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ABSTRACT The competition between femtosecond laser pulse
induced optical breakdown and femtosecond laser pulse fila-
mentation in condensed matter is studied both experimentally
and numerically using water as an example. The coexistence of
filamentation and breakdown is observed under tight focusing
conditions. The development of the filamentation process from
the creation of a single filament to the formation of many fil-
aments at higher pulse energy is characterized systematically.
In addition, strong deflection and modulation of the supercon-
tinuum is observed. They manifest themselves at 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

The femtosecond laser has attracted much atten-
tion because of its wide potential applications. For example,
in recent years, it has been reported that it is possible to write
wave guides inside optical materials using an IR femtosecond
laser [1–4]. Successfully writing such kinds of wave guides
would impact upon the development of integrated optics. In
contrast, the process during the interaction between the fem-
tosecond laser and the material is not completely understood.
Before, laser induced optical breakdown (OB) was thought to
be the main contribution to the wave guide writing. But the
breakdown plasma is so strong that it would induce real dam-
age inside the material.

On the other hand, during the propagation of an ultra-
short laser pulse in an optical medium, filamentation usually
occurs, and has been observed in all kinds of optical materi-
als, gases, liquids and solids (e.g. [5–13]). The filamentation
is mainly the result of the balance between self-focusing of
the laser pulse and the defocusing effect of the plasma gen-
erated at high intensities in the self-focal region. This plasma
forms as a consequence of multiphoton/tunnel ionization (in
gases) or multiphoton excitation of electrons from the valence
to the conduction bands (in condensed matter). The filamen-
tation process is accompanied by a broadening of the laser
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spectrum, as well as conical emission due to self-phase mod-
ulation and self-steepening [14, 15]. The spectrum can extend
from the near infrared to the visible and is called the supercon-
tinuum (SC) [16] or white light laser [17]. Due to its wide
range of possible applications [18], the phenomenon has at-
tracted much attention during recent years (e.g. [9, 12, 19–
22]). Previous work has shown that in gases the plasma dens-
ity needed to balance the self-focusing is much lower than
the material density [23]. Later in this paper the simulation
also gives the same result for water as an example of con-
densed matter. Once the balance is achieved, the maximum
intensity inside the filaments becomes constant [13, 24, 25]. In
condensed matter only a weak plasma is required to change
the refractive index, but such a plasma is also necessary to
avoid real damage [3, 4]. So filamentation has been thought
to be a way to write wave guides and seems to produce
better quality than using breakdown [3, 4]. Thus it is neces-
sary to clarify the formation conditions of filamentation and
breakdown.

In this article we will show that not only breakdown, but
also filamentation, may occur in water under conditions simi-
lar to those for writing wave guides in glasses. It is possible to
pass from filamentation without breakdown, through filamen-
tation with breakdown, to breakdown without filamentation
by changing the focal length and input energy.

2 Experiments

The experimental set-up is schematically illus-
trated in Fig. 1. The laser pulses were generated by a chirped-
pulse-amplification (CPA) Ti:sapphire laser system, which
includes a Ti:sapphire oscillator (Spectra Physics Maitai,
300 mW, 80 MHz), followed by a CPA regenerative ampli-
fier (Spectra Physics Spitfire), at 1 kHz repetition rate, and
a compressor. The generated laser pulses were centered at
λ0 = 810 nm with a 45 fs (FWMH) pulse duration and a beam
diameter of d = 5 mm (1/e2). The input pulse energy was con-
trolled by a half-wave plate, which was located before the
compressor. The laser pulse was focused by a microscope
objective into a glass water cell. A series of microscope ob-
jectives (see Table 1) was used to vary the focal length in our
experiment. Table 1 also shows the ratio F = f/d of the focal
length f and the input beam diameter d. The water cell was
2 cm in length and 2 cm in diameter, while the windows of the
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FIGURE 1 The experimental setup

Microscope objective 1× 2.5× 4× 6.3× 10× 16×

Focal length f (mm) 73.5 43.1 30.8 22.5 16.9 10.8
F = f/d 14.7 8.6 6.2 4.5 3.4 2.2

TABLE 1 Focal lengths of the microscope objectives used in the experi-
ment

cell were 1 mm thick. The geometrical focus was located at
the center of the cell.

Two detection systems were used to monitor the signals
from the geometrical focus, one in the forward direction and
one from the side. The breakdown plasma causes a strong
scattering of the laser light from the geometrical focal re-
gion. We therefore imaged the geometrical focus from the side
using a f = 10 cm lens onto a photodiode (PD2) to observe
the scattered light. We carefully checked and found that the
light scattered by the plasma inside the filaments was too weak
to be recorded by PD2. Thus the PD2 signal only manifested
the appearance of OB. Independently, the appearance of op-
tical breakdown was also determined by an infrared viewer,
which detected strongly scattered IR laser light when break-

FIGURE 2 Threshold energies for supercontinuum generation (SC, filled

circles) and optical breakdown (OB, open squares)

FIGURE 3 The laser spectrum with (solid line) and without (dotted line)
optical breakdown measured at an input pulse energy of 4 µJ for a 16×

micro objective ( f = 10.8 mm, F = 2.2). Dashed line: the simulated spec-
trum obtained for an input pulse energy of 3 µJ and focal length f = 16.9 mm
(F = 3.4). The simulated spectrum is integrated over the whole transverse
aperture. Propagation distance z = −0.035 mm from the position of the ge-
ometrical focus in the water cell

down occurred. When there was only filamentation, nothing
could be seen through the viewer. (Incidentally, this latter ob-
servation also indicates that the electron density inside the fil-
ament is much weaker than that inside a breakdown plasma.)
The results of both observations were in agreement: whenever
we saw scattered laser light at the geometrical focus through
the infrared viewer, we also observed the signal from the PD2
via the oscilloscope.

We firstly measured the thresholds for filamentation and
OB for the whole series of microscope objectives. In the
forward direction we used a white screen to determine the
appearance of filamentation. Note that filamentation is ac-
companied by SC, which can easily be seen as a white light
spot on the screen by eyes [13, 26]. We increased the laser
energy from the minimum upwards. The thresholds are plot-
ted in Fig. 2 as a function of the focal length of the micro-

FIGURE 4 The transmission spectra of the 800 nm mirror (solid line) and
the Bg12 filter (dashed line)
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FIGURE 5 Typical supercontinuum spectrum in water. Experiment (solid

line), simulations (dashed line). In the simulations the input pulse energy
was 3 µJ and the focal length was f = 73.5 mm (F = 14.7). The spec-
trum is integrated over the whole transverse aperture. Propagation distance
z = −0.66 mm from the position of the geometrical focus in the water cell

scope objectives (SC: filled circles, OB: open squares). For
the shortest focal lengths (10.8 and 16.9 mm), the threshold
for OB was found to be below the minimum input laser en-
ergy of 0.04 µJ, and so the results for these objectives are not
presented in Fig. 2. Also, not shown in Fig. 2 is the point for
SC at f = 10.8 mm, since we did not observe SC generation
up to the maximum input laser energy of 4 µJ. We restricted
ourselves to this upper limit of 4 µJ in view of possible dam-
age of the microscope objectives at high laser energies. When
only OB set in without SC, we measured the output laser spec-
trum in the forward direction by using an Ocean Optics S2000
fiber spectrometer. The spectrum is shown in Fig. 3 (solid
line) together with the input laser spectrum (dotted line). The
spectrum with OB is broader than the input laser spectrum.

