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FILAMENTATION IN THE INTERSECTION REGION
OF TWO FEMTOSECOND LASER BEAMS IN SAPPHIRE

The filamentation phenomenon arising at the intersection of two femtosecond laser beams in
a sapphire single crystal has been studied. Conditions for a reqular multifilament structure
(MFS) to emerge with the parameters depending on the pulse energy, intersection angle, and
phase difference between two exciting beams are determined. For the first time, the formation
of a single filament under the action of two different excitation beams is analyzed as an MFS
implementation. The number of filaments in the MFS is demonstrated to depend on the num-
ber of interference maxima in the intersection region of beams, the power of which exceeds the
critical power of self-focusing. Attention is paid to the possibility to control the multifilament
structure by varying the phase difference between the interacting beams. Optical manifesta-
tions of the interaction between the filaments with the “attractive” or “repulsive” character are
observed. The spectrum of the axial emission by a single filament, as well as its dependence
on the filament length, is studied, and the process of four-wave mizing is shown to play a key
role in its formation.
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1. Introduction

A significant progress has been reached recently in
the technology allowing various optoelectronic ma-
terials to be modified with the use of ultrashort
laser pulses. It was demonstrated that strongly fo-
cused laser pulses — in particular, in the filamenta-
tion mode — are especially useful while creating the
wave guides in the material volume, optical splitters
and gratings, and optical memory cells [1,2]. There-
fore, the research of peculiarities in the propagation
of femtosecond laser pulses in such materials, includ-
ing the filamentation effects, is important not only
from the viewpoint of fundamental science, but also
for probable practical applications.

If the laser pulse power exceeds a threshold value,
the self-focusing of the beam dominates over its
diffraction-driven divergence. As a result, the beam
gets filamented [2], and the regime of pulse propa-
gation substantially changes. If the threshold power
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is exceeded by several times, the modulation insta-
bility gives rise to the emergence of plenty of fila-
ments, with the interaction and the energy exchange
between them being possible. Therefore, the study
of the interaction between filaments is important to
understand and to precisely control the multifilamen-
tation phenomenon, in particular, in order to modify
optoelectronic materials with the help of femtosecond
laser pulses.

Some experimental and theoretical works were de-
voted to the consideration of interaction between fil-
aments in air [3-10] and transparent solids [11]. The
authors of work [9] studied the formation of periodic
modulations of the density of a plasma, whose dimen-
sions are comparable with the wavelength and which
are capable of transporting the input pulses, similarly
to a photonic crystal, at intersection angles from 2 to
16°. The authors of work [10] simulated the inter-
action between femtosecond filaments at intersection
angles within the interval 0.01 = 0.1°. They showed
that the interaction brings about the attraction be-
tween co-phased filaments; on the contrary, if the fila-
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ment phases are opposite, the repulsion dominates. It
was predicted that the merging of two co-phased fila-
ments should result in the formation of a single stable
filament. As far as we know, there is no experimental
confirmation of this theoretical conclusion till now, in
particular, in the case of solid transparent insulators.
In work [11], a regular MFS was formed in a quartz
glass pumped with two intersecting beams, and every
filament generated its own supercontinuum at that.
The authors of work [11] confined the scope of their
research to the mutual coherence of multiple super-
continuum sources, but the influence of the phase dif-
ference between excitation beams on the MFS was not
considered.

This work is aimed at studying the interaction be-
tween two filaments intersecting in a single-crystalline
sapphire at angles ranging from 1.2 to 5° and with
the excitation-beam phase difference varying from 0
to 180°. The spatial period of the interference pat-
tern at such intersection angles is smaller than the
diameter of a pump beam in the intersection region.
Therefore, depending on the energy and the phase in
this region, either a single filament or an MFS can be
formed.

2. Experiment

The processes of filamentation and interaction be-
tween filaments were visualized by registering the
time-integrated sapphire fluorescence emitted from
the plasma channel in the direction perpendicular to
the pulse propagation axis. The spectra of axial emis-
sion by filaments were also registered. The experi-
mental installation is schematically shown in Fig. 1.
A regenerative amplifier 1 generated a train of
pulses (2.5 mJ, 150 fs, 818.5 nm) with a repetition
frequency of 1 kHz. The set of neutral filters 2 pro-
vided a required pulse energy. Diaphragm 4 cuts out
two narrower parallel beams, 1 or 1.5 mm in diameter,
the axes of which are separated by a distance of 2.4
or 3 mm. They are directed into objective lens 6 with
a focal distance of 43 or 65 mm. Two identical plates
of fused quartz 1 mm in thickness are inserted in the
beam optical path before diaphragm 4. The slope of
one plate is varied to provide a required phase shift
between the two beams. Lens 6 is mounted on a mo-
torized one-coordinate stage that could move along
the axis Z. The distance between diaphragm 4 and
lens 6 equals 10 cm, when the coordinate stage is
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Fig. 1. Schematic diagram of the experimental installation:
regenerative amplifier Legend F-1K-HE (1), neutral filters (2),
rotary mirror (8), diaphragm (4 ), coordinate stage (5), objec-
tive lens (6), specimen (7), microscope objective and CCD-
chamber (8), and personal computer (9)

