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FILAMENTS IN BIREFRINGENT MEDIA

The observation of the polarization features of the “white supercontinuum” type and the “con-
ical emission” of femtosecond laser filaments in quartz and sapphire is reported. The features
are caused by the positive and negative birefringences of quartz and sapphire. The polarization
directions of “white supercontinuum” and “conical emission” are mutually normal as a result
of the difference between the group velocities of the ordinary and extraordinary rays. A phys-
ical mechanism of conical emission, which explains the features of its polarization, has been

proposed.
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1. Introduction

The propagation of powerful femtosecond laser pulses
in transparent media is accompanied by a series of in-
teresting, still little-studied phenomena such as fila-
mentation, generation of conical waves, terahertz ra-
diation emission, and femtosecond radiation emission
with a “quasiwhite” spectrum [1]. Those phenomena
are a matter of investigation for non-stationary non-
linear optics. For today, they form a forefront of re-
searches in laser physics. Laser femtosecond filaments
emerge as a result of the dynamical balance between
the focusing of laser radiation due to the positive
variation of the medium refractive index (the high-
frequency Kerr effect) and its defocusing due to a
negative variation of the refractive index (owing to
the generation of an electron-hole plasma) [1]. The
filamentation of laser light pulses favors the transfor-
mation of their frequency and angular spectra. This
transformation manifests itself in the appearance of
a “white supercontinuum” (SC) and the generation of
“conical emission” (CE), respectively [1].

Earlier, the structure of filaments, conditions of
their formation, and SC and CE properties were
mainly considered for isotropic Kerr media [1-3]. The
number of researches concerning femtosecond fil-
aments in birefringent media is rather small [4—
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10]. However, the knowledge of the processes of for-
mation and the properties of filaments at the prop-
agation of ultrashort light pulses in such media — in
particular, in sapphire — is of importance, since this
material is used as an active medium in modern laser
systems. Similar researches can provide information
about such slightly studied phenomena that accom-
pany the filamentation as, e.g., the CE generation. A
periodic filamentation phenomenon, which was exper-
imentally observed in sapphire and crystalline quartz
[11], became another new effect revealed in the re-
cent years. The physical origin of the observed pe-
riodicity consists in the cyclic transformation of the
polarization state of a light pulse at its propagation in
a birefringent medium owing to the incursion of the
phase difference between the ordinary and extraordi-
nary rays.

In this work, the unusual polarization properties
of SC and CE generated by filaments in birefringent
crystalline media — positive in quartz (n, < n.) and
negative in sapphire (n, > n.) — are reported for the
first time. A qualitative explanation of those proper-
ties is also proposed.

2. Experimental Part

The block diagram of the installation created for our
researches is depicted in Fig. 1. In order to gener-
ate filaments in polished single-crystalline (AloO3 or
SiO2) specimens 5 mm in thickness, we used hori-
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Fig. 1. Block diagram of the experimental installation
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Fig. 2. SC and CE in a sapphire crystal in the far field:
without polarizer P2 (a); polarizer P2 is oriented to transmit
light with vertical (o-) polarization (b); polarizer P2 is oriented
to transmit light with horizontal (e-) polarization (c)
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Fig. 3. CE and SC polarization states in sapphire and crys-
talline quartz depending on the input ray polarization
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zontally polarized laser pulses with a wavelength of
800 nm, a duration of 150 fs, and a repetition fre-
quency of 1 kHz. A half-wave phase plate (\/2) and
a Glan prism (P1) created a vertically polarized ray
with controlled power. The ray passed through di-
aphragm D with a diameter of 3.0 mm. The orien-
tation of the linear beam polarization was changed
with the help of a A/2-phase plate or transformed
from linear into circular using a A/4-phase plate. For
the excitation of filaments, the ray was focused into
specimen S with the help of lens L with a focal length
of 8 cm. The crystallographic axis ¢ was directed hor-
izontally and complanarly to the input plane of spec-
imen S, as is shown in Fig. 1. For probing the SC and
the CE under various angles # with respect to the
axis of the input ray propagation, a flexible optical
fiber 1 mm in diameter was used. A signal obtained
at the optical fiber output was directed to the input
slit of an SP-2500i spectrograph with a matrix sili-
con detector. The second Glan prism (P2) was used
to analyze the polarization of SC and CE.