Furthermore, in the forward direction, instead of using
the screen, the light was collected by two lenses (both with
f = 6 cm) onto a detector (c.f. Fig. 1), which was either
a photodiode (PD1) or a large detection area CCD camera
(8.8 mm × 6.6 mm). The video signal of the CCD camera
was recorded by a computer via a LPA-300 capture card,
while the signal of the photodiode was observed on an os-
cilloscope. A Bg12 blue filter and a 0◦ incident angle dielec-
tric mirror (with ∼ 100% reflectivity around 800 nm) were
used in front of the PD1 or the CCD camera. The transmis-
sion spectra of both the optical elements are shown in Fig. 4.
The blue filter has a transmission spectrum from 315 nm
to 525 nm with a maximum efficiency at 400 nm and the
maximum reflection (up to 99.95%) of the mirror was near
800 nm. A typical supercontinuum (SC) spectrum is shown
in Fig. 5 as a solid line. It extends from about 365 nm to
above 1000 nm and is much broader than the optical break-
down spectrum (Fig. 3, solid line). Due to intensity clamping
inside the filaments, the broadening of the SC spectrum was
constant for laser input powers above the threshold power
for filamentation [13]. Comparison of the spectra in Fig. 3
and Fig. 5 with the transmission spectra in Fig. 4 shows that
the introduction of these optical elements is sufficient to fil-

FIGURE 6 Oscilloscope signal at an input energy of 3 µJ for different
micro objectives, namely a 1×, b 4×, and c 10×
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FIGURE 7 Averaged energy in the supercontinuum spectrum as a function of the focal length, measured via the oscilloscope, at various input energies:
a 0.2 µJ, b 1.6 µJ, c 2.4 µJ, and d 3.0 µJ

ter both the strong laser spectrum around 800 nm and the
OB spectrum.

We present in Fig. 6 the signal detected with the pho-
todiode PD1 (c.f. Fig. 1) and recorded by an oscilloscope
at an input energy of 3.0 µJ for different microscope objec-
tives, namely (a) f = 73.5 mm (1×), (b) f = 30.8 mm (4×)
and (c) f = 16.9 mm (10×). The signals differed for all the
three cases investigated: for the longest focal length (panel a)
an average signal of 30 mV was observed, while the signal
remained at about 1 mV for both the shorter focal lengths
(panel b and c). On the other hand, the frequency at which
the signal appeared was equal to 1 kHz, corresponding to the
repetition rate of the laser, for the 1× and 4× microscope
objectives, but it dropped to less than 20 Hz for the 10× mi-
croscope objective. In addition, during the experiment with
the 10× microscope objective, we observed by eye a random
appearance of the SC white light beam at cone angles of up
to ±40 degrees with respect to the laser propagation direc-
tion. We characterize this observation as a jumping or moving

white light behavior. When the SC occurs randomly at differ-
ent angles, it will hit the small opening of the photodiode very
rarely, as observed on the oscilloscope (Fig. 6c). We further
observed that the jumping behavior of the white light beam
was accompanied by a random distribution of the color com-
ponents inside the SC spot. Since the CCD camera works at
25 frames per second and can be video triggered, we used it
to record all the moving white light shots. During a period of
5 minutes 54 shots were recorded, and 253 shots were
recorded in 30 minutes.

In order to further study the energy distribution in the SC
spectrum, we varied the input energy for each microscope
objective. In Fig. 7 the averaged signal detected by the pho-
todiode (PD1) at the oscilloscope is shown as a function of
the focal length of the microscope objective at input ener-
gies per pulse of (a) 0.20 µJ, (b) 1.6 µJ, (c) 2.4 µJ and (d)
3 µJ. Roughly three levels for the signal were observed: 0 mV,
1 mV and 10–30 mV. For a convenient log-scale plot, we used
0.01 mV to denote 0 mV in Fig. 7. The largest signals (and
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hence, energies) were detected for the longest focal lengths at
all input energies. For an input energy of 0.2 µJ, as the focal
length was shortened, the signal dropped directly below the
detection limit (panel a), while for all the other input energies
the signal first dropped to the 1 mV level, maintained this level
for a few shorter focal lengths, before it finally dropped below
the detection limit.

3 Discussion

3.1 Self-focusing, filamentation, supercontinuum

generation and optical breakdown

We briefly recall some features of the two nonlinear
processes, namely filamentation and optical breakdown. The
filamentation process is initiated by self-focusing of the laser
pulse, which occurs when the input laser power Pexceeds the
critical power Pcrit, given by [27]

Pcrit =
3.77λ2

8πn0n2

, (1)

where λ is the laser wavelength, and n0 and n2 characterize the
intensity dependent refractive index n = n0 +n2 I . The self-
focus has been found to be approximately equal to the starting
point of the filament [11]. Without external focusing a parallel
beam with a Gaussian beam profile will self-focus at [27]

zf =
0.367ka2







[

(

P

Pcrit

)1/2

−0.852

]2

−0.0219







1/2
. (2)

Here ka2 is the diffraction length, where k is the wave number
and a is the radius at the 1/e2 level of the beam profile. In the
case of external focusing, using a lens of focal length f , the
position of the self-focus will change to [11]

z′
f =

zf f

zf + f
, (3)

where z f
′ is the distance behind the focusing lens. From (2)

and (3) it can be seen that the position of the self-focus and,
hence, the starting point of the filament will move from the ge-
ometrical focus towards the lens as the input laser power is in-
creased above the critical power Pcrit . Pcrit = 4.2 MW has been
measured in water before [10]. The critical power is roughly
equal to the supercontinuum threshold power [10], which
coincides with our experimental result that Pcrit = 4.4 MW
(0.2 µJ and 1× micro objective, Fig. 7a).

