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ABSTRACT We investigate the filamentation dynamics of
200 fs, 527 nm laser pulses in water. By comparing the ex-
perimental results with the numerical simulations that use an
extended propagation model, the influence of several physical
effects, particularly nonlinear losses and free electron plasma
generation, is studied. It is shown that a set of relevant numerical
values, related to multiphoton absorption, can be extracted with
reasonable accuracy.

PACS 42.65.Jx; 42.25.Bs

1 Introduction

Self-focusing of femtosecond light pulses in trans-
parent media gives rise to a variety of physical effects: beam
filamentation, conical emission, white-light continuum gen-
eration, nonlinear absorption, ionization, space-time trans-
formations, to mention a few, and still remains a hot topic
of theoretical and experimental research [1]. Although self-
focusing and filamentation of high power optical beams was
discovered at the very dawn of the laser era [2], only with
the advent of femtosecond lasers has deeper understanding
of the underlying physics been made possible [3]. In the last
decade, considerable knowledge on self-focusing phenomena
has been accumulated, thanks to a revived interest in the topic
inspired by the observation of long-range propagation of fem-
tosecond light filaments in air [4].

In this regard, many interesting and even unexpected find-
ings were disclosed, which have a potential impact on com-
plete understanding of the underlying physics and which pro-
mote a series of potential applications, as well. Despite very
distinct operating conditions, all observations of light fila-
ments in air [4-7], solids [8—11] and liquids [12—-15] re-
ported to date reveal the universality of the physical pro-
cesses involved. The widely accepted filamentation scenario
is based upon self-channelled propagation governing the dy-
namic balance between self-focusing, diffraction and defo-
cusing effects of free electron plasma, created via multiphoton
ionization. More recently, an alternative approach based on

B Fax: +370 52 366006, E-mail: audrius.dubietis @ff.vu.it

the spontaneous transformation of a Gaussian-shaped wave
packet into a conical wave, even not accounting for plasma
formation at all has been suggested [16]. In this regard, fem-
tosecond filamentation in water was interpreted in terms of
dynamic nonlinear X-waves, formed as a consequence of
the complex interplay between self-focusing and group vel-
ocity dispersion [17]. The full map of spatiotemporal trans-
formations outlined complex dynamics, initially dominated
by nonlinear losses, then by self-focusing and pulse split-
ting, eventually leading to the formation of X-shaped objects
surrounded by a structured background [18]. Numerical sim-
ulations using a model developed for femtosecond filamenta-
tion in liquids, solids and gasses confirmed the experimental
observations, and most importantly, have foreseen nonlinear
X wave generation for a wide parameter range, regardless of
the physical mechanism arresting their collapse [19].
Investigation of spatiotemporal dynamics requires com-
plex experimental arrangements, which must ensure high
spatial and temporal resolution (details may be found in [20]).
However, a simple experiment providing time-integrated
measurements might be useful as well, especially for deter-
mining the nonlinear losses, whatever their origin, multipho-
ton absorption, or ionization. Nonlinear losses (NLL) occur
in all transparent materials under operating conditions, which
imply strong self-action effects. The simplest manifestation
of NLL in condensed media is the multiphoton absorption
(MPA), the process involving simultaneous absorption of
several photons, when their total energy exceeds that of the
materials bandgap. An open question that still needs to be clar-
ified is the role of MPA in filamentation dynamics. Although
NLL were predicted to be capable of arresting the collapse
driven by Kerr-induced self-focusing [21-24], they have been
rarely considered as a relevant mechanism that might con-
tribute to reshaping the wave packet. Only recently, NLL had
been shown to dramatically modify the spatial profile of the
beam in the presence of strong self-focusing effects in wa-
ter [16], polymers [25] and glass [26], while in the latter case
NLL was indicated for serving as an intensity limiting mech-
anism. The major problem related to the reliable reproduction
of the experimental results by numerical simulations is the
lack of knowledge of MPA coefficients, which are not known
with reasonable precision from theory, and cannot be directly
measured in experiments by simple means. The major dif-
ficulty comes from a complex interplay between nonlinear
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spatiotemporal effects that cannot be separated in real experi-
mental settings (see [25] for a comprehensive evaluation of
the problem).

