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FORMATION OF PERIODIC MULTIFILAMENTARY STRUCTURES
BY USE OF HIGHLY ELLIPTIC LIGHT BEAMS
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Self-focusing and multiple filamentation of highly elliptic laser beams is studied experimentally in condensed media with
Kerr nonlinearity (water and fused silica). We show that highly elliptic laser beam initially breaks up into one-dimensional array
of filaments, producing deterministic and periodic patterns. At higher pump energies, the interplay between the neighbouring
filaments gives rise to formation of complex two-dimensional spatial structures.
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Self-focusing is an ultimate manifestation of non-
linear response of a material to the intense light field
and long ago has been shown to produce beam fila-
mentation, spectral broadening, and coloured conical
emission [1]. When the power of an incident laser
beam exceeds that of the critical one for self-focusing,
the laser beam eventually breaks up into multiple fila-
ments. With the advent of femtosecond lasers, a better
experimental access to filamentation phenomena has
been acquired and it has set a new quality in under-
standing of underlying physical processes [2]. In this
connection the multiple filamentation (MF) is a rele-
vant and yet not completely understood phenomenon.
In this regard, MF and white-light continuum genera-
tion with the high power femtosecond pulses has been
observed in air and explained as an optically turbulent
light guide resulting in random locations of intense fil-
aments in space and time [3]. Current interest in con-
trolled MF is motivated by the demand of precise lo-
calization of light filaments, crucial for many arising
applications, such as broadband continuum generation,
waveguide writing, light detection and ranging tech-
niques, etc.

Although the first observations of MF in Kerr media
have revealed an apparent competition between the ran-
dom and deterministic beam breakup, experiments with
femtosecond laser pulses imply that random nature of
beam breakup can be indeed regularized. In recent
years, a remarkable progress towards a controlled beam
breakup into multiple filaments has been achieved. Ma-

jority of the methods rely upon the modifications of
the input beam parameters, e. g. amplitude and phase.
Controlled MF patterns were generated by means of re-
shaping an input beam profile by a slit or diaphragm,
controlled phase aberrations [4], and phase masks [5],
introducing periodic amplitude modulation by the use
of meshes and grids [6, 7], or controllable focusing con-
ditions by means of a deformable mirror [8]. Another
way towards controlled MF exploits launching an ellip-
tical beam and has proved to be successful in overcom-
ing random small-scale filamentation. Beam breakup
starts evolving along the major axis and ends up with
stable and entirely predictable MF patterns. To this
regard, reproducible MF patterns by slightly elliptical
beams had been observed in various nonlinear media:
water [9], air [10], BK7 glass [11], fused silica [12],
and carbon disulfide [13], all revealing the universality
of the deterministic breakup process.

The abovementioned modifications to the input
beam lead not only to the formation of controllable
MF patterns with predictable number of filaments in
a desired way, but also significantly improve the beam
pointing stability [4, 10]. Most importantly, mutual co-
herence between filaments created by the same laser
pulse was first suggested by [14] and later verified by
means of interferometric measurements [15]. High co-
herence between and within the individual filaments
promises many challenging applications in generation
of carrier envelope phase-locked few-cycle pulses and
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frequency combs for metrology and precision spec-
troscopy.

In this paper we provide an experimental evidence
of highly elliptic beam (light stripe) breakup into self-
organized array of white-light filaments in water and in
fused silica. Our data suggests that despite the breakup
process being initially driven by noise, it results in
highly deterministic positions, spacing, and number of
individual filaments.

Experiments were carried out by launching 200 fs
527 nm pulses from a chirped-pulse amplification tech-
nique based Nd : glass laser system (Twinkle, Light
Conversion Ltd., Vilnius, Lithuania) running at 33 Hz
repetition rate with a frequency-doubling compressor
[16]. Spatially filtered Gaussian beam was focused by
means of a cylindrical lens (fx = +500 mm and fy =

∞) and resulted in 90 µm × 1.2 mm full width at half
maximum (FWHM) light stripe with ellipticity e ≈ 13
at the input face of the sample as shown in Fig. 1(at
0 mm). In the first experiment the sample we used was
a syringe-shaped water cell of variable length, while in
the second experiment it was a 41 mm long fused silica
slab. The output face of the sample was imaged onto a
CCD camera (COHU, pixel dimension 9.9 µm, 10 bit
dynamic range, frame grabber from Spiricon Inc.) by
means of an f = +45 mm achromatic objective with
4× magnification. In order to get a closer insight into
beam breakup dynamics, a complementary imaging by
10× magnification of the central beam part was used.
The incident power was adjusted by means of a half-
wave plate and a polarizer within wide margins, so as to
excite the beam breakup into multiple filaments within
the samples.