In addition, laser pulse propagation will be dominated by
self-focusing only when the instantaneous power is above the
critical power. Otherwise it will still mainly obey linear propa-
gation dynamics, and thus will be geometrically focused if
external focusing is applied. As in the present experiment,
self-focusing can lead to such high intensities near the ge-
ometrical focus that optical breakdown occurs [28, 29]. OB
is a cumulative process in time. It starts from multiphoton
ionization or excitation, followed by inverse Bremstrahlung
and cascade ionization, resulting in the generation of a strong
plasma. Though optical breakdown of condensed media with

ultrashort pulses is not well understood yet, its threshold in-
tensity for a pulse duration on the order of 45 fs can be esti-
mated as follows.

The number of free electrons Ne in water increases over
the course of the avalanche ionization according to the follow-
ing law:

dNe

dt
= νi Ne, Ne(t) = Ne0 exp (tνi) , (4)

where Ne0 is a background initial density and the ionization
frequency νi is given by [30]

νi =
1

Wg

e2 E2

2m
(

ω2 + ν2
c

)νc . (5)

Here E is the electric field amplitude, ω is the laser central
frequency, m and e are the electron mass and charge, respec-
tively, Wg is the band gap energy and

νc = Naveσc (6)

is the electron collision frequency expressed through the dens-
ity of neutrals Na, the root-mean-square electron velocity
ve and the electron collision cross section σc. The velocity
ve is proportional to the square root of the laser intensity
I =

cn0

8π
|E|2. Thus, the avalanche ionization frequency (5) de-

pends on the intensity according to νi ∼ I3/2, if νc << ω.
There are several ways to define the threshold plasma

density for optical breakdown. The authors of [31] suggest
two possible definitions for the breakdown density in wa-
ter. This density can be defined by the appearance of va-
por bubbles in the water sample, the “bubble” endpoint, or
by the appearance of visible emission, the “flash” endpoint.
The former definition is usually used when studying ultra-
short pulses with durations shorter than 10 ps. In this case
the threshold breakdown density is Ne th ≈ 1018 cm−3. The
latter definition is used for long pulses with durations on
the order of a nanosecond. The threshold breakdown dens-
ity is then Ne th ≈ 1020 cm−3 [31]. Another possible defin-
ition of the breakdown threshold density is the critical density
of the plasma Ncr = π m c2/(e2 λ2

w), where m and e are the
electron mass and charge, respectively, and λw is the laser
wavelength. This definition was used, for example, in [32]
for studying breakdown in fused silica. Under our experi-
mental conditions of 45 fs laser pulse propagation in water,
the most appropriate definition of the breakdown density is
Ne th ≈ 1018 cm−3, since breakdown was detected by the scat-
tered IR light of the laser, and not by the visible emission, in
the experiment.

The ionization frequency νi needed to cause the avalanche
can be expressed as νi = ln (Ne th/Ne0) /t from (4). Taking the
threshold density to be Ne th = 1018 cm−3 and the background
electron density in water as Ne0 = 1015 cm−3, we have νi ≈

7/t. For a time scale on the order of t = 45 fs, the ionization
frequency should be 1.5 ×1014 s−1 to cause the avalanche.
Considering the laser central wavelength as 810 nm; the band
gap energy for water as Wg = 6.5 eV, the density of neu-
trals as Na = 3.3 ×1022 cm−3 and the cross section as σc =

10−15 cm2 [30], we obtain the threshold breakdown inten-
sity as Ith = 8.8 ×1012 W/cm2. We note, that the value of
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Ith is not very sensitive to the ratio Ne0/Ne th. The decrease
of the background density Ne0 from 1015 cm−3 to 1012 cm−3,
with the simultaneous increase of the threshold density Ne th

from 1018 cm−3 to the critical plasma density 1021 cm−3,
leads to a change in the intensity Ith from 8.8 ×1012 W/cm2

to 1.7 ×1013 W/cm2. Earlier calculations of the breakdown
threshold intensity gave us Ith = 5.4 ∼ 5.6 ×1012 W/cm2 for
a 100 fs pulse [33]. If we only take into account linear propa-
gation in our experiments, the OB threshold intensity with
f = 22.5 mm is 1.2×1013 W/cm2, corresponding to an input
energy of 0.09 µJ. This estimation is in reasonable agreement
with our observations (Fig. 2).

Since the filamentation threshold is defined by the power
and the OB threshold is defined by the intensity, the compe-
tition between optical breakdown and filamentation depends
on the focusing geometry. Using a tight focusing geometry
will favor OB, since the geometric convergence is strong
enough to provide the intensity increase up to the breakdown
threshold intensity. On the other hand, in the case of weak
focusing, the intensity growth is mainly determined by the
self-focusing. In this case the plasma is produced in the course
of filament formation, as soon as the intensity reaches the ion-
ization threshold intensity.

Due to the influence of nonlinear propagation, the OB
threshold in Fig. 2 increases slightly with an increase of the fo-
cal length, but not as f 2 as would be expected for geometrical
focusing. These results are in agreement with previous meas-
urements in gas [26], where they were attributed to the strong
distortion of the laser beam by self-focusing during the propa-
gation of the pulse. On the other hand, in the case of weak
focusing, the threshold power for OB in the geometrical fo-
cal region increases and can, in principle, exceed the critical
power for self-focusing, filamentation and SC generation.

3.2 Numerical simulations

Our theoretical model for nonlinear propagation
in water is based on the wave equation for the slowly vary-
ing envelope approximation coupled to the equation for the
free-electron density. A similar system of equations was used
earlier for a description of filamentation in air [14, 34], except
that here we have included avalanche ionization and electron
recombination into the electron density equation. Assuming
propagation occurs along the z axis with the group velocity vg,
the equation for the electric field envelope E(r, z, t) is

2ik

(

∂E

∂z
+

1

vg

∂E

∂t

)

=

(

1 −
i

ω

∂

∂τ

)−1

∆⊥E − kk′′
ω

∂2 E

∂t2

+
2k2

n0

((

1 −
i

ω

∂

∂τ

)

∆nk

+

(

1 +
i

ω

∂

∂τ

)

∆np

)

E − ikαE (7)

where the first term on the right-hand-side describes diffrac-
tion, and the second term describes group velocity dispersion.
In the third term we take into account the nonlinearity of the
medium and self-steepening of the pulse over the course of
propagation. The last term on the right-hand-side of (7) de-
scribes the energy losses due to electron transitions to the
conduction band; where k = 2πn0/λ0 is the wavenumber, and

ω is the laser central frequency. The operator i
ω

∂
∂τ

on the right-
hand side of (7) is the result of taking into account higher
order correction terms to the slowly varying envelope approx-
imation. These correction terms allow one to describe the
propagation of ultrashort pulses with durations on the order
of one optical cycle [35]. In our case the pulse contains more
than 16 optical cycles, but at the same time, the steep fronts
require the inclusion of this operator into the propagation
equation [14, 15].

