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Generation of harmonics and supercontinuum

in nematic liquid crystals”

B.N. Nyushkov, S.I. Trashkeev, V.M. Klement’ev, V.S. Pivtsov, S.M. Kobtsev

Abstract. Nonlinear optical properties of nematic liquid crystals
(NLC) have been investigated. A technique for efficient laser fre-
quency conversion in a microscopic NLC volume deposited on an
optical fibre end face is experimentally demonstrated. An efficient
design of a compact NLC-based IR frequency converter with a
fibre input and achromatic collimator is proposed and implemented.
Simultaneous generation of the second and third harmonics is
obtained for the first time under pumping NLC by a 1.56-um fem-
tosecond fibre laser. The second-harmonic generation efficiency is
measured to be about 1%, while the efficiency of third-harmonic
generation is several tenths of percent. A strong polarisation depen-
dence of the third-harmonic generation efficiency is revealed. When
pumping NLC by a cw laser, generation of spectral supercontinua
(covering the visible and near-IR spectral ranges) is observed. The
nonlinear effects revealed can be due to the light-induced change in
the orientational order in liquid crystals, which breaks the initial
symmetry and leads to formation of disclination structures. The
NLC optical nonlinearity is believed to be of mixed orientational-
electronic nature as a whole.

Keywords: optical nonlinearity, nematic liquid crystal, harmonic
generation, spectral supercontinuum.

1. Introduction

Nonlinear optical properties of liquid crystals (LCs) [1, 2] and
their nanocomposites [3] are fairly complex and diverse.
Study of these properties is of great interest for researchers
specialising in photonics, nonlinear optics, physics of
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nanoparticles, laser physics, and information and telecommu-
nication technologies. The reason is that LCs form a kind of
the so-called soft matter, whose physical properties can be
controlled at micro- and macroscopic levels using fairly weak
external effects. In addition, the nonlinear susceptibility of
nematic LCs (NLCs) may significantly exceed the susceptibil-
ity of solids, and the phase-matching conditions are not
strictly related to the geometry of the medium, because they
are determined in many respects by the parameters of light
fields deforming the NLC orientational structure [3—5].

To date, many optical properties of LCs have been
revealed, theoretically predicted, or experimentally studied in
detail (the state of the art in this field is reviewed in [6]).
Nevertheless, much attention is paid to the development of
new practical methods implying the use of nonlinear optical
properties of LCs, design of real devices on their basis (for
example, miniature or microscopic laser frequency converters
integrated with an optical fibre), and study of their limiting
parameters. To date, experiments aimed at implementing
nonlinear optical conversion processes in NLCs, related to
both quadratic [4, 5, 7] and cubic [8—10] nonlinearities, have
been performed using complicated and cumbersome laser sys-
tems having relatively low efficiency. New optical frequencies
were generated using precisely aligned bulky focusing optics
and cells with NLC samples. The large angular divergence
and complex emission indicatrix in the systems of this kind
hinder efficient radiation collection and collimation into
beams fit for practical use.

In this paper, we experimentally demonstrate laser fre-
quency conversion in a microscopic NLC volume (in particu-
lar, on the end face of an optical fibre delivering pump radia-
tion) and report the results of preliminary study of this effect.
In addition, we analyse the related structural (orientational)
changes in the NLC and indicate possible mechanisms of the
nonlinear phenomena observed. An efficient design of a sim-
ple compact NLC-based IR frequency converter with a fibre
input and achromatic collimator is proposed and approved
for the first time. Its efficiency for generating femtosecond
radiation harmonics into a high-quality beam is demon-
strated.

2. Experimental

Preliminary study of light-induced structural (orientational)
changes in microscopic NLC volumes that are in optical con-
tact with a fibre delivering laser radiation were performed
using a planar NLC cell, formed by two plane-parallel glass
plates (Fig. 1). The plates had a transparent conducting ITO
coating, due to which an external electric field could be
applied to the NLC. The distance between the plates (125 um)
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was determined by the external diameter of the telecommuni-
cation optical fibre immersed in the NLC cell. The fibre end
face was cleaved at an angle close to the right one. Near-IR
cw laser radiation was fed to the NLC through the fibre. We
used a semiconductor laser FOL1425RUZ (Fitel) having a
single-mode fibre output and the following parameters: cen-
tre wavelength ~1480 nm, spectral width below 8 nm, and
maximum optical power 400 mW. The diameter of the laser
mode field in the fibre transverse cross section was ~10 um. The
orientational changes in the NLC near the fibre end face were
investigated with a polarisation microscope. The radiation gen-
erated in the NLC was recorded beyond the cell by optical spec-
trum analysers using wide-aperture collecting optics.