The aim of this paper is that of providing a comprehen-
sive insight into the relevant physical processes that accom-
pany self-focusing and filamentation of ultrashort light pulses
in water. In the experiment we have recorded three relevant
time-integrated quantities, namely the beam width, peak flu-
ence and energy transmission, which do not require complex
experimental arrangement, are easily accessible in a simple
setup and however, carry important information on the phys-
ical processes involved. Using a recently developed extended
numerical propagation model, we compared the computed
dynamics of these three quantities with their measured coun-
terparts, with the best fit between numerics and experiment
allowing the estimation of the MPA coefficient in water.

2 The model

We performed numerical simulations using the
model developed for the propagation of an intense pulse in
transparent dispersive nonlinear media [6-8, 16, 17,27-30].

We model the linearly polarized beam (along e,) with
cylindrical symmetry around the propagation axis z by
the envelope & of the electric field E, written as E =
Re[ & exp(ikoz —iwpt)]e,, where kg = nowo/c and wy = 27/ Ag
are the wavenumber and frequency of the carrier wave and ng
denotes the refraction index of water at wg. The laser wave-
length is Ag = 527 nm throughout this paper. The input pulses
are modelled by Gaussians with energy Ej, and a temporal
half width £, ~ 170 fs (full width half maximum (FWHM)
duration tpwym = 200 fs):
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The input power is computed from the energy and pulse du-
ration Py, = Ejy/t,+/m/2 and the input intensity is computed
from the input power and the transverse waist wy of the beam
87 = 2P, /mw}. The scalar envelope &(r, , z) evolves along
the propagation axis z according to the nonlinear envelope
equation [31], expressed in the frequency domain:
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where € (r, w, z) = TF{E(r, 1, 2)}, U(w) = 1 + (0 — wo) /kovy,
vg = dw/0k|,, denotes the group velocity and TF{N(€)} de-
notes the time-Fourier transform of the nonlinear terms. Equa-
tion (2) accounts for diffraction in the transverse plane, space-
time focusing (see [31,32]), and group velocity dispersion
with high-order terms exactly computed by means of a Sell-
meier dispersion relation for the refraction index n(w) of wa-
ter [33]. The origin of the second term on the right hand side
of (2) may be understood by a small w — w( expansion of the
quantity
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leading to the second and third order dispersive coefficients
k' = 0%k /30|, and k"' = 93k /0|y, Where k = n(w)w/c.

Equation (2) can be written in the time domain by using the
retarded time t = fi,p — z/v,; and by neglecting the high-order
dispersive terms:
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where U = (1+ % 'U 7;)- For the numerical simulations, we
have used model (2% with the full dispersion relation given
by (12) in [33] that gives the dispersive coefficients values
k" =560 fs?>/cm, k" = 180fs?/cm, in agreement with the
measurements [33].

The nonlinear terms N(&) include the optical Kerr effect
with possible optical shock terms (self-steepening), plasma
absorption, plasma defocusing and nonlinear losses:
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Here, the operator 7 = 1 + wLO% in front of the Kerr term
is responsible for the self-steepening of the pulse (the so-
called shock terms) [32,34,35]. The quantity n, = 2.7 x
10716 cm? /W denotes the coefficient of the nonlinear index
of water, leading to the critical power for self-focusing P, =
1.2 MW. The generation of an electron plasma of density o
via multiphoton ionization is described below. When they are
taken into account, nonlinear losses correspond to multipho-
ton absorption, i.e. to the fraction of the pulse energy needed
for ionization. In the following, some results will be presented
also in the case where plasma generation is not accounted for.
In this case, NLL are assumed to describe excitation of water
molecules.
The evolution equation for the electron density o reads
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The first term on the right hand side of (6) describes free
electron generation via multiphoton ionization (MPI). The
second term in (6) accounts for avalanche ionization. The
quantities gpe = 6.7 x 10*2 cm~ denotes the density of bound
electrons [36], U; = 6.5 eV denotes the ionization potential of
water, and K = (hUT" + 1) = 3 (where (.) denotes the integer
part) is the number of photons necessary to liberate an elec-
tron. When multiphoton ionization is taken into account, the
coefficient for multiphoton ionization is linked to the multi-
photon absorption cross-section: Sx = ox X Khwoope.