Nonlinearity is described by the instantaneous Kerr con-
tribution and the plasma contribution. The Kerr contribution
∆ nk is given by

∆nk =
1

2
n2eff |E|2 , (8)

where n2eff is defined through the experimentally ob-
tained critical power for self-focusing in water (1):

n2eff = 3.77λ2

8πn0 Pcrit
≈ 2 ×10−16 cm2/W. Introduction of the ef-

fective value of the nonlinear coefficient n2 allows us to take
into account the noninstantaneous nonlinear response of wa-
ter [36]. The plasma contribution ∆ np is given by

∆np =
1

2

(

ωp
2

ω2 + νc
2
+ i

νc

ω

ωp
2

ω2 + νc
2

)

. (9)

Here ω2
p =

4πe2 Ne
m

is the plasma frequency and Ne(r, z, t) is

a free-electron density, the equation for which is [5, 30, 33]

∂Ne

∂t
= R

(

|E|2
)

(Na − Ne)+ νi Ne −βNe2 . (10)

The avalanche ionization frequency νi is given by (5) and
the electron collision frequency νc by (6). The optical-field-
induced ionization rate R

(

|E|2
)

, which depends on the light
intensity, is calculated according to [37]. The radiative elec-
tron recombination coefficient is given by [30]:

β =
8.75 ×10−27

T 9/2
Ne

[

cm3/s
]

, (11)

where T is the electron temperature in the laser-produced
plasma in eV.

The pulse at the entrance to the water cell is Gaussian in
space and time:

E (r, z = 0, τ) = Ein exp
(

−τ2/2τ0
2
)

× exp
(

−r2/2a2
0 + ikr2/2Rf

)

, (12)

where τ = t − z/vg, 2τ0 = 54 fs corresponds to 45 fs FWHM,
and a0 is the beam radius. In the simulations we used the group
velocity dispersion coefficient kω

′′ ≈ 3 ×10−28 s2/cm, calcu-
lated for λ = 810 nm from the data on refractive index for
different wavelengths presented in [38].

The geometry of propagation corresponds to that used
in the measurements. The simulations started from the en-
trance to the water cell, where the radius a0, the intensity
Iin =

cn0

8π
|Ein|

2, and the focal distance Rf used in (12) were

recalculated from the actual beam diameter of 5 mm (1/e2),
the experimental peak power of the input pulse, and the geo-
metrical focal distance f of the micro objective (see Table 1),
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according to the formulas for linear diffraction of Gaussian
beams (see, e.g., [39]). For these calculations the distance of
linear propagation in air was the distance between the micro
objective and the entrance to the water cell. The focal dis-
tance Rf used in the simulations (see (12)) was 1 cm with an
accuracy of 0.2%. This is in agreement with the geometry of
the experiment, where the geometrical focus was always lo-
cated at the center of the 2 cm cell. We need to note that the
glass window of the water cell does not influence the beam
propagation significantly. It has been shown [40] for simi-
lar input parameters that laser beam filamentation and strong
ionization within a 1 mm glass plate occurs only when the
beam radius does not exceed 30 µm. In the present experi-
ment, the minimum beam radius at the entrance of the window
was 170 µm and, hence, far above this limit. The influence
of the glass window is therefore negligible. Furthermore, the
group velocity dispersion in air was not taken into account,
since the distance between the compressor and water cell was

FIGURE 8 The simulated evolution of the flu-
ence distribution, electron density distribution
and the total pulse energy in the water cell. For
a–c, the upper plot is the fluence distribution,
the middle plot is the electron density distribu-
tion, and the lower plot is the change of the
total pulse energy W(z)/W . The horizontal axis
coincides with the propagation axis z. The pos-
ition of the geometrical focus (z = 0.0 mm) is
indicated by the vertical solid line. The initial
pulse energy is W = 0.2 µJ and Ppeak/Pcrit = 1.01.
The interval between the electron density con-
tours in (a)–(c) is ∆Ne = 0.002 Na. a The focal
length of the lens is f = 16.9 mm (F = 3.4), the
maximum electron density is Ne max = 0.023 Na.
b f = 43.1 mm (F = 8.6), Ne max = 0.010 Na.
c f = 73.5 mm (F = 14.7), Ne max = 0.008 Na

about 1.5 m, while the dispersion length is around 50 m for
45 fs pulses in air. This value is an order of magnitude larger
than the propagation distance before the water cell.

The results of our numerical simulations are summarized
in Figs. 8–13. The effect of self-steepening on the pulse propa-
gation was taken into account only in the case of focusing
with the 16.9 mm focal length. In the simulations with longer
geometrical focusing lengths of 43.1 and 73.5 mm, we did
not take into account the terms with the operator i

ω
∂
∂τ

in (7),
due to dramatic steepening of the pulse fronts in water, which
could not be adequately reproduced on the numerical grid.
This steepening effect increases with an increase of the self-
focusing effect rather than with geometrical focusing. There-
fore, self-steepening becomes more pronounced with a longer
geometrical focusing distance and larger pulse energy. At the
same time, intensity spikes resulting from self-steepening are
localized in space and time and have nearly no effect on the
overall intensity, fluence, electron density distributions and
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FIGURE 9 Simulation results similar to those in
Fig. 8 for W = 0.4 µJ, Ppeak/Pcrit ≈ 2. The elec-
tron density maxima are a Ne max = 0.024 Na,
b Ne max = 0.011 Na, and c Ne max = 0.010 Na

dependence of the pulse energy on the propagation distance.
The latter fact is in agreement with the simulation results pre-
sented in [14].

In Figs. 8–10, for different focal distances, the upper plot
in each panel shows the change of the fluence distribution
with distance, the middle plot shows the change of the elec-
tron density with distance and the lower plot shows the change
of the pulse energy W(z)/W , where W is the corresponding
input pulse energy. Further on, when describing the simula-
tion results and comparing them with the experiment, we will
indicate both the energy of the pulse and the corresponding
ratio of the initial pulse peak power Ppeak to the critical power
for self-focusing in water Pcrit . In addition to the geometrical
focal length f we will indicate the ratio F = f/d.

