =30.8mm (Fig.3a), self-
focusing essentially contributes to the
spatial-temporal contraction of the
pulse. The non-linear focus position
z =z} and the geometrical focus z =0
are well separated, a stable plasma chan-
nel for the filament starts to be formed.

For the shorter focal length lens f =
16.9 mm (Fig. 3b), the major contribu-
tion to the pulse contraction is due to the
geometrical focusing, and the plasma
formation is governed by the geometri-
cal convergence of the whole beam. The
separation between the non-linear focus
position z = z} and the geometrical fo-
cus position z = 0 is smaller in compari-
son with the focal lens f = 30.8 mm.

The transverse size of the fluence
and the plasma increases with decreas-
ing geometrical focal length. For f =
30.8 mm, this transverse size defined
at the level 1073N, is 1lpum (z =
—0.18 mm, Fig.3a) while for f =
16.9mm it is 14 um (z = —0.06 mm,
Fig. 3b). The essential difference is in
the maximum electron density value,
which is 0.025N, for f = 16.9mm
and two-times lower for f = 30.8 mm.
For both geometrical focal lengths, the
electron density maximum is attained
right before the geometrical focus at
z~ —0.04mm in Fig.3a and at z =~
—0.003 mm in Fig. 3b.

Let us now compare our simula-
tion results with the results obtained
from a model based on a similar sys-
tem of equations for pulse propaga-
tion and plasma generation [21], except
that the optical-field induced ionization
in [21] is described by a power law,
while we used an ionization rate [27].
The input pulse parameters in [21] differ
from ours; the input pulse duration was
200 fs, the wavelength 580 nm, the ratio
f/d ~ 70 and the ratio P/Pgi ~1 (P
is the input pulse peak power and P
is the critical power for self-focusing in
water) instead of 45 fs, 810 nm, f/d ~
3.4-14 and P/P, ~ 15 used in this
paper. Although quantitative compar-
ison is hard to do, the peak inten-
sity reached in [21] is 6 x 102 W /cm?,
which is in reasonable agreement with
our peak intensity of 2 x 1013 W/cm? at
P/ P.i = 1, bearing in mind the shorter
pulse duration and the higher multi-
photon ionization threshold due to the
longer laser wavelength in the present
paper. Also, our simulations show qual-

itatively the same main features for the
spatio—temporal dynamics of the pulse,
which is typical for a medium with
self-focusing, ionization and group vel-
ocity dispersion, namely the formation
of a sharp peak in the front, divergence
of the pulse part following the lead-
ing peak, and pulse splitting. At the
same time, we found that this dynamics
crucially depended on the geometrical
focusing conditions and pulse energy.
A detailed study of this dependence will
be presented in the longer publication.
The change of the fluence and the
corresponding plasma distribution with
the change in the focal length of the
lens demonstrates the joint manifesta-

W =3 ud, f=30.8 mm

tion of the filamentation and optical
breakdown for different geometries of
the experiment. Tight focusing leads
to large transverse and small longitu-
dinal sizes of the fluence and plasma
in combination with high values of the
maximum electron density. To the con-
trary, weaker focusing leads to smaller
transverse, but larger longitudinal sizes
of the fluence and the plasma, i.e. the fil-
amentation is more pronounced. At the
same time, the values of the maximum
plasma density are lower.

In Fig. 4 we present the transverse
distributions of the laser intensity in
the leading (dashed curves) and trail-
ing parts (solid curves) of the pulse for
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FIGURE 4 The simulated transverse intensity distributions in the vicinity of the geometrical focus.
For both panels, the dash—dotted line is the intensity at the front of the pulse, and the solid line is the
intensity at the back of the pulse. The slice in the front of the pulse is chosen so that the pulse intensity
takes its maximum at this retarded time moment. The slice at the back of the pulse is separated from
the front slice by the time interval 1.17¢ for both panels (a) and (b). The geometrical focal position is at
z=0.0mm, Iy = 102 W/cm?.a f =30.8mm, z=—0.12mm; and b f = 16.5 mm, z = —0.05 mm
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(a) f =30.8mm and (b) f = 16.9 mm.
In the front of the pulse, the intensity
maximum is on-axis, while at the back
of the pulse a ring structure is created,
which essentially contributes to the gen-
eration of the supercontinuum [30-32].
For the shorter focal length (panel b)
a strong convergence of the beam takes
place and the ring structure is more in-
tense than for the f = 30.8 mm focal
length.

We are now in a position to explain
the moving white-light spot, which we
observed for the short-focal-length lens
(f = 16.9mm). The white light is gen-
erated due to self-phase modulation
in the plasma [25] at the back of the
pulse following the high-intensity front,
which creates the plasma at the geomet-
rical focus. Therefore, it is this plasma
at the geometrical focus that can de-
flect the white light from its forward
propagation.

Our simulations show that at the ge-
ometrical focus, the high electron dens-
ity (> 10 cm™3) produced by a 3 pJ
pulse focused with a 16.9 mm lens is
mainly due to the contribution from
avalanche ionization (i.e. the second
term in (4)), while electrons generated
by multiphoton ionization constitute ap-
proximately one sixth of the total elec-
tron density only. We may therefore
refer to the plasma near the geometri-
cal focus as the optical breakdown (OB)
plasma.

The simulations further show that
the shorter the focal length, the larger is
the transverse size of the OB plasma. In
the experiment, due to fluctuations in the
input pulse intensity and energy from
shot to shot, this transverse area is un-
stable with respect to the initial localiza-
tion of the plasma formation. Thus, the
large transverse size and the instability
of the OB plasma lead to a random devi-
ation of the white-light beam in the case
of the short focal length ( f = 16.9 mm),
which is manifested by a decrease in the
repetition rates of the white-light signal
(Fig. 2b), the appearance of the jump-
ing behavior of the white light and the
random color distribution inside the SC,
as observed in the experiment. Note that
numerical simulations of the jumping

white-light phenomenon is a challeng-
ing task, because cylindrical geometry
and paraxial approximation do not work
in this situation. Therefore, we have to
limit ourselves here to this qualitative
explanation.

In the case of the longer geometri-
cal focal length, our simulations show
that the transverse size of the OB plasma
is smaller. The self-focusing, which has
a larger effect on propagation in the
case of longer geometrical focus, drives
in this case the initial localization of
the plasma towards the beam axis. The
white light is generated along the com-
paratively long filament and deflected
at a small constant angle only. Experi-
mentally, we consistently observed the
forward propagation of the white-light
pulse (Fig. 2a).

4 Conclusion

We have investigated both
experimentally and numerically the cre-
ation of a filament in a femtosecond
laser pulse focused in water, as an ex-
ample of condensed matter. We ob-
served the appearance of a randomly
distributed white-light beam as a char-
acteristic signature for the appearance of
filamentation and supercontinuum gen-
eration near the breakdown plasma at
the geometrical focus.
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