For plasma absorption, the cross section for inverse
bremsstrahlung follows the Drude model [37] and reads
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where the momentum transfer collision time 7. = 3 fs. Since
e > w, ! , avalanche ionization can often be neglected, at least
until a non-negligible number of electrons are produced in
the leading part of the laser pulse via multiphoton ionization.
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In this case, plasma absorption is neglected as well and the
plasma defocusing term in (5) is written as:
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where o = ggmew}/e* denotes the critical plasma density
above which the plasma becomes opaque. As will be seen
from the results, however, plasma absorption as computed
from this model can induce half the total amount of energy
losses measured in experiments, and the fraction of electron
density directly originating from avalanche can be as large as
that originating from MPI.

The energy was computed by two independent methods:
(i) the energy is directly calculated by a 3-dimensional in-
tegration of the intensity distribution within the computa-
tional box, and (ii) we numerically simulated the conservation
equation for energy. Since multiphoton absorption is a high
order nonlinear term, only the intense part of the wave gives
a significant contribution to the losses. The second method is
therefore not sensitive to the effects of box size and bound-
ary conditions. We checked that both methods give identical
results, which ensures that the simulated losses cannot be
caused by fields leaving the computational box.

3 Experimental

In the experiment, spatially filtered and collimated
527 nm, 200 fs laser pulses (provided by a SHG-compressed,
CPA Nd:glass laser TWINKLE, Light Conversion, operated
at 33 Hz repetition rate) were focused on the input face of
a water cell by means of a f = +500 mm lens. This resulted
in a 90 um FWHM diameter spot. Unlike in experiments
performed under tight focusing conditions [10-12, 14, 28],
loose focusing prevented a competition between filamentation
and optical breakdown. The water cell was made by 1 mm
thick fused silica windows and shaped as a syringe, which
allowed continuous tuning of the sample length in the range
z =5-50 mm. The output beam was monitored by imaging
the exit facet of the cell onto a CCD camera (COHU, with a
frame grabber from Spiricon , supporting a 10-bit dynamic
range) by means of a f = +50 mm achromatic objective, with
8x magnification. The energy was measured by means of
a calibrated silica photodiode (Hamamatsu, with 33 mm? ef-
fective area), with the spectral response function taken into
account.

We have recorded time-integrated transverse beam pro-
file dynamics along with energy transmission measurements
versus the propagation distance using a 2—3 mm step. The
input energy of 2 uJ was chosen as a representative value,
that ensured formation of a single filament after ~ 1 cm of
propagation in water and exhibited more or less typical propa-
gation dynamics. Few examples of measured fluence profiles,
recorded at z =5, 11, 15 and 35 mm are shown in Fig. 1.
Three relevant quantities from this measurement were eval-
uated, namely the peak fluence, the transmitted energy and
FWHM radius of the beam. For what which concerns the lat-
ter quantity, we found that the notion of FWHM beam radius
is relevant for characterizing the beam since no dip appeared
in the core of the measured (or computed) fluence profiles.

2000 200 Hm

z=15 mm

0.5

200 200 HM

200 200

FIGURE 1 Experimentally measured normalized fluence profiles in water
of loosely focused 90 wum FWHM, 200 fs, 2 pJ Gaussian wave-packet with a
central wavelength of 527 nm

In addition, it gives an immediate picture of the smooth fo-
cusing dynamics obtained in our experimental conditions. For
direct comparison, this experimental data set is added to all the
Figs. 4-7 that represent the results of numerical simulations.