The initial pulse energies and the ratios Ppeak/Pcrit were
0.2 µJ (Fig. 8, Ppeak/Pcrit = 1.01), 0.4 µJ (Fig. 9, Ppeak/Pcrit ≈

2) and 3 µJ (Fig. 10, Ppeak/Pcrit ≈ 15). The horizontal axis
shows the position along the water cell. The geometrical focal
position is located at z = 0 and is indicated by the solid verti-

cal line. Note the different horizontal axis scales in Figs. 8–10.
The insets demonstrate the magnified fluence and electron
density distributions for f = 16.9 mm (panels a). The geomet-
rical focal distances f and the corresponding ratios F = f/d

were f = 16.9 mm (F = 3.4), f = 43.1 mm (F = 8.6), and
f = 73.5 mm (F = 14.7). At the beginning of the water cell
the propagation of the pulse is mainly defined by the geomet-
rical focusing. As the pulse approaches the geometrical focus,
self-focusing starts to contribute to the pulse transformation.
The fluence distribution in the {r, z} plane has a sickle-shaped
structure with the first maximum located at the nonlinear fo-
cal position. In accordance with (2) and (3), this maximum
approaches the geometrical focus with a decrease in the fo-
cal length of the lens for a constant energy (compare plots (a),
(b), and (c) in Figs. 8–10) or with a decrease in the energy for
a constant focal length (compare, e.g., plots in Figs. 8c, 9c and
10c). The nonlinear focal position z = zf

′′(= zf
′ − f) indicates

the start of the area with large values of the fluence. Further on,
we will refer to this area with z > zf

′′ as the filament.
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FIGURE 10 Simulation results similar to those in
Fig. 8 for W = 3 µJ, Ppeak/Pcrit ≈ 15. The elec-
tron density maxima are a Ne max = 0.020 Na,
b Ne max = 0.011 Na , and c Ne max = 0.012 Na.
The results for f = 16.9 mm were obtained with
self-steepening in (7) taken into consideration

In the close vicinity of the nonlinear focal position z = zf
′′,

the peak intensity of the pulse grows rapidly and reaches the
breakdown threshold intensity Ith ≈ 1013 W/cm2. The free
electrons due to the laser-produced plasma are shown by the
equal-density contours in Figs. 8–10. In all plots the min-
imum contour corresponds to the level 0.001 of the dens-
ity of neutrals Na and the interval between the contours is
∆Ne = 0.002 Na. In the case of a short focal length lens with
f = 16.9 mm (Figs. 8a–10a, F = 3.4), the major contribution
to the pulse contraction is geometrical focusing. The sepa-

ration between the nonlinear focus position zf
′′ and the geo-

metrical focal position z = 0 is small: |zf
′′| = 0.03 ∼ 0.1 mm.

The plasma formation is governed by the geometrical con-

vergence of the whole beam. The maximum transverse size

of the breakdown region strongly depends on the input pulse

energy. Its value, defined at the level of 0.001 of the ini-

tial density of neutrals Na, is 4.4 µm for W = 0.2 µJ (inset

of Fig. 8a, Ppeak/Pcrit = 1.01), 6.4 µm for W = 0.4 µJ (in-

set of Fig. 9a, Ppeak/Pcrit ≈ 2) and 14 µm for W = 3 µJ (in-

set of Fig. 10a, Ppeak/Pcrit ≈ 15). These maximum transverse
sizes are achieved at z = −0.02 mm, at z = −0.03 mm and
at z = −0.05 mm, respectively. At the same time the largest
electron density value for f = 16.9 mm (F = 3.4) is nearly the
same for all energies (≈ 0.02 Na). It is attained right before the
geometrical focus at z ≈ −0.003 mm.

In the case of longer focal length lenses with f = 43.1 mm

(F = 8.6) and f = 73.5 mm (F = 14.7) (Figs. 8–10b,c),
where self-focusing essentially contributes to the spatio-
temporal contraction of the pulse, the separation between the
nonlinear focus position z = zf

′′ and the geometrical focal
position z = 0 increases in comparison to the f = 16.9 mm
(F = 3.4) focal length. The transverse size of the fluence
and the plasma is smaller and remains more stable along the
propagation axis for z > zf

′′. This is well pronounced for
the case of f = 73.5 mm (F = 14.7) and larger, where the
elongated plasma channel is formed along the filament. The
maximum transverse size of the plasma, defined at the level
of 10−3 Na, is 1.8 µm for W = 0.2 µJ (Fig. 8c, Ppeak/Pcrit =

1.01), and 2 µm for W = 0.4 µJ (Fig. 9c, Ppeak/Pcrit ≈ 2).
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a b

c d

FIGURE 11 The simulated growth of the supercontinuum energy with propagation distance inside the water cell. The position of the geometrical focus is
at z = 0.0 mm. For the calculations of the supercontinuum energy we ‘filtered’ all the radiation with λ > 600 nm. The solid curve corresponds to the f =

16.9 mm focal distance (F = 3.4), the dash-dotted curve corresponds to the f = 43.1 mm focal distance (F = 8.6), and the dashed curve corresponds to the
f = 73.5 mm focal distance (F = 14.7). The initial pulse energies are: a 0.2 µJ, Ppeak/Pcrit = 1.01; b 0.4 µJ, Ppeak/Pcrit ≈ 2; c 1 µJ, Ppeak/Pcrit ≈ 5; d 3 µJ,
Ppeak/Pcrit ≈ 15. The results for W = 3 µJ, f = 16.9 mm were obtained with self-steepening in (7) taken into consideration

For an energy of W = 3 µJ (Fig. 10c, Ppeak/Pcrit ≈ 15) the
transverse size of the plasma increases up to 5.8 µm due
to the ionization in the rings surrounding the filament. The
maximum values of the electron density for f = 73.5 mm

are achieved at z = −0.28 mm (Fig. 8c), at z = −0.5 mm
(Fig. 9c) and at z = −0.7 mm (Fig. 10c). The electron dens-
ity maximum decreases with an increase in the focal length
and has values in the range 0.009 ∼ 0.012 Na (Figs. 8–10c) for
f = 73.5 mm, which is less than half the value in the case of
the 16.9 mm geometrical focal distance.

The change of the fluence and the corresponding plasma
distribution with a change in the focal length of the lens
demonstrates the joint manifestation of filamentation and op-
tical breakdown for different geometries of the experiment.
Tight focusing leads to large transverse and small longitudi-
nal sizes of the fluence and the plasma in combination with
high values of the maximum electron density. On the contrary,
a weak focusing leads to a small transverse, but a large lon-
gitudinal size of the fluence and the plasma, i.e. filamentation
is more pronounced. At the same time, the values of the max-
imum plasma density are lower.

Plasma production and heating lead to strong energy loss
(Figs. 8–10, lower plots in each series (a)–(c)). Only 30% of
the input pulse energy remains after the geometrical focus for
the case of a 3 µJ (Ppeak/Pcrit ≈ 15) pulse and a focal length of

f = 16.9 mm (Fig. 10a, F = 3.4). At the same time 50% and
54% of the input energy remains after focusing with the longer
geometrical focal distances f = 43.1 mm and f = 73.5 mm,
respectively (Fig. 10b,c, F = 8.6 and F = 14.7, respectively).
With a decrease in the input pulse energy, the energy loss
also decreases. In a 0.2 µJ pulse (Ppeak/Pcrit = 1.01) 63%
of the input pulse energy remains after tight focusing with
f = 16.9 mm (F = 3.4), and 75% of the input energy re-
mains after weaker focusing with f = 73.1 mm (F = 14.7).
For all input pulse energies and geometrical focal distances,
the losses take place for propagation distances in the interval
zf

′′ < z < 0. The distance |zf
′′| decreases with a decrease in

the geometrical focal distance according to (3). Therefore, the
tighter the geometrical focusing, the larger the gradient of the
energy loss in the breakdown plasma.