3. Experimental Results and their Discussion

In Fig. 2, the SC and CE registered at a distance of
20 cm from the output face of a sapphire specimen are
shown. The laser beam was circularly polarized, and
the pulse energy amounted to 1.5 pJ. The start point
of the filament was located at a distance of 2.5 mm
from the input face of the specimen. One can see that
the ordinary (o-) polarization prevailed in the light of
white SC (Fig. 2, b), whereas the visible CE and the
weak red component of SC had the extraordinary (e-)
polarization (Fig. 2, c).

The results of the analysis of the SC and CE po-
larizations in sapphire and quartz, and their depen-
dence on the excitation ray polarization are exhibited
in Fig. 3. In the case where the excitation ray has the
o- or e-polarization, the SC and CE — both in sapphire
and in crystalline quartz — have the same polariza-
tion as the excitation does, analogously to the case of
isotropic media [12-15]. It is quite evident, because
the polarization of a laser pulse remains invariable
at its propagation in this case. On the other hand,
if the excitation ray has a circular polarization or its
polarization plane is directed at an angle of 45° with
respect to the specimen crystallographic axis, the SC
and CE polarizations are different. Actually, those
two polarizations of the excitation ray are equivalent,
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because both in the case of circular polarization and
when the polarization plane slope equals 45°, the po-
larization of the excitation pulse undergoes the same
evolution cycle in the birefringent medium, as is il-
lustrated in the inset in Fig. 1. The same cycle re-
peats with a period of 101 pum in sapphire and 90 pym
in quartz: as soon as the phase incursion between
the ordinary and extraordinary rays becomes equal
to 2mn, where n is an integer number [11]. Therefore,
in what follows, we will discuss only the circular input
polarization.

Attention is attracted by the fact that the CE (SC)
polarization in the quartz crystal with the positive
birefringence is orthogonal to the SC (CE) polariza-
tion in sapphire, where the birefringence is negative.

Besides the visible spectral interval, we have also
analyzed the polarization of the infra-red (IR) compo-
nent of SC in sapphire (see Fig. 4). The black curve
exhibits the IR spectrum of SC for the e-polarized
excitation, and the gray curve for the o-polarized
one. The spectral interval of measurements was con-
fined from the long-wave side by the sensitivity of a
silicon detector, and from the short-wave one by the
flare produced by the exciting radiation band. One
can see from Fig. 4 that the IR component of SC is
mainly e-polarized, whereas its visible component is
o-polarized.

The experimental data presented above can be ex-
plained by a reduction in the spatial overlapping of
the ordinary and extraordinary rays at their propa-
gation in the birefringent medium. Figure 5 demon-
strates the results of calculations that show the di-
vergence of o- and e-pulses in sapphire due to the
difference between their group velocities. The indica-
tion begins from the point of coincidence of those
pulses in time and space, which corresponds to
the input face of the specimen. The pulse duration
equaled 150 fs, and the wavelength 800 nm. The
value of refractive index was taken from the website
http:/ /refractiveindex.info.