In brief, the experimental data shows that in the first few
millimeters of propagation, a gradual decrease of the initial
Gaussian beam size is observed due to self-focusing. No NLL
occur in this stage, since the intensity is still too low. Once
a certain intensity level is reached, NLL turns on, immedi-
ately resulting in a rapid transformation of the beam shape.
Beyond the nonlinear focus, a single filament of radius less
than 10 microns is formed, however NLL become consider-
ably smaller than in the transient stage. This observation could
be explained by the fact that only a small portion of the overall
energy is stored in the central core (less than 10%), whereas
the major part spreads in the low-intensity periphery that
serves as an energy reservoir (see [16]). Therefore the over-
all losses become small, and a sharp central spike (filament)
propagates almost unaffected, with a smooth increase of di-
mensions for z > 4 cm. The normalized peak fluence exhibits
an abrupt increase during the self-focusing stage followed by
a smooth decay beyond the nonlinear focus.

In the following sections, the results of the numerical ex-
periments are compared with those of the laboratory experi-
ments in order to evaluate the relevant parameters involved in
the propagation dynamics.

4 Numerical simulations of the fillament dynamics

In our model, water is treated as an amorphous
semiconductor [36] with a bandgap of 6.5¢eV between the
valence and the conduction band, allowing the calculation
of multiphoton absorption cross sections from Keldysh’s
model [38]. In addition to the laser wavelength and the
bandgap, Keldysh’s model needs the estimation of the effect-
ive electron-hole mass ratio; a non parabolic band shape is
also assumed, which can affect the ionization rates. Figure 2
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FIGURE 2 Calculated ionization rate W (solid line) for water from

Keldysh‘s theory in the multiphoton and tunnel limits (dash-dotted curves).
Asymptotic law W = g IX oy, is shown by a dashed line

shows the transition rate from the 151 molecular orbital to an
exciton band for water at 527 nm, computed from Keldysh’s
model with the exciton reduced mass ratio m*/m. = 0.5 and
the bandgap U; = 6.5 eV. The multiphoton and tunnel limits
(low and high intensity, respectively) are shown by dash-
dotted curves and the dashed line indicates the asymptotic
law W = o IX ope. In the present case, Keldysh’s model gives
Bk =12x10"Bcm?®/W?andog =1.5 x 1072 s~ lem® /W3
for K =3 at 527 nm. This asymptotic rate coincides with
the Keldysh transition rate for intensities below 10'3 W/cm?,
which is the regime of our simulations thus justifying that
working with the power law W = og [ K ope does not lead to
overestimation of the transition rates. However, it is not ob-
vious a priori whether the Keldysh formulation [38,41,42]
applies for water. Indeed, as it will be shown below, our
simulations performed with the above-mentioned material
parameters have led to a strong overestimation of the NLL.
Therefore, in what follows we find it useful to keep the NLL
(K and Bk) and the collision time 7. as free parameters, and
to discuss their impact separately in the framework of three
models of increasing complexity for what concerns the num-
ber of contributions accounted for in the description of the
nonlinear term (5). As will be seen below, in order to re-
produce the measured transmission correctly, we should use
multiphoton absorption cross-sections two orders of magni-
tude lower than those computed from Keldysh’s model.

To begin with, we first ascertained that numerically simu-
lated fluence profiles (an intense central core surrounded by an
evolving ring structure, see Fig. 3) of the self-focusing beam
are in good agreement with those measured experimentally
(Fig. 1). Moreover, the qualitative agreement was found to be
persistent in a broad range of numerical parameters. It has to
be noted, however, that the change in the relevant simulation
parameters (K, Bx and t.) as will be discussed below, more
visibly modifies the peak fluence, and the location at which
these rings appear.

We first focus attention on the influence of K and B,
while neglecting the role of 7.. Figures 4 and 5 show the
computed transmission, beam width and fluence as functions
of the propagation distance. The left columns refer to the

¥ (pm) =200 -200 (pm) y (pm) -200 -200 X (pm)