Figure 1. Schematic of the experiments with an NLC cell: (/) cw IR
diode laser (A = 1480 nm) with a fibre pigtail; (2) optical fibre supplying
pump radiation to the NLC; (3) cell; (4) NLC; (5, 6) glass plate with
ITO-coating; and (7) observation system (polarisation microscope,
CCD camera, or spectrometer).

Preliminary experiments with this system demonstrated
efficiency and reliability of direct optical contact between the
single-mode optical fibre and NLC. Due to the small mode
field area on the fibre end face, the power threshold for the
occurrence of stationary light-induced changes in the NLC
orientational structure (formation of disclinations) was
extremely low (several tens of milliwatts). The threshold for
nonlinear laser frequency conversion was also in the low-
power range (100—200 mW) and had a hysteretic character.
The disclination core and the generation of visible light due to
nonlinear conversions are clearly localised in the microscopic
NLC volume on the fibre end face (Fig. 2). In these experi-
ments the NLC was not overheated and did not pass to the
isotropic state even at the maximum pump power density
(~500 kW cm™2). Since the difference in the refractive indices
at the glass—NLC interface is relatively small (the NLC
refractive indices are 1.5—1.7 in the near-IR range), the back-
ward reflections were much less intense than the Fresnel
reflection from glass in air.

Based on the positive results of the aforementioned pre-
liminary experiments [3, 11], it was concluded that an efficient

a b

Figure 2. Light-induced orientational NLC structures near the optical
fibre end face, which correspond to disclinations of different strengths
(a) at a pump power of ~100 mW and an ac electric field applied to the
cell and (b) at a pump power of ~350 mW. The bright spot in panel b is
due to the visible light generated in the microscopic NLC volume on the
fibre end face.

laser frequency converter can be designed based on micro-
scopic NLC volume, integrated with an optical fibre. The
experimental optical scheme developed by us is shown in
Fig. 3a. An NLC drop was deposited on a polished end face
of telecommunication fibre connector (FC/PC) with a single-
mode fibre. The drop volume was chosen so as to cover the
central region on the connector (ferule) end face by a homo-
geneous thin NLC layer, with a thickness no more than
~200 wm. Due to the good adhesion and strong surface ten-
sion forces, the thus formed optical NLC layer was fairly
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Figure 3. (a) Optical scheme and (b) the appearance of an NLC-based
nonlinear optical converter integrated with optical fibre.
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stable and reliably fixed on the connector end face, thus
enabling free motion of the device in space. The connector
operated in the vertical position (in this case, the NLC layer is
not deformed).

A collimator (an off-axis wide-aperture parabolic alumi-
num mirror, which directed the collimated beam at an angle
of 90° to the optical fibre axis) was installed above the con-
nector. An advantage of this scheme is its universality: the
achromatic wide-aperture collimator we used makes it possi-
ble to efficiently collect generated radiation with large angu-
lar divergence and an arbitrary indicatrix in a wide spectral
range (from long-wavelength UV to far IR). The collimated
output beam lies in the horizontal plane. The design of the
laser frequency converter based on this optical scheme is
extremely simple, compact, and does not require alignment.
The collimating mirror is placed in a I'-shaped metal housing
with a standard optical socket FC, to which a fibre connector
with the NLC is fastened through a threaded connection. The
design appearance is shown in Fig. 3b. The converter outlet
(output aperture ~5 mm) was not equipped with a glass win-
dow but was closed by a hermetic lid when the converter was
not in use. This procedure made it possible to avoid fast dry-
ing and contamination of NLC, whose nonlinear optical
properties did not degrade even after several months. In par-
ticular, the results obtained with the same NLC sample were
reproduced well during three months. In addition, this design
allows one to change easily NLC samples in the converter.
Experiments were performed with commercial NLC samples
based on cyanobiphenyls with a mesophase temperature
range from —30 to +90°C (NLC-1289, NLC-7814A). All sam-
ples had similar nonlinear optical properties.