From Fig. 5, one can see that, after passing a dis-
tance of 3 mm in sapphire, the pulses of ordinary
and extraordinary rays so diverge that the periodic
change of the polarization state occurs mainly in the
central part of the resulting pulse, where the o- and
e-components overlap. However, since n, > n, in sap-
phire, the leading edge of the resulting pulse is mainly
e-polarized, and the trailing one is o-polarized. This
circumstance explains the polarization properties of
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Fig. 4. IR spectrum of SC in sapphire for ordinary and ex-
traordinary polarizations. The excitation ray is circularly po-
larized
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Fig. 5. Total intensity of Gaussian o- and e-pulses (a pulse
duration of 150 fs) in a coordinate system that moves with
the group velocity of an ordinary polarized pulse at various
distances from the input face of the sapphire specimen, [ = 0
(1),3.3(2),3.7(3), and 5.6 mm (4). The spatial and temporal
differences between the o- and e-pulses are indicated for each
l-value

SC, when excitation is performed by circularly po-
larized pulses. Really, as follows even from a simple
consideration of the phase self-modulation, nonlin-
ear changes of the refractive index at the trailing
(leading) edge of the light pulse are responsible for
the anti-Stokes (Stokes) broadening of its spectrum
[16]. Therefore, in quartz, where n, < ne, the polar-
ization of the trailing edge of the resulting pulse is de-
termined by the slower e-pulse. As a consequence, the
process of phase self-modulation at the pulse trailing
edge gives rise to the e-polarized SC in quartz, and
to the o-polarized SC in sapphire.

The presented speculations are supported by calcu-
lations [17], which testify that, in the case of linearly
polarized excitation pulses, the SC intensity is higher
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Fig. 6. Dependence of the angle 6 (in air) for CE at the
spectral maximum on the wavelength X\ for the e-polarization
in sapphire

than for the circularly polarized ones. Hence, it is
the linearly polarized component of the pulse trailing
edge that determines the SC polarization. Concerning
the SC in the IR spectral interval, which is gener-
ated by the pulse leading edge, it has mainly the e-
polarized component in sapphire. Note that, in the
case of temporal splitting of a femtosecond laser pulse
in the course of filamentation [1], the polarization of
the leading and trailing edges of the cumulative pulse
and, therefore, the SC polarization remain the same
as in the case of unsplit pulse.

The issue concerning the CE polarization is more
difficult. The polarizations of the SC and CE excita-
tion rays are conventionally supposed to be identical
in the isotropic medium [12-15]. The interrelation be-
tween the SC, CE, and dynamics of filamentation in
isotropic media is explained differently. In work [18],
the CE was associated with the Cherenkov radiation
in the plasma channel of a filament surrounded by a
Kerr shell and, in work [19], with the plasma defo-
cusing of SC in the pulse tail section. In addition, a
model for an enhancement of the modulation instabil-
ity of the plane and monochromatic modes of a non-
linear Schrédinger equation in the angle-wavelength
(0 — X\) coordinates was proposed as a mechanism
of CE generation in light filaments [20, 21]. In this
model, the energy transfers from the main band of
pulse excitation to the Stokes and anti-Stokes side-
bands owing to a four-wave interaction. Recent nu-
merical simulations of the spatiotemporal transfor-
mation of femtosecond laser pulses on the basis of a
nonlinear Schrédinger equation 22, 23| predict rather
well the appearance of new spectral components of
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radiation in filaments. However, simple physical in-
terpretations still remain controversial.

Since the SC and IR CE polarizations are identi-
cal in sapphire, it is reasonable to assume that the
CE generation occurs in the front section of the light
pulse. In our opinion, the process of four-wave mixing
(FWM), in which the IR CE and laser radiation with
a central frequency of 800 nm participate, can also
give a contribution to the mechanism of CE genera-
tion. The FWM can take place in the highly intensive
core of a filament and at the leading edge of the pulse
according to the following scheme:

2hwy = hwirsc + Awce,
2ko = kirsc + kcg cos 6.

(1)
Here, the subscript 0 corresponds to laser radiation,
and 6 is the angle of CE with respect to the axis
X. The first equation describes the energy conserva-
tion, and the second one is the equation of longitu-
dinal phase synchronism, which is typical of nonlin-
ear phenomena in the narrow filament channel. The
preservation of only the longitudinal component of
the wave vector is associated with the fact that the
transverse size of the high-intensity section in the fila-
ment core, where the nonlinear interaction just takes
place, amounts to a few wavelengths. As a result, re-
quirements to the transverse phase synchronism be-
come weaker.