FIGURE 3 Fluence profiles obtained by numerical simulation with input
parameters as in experiment using full model with Sx = 8 x 10~2% cm3 /W2,
avalanche and plasma absorption included with 7, = 3 fs

model without plasma (o = 0 in (5); the model will be re-
ferred to as “NLL”), while the right columns refer to the
model with plasma generation by MPI (no avalanche in (6))
and associated plasma defocusing term in (5), as given by
(8), which is independent of .; the model will be referred
to as “NLL+Plasma”. Figure 4 shows results for K = 3 and
Fig. 5 for K = 4, each figure corresponding to a set of three
Bk values given in the captions and chosen around that ob-
tained from Keldysh’s model. As a first general comment, we
note that, apart from specific details, the results are qualita-
tively and quantitatively comparable for K =3 and K =4.
Second, we note that with these parameter setting, the com-
puted NLL are always larger than those measured experi-
mentally. By decreasing the value of Bk, the transmission
increases, but at the same time, the beam width decreases
and the fluence exhibits several maxima corresponding to
successive refocusing cycles as in the spatial replenishment
model [6]. This feature is visible for both models with NLL
only, and with ‘NLL+Plasma’ with replenishment oscilla-
tions more pronounced in the first case despite the absence
of the plasma-defocusing stage occurring in the spatial re-
plenishment model. Note that the peaks in fluence occur in
concomitance with minimum values of beam width, which
might lead to a smoothing effect in the experiment owing to
technical limitation in transverse resolution. A beam width
and fluence dynamics comparable to those found in the ex-
periments are obtained for Sx values between 2 x 10~2* and
2x 1072 cm?/W? with K = 3, however the NLL are still
twice as large as those measured, so this Sx value clearly
needs to be decreased. In addition, plasma absorption is not
accounted for. Had we taken plasma absorption into account,
the overall losses would have been even larger.

We now discuss the influence of t.. Figure 6 shows the
transmission, beam width and fluence computed with the full
model (5) including plasma absorption and avalanche as func-
tions of the propagation distance. The fixed lowest value Sx =
2 x 107 cm?/W? was used as well as a set of three differ-
ent collision times from 1 to 10 fs, which is a reasonable range
in view of the recent determination from measurements of the
collision time in fused silica of about 1 fs [43]. In this range,
the transmission computed in water is still too small even if it
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are shown by dots. Three different cross sections have been used: fx = 2 x 10722 cm? /W2 (dashed curves); Bx =2 x 10723 cm? / W2 (dash-dotted curves);
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Bk =2x 10730 cm? /W3 (continuous curves)
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is increasing when t. is increased. In addition, the various flu-
ence peaks are distributed differently when t. varies, but still
indicate refocusing cycles that do not seem to appear in the
experiments (at least for a chosen z step in the measurement).

A logical approach is now to simultaneously decrease the
value of Bk sufficiently, and increase the rate of plasma ab-
sorption (by decreasing t..), so as to reach the amount of total
losses found experimentally. Note, however, that it cannot
be expected that this provides a smoothing mechanism com-
pletely removing the refocusing cycles, because the results for
the model “NLL” with no plasma defocusing in Figs. 4 and 5
have shown that these cycles were already present when Sk is
decreased so as to fit the experimental transmission. Figure 6d
shows the fraction of energy lost by multiphoton absorption
and Fig. 6e shows the losses due to plasma absorption. MPA
remains nearly the same for the three different values of . as
expected. Since Bk is the same for the three curves, the slight
variation in MPA is only due to the change in the propagation
dynamics related to the contribution of plasma defocusing.
The losses by MPA amounts to 15 to 20% of the total en-
ergy. Figure 6e shows that part of the energy losses due to
plasma absorption varies from a few (for t, = 10fs) to 12%
(for . = 1 fs). Therefore, it is expected that the energy losses
due to plasma absorption can be as large as those due to MPA
when collision times are comparable to the values measured
in other condensed media [43]. Figure 6f shows the electron
density obtained for two values 7. = 1 fs in continuous curves
and 1. = 3 fs in dash-dotted curves. While the maximum elec-
tron density is not extremely large for a condensed medium
(between 10'® and 10'° cm™3), the fraction of electrons gen-

erated by avalanche increases and becomes even larger, by
a factor of three, than that generated by MPI only when the
collision time is decreased downto 7. = 1 fs.