located at Z = 0. Polished specimen 7 of a single-
crystalline sapphire 3 x 3 x 20 mm? in dimensions
is mounted behind the lens in such a way that, at
Z = 0, the lens focus is in the specimen, and the
crystal axis of the specimen is oriented in parallel
to the axis Z. Objective lens 8 (x3.7 or x10) ex-
poses the filament interaction region on a 1200 x 1600
monochrome CCD-matrix in chamber 8 with a pixel
size of 4.4 x 4.4 ym? on a scale of 1.08 or 0.4 um /pixel
with a spatial resolution of 3 or 2 um, respectively.

In another experiment, the spectra of axial filament
emission are measured. For this purpose, the light
of axial emission, with the help of an optical fiber
waveguide fixed at a distance of 15 cm from the back
specimen face, is directed into the entrance slit of an
SP-2500i spectrograph with a focal length of 500 mm
and equipped with a SPEC-10 CCD-detector.

As an experimental material, we select a single-
crystalline sapphire (the energy gap width was 9.9 eV,
the refractive index ng = 1.76 at a wavelength of
0.8 pum, and the nonlinear refractive index no = 2.5x
x10716 cm? /W). Sapphire specimens 3 x 3 x 20 mm?
in dimensions were fabricated, in which the crystal
axis is oriented along the shorter side.

3. Results and Discussion

Figure 2 illustrates the interaction between two co-
herent femtosecond beams that intersect each other
at the angle 2a = 3.2°. With the help of CCD-
chamber 8, we registered the luminescence light of
sapphire emitted owing to the relaxation of free
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Fig. 2. MFSs formed by two coherent femtosecond beams
intersecting at the angle 2ac = 3.2° in sapphire for various phase
differences between them. The corresponding phase difference
is indicated to the left of each fragment. Enlarged views of
multifilament structure fragments are shown to the right

charge carriers in the filament plasma channel. The
excitation beams were directed from left to right.
The energy of every excitation pulse equaled 2.0 pJ.
The upper fragment in Fig. 2 demonstrates the in-
tersection between two non-coherent and non-time-
synchronized filaments. This fragment was obtained
when one of the phase compensating plates was re-
moved. A time difference of about 2.5 ps between two
pulses that emerged in this case was much longer than
the pulse duration, so that the interaction of pulses
according to the Kerr mechanism was excluded. On
the other hand, a small energy disbalance because of
the plate absence explains the difference between the
intensities of two filaments. The intersection point of
two independent filaments (it is marked by a white
arrow in Fig. 2) lays in the focal plane of lens 5. In
this case, the filamentation began before the geomet-
rical focus.

The next fragment (marked as 0°) demonstrates
a scenario of the interaction between two time-
synchronized pulses at the zero phase difference be-
tween them. In the intersection region (it is indicated
by a white arrow), an MFS emerged in the form of
three equidistant parallel filaments. Attention should
be paid to that, if the pump pulses were synchronized
in time, the MFS began much closer to the specimen
entrance face in comparison with the case of inde-
pendent filaments. This fact testifies that both pump
pulses were engaged in the MFS formation process.
Proceeding also from the fact that the MFS length
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(about 400 pm) considerably exceeded the length of
the region where the filament kernels intersected, it
becomes clear that a wider energy reservoir of each
filament, where the energy intensity was low, partic-
ipated in the MFS formation. The filaments in the
MF'S were located at the distance d = 8 pym, with the
most intensive central filament being symmetrically
arranged along the bisectrix of two non-interacting
filaments. The positions of the filaments and the dis-
tance between them in the MFS corresponded to the
calculated positions of maxima in the interference
pattern formed by two co-phased pulses with a wave-
length of 820 nm and an intersection angle of 3.2°
in sapphire. A phase difference of 180° between two
filaments (see the next fragment below) gave rise to
a vertical shift of MFS by d/2, in accordance with
a shift of the interference pattern maximum. In this
case, there emerged a symmetric MFS consisting of
two identical central filaments with a high intensity
and two weak peripheral filaments; the distance be-
tween filaments equaled 8 pym. If the phase shift was
90°, an asymmetric structure of four filaments was
formed (see the lower fragment). The filament posi-
tions and the intervals between them in the interfer-
ence patterns for two beams with a phase shift of 90°,
as well as 0 and 180°, corresponded to the calculated
positions of maxima.

