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Abstract We have studied filamentation of 1-ps laser pulses
in a scattering medium (aqueous suspension of 2-um poly-
styrene microspheres) and compared filamentation dynam-
ics to that in pure water. Our results indicate that light
scattering does not alter filamentation dynamics in gen-
eral, but rather results in farther position of the nonlin-
ear focus, shorter filament length, and the development of
speckle structure in the peripheral part of the beam. The
experimental observations are qualitatively reproduced by
the numerical model which accounts for diffraction, self-
focusing, multiphoton absorption, and light scattering intro-
duced through a stochastic diffusion and diffraction term.

PACS 42.65.Jx - 42.25.Bs

1 Introduction

The filamentation of the ultrashort light pulses is an ulti-
mate manifestation of the nonlinear medium response to the
intense light field, resulting in contraction and reshaping of
the laser beam accompanied by spectral broadening, plasma
generation, temporal reshaping, and sub-diffractive propa-
gation [1, 2]. Recent experiments involving near-field detec-
tion prove spontaneous transformation of the input Gaussian
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beam into the nonlinear conical wave driven by complex in-
terplay between self-focusing, nonlinear losses (multipho-
ton absorption) and diffraction [3]. The conical wave is com-
posed of an intense narrow core (termed a filament), which
carries just a small fraction of the total energy, and an ex-
tended, low-intensity but high energy reservoir, which trav-
els locked as a single quasistationary profile. Only the in-
tense core interacts nonlinearly with the medium and so ex-
periences nonlinear energy losses, while the extended en-
ergy reservoir propagates linearly and continuously refills
the core during its propagation. The refilling feature is uni-
versal and is observed in transparent solid-state, liquid or
gaseous media. To this regard, light filaments were shown to
survive the collisions with the filament-size obstacles, such
as atmospheric obscurants, aerosols, water droplets [4—6], or
artificial opaque screens [7]. By contrast, filament propaga-
tion terminates if the extended energy reservoir is blocked
[3, 8]. Such a dynamic coexistence of localized and ex-
tended counterparts in the conical wave offers many chal-
lenging tasks in applied research ranging from atmospheric
applications to extended-depth microprocessing of transpar-
ent solids.

To date, much effort has been directed to the filamen-
tation in scattering media with implications to long-range
propagation, remote sensing and lightning control in ad-
verse atmospheric conditions, in the presence of rain, fog,
aerosol scattering, and high turbulence [9-13]; see also [14]
for a comprehensive review on the topic. Numerically, light
scattering in the atmospheric propagation may be simply
simulated by introducing some energy dissipation through
linear losses [15] or using a stratified model consisting of a
sequence of aerosol screens [16]. On a smaller scale, many
questions still remain open concerning the propagation of
narrow light beams in biological systems that are transpar-
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ent but exhibit strong scattering [17, 18]. To this regard,
nonlinear propagation of the ultrashort light pulses in bio-
logical systems opens many new challenges, such as local-
ized in-depth nonlinear excitation of biological agents, two-
photon microscopy within a tissue, and precise laser cutting
[19-21], to mention a few.

In this paper, we report the numerical and experimental
results on the picosecond laser pulse filamentation in a liquid
scattering medium (aqueous suspension of 2 pm polystyrene
microspheres of different concentration). Experimental and
numerical results imply that strong scattering leads to dis-
tortions of the filament energy reservoir developing an ap-
parent speckle structure, but does not greatly alter filament
formation and propagation dynamics.

2 Experiment

The experiment was carried out with chirped-pulse-amplifi-
cation based Nd:glass laser system (Twinkle, Light Conver-
sion Ltd.) delivering A = 1054 nm, 1 ps pulses at 10 Hz rep-
etition rate. The output laser beam was frequency doubled,
attenuated and spatially filtered to yield a clean Gaussian
profile at A = 527 nm with 1.2 mm FWHM diameter.
The second-harmonic beam was loosely focused by a f =
4500 mm lens down to 80 um FWHM diameter onto the
front-face of the syringe-shaped cuvette with fused silica
windows. The cuvette was filled either with aqueous suspen-
sion of 2 um diameter calibrated polystyrene microspheres,
provided by Vasmo Inc. (Indianapolis, IN) or with pure wa-
ter for a comparative study. The input pulse energy was set
Ein = 6 uJ, so as to excite a single filament inside a cu-
vette filled with pure water at a distance z = 12 mm from
its front-face. The construction of the cuvette allowed easy
varying of its length and monitoring the output beam near-
field fluence profile, and therefore capturing in detail the
propagation dynamics. In doing so, the output face of the cu-
vette was imaged onto a 10-bit dynamic range CCD camera
(COHU-6612 linked to Spiricon LBA-400PC frame grab-
ber) by means of an achromatic f = +50 mm lens, with
7 x magnification.