In Fig. 7 we present the results obtained by simultan-
eously decreasing the value of 8¢ and increasing the value of
7. in order to obtain the optimum matching between meas-
ured and calculated NLL. The best fit was obtained for 83 =
1 x 10% cm?/W? and 7. = 3 fs. With these parameters, how-
ever, the calculated diameters appear to be approximately
twice as small as their measured counterparts, and the peak
fluence shows fairly fast oscillations in z, which were never
detected in our measurements. These oscillations could be
partially washed out in the experiment owing to coarse sam-
pling in z and to some smoothing caused by limited trans-
verse resolution in the imaging system (note that the peaks
in fluence occur in connection with minimum beam width).
On the other hand, the outlined residual discrepancy between
measurements and calculation could be also attributed to the
presence of physical effects not properly accounted for by our
model. Figure 7d and 7e finally show the computed losses
due to MPA and plasma absorption. The results indicate that
the two contributions are comparable, for the case under
examination. Note also that the electron density generated by
avalanche is comparable to that generated by MPI, as shown
in Fig. 7f.

Figure 8 shows a comparison between measurements and
numerical simulations performed for the full model with the
MPA cross section 83 = 1 x 10% cm3/W? and 7. = 3 fs. For
the three energies of 1, 1.5 and 2 pJ, the bold curves indicat-
ing the simulations are nearly superimposed on the data points
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FIGURE 8 Best fit between the computed and the measured transmissions
as a function of the propagation distance. The open circles are the meas-
urements for 0.5 wJ, 1 wJ, 1.5 WJ and 2 pJ, and the bold curves indicate the
simulations with the full model with 83 = 1 x 10725 cm? /W2 and 7. = 3 fs

showing the transmission data for energies from 0.5 to 2.5 pJ.
In these cases, the fraction of energy losses due to plasma ab-
sorption was found to represent 50% of the total energy losses.
The electron density generated by MPI is comparable to that
generated by avalanche. The good agreement obtained in this
energy range indicates that the determined MPA cross section
is a reasonable value to model nonlinear losses in water.

5 Conclusions

In summary, we have presented numerical and ex-
perimental investigation of self-focusing dynamics and fila-
mentation in water by comparing time-integrated measure-

ments, namely the beam width, peak fluence and energy trans-
mission that are readily accessible from a simple propaga-
tion experiment. We have developed an extended propagation
model, which allowed us to investigate in great detail the role
of MPA, ionization and plasma absorption (momentum trans-
fer collision time), providing a detailed picture of how and
to what extent these processes influence the filamentation dy-
namics.

We have obtained a reasonable agreement between the ex-
perimentally measured and calculated beam width and peak
fluence for different values of the MPA order (K =3 and
K = 4), with or without an account for plasma generation (for
a simplified model). The best fit yielded an MPA coefficient
B3 =2 x 10723 cm? /W2, which is very close to that calcu-
lated from the Keldysh model (83 = 1.2 x 10723 cm?/W?).
However, in this case significant differences between meas-
ured and calculated nonlinear losses are observed; as a general
rule, the calculated NLL value always tends to be larger than
that experimentally measured. A better agreement for NLL
was achieved by decreasing the MPA coefficient (by an order
of magnitude) and increasing the collision time (from 1 fs
to 3 fs) along with the inclusion of plasma absorption and
avalanche ionization, which nevertheless still yields a factor
of two in disagreement with measured and calculated NLL
values. Finally, the full model accounting for plasma gener-
ation, avalanche ionization and plasma absorption is able to
reproduce NLL within a reasonable range of input energies
with . =3 fs and B3 = 1 x 1072 cm?/W?. However, a factor
of two of mismatch in the beam diameter is obtained in the
latter case.
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In summary, an overall good agreement between meas-
urements and calculations was found in a fairly broad range
of parameters. However, difficulty was encountered in per-
fectly matching both the nonlinear losses and the beam
diameter evolution (or the peak fluence). Even if techni-
cal limitations in our experimental apparatus could have
played some role (in smoothing the fluence dynamics and
increasing the diameters owing to finite transverse reso-
lution, and leading to an underestimation of the nonlinear
losses, due to a possible presence of a pre-and post pulse
temporal energy background in our pump source), the out-
lined discrepancies might indicate a limitation of the adopted
model, and hence the need for including additional physi-
cal effects as, e.g. a delayed contribution in the optical Kerr
effect [44].
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