The nonlinear optical frequency converter was pumped
by a femtosecond erbium fibre laser developed by us. The
laser had a linear-ring cavity, almost the same as that reported
in [12]. However, laser mode locking was performed in our
case using a saturating semiconductor SESAM mirror,
mounted in the linear part of the cavity instead of the conven-
tional mirror. The laser was supplemented with a fibre optical
power amplifier, which was developed at the Institute of
Laser Physics (Russian Academy of Sciences, Siberian
Branch). The amplifier was designed according to the classi-
cal EDFA scheme [13], based on erbium-doped fibre (nLight
Liekki Er 80-8/125), which was pumped in the opposite direc-
tion at a wavelength of 1480 nm. Fibres that do not maintain
polarisation were used in both laser and amplifier designs. The
femtosecond radiation parameters at the output of the laser
system were as follows: centre wavelength ~1560 nm, optical
spectrum width ~5.5 nm, pulse width ~600 fs, pulse repetition
rate ~17 MHz, and maximum average power ~60 mW.

3. Results of the experiment on generation
of harmonics

The output radiation of the nonlinear optical converter was
investigated using a QE65000 optical spectrum analyser
(Ocean optics) with a resolution of ~0.7 nm. Simultaneous
second- and third-harmonic generation (SHG and THG,
respectively) was observed at wavelengths of ~780 and
~520 nm (Fig. 4).

The threshold pump power at which SHG was recorded
amounted to ~3 mW. When the pump power increased, the
second-harmonic intensity grew almost linearly, and the opti-
cal spectrum width remained almost constant and equal to
~2.5 nm (Fig. 5). The difference of the shape and width of the
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Figure 4. Optical spectrum of the output radiation of nonlinear optical
converter pumped by 1560-nm femtosecond laser radiation with the un-
controlled polarisation state.

harmonic spectrum from the fundamental radiation spectrum
is typical of frequency conversion for ultrashort laser pulses
in nonlinear optical media. The second-harmonic spectrum
width can be either larger or smaller than the fundamental-
radiation spectrum width; their ratio is determined by the
optical-medium dispersion characteristics, pulse width, and
the profile of the fundamental-radiation spectrum [14].
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Figure 5. Optical second-harmonic spectra at pump powers of (/) 10,
(2) 20, (3) 30, (4) 40, (5) 50, and (6) 60 mW.

The threshold pump power at which THG was recorded
turned out to be ~17 mW. With an increase in the pump
power (from threshold to 50 mW) the third-harmonic inten-
sity, as well as in the case of SHG, increased almost linearly.
However, with a further increase in the pump power (from 50
to 60 mW), the third-harmonic intensity grew at a higher rate.
The optical-spectrum width remained almost constant:
approximately 5 nm (Fig. 6). Estimation of the SHG/THG
power ratio after integration over the spectral profiles of har-
monics showed that, even at the maximum pump power, the
second-harmonic power exceeds the third-harmonic power by
a factor of more than 10 on average. The pump polarisation
was not monitored in this experiment.

In this experiment we observed time fluctuations of har-
monic intensities and spectral profiles, caused by thermal and
orientational perturbations in the NLC, as well as by the
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Figure 6. Optical third-harmonic spectra at pump powers of (/) 20, (2)
30, (3) 40, (4) 50, and (5) 60 mW.

polarisation instability of the fibre laser system used for
pumping. They were most pronounced in the third-harmonic
signal, whose intensity could spontaneously change in a fairly
wide range. Nevertheless, the SHG stability and reproducibil-
ity are comparable with those for nonlinear conversion in
purely solid-state laser systems. According to our estimates,
fluctuations of the second-harmonic signal intensity did not
exceed ~5% at pump intensity instability less than 1%. The
reason is as follows: when multifrequency laser radiation
(femtosecond laser modes) is used, second-harmonic intensity
fluctuations are mainly related to the phase (rather than
amplitude) fluctuations of the fundamental radiation. It is
impossible to obtain ideal phase locking of all longitudinal
modes of femtosecond laser in practice; therefore, harmonic
intensity fluctuations are also observed for stabilised ampli-
tudes of laser modes (see [14] for details).