Note that, unlike the FWM in which the Stokes,
anti-Stokes, and excitation radiations participate [21],
the proposed FWM scenario includes the excitation,
CE, and IR SC. The result of calculations of the sys-
tem of equations (1) is shown in Fig. 6 by a solid
curve. Laser radiation and the IR SC are directed
along the axis X, and the CE is generated at an an-
gle 6. The value of the angle 6 was corrected for air
with regard for the refraction across the output face
of the specimen. No fitting parameters were used in
calculations.

Figure 6 also exhibits the experimental 6 — \ spec-
trum of the CE excited in sapphire by a circularly
polarized laser ray with a pulse energy of 1.5 uJ, as
well as the results of calculations by formulas (1). The
measurement setup is shown in the inset.

One should pay attention to a very good agreement
between the experimental data and the results of cal-
culations in the short-wave interval of 0.53-0.65 pm
and to rather large deviations in the long-wave sec-
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tion. This fact may mean that the proposed mecha-
nism is actual for the short-wave edge of CE. As fol-
lows from the equation of energy conservation (1), the
short-wave limit of CE, which is observed at a wave-
length of 530 nm, agrees well with a long-wave limit
of 1600 nm for the IR SC in sapphire [6]. Note that,
although the numerical models proposed in works
[22, 23] adequately describe the § — X spectrum in
a wide wavelength interval, the clear scenario of the
nonlinear interaction becomes lost at that. Our inter-
pretation is directed at resolving the major nonlin-
ear processes that are responsible for the formation
of the CE short-wave edge in the case of birefrin-
gent medium from a series of interconnected nonlin-
ear interactions in the filament core, which govern
the spatiotemporal and spectral transformations of a
femtosecond laser pulse in the filamentation mode.

4. Conclusions

To summarize, the first observation of the polariza-
tion features of SC and CE in birefringent media
with n, < ne and n, > ne has been reported. These
features are shown to be a result of the temporal
divergence between o- and e-polarized pulses. The
CE polarization is found to be determined by the
polarization of the trailing edge of the cumulative
pulse, whereas its leading edge determines the SC
polarization.
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Translated from Ukrainian by O.I. Voitenko

1.B. Baoncvrutl, B.M. Kadan, A.C. Pubax, I1.1. Kopeniox

“BIJIUIL CYIIEPKOHTUHYYM” I “KOHIYHA

EMICIST” BUIIPOMIHIOBAHHS ®EMTOCEKYH/IHIX
®LIAMEHTIB ¥V CEPEJIOBUIIIAX 3 [IOABITHUM
[IPOMEHE3AJIOMJIEHHSIM

Pezmowme

IToBimoMiIsIETbCA PO CIOCTEPEKEHHs IOJIAPHU3AIINHUX OCO-
6iuBocTeit “Oisoro cymepkoHTHHYyMy~ Ta “KOHiuHOI emicil”
deMTOCEeKyHAHUX Ja3epHUX (diTaMeHTIiB y Kpucrajgax KBapILly
Ta candipy, 3yMOBJIEHUX 1X JOJATHUM Ta BiJI'€MHUM IOJBIiii-
HUM IpoMeHe3ajoMiienuaM. “Bimmit cymepkontumyym” i “Ko-
HiYHa eMmicia’ HabyBalOTh B3a€MHO OPTOrOHAJILHUX HAIPIMKIB
roJigspu3anil K pe3yJIbTaT Pi3HUIl IPYIOBUX IIBUIKOCTEH 3BU-
4YafHOro i He3BUYalHOro NpoMeHiB. 3anponoHOBaHO (hi3uIHMIA
MexXaHI3M reHeparil KOHIYHOI eMicil, IKuil MOsICHIOE 0COBINBO-
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