Figure 1 compares beam propagation and filament forma-
tion dynamics in the absence (in pure water, Fig. 1(a, ¢)) and
in the presence (in aqueous suspension of 2 um polystyrene
microspheres with 6000 mm ™3 particle density, Fig. 1(b, d))
of light scattering. The general side-views of a full-length
propagation in a 40-mm-long cuvette were taken by a digital
photo camera using the same input energy of Ej, = 6 uJ. The
most of scattered light is confined within a cone having ver-
tex angle of 10° indicated by light lines in Fig. 1(b), whereas
dark lines denote the scattering angle to half maximum in-
tensity, as calculated using Mie scattering theory [22], and
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Fig. 1 Side-view of the cuvette in the nonlinear propagation regime at
Ein = 6 pJ: (a) pure water, (b) aqueous solution of 2 um polystyrene
microspheres with 6000 mm™3 particle density. (c¢) and (d) are the re-
spective images recorded using an orange filter

which are in good agreement with the experimental results.
Laser beam filamentation is visualized by the appearance
of the white-light continuum emission and is detected using
an orange filter that transmits only wavelengths longer than
600 nm as shown in Fig. 1(c) and (d). In order to observe an
appreciable signal from a side-view in pure water, we have
used a very dilute solution of the scatterers in this case and
increased the exposure time.

In pure water, beam filamentation starts at z = 12 mm
from the input face as seen from Fig. 1(c), whereas in the
presence of scattering the nonlinear focus and filament start
point is shifted towards the output face, and under our ex-
perimental settings still occurs within the cuvette length.
Typical near-field images of the radiation which was de-
tected by imaging the output face of the cuvette onto a CCD
camera and continuously varying the propagation length are
shown in Fig. 2. Although the scattering is found to af-
fect the filament start position resulting in somewhat farther
point of the nonlinear focus, our observation suggests that
even in the presence of strong scattering (energy losses up
to 50%) the transverse beam profile, which takes the shape
of an intense central core (filament) surrounded by an ex-
tended (conical) peripheral radiation is highly resistant to
local perturbations imposed by the scatterers. The periph-
eral part of the radiation develops an apparent speckle struc-
ture, which is still able of refilling the nonlinear losses due
to multiphoton absorption experienced by the intense cen-
tral core and linear losses due to scattering experienced by
the entire beam. Here we note that the diameter of a sin-
gle microsphere comprises ~16% of the estimated filament
FWHM width (12 um).
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Fig. 2 Experimentally measured single-shot fluence profiles of the

beam beyond the nonlinear focus: (a—c¢) in pure water, (d-f) in

aqueous suspension of the polystyrene microspheres of 6000 mm ™3,

(g-i) in 8000 mm~3 aqueous polystyrene microspheres suspension at
z =12, 16,20 mm. Window size is 0.3 mm x 0.3 mm

3 The model

The propagation in the scattering medium was modeled in
the framework of the nonlinear Schroedinger equation for
the monochromatic field amplitude A with account for dif-
fraction, self-focusing, multiphoton absorption (MPA) [3],
and with addition of a stochastic term which simulates size,
properties and distribution of the scattering particles:
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where z is the propagation distance, w is the carrier fre-
quency, k = nw/c is the wave number, n and nj are the lin-
ear and nonlinear refractive indexes, respectively, K is the
order of multiphoton absorption with 8X) being the multi-
photon absorption coefficient, and y is the stochastic com-
plex function (specified in the text below). In our simula-
tion, we used the following values of the relevant parame-
tersn =1.33,n,=2.7 x 1071 cm?/W, K =3 (three pho-
ton absorption with account of water bandgap E, = 6.5 eV)
and ﬂ(3) =2 x 10723 cm3/W? as taken from [23]. Equa-
tion (1) was solved by means of the commonly used split-
step Fourier method. Specifically, the medium is divided
into a number of layers N of arbitrary thickness Az, and
the propagation through each particular layer is simulated a
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Fig. 3 (a) A schematic representation of the numerical procedure,
(b) an example of the y (x, y, z)

few times. The full numerical procedure is schematically de-
picted in Fig. 3(a) and is performed as follows: the first pass
through the N'th layer calculates the diffraction by solving a
simple equation

A _ (00, o)
dz 2k \9x2  9y?

using the fast Fourier transform algorithm. Thereafter, the
same layer is passed again, but now accounting for the self-
focusing:
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The third passage accounts for the multiphoton absorption:
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and the last one for scattering:
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where y(x, y, z) is a complex matrix representing proper-
ties and location of randomly distributed scattering parti-
cles. Specifically, its real part, Re[y (x, ¥)], describes the
absorption, while its imaginary part, Im[y (x, y)], describes
the phase shift (dephasing) introduced by a scattering par-
ticle. More generally, for the nth layer, y(x,y, z,) repre-
sents a matrix of random complex values, characterizing the
properties of the scatterers: concentration, size and opacity,
as illustrated in Fig. 3(b). The calculation procedure is re-
peated within the next layer, with the last step involving the
generation of a new matrix y (x, y, z,), which keeps particle
properties fixed and changing just their spatial distribution.
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The layer thickness Az in our calculations was chosen to
be an average distance between the scattering particles, that
is, ~45-55 pm for the scattering particle concentration of
10000 to 6000 cm™3. The grid size in the (x, y) plane was
0.2 mm x 0.2 mm, with 0.4 um resolution and 2'® pixels.