To study the effect of pump polarisation on the harmonic
generation efficiency, we installed a polarisation controller
between the nonlinear optical converter and femtosecond
fibre laser system. This controller was a set of zero-order
phase plates with fibre outputs. The radiation at the converter
output was analysed using a film polariser. The third-har-
monic intensity was found to depend strongly on the pump
polarisation. The maximum and minimum THG efficiencies
were observed for, respectively, linearly and circularly polar-
ised pump radiation. The polarisation dependence was stud-
ied only qualitatively. Figure 7 shows the optical spectrum
recorded for optimal pump polarisation: the third-harmonic
intensity multiply increases, and its total power is less than the
second-harmonic power by a factor of no more than three. At
the same time, the pump polarisation only slightly affects the
second-harmonic intensity.

The strong polarisation sensitivity of the third harmonic,
as well as its nonlinear dependence on the pump power, can
be explained by the more complicated (in comparison with
SHG) conversion mechanism and phase-matching condi-
tions. The third optical harmonic in a nonlinear medium
without inversion centre may arise both as a result of nonlin-
ear mixing of three pump waves with the same frequency w
(due to the cubic susceptibility) and in the cascade (stepwise)
way during second-harmonic generation and nonlinear mix-
ing of two waves with frequencies 2w and w [15]. This com-
bined process with a susceptibility ¥, can be described in
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terms of effective cubic nonlinearity as a relation
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Figure 7. Optical spectrum of the output radiation of nonlinear optical
converter pumped by 1560-nm femtosecond laser radiation with the op-
timal (linear) polarisation state (optimised THG).

19 GBo,0,0,0) ~ ¥?Qw,0,0)7?Gw,20,0),

where y  are nth order nonlinear susceptibilities.

The nonlinear optical converter and femtosecond laser
system were designed using conventional telecommunication
fibres that do not maintain polarisation. Therefore, to main-
tain the optimal polarisation state of pumping and, corre-
spondingly, the maximum third-harmonic signal power, it
was necessary to perform regular tuning of the polarisation
controller and protect the system from external (acoustic and
vibrational) perturbations.

The energy efficiency of the observed nonlinear optical
conversions was determined by spectral selection of the sec-
ond-harmonic signal using a glass prism, measuring its aver-
age power, and correlating the value obtained with the pump
power, which was measured directly at the output of the fibre
connector before depositing the NLC on it. The maximum
measured value of the second-harmonic power was ~0.3 mW
(at a pump power of ~60 mW).

Thus, the conversion efficiency of the entire optical
scheme (including the nonlinear optical converter, prism, and
additional IR filter in the meter power) for SHG was no less
than 0.5%. Taking into account the optical loss for second-
harmonic radiation in auxiliary optical elements of the scheme
(~20% in the collimating mirror, ~8% in the prism, and
~8% in the IR filter), one can estimate the NLC efficiency. In
the case of frequency doubling it is ~0.78 %.

The THG efficiency was estimated without direct mea-
surements of the third-harmonic signal power. To this end,
we used the ratio of the total harmonic powers corresponding
to the optimal pump polarisation state (it was found to be
approximately 1:3 by analysing the spectra). In addition, we
took into account the wavelength dependence of the optical
loss introduced by the collimating mirror (~20% for the sec-
ond harmonic and ~14% for the third harmonic). Thus, the
NLC efficiency for THG was ~0.24 %, which is two orders of
magnitude larger than the maximum efficiency obtained pre-
viously [8]. In total, more than 1% of pump power was con-
verted into harmonics in the microscopic NLC volume, which
was confirmed by measuring the unabsorbed pump radiation
at the output of the nonlinear optical converter.

Except for SHG and THG, no other nonlinear optical
conversions were found under NLC pumping by femtosecond
laser radiation. Study of the optical spectrum of femtosecond
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pump radiation after its passage through the NLC did not
reveal its significant broadening (the measurement accuracy
was limited by the analyser resolution). This fact indicates the
absence of significant phase self-modulation of femtosecond
pulses in the NLC, which could be caused by fast (with a fem-
tosecond time response) cubic nonlinearity. However, this
pattern can be explained by the small interaction length of
radiation with the nonlinear medium occupying a micro-
scopic volume.