When the peak power of the input pulse is much larger
than the critical power for self-focusing in water, there is
still enough power for self-contraction after a large part
of the input energy has been lost. In our simulations this
is the case for a 3 µJ input pulse, for which Ppeak/Pcrit ≈

15. Behind the geometrical focus the “recovered” filament
is created (Fig. 10a–c, upper plots, z > 0). In the recov-
ered filament, plasma is also generated (Fig. 10a–c, mid-
dle plots). The extension of the filament behind the ge-
ometrical focus is similar to the refocusing phenomenon
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FIGURE 12 The simulated transverse intensity distributions in the vicinity
of the geometrical focus. For the panels a–c the dash-dotted line is the inten-
sity in the front of the pulse and the solid line is the intensity at the back of
the pulse. The position of the geometrical focus is at z = 0.0 mm and I0 =

1012 W/cm2. a f = 16.9 mm, F = 3.4, z = −0.05 mm; b f = 43.1 mm,
F = 8.6, z = −0.2 mm; c f = 73.5 mm, F = 14.7, z = −1.0 mm

observed and simulated for the long light filaments in
air [41–43].

The frequency spectra of the pulses were calculated at
each spatial position (z, r) inside the water cell. The simu-
lated spectra obtained above the threshold for supercontinuum
generation have a typical distribution shown in Fig. 5 (dashed
line) and are in good qualitative agreement with the exper-
imentally obtained spectra (Fig. 5, solid line). If the combi-
nation of the input pulse energy and the focal length is such
that we are below the threshold for supercontinuum gener-
ation, less spectral broadening is observed in both the ex-
periment and simulations (Fig. 3). Larger broadening of the
simulated spectra (compare dashed and solid lines in Fig. 3)

may be accounted for by the fact that white light was strongly
deflected from the forward direction for focal lengths with
f ≤ 16.9 mm in the experiment, and, therefore, part of the
supercontinuum energy might not have been detected by the
spectrometer.

In order to compare the simulated conversion efficiency of
the radiation to supercontinuum with the experiment, we have
calculated the energy Wsc contained in the blue wing of the
transmitted pulse spectrum:

Wsc (z) = 2π

∞
∫

0

rdr

λmax
∫

λmin

S (λ, r, z)dλ, (13)

where S(λ, r, z) is the spectral intensity of the pulse at a cer-
tain position r inside the aperture and the wavelength λ is
measured in nanometers. The upper limit of the integra-
tion was taken as λmax = 600 nm. Note that in the experi-
ment the blue wing was limited by a smaller wavelength of
500 nm defined by the blue filter (Fig. 4). We have chosen
600 nm as the upper limit because the shortest wavelength
λmin reproduced in our simulations was 470 nm, while in
the experiment the supercontinuum extended up to 350 nm

(Fig. 5).
The relative amount of the supercontinuum energy Wsc/W ,

where W is the input pulse energy, grows along the filament
(z > zf

′′) (Fig. 11). The largest conversion efficiency of the
laser radiation to spectral continuum is attained for the longer
filaments, i.e focal length f = 73.5 mm and larger value of
F = 14.7 (Fig. 11a–d, dashed curves). The starting point of
supercontinuum generation coincides with the start of the fil-
ament z ≈ zf

′′. Following the SC energy growth for W = 3 µJ
(panel d, Ppeak/Pcrit ≈ 15), we see that for a 73.5 mm lens, the
conversion of the laser energy to supercontinumm is initiated
early, before the geometrical focus at z ≈ −1.3 mm (com-
pare Fig. 11d, dashed curve, and the fluence distribution in
Fig. 10c). For a 43.1 mm lens and smaller value of F = 8.6,
the starting point of the SC generation z ≈ −0.4 mm is closer
to the geometrical focal position (compare Fig. 11d, dash-
dotted curve, and the fluence distribution in Fig. 10b). For
the tight focusing with f = 16.9 mm (F = 3.4), the spectral
broadening starts only at z ≈ −0.1 mm (compare Fig. 11d,
solid curve, and the fluence distribution in Fig. 10a). For
a constant geometrical focal distance the relative energy
contained in the supercontinuum increases with an increase
in the input pulse energy. This may be seen by follow-
ing the increase of the maximum value of the SC energy
obtained with f = 16.9 mm (Fig. 11a–d, solid curves) or
f = 43.1 mm (Fig. 11a–d, dash-dotted curves) focal length
lenses.

The generation of the supercontinuum is the result of
self-phase modulation of the light field [34] and self-steep-
ening [14, 15] under the conditions of strong nonlinear opti-
cal interaction with the medium. Transverse distributions of
the laser intensity in the leading and trailing parts of a 3 µJ

pulse (Ppeak/Pcrit ≈ 15) are shown in Fig. 12 for three different
focal lengths: (a) f = 16.9 mm, F = 3.4, (b) f = 43.1 mm,
F = 8.6 and (c) f = 73.5 mm, F = 14.7. In the front of the
pulse, the intensity maximum is on the beam axis (Fig. 12a–c,
dashed curves). The time scale of this maximum is on the
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a b

c d

FIGURE 13 The simulated linear electron density given by (14) as a function of the propagation distance. The position of the geometrical focus is at
z = 0.0 mm. The solid curve corresponds to a f = 16.9 mm focal distance, F = 3.4, the dash-dotted curve corresponds to a f = 43.1 mm focal distance,
F = 8.6, and the dashed curve corresponds to a f = 73.5 mm focal distance, F = 14.7. The initial pulse energies are: a 0.2 µJ, Ppeak/Pcrit = 1.01; b 0.4 µJ,
Ppeak/Pcrit ≈ 2; c 1 µJ, Ppeak/Pcrit ≈ 5; d 3 µJ, Ppeak/Pcrit ≈ 15. The results for W = 3 µJ, f = 16.9 mm were obtained with self-steepening in (7) taken into
consideration