Since the actual properties of the scattering particles (re-
fractive index, absorption, etc.) were not provided by the
producer, the actual extinction experienced by the laser
beam was estimated from the energy loss due to scattering
in the linear propagation regime of an extended Gaussian
beam with wavelength 527 nm, which had power well below
the critical power for self-focusing. Experimentally, energy
losses due to scattering for 6000, 8000, and 10000 mm 3
particle density were estimated to be 40%, 49%, and 57%,
respectively, as measured in 10-mm-long cuvette. In this
measurement, we used a 10-mm diameter iris aperture cen-
tered on the beam propagation axis and Ophir Optronics en-
ergy meter with a photodiode head PE-10. An iris aperture
was placed at 1 m distance after the cuvette, so as to detect
the axial energy confined within an angle of 10 mrad. The
measured energy losses corresponded to an extinction coef-
ficient of 0.051, 0.0673, and 0.0844 mm™!, respectively, for
particle concentrations indicated above. These values were
used for the model calibration.

4 Results and summary

Although our model is for monochromatic (continuous)
waves and it does not account for more specific features of
the nonlinear medium owing to effective nonlinear refractive
index [24], effects of scattering on the pulse duration [25]
and morphologic dependent resonances in the polystyrene
microspheres giving rise to excitation of whispering gallery
modes [26], we obtained a good qualitative agreement be-
tween the numerical and experimental data. Figure 4 com-
pares the simulated and experimentally measured fluence
profiles of the beam after 20 mm of propagation in aqueous

Fig. 4 A comparison of (a) simulated and (b) experimentally mea-
sured beam profiles after 20 mm propagation in aqueous suspension of
polystyrene microspheres with 8000 mm~> particle density. Window
size is 0.3 mm x 0.3 mm
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suspension of polystyrene microspheres with 8000 mm™3

particle density outlining a development of apparent speckle
structure in both cases. The only difference is observed in
the far periphery because a portion of scattered light at large
angles is not collected in the imaging lens in the experiment.
Figure 5 (a) compares measured and numerically simulated
filamentation dynamics (diameter of the central core, i.e.,
filament versus propagation distance).

In the simulation, the 2 um-particle introduces strong
diffraction, and the Fourier transform algorithm fails when
the diffracted light reaches the boundaries of the calcula-
tion window. We solved this problem in two different ways:
(1) by introducing a spatial filter after passing each layer. The
spatial filter cuts high frequency spatial components, having
no effect on the central part of the beam; (ii) by replacing
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Fig. 5 (a) A comparison of the experimental data with numerical
simulations of the filament diameter during propagation in aqueous
suspension of 2-um polystyrene microspheres of different concentra-
tion. (b) A comparison of numerical results obtained with a different
computation algorithm, solid curves—introducing spatial filter, dotted
curves—with larger effective particles. See text for details
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the scattering particles with the effective ones, which are
larger in size and posses some effective absorption. In this
case, larger particles introduce smaller diffraction, so that
the diminished scattering losses are “compensated” by the
absorption. In the latter case, we have used the effective par-
ticles of 16 um in diameter and having 0.15 mm™~! absorp-
tion coefficient. The comparison between the two simula-
tion approaches is illustrated in Fig. 5(b). It can be seen that
both algorithms provide a very similar result concerning the
beam diameter, where a slight difference might be recog-
nized only for larger particle concentration and for longer
propagation distance. However, in the case of effective par-
ticles, the speckle structure is less developed and thus leads
to a smoother evolution of the beam diameter.

In conclusion, we have investigated filamentation dy-
namics of the ultrashort light pulses in a liquid scattering
medium. It is shown that light scattering introduced by the
polystyrene microspheres shifts the nonlinear focus (emer-
gence of the filament) toward further propagation distance,
and results in somewhat larger filament diameter along with
appearance of speckle structure in the peripheral part of
the beam. The developed monochromatic model, which ac-
counts for diffraction, self-focusing, multiphoton absorp-
tion and light scattering, qualitatively reproduces the rele-
vant propagation features observed experimentally with pi-
cosecond light pulses. The model is flexible in choosing the
parameters of scattering particles (density, size and trans-
parency) and could be easily adopted to any other scattering
medium.
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