The results presented above allow us to draw con-
clusion that two coherent filaments, first, disappeared
in the intersection region and transferred their energy
to the energy reservoirs. Instead, there emerged an
MFS in the intersection region. The number, inten-
sity, and position of MFS were determined by the
interference pattern of two reservoirs. A total MFS
width of 24 pum qualitatively estimates the diameter
D of the filament energy reservoir.

In the transient region between the filaments and
the MFS, the effects of filament attraction and re-
pulsion manifested themselves. In essence, this tran-
sient region was an area where the interference pat-
tern contrast was reduced because the energy reser-
voirs intersected each other there only partially. A
superposition of low-contrast interference strips and
own gradients of the intensity of the light field cre-
ated by excitation pulses shifted the local intensity
maxima with respect to perfect strip positions and,
as a consequence, the filament positions themselves.
To make this interaction more evident, we diminished
the pulse energy and the intersection angle values.
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Figure 3 demonstrates the MFS zone of two fila-
ments and the surrounding regions located along the
axis Z. The energy of each pulse was 1.5 pJ and the
intersection angle equaled 2a = 1.2°. Pump pulses
propagated from left to right. At this pulse energy,
the filamentation of the pulses shifted in time began
already behind the geometrical focus. In the MFS
region, only a single filament was formed if the phase
difference was 0°, and two parallel filaments located
at a distance of 20 um if the phase difference was
180°. The right edge of the photo coincides with the
specimen exit face. As was in the previous case, the
position and the distance between MF'S filaments cor-
responded to the calculated positions of maxima in
the interference pattern. The lower fragment, which
was obtained at a phase difference of 180°, exhibits
a continuous transformation from an MFS (two fila-
ments separated by d = 20 pum) to two independent
diverging filaments. Attention should be paid to that
the distances between the filaments at the exit face
(their values are indicated to the right of each frag-
ment) are different in all three cases. Co-phased fil-
aments attract, whereas counter-phased ones, on the
contrary, repulse each other. However, the situation
can differ at different positions along the axis Z.

In Fig. 4, the dependences of the distance between
filaments on the coordinate Z are shown for a phase
difference of 180° and, for comparison, for indepen-
dent filaments shifted in time (according to the data
of Fig. 3). One can see that the attraction dominating
in the interval Z = 8001500 pm transforms into the
repulsion in the interval Z = 1400 + 1700 ym. Note
that the authors of work [10] predicted only the repul-
sion of two filaments with opposite phases that inter-
sect each other in air at the angle o = 0.01°. We think
that the physical reason for this discrepancy consists
in the ratio r = D/d between the energy reservoir
diameter and the distance between the fringes in the
interference pattern. In air and provided o = 0.01°,
this ratio equals r =~ 0.5 if D = 1 mm. However,
in sapphire and for a = 0.6° and D = 24 um, we
obtain r ~ 1. This means that a destructive interfer-
ence between two pulses dominates in air, even if they
intersect weakly, so that only a filament repulsion is
observed. Unlike that, the interval between the strips
in sapphire equals D. Hence, besides the central min-
imum, there emerge constructive maxima located at a
distance of 20 um from each other. As the coordinate
Z increases, the own pulse maxima diverge, which
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Fig. 3. Interaction of two filaments intersecting at the angle
2a = 3.2° for various phase differences
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Fig. 4. Dependences of the distance between filaments on the
coordinate Z
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Fig. 5. Spectra of axial emission by a single filament with

various lengths. Epyise = 2.4 pJ

gives rise to a shift of the resulting maxima owing to
the superposition of low-contrast interference strips
and the own distribution of the light field intensity
of pump pulses; firstly toward the center and after-
ward away from it. Just this circumstance results in
that both the filament attraction and repulsion are
observed.

347



1.V. Blonskyi, V.M. Kadan, O.Y. Shpotyuk et al.