order of 5 fs. The electron density accumulated during this
time is high enough to strongly defocus the trailing part of
the pulse (Fig. 12a–c, solid curves). The ring structure cre-
ated at the back of the pulse essentially contributes to the
generation of the SC [43]. These rings have been predicted
in various theoretical papers [44, 45] and have been observed
by us in air [46]. Since the temporal size of the high in-
tensity peak in the front of the pulse is much smaller than
the pulse duration, the amount of energy in this peak is also
small. This is in accordance with the black area in the flu-
ence distribution of Fig. 10a–c. There, the fluence distribution
has a dip at r = 0. The major part of the input pulse energy
is pulled off the axis due to the severe divergence. Both the
rings and the dip in the fluence distribution are very well pro-
nounced at 43.1 mm and 73.5 mm focal distances (F = 8.6
and 14.7, respectively). The dip is seen in the form of a dark
strip on the axis (Fig. 10a–c) and the rings are seen in the
form of white strips (Fig. 10b, c). If the focal distance de-
creases to f = 16.9 mm (F = 3.4) a strong convergence of the
beam as a whole towards the geometrical focus takes place.
The rings in this case are narrower than for f = 43.1 mm
and f = 73.5 mm (compare Fig. 12a and c, solid curves) and
they can hardly be seen within a bright sickle-shaped fluence

structure (Fig. 10a and the inset in it). The diameter of the
inner intensity ring in the trailing part of the pulse charac-
terizes the transverse size of the region in which the nonlin-
ear phase growth is the strongest. This spatio-temporal phase
growth leads simultaneously to the ring formation and gen-
eration of the supercontinuum. For a short focal length lens,
the propagation distance, along which this nonlinear phase
growth exists, is shorter. For a lens with a longer focal length,
this propagation distance is longer, the white strips indicating
the rings in the fluence distribution persist for a longer dis-
tance (Fig. 10b and c). Therefore, the energy accumulated in
the supercontinuum by the position of the geometrical focus
is larger in the case of a long focal length lens (Fig. 11a–d,
dashed curves).

3.3 Comparison of simulation and experimental results

In order to correlate the experimentally obtained
breakdown signal on PD2 and the simulated plasma distri-
bution, we have integrated the free electron density shown
in Figs. 8–10 over the transverse coordinates. At the end of
the pulse and for each position along the propagation axis we
obtained the value further referred to as the linear electron



LIU et al. Femtosecond laser pulse filamentation versus optical breakdown in H2O 227

density:

De(z) = 2π

∞
∫

0

Ne(r, z)rdr. (14)

The quantity De is the total number of electrons per unit length
along the propagation axis z. The results of the numerical
simulations are plotted in Fig. 13 for different pulse energies
(panels a to d) and focal lengths (line styles, see legend).
Along with the linear electron density De we show the con-
ventional electron density Ne in the absolute units of cm−3,
as well as the one normalized to the density of neutrals Na

(Fig. 14b). Both the linear electron density De and the con-
ventional density Ne follow the maxima and the minima in the
dependence of the peak pulse intensity (Fig. 14a). The highest
intensity value reached in the simulations is within the inter-
val 4 ×1013 ∼ 5 ×1013 W/cm2 and varies slightly depending
on the geometrical focal distance. A further intensity increase
is not possible due to the nonlinear defocusing in the laser-
produced plasma. The highest possible intensity reached due
to self-focusing can only be found from the test calculations
for the collimated beam ( f = ∞). These test calculations give

FIGURE 14 a The maximum intensity on the beam axis (r = 0) and b the
simulated maximum electron density Ne as functions of the propagation
distance inside the water cell. The position of the geometrical focus is at
z = 0.0 mm. The solid curve corresponds to a f = 16.9 mm focal distance
(F = 3.4), the dash-dotted curve corresponds to a f = 43.1 mm focal dis-
tance (F = 8.6), and the dashed curve corresponds to a f = 73.5 mm focal
distance (F = 14.7). The initial pulse energy is 3 µJ, I0 = 1013 W/cm2, and
Na = 3.3×1022 cm−3

a maximum intensity of 4.4 ×1013 W/cm2, which is in good
agreement with the highest intensity obtained for the focusing
geometry.

The value of Ne in Fig. 14b represents only the local in-
formation on the on-axis plasma density. The maximum of
Ne changes by 2–3 times in going from a short geometrical
focal length f = 16.9 mm to long geometrical focal length
f = 73.5 mm. The maximum of the linear density De, calcu-
lated for different geometrical focal distances, changes more
than an order of magnitude and characterizes the total distri-
bution of the plasma in the focal volume (compare Figs. 13d
and 14b). The scattered light signal detected by PD2 is defined
by the maximum value of the linear electron density De. The
growth of the maximum value of De with input pulse energy
for different geometrical focal distances is shown in Fig. 15.
As a threshold breakdown density De th we can consider the
value of De th to be 1013 cm−1. Indeed, this is the maximum
value that is achieved for the case of a 0.4 µJ (Ppeak/Pcrit ≈ 2)
energy in the input pulse and the geometrical focal distance
f = 43.1 mm (F = 8.6) (see horizontal line in Fig. 15). Ac-
cording to Fig. 2, the combination of this geometrical focal
length and energy gives us the optical breakdown threshold.
We can verify the chosen threshold by comparing the max-
imum linear densities for other energies and focal lengths with
the value of De th.

The values of De lying above the horizontal line in Fig. 15
indicate the combination of parameters for which optical
breakdown should be observed according to our definition of
De th. This is in agreement with the experimentally observed
breakdown thresholds shown in Fig. 2 by empty squares. For
example, the value of De for W = 0.2 µJ and f = 43.1 mm
(Ppeak/Pcrit = 1.01, F = 8.6) is slightly below the threshold,
while the value of De for W = 3 µJ (Ppeak/Pcrit ≈ 15) and all
focal distances considered is well above the threshold. Thus,
the simulated breakdown plasma qualitatively corresponds to
the experimental one. The only point in Fig. 15 that does not
quite agree is the combination of the input pulse energy of 1 µJ
and the focal length of 73.5 mm (Ppeak/Pcrit ≈ 5, F = 14.7).

FIGURE 15 The growth of the maximum value of the linear electron density
De with input pulse energy. Squares, f = 16.9 mm (F = 3.4); circles, f =

43.1 mm (F = 8.6); triangles, f = 73.5 (F = 14.7). The dashed horizontal

line shows the threshold linear electron density De th
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However, this very slight deviation is within the experimental
error.