In the first series of experiments we recorded the
self-focusing dynamics of highly elliptical beam in wa-
ter versus propagation distance. The details are shown
in Fig. 1. We have chosen the input beam energy
Ein = 29 µJ that corresponds to the input power of
125 Pcr, Pcr = 1.15 MW. In the first 15 mm of propa-
gation we observe a gradual one-dimensional focusing
of the beam along the minor axis of an ellipse accom-
panied by a growth of noise modulation, as seen from
beam cross-sections depicted in Fig. 2. After 20 mm of
propagation the most intense part of the elliptic beam
breaks up into several well-pronounced light filaments
of ∼ 20 µm FWHM width each, accompanied by coni-
cal emission and white-light generation and surrounded
by a characteristic ring structure, which closely resem-
ble the general features observed in the single filament
dynamics [17]. The breakup area extends further with
propagation, resulting in equidistantly located peaks –

Fig. 1. Breakup dynamics of highly elliptical beam versus prop-
agation distance in water cell. Dimension of a single image is
370 µm × 3 mm. Insets show the magnified portion of the cen-

tral part with dimension 150 × 650 µm2.

an array of white-light filaments. Our data suggests that
the initial propagation stage of highly-elliptic beams
is essentially one-dimensional self-focusing. During
that propagation stage, certain noise frequencies grow,
leading to a transverse instability, which ultimately re-
sults in beam breakup into an array of filaments along
the major axis of an ellipse. The period of the fila-
ments was found to be 55 µm and remained fairly con-
stant. With further propagation, interference between
the conical parts of the neighbouring filaments gives
rise to more complicated two-dimensional structures,
which first appear as weak secondary stripes parallel to
the main beam and evolve into distinct spots.

We observed that particular positions of the individ-
ual filaments in water slightly varied from shot to shot
within the range of 20 µm. In order to show that this
instability of MF pattern is due to water turbulence and
tiny impurities such as dust grains floating inside the
open water cell, and not due to shot-to-shot fluctua-
tions in the input beam profile, we tested the stability
of the position of an individual filament by generating
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Fig. 2. Central cross-section of the beam showing the birth of a
filament array.

a filament array in the 41 mm long fused silica slab.
Instead of changing the sample length, we varied the
input beam energy from 15 to 32 µJ, what corresponds
to power range of 80–170 Pcr, with Pcr being 0.9 MW
for fused silica. The results are presented in Fig. 3. In
this case the filaments were precisely located and did
not change their position from one laser shot to another.
The observed stability in position suggests that high el-
lipticity dominates the noise in determining the overall
MF pattern. We also note an excellent high shot-to-
shot energy reproducibility and high pointing stability
of the laser beam, which is achieved by a feedback sys-
tem and computer controlled operation [16].

Fig. 3. Beam breakup and generation of the filament array in 41 mm
long fused silica sample as a function of incident energy.

Stable positions of the filaments allowed for the
more precise observations of how exactly the filaments
appear. It is evident that initial filaments form from
small perturbations (seen as brighter regions in the light
stripe) in the self-focusing beam that start to be visible
with 15 µJ input pulses. Further these perturbations

evolve into nuclei, which finally give rise to individ-
ual filaments. Another interesting observation of the
breakup process points to generation of some of the fil-
aments at the intersections of individual rings. These
filaments appear further in terms of propagation dis-
tance, or at higher incident power, and fill the gaps
where initial noise-driven nuclei are absent (compare
the patterns in Fig. 3 recorded at 18 and 21 µJ).

Summarizing the experimental observations, we
found that breakup of highly elliptical beams into ar-
rays of filaments is deterministic, with each peak in the
MF pattern being highly reproducible in position. At
low input power the breakup dynamics is essentially
one-dimensional along the major axis of the ellipse,
whereas with increase of either power or propagation
length, the dynamics become two-dimensional, owing
to conical structure of individual filaments. And finally,
assuming recent investigations on nonlinear X-wave
generation through filamentation [18], it is expected
that multiple filamentation opens a direct route to gen-
erate an array of coherent X-pulses, which can be use-
ful for fast and inexpensive way for modifications of
transparent bulk materials.
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PERIODINIŲ DAUGIAGIJŲ DARINIŲ GENERAVIMAS ELIPSINIAIS ŠVIESOS PLUOŠTAIS
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Santrauka
Eksperimentiškai ištirtas elipsinių šviesos pluoštų fokusavima-

sis ir daugiagijų darinių generacija kondensuotose terpėse su Kerro
netiesiškumu (vandenyje ir lydytame kvarce). Parodyta, kad labai

elipsinis lazerio pluoštas dėl saviveikos pradžioje transformuojasi į
vienmatį periodinį ir gerai atsikartojantį daugiagijį darinį. Atskirų
šviesos gijų tarpusavio sąveika vėliau formuoja sudėtingesnius dvi-
mačius šviesos darinius.