In Fig. 5, the spectra of axial emission are shown
for various lengths of a single filament excited by
two beams with a total energy of 2.4 4J that inter-
sect at an angle of 1.5°. One can see that, starting
from a single filament 560 ym in length, new Sto-
kes and anti-Stokes peaks appear at the wavelengths
As = 826.0 nm and Ay = 811.0 nm, respectively,
which are equidistant from the excitation wavelength
Ao = 818.5 nm. We suppose that those peaks are gen-
erated in the course of the four-wave mixing in the
high-intensity filament kernel, in which the recombi-
nation of two laser photons creates a Stokes photon
and an anti-Stokes one (see the inset in Fig. 5). The
dispersion of the refractive index in sapphire allows
the momentum and energy conservation laws in this
process to be obeyed,

2ko = ks +ka, (1)
2hwy = hws + hwy. (2)

Really, using the tabulated data for the refractive in-
dex of sapphire and the measured wavelengths g,
A4, and Ag, the solution of the system of equations
(1), (2) gives @ = 0.72° and B = 0.7°. The values ob-
tained are in good agreement with an experimental
value of 0.75° for the angle between the pump beam
and the axis Z.

4. Conclusions

In this work, the interaction of two femtosecond fila-
ments in single-crystalline sapphire is studied exper-
imentally at various pulse energies, intersection an-
gles, and phase differences. It is shown that both a
regular multifilament structure (MFS) and a single
filament can be formed in the intersection region of
energy reservoirs. A possibility to control the MFS
by varying the phase shift between the interacting
beams is demonstrated. Owing to the superposition
of low-contrast interference strips in the own distri-
bution of the light field intensity of exciting beams,
both the attraction and the repulsion of filaments are
observed in the near-MFS region. The axial emis-
sion of a single filament formed in the zone, where
the energy reservoirs overlap, is a result of the non-
degenerate four-wave mixing.

The work was carried out taking advantage of me-
thodical capabilities of the Center for collective use of
the National Academy of Sciences of Ukraine “Fem-
tosecond Laser Complex”. The authors are grateful
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OIJIAMEHTAIIIA B OBJIACTI
INEPETUHY JBOX ®EMTOCEKYH/IHNX
JIABEPHIUX ITPOMEHIB V¥V CAII®IPI

Peszowme

HocnimzkeHno siBuite (pisiamMeHTalil Ipu mepeTuHi ABoxX (hemMTo-
CEeKYHIHUX JIa3ePHUX IIPOMEHIB y MOHOKPHCTAIiIHOMY camndi-
pi. Busnaueno yMOBU yTBOpPEHHS PEryJIsSIPHOI MyJIbTudiIaMeH-
THOI cTpykTypu (MPC), mapaMeTpu AKOI 3aJ1€XKaTh BiJ| eHepril
iMIyJIbCy, KyTa IepeTuHy i pisuuni das Mixk gBoMa 30y/12KYy-
IOYNMMM NpoMeHsiMU. Buepie, sk okpemy peadizarmio MPC,
IOCJIiIpKeHO T1poriec (hpOpMyBaHHs OJUHAPHUX (DiTaMEHTIB 1pu
ail ABOX pi3HMX IpOMeEHIB 30yKeHHs1. [IpoiemoncTpoBaHoO, 1110
qucyo dinamentis B8 MOC 3amexxuth Bij KiabKocTi inTepde-
PEHIIHHNX MaKCUMyMiB B 00J/1acTi IepeTHHy IIPOMEHIB, IOTY-
JKHICTB SIKUX IE€PEBUIILYE KPUTHUIHY MOTY>KHICTb caMO(OKYyCy-
BaHHs. 3BEPHYTO yBary Ha MOXKJIMBICTH KEpyBaHHS MYJIbTHU-
diTaMEeHTHOIO CTPYKTYPOIO NIISAXOM 3MiHM pisHuIl $das3 mix
B3aeMojitounMu npomersiMu. CIIOCTEPEeXXeHO ONTUYHI IPOsSIBU
“OpUTAryBaJIbHOrO” 1 “BiIIITOBXYBAJbHOTO’ XapakKTepy B3ae-
Monil dpinamentis. BuBueHo crieKTp 0CHOBOTO BUIIPOMIHIOBAHHS
omuHapHOTO diamMeHTa 3aJe2KHO Bil ioro nosxkunu. Ilokaza-
HO, 110 y (POPMYBaHHI OCBOBOI'O CIIEKTPa HOr0 BUIIPOMIHIOBaH-
HsI BU3HAYAJIBHY POJIb Bifirpa€ IIponec Y0THPUXBUIBOBOIO 3Mi-
[IyBaHHSI.
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