Analyzing the conversion of the radiation to the supercon-
tinuum, we see that for the low input pulse energies of W =

0.2 µJ and W = 0.4 µJ (Ppeak/Pcrit = 1.01 and 2, respectively)
the supercontinuum energy Wsc in the case of a 73.5 mm lens
is much larger than the supercontinuum energy for the shorter
focal lengths (compare Figs. 11a and 7a). With an increase of
the input pulse energy to W = 1 µJ (Fig. 11c, Ppeak/Pcrit ≈ 5),
the supercontinuum appears not only for a 73.5 mm lens, but
also for a 43.1 mm lens, in agreement with the curve for the SC
threshold in Fig. 2. For a high input pulse energy of W = 3 µJ

(Ppeak/Pcrit ≈ 15), the supercontinuum is generated for all ge-
ometrical focal distances, including the short one of 16.9 mm

(compare Figs. 7d and 11d).
Thus, in the simulations as well as in the experiment,

for low pulse energies, W < 0.4 µJ (Ppeak/Pcrit < 2), the su-
percontinuum is observed only for a long focal length lens,
f = 73.5 mm (F = 14.7), while breakdown is observed only
for a tightly focused pulse with f < 43.1 mm (F < 8.6). For
intermediate pulse energies, W ≈ 1 µJ, the breakdown and su-
percontinuum coexist for f ≥ 43.1 mm. For high energies,
W ≈ 3 µJ, both supercontinuum and optical breakdown are
observed for all geometrical focal distances f considered.

The simulations for a geometrical focal length of f =

16.9 mm were performed with the self-steepening terms in (7)
taken into consideration. The comparison of the numerical re-
sults obtained for the short geometrical focal length with and
without self-steepening show that there is a decrease in the
supercontinuum energy in the presence self-steepening. This
decrease takes place because the inclusion of the operator i

ω
∂
∂τ

in (7) results in the smoothing of the leading front of the pulse
and a decrease in the temporal phase gradients, which, in turn,
causes smaller broadening of the blue wing. In particular, at
an energy of W = 3 µJ and focal length of f = 16.9 mm, the
supercontinuum energy shows a 50% decrease in comparison
with the simulation results obtained without self-steepening.

We expect that for large geometrical focal length such as
f = 73.5 mm, the self-steepening will lead to an increase in
the supercontinuum energy Wsc, due to the formation of multi-
ple intensity spikes with steep leading and trailing edges in the
pulse intensity distribution.

Our simulation results presented in Figs. 2, 5, 8–15 are
in qualitative agreement with the experiment. Steps towards
a quantitative comparison between the simulated and experi-
mental results include, in addition to the consideration of self-
steepening, an adequate description of the wide background
of the small scale transverse structure of the radiation on the
beam axis created due to both self-focusing and geometrical
focusing. To do this a different numerical approach should be
used based on a non-equidistant grid step in the radial direc-
tion [47].

3.4 Moving white light and multiple filamentations

We can now explain the moving white light spot
that we observed when we used the shortest focal length lens
( f = 16.9 mm). The above simulation shows that the shorter
the focal length, the stronger the OB plasma and the larger
its transverse size. This plasma is very unstable and sensi-

tive to laser fluctuations. Filamentation also co-exists and is
mixed with OB, as our simulation shows. In this case, the
starting point of filamentation (i.e. the self-focus) is very close
to the geometrical focus where OB occurs. The propagation
of the deformed pulses (white light supercontinuum) will be
“blocked” (diffracted and refracted) by the OB plasma. As
such, from shot to shot, the unstable OB plasma will not only
destroy the balance between the Kerr self-focusing and the
defocusing by the plasma, but also deviate the forward prop-
agating white light supercontinuum in a random way. In our
experiments it was manifested by the decrease of the repe-
tition rates of the white light signal in Fig. 6c and the rare
shots recorded by the CCD camera, with the appearance of
the jumping behavior of the white light and the random color
distribution inside the SC.

On the other hand, our simulation shows that in the case
of longer focal lengths, the transverse size of the OB plasma
is smaller, while the wing structure of filamentation is larger
(Fig. 12). Hence, the deflection effect of the OB plasma is not
obvious, as in the case of shorter focal lengths. Experimen-
tally, we consistently observed the forward propagating white
light pulse (Fig. 6a).

So far, our discussion has centered around the propagation
of a Gaussian laser pulse giving rise to one filament only. Ac-
tually in our experiments it was impossible to have a perfect
Gaussian beam. The nonlinear propagation is very sensitive
to the spatial energy distribution [21, 48]. A non-ideal spatial
energy distribution will induce the generation of multiple fil-
aments instead of increasing the filament length if the laser
energy is high enough. Previous observations have shown
multiple filaments distributed like an arrowhead around the
focusing cone in water [49]. We expect that the peak intensity
in each of these filaments is almost constant because of inten-
sity clamping [13]. According to Fig. 7b, c, and d, we recorded
a flat around 1 mV, which indicates that there was only sin-
gle filament. Also, multiple filaments are manifested in Figs.
6 and 7. In Fig. 6, the signal increases from panel b to panel
a, while in Fig. 7, the detected energy changes from the 1 mV

level to 10 mV and even to the level of several tens of mV. This
dramatic signal change indicates that we passed from single to
multiple filaments in the experiment.

We summarize our observations in Fig. 16, in which the
appearance of the three stages of the filamentation process,
creation of the filament and moving white light (open trian-
gle), single filament (filled triangle) and multiple filaments
(open squares), is represented as a function of the distance
∆ f = f − zf

′ (∆ f = |z′′
f |) between the self-focus and the ge-

ometrical focus (breakdown spot) and as a function of the
focal length f . We identify three zones, which are limited by
certain values of ∆ f . Zone III (∆ f ≤ 0.25 mm) corresponds
to the stage in which the moving white light phenomenon is
observed. For 0.25 mm < ∆ f < 1 mm (Zone II) a single sta-
ble filament is formed, while for distances of at least 1 mm

between the self-focus and the geometrical focus (Zone I)
multiple filamentation occurs. This allows us to estimate the
maximum “cone length” of the breakdown spot to be smaller
than 0.25 mm from the geometrical focus, since as soon as the
self-focus moves further away from the geometrical focus, the
moving white light phenomenon disappears and a stable fila-
ment is observed. Furthermore, the maximum filament length
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FIGURE 16 Different filamentation stages as functions of the geometrical
focal length f and of the distance between the self-focus and geometrical
focus ∆ f

can be estimated to be about 0.5 to 1 mm before multiple fila-
ments occur.

4 Conclusion

We have investigated, both experimentally and
numerically, the joint manifestation of self-focusing, filamen-
tation, optical breakdown and supercontinuum generation in
the course of focusing of femtosecond laser pulses in wa-
ter, an example of condensed matter. It is shown that the
coexisting states of OB and SC mainly depend on the geomet-
rical focal conditions. For long focal lengths, supercontinuum
generation can precede optical breakdown and for shorter
focal lengths, both phenomena can coexist together in the
optical medium. If the focal length is short enough, optical
breakdown will precede supercontinuum generation. The fil-
amentation process is characterized, from its creation near the
geometrical focus, by the formation of a stable single fila-
ment to the formation of multiple filaments, as a function of
the distance between the self-focus and the breakdown spot.
We observed the appearance of a randomly distributed white
light beam as a characteristic signature of the appearance of
filamentation and supercontinuum generation near the break-
down plasma.
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