4. Results and discussion

Currently, there is no sufficiently complete description of
nonlinear optical properties of LCs in the form of a com-
plete physico-mathematical model. The development of a
correct model for LCs is impeded by the mixed electronic-
orientational nature of optical nonlinearity, strong nonlo-
cality of nonlinear response, giant nonlinear orientational
susceptibility, and the related LC optical instability. This
circumstance hinders analytical description and formalisa-
tion of the effects of laser radiation self-action that arise in
NLCs (in particular, during frequency conversion) in terms
and approximations of classical solid-state nonlinear optics.
Therefore, we did not perform detailed analysis of the prob-
lem of phase matching during harmonic generation in
NLCs. Below we report only some considerations and sug-
gestions concerning this issue.

The direction of optical axis in NLCs is related to the
director, which is defined as the vector of preferred orienta-
tion of the long axes of NLC molecules and depends on many
external and internal factors. The orientation of NLC mole-
cules is determined by applied electrostatic and light fields
(the Freedericksz effect [2]), heat flows (thermal orientation
effects [16]), the shape of the volume occupied by the NLC
and the boundary conditions on the surface [6], and the inter-
nal disclinations [3]. All these factors may lead to complex
NLC anisotropy, inhomogeneous in space and time. Due to
the nonlinear orientational susceptibility, spatial optical soli-
tons (the so-called nematicons [17]) and filaments [3, 17] can
be formed in NLCs under laser irradiation; as a result, the
general pattern of nonlinear optical conversions in NLCs is
complicated even more.

The possibility of phase matching of a particular type at
frequency multiplication in NLC depends on the specific
experimental conditions and parameters. For example, it was
shown in [4] that, when pulsed laser radiation is used, spa-
tially periodic orientational deformation may arise in the
NLC bulk, which not only leads to local removal of inversion
center but also provides (at a proper spatial period) synchro-
nous SHG of the oo—o interaction type. The spatially peri-
odic orientational deformation of the NLC by femtosecond
laser radiation also allows for synchronous THG [§]. Due to
the localisation of femtosecond pump radiation in spatial
solitons, I-type phase matching can be implemented for THG
in the NLC bulk [10]. The possibility of synchronous THG in
NLC (provided that the II-type phase-matching condition is
satisfied) was demonstrated in [9]. Note that in all cases NLC
samples were located in planar glass cells. This configuration
makes it possible to control the angle between the NLC direc-
tor and the Poynting vector of the pump radiation, and,
therefore, perform tuning to synchronism of a particular type.
At the same time, this design is poor for practice because it
does not allow one to efficiently collect and collimate gener-

ated radiation. As a result, the efficiency of the demonstrated
synchronous conversions did not exceed 107,

On the whole, it is a fairly difficult problem to find out the
parameters determining the phase-matching conditions in the
NLC volume. To solve this problem, one must take into
account the strong deforming effect of the pump radiation,
external perturbations, and internal defects on the NLC ori-
entational structure. Nevertheless, we can suggest that, when
harmonics are generated in microscopic NLC volumes (i.e., in
configurations similar to our case), the problem of tuning to
phase matching may be not so urgent as in the case of har-
monic generation in solid crystals. For example, the radiation
frequency can be doubled in a thin layer of a nonlinear
medium, the thickness of which does not exceed the coherence
length /., related to accumulation of the generated field
energy (nonphase-matched SHG) [14, 15]. If the NLC layer
thickness is odd multiple of /., due to the extremely high
dipole quadratic susceptibility (which is characteristic of
NLC with removed inversion centre [4]), the nonphase-
matched SHG efficiency can be relatively high, despite the
small coherence length (/.,,, < 10 um for NLC). The absence
of explicit dependence of the second-harmonic intensity on
the pump polarisation state can be considered as an indirect
confirmation of the dominance of SHG nonphase-matched
regime in the case under consideration. However, one can
also suggest that the conditions for noncollinear phase match-
ing can be locally fulfilled for some indicatrices within the
divergent pump beam in the NLC drop.

In our case one cannot also exclude the possibility of the
so-called self-phase-matched THG. Direct self-phase-
matched THG may occur in nonlinear media with anomalous
dispersion when using a Bessel pump beam [18, 19]. A Bessel
beam can also provide self-phase-matched (with noncritical
longitudinal phase matching) THG via four-wave mixing
(w3 = 2w, — wy) in nonlinear media with normal dispersion
[20]. The transverse field distribution in a single-mode optical
fibre is known to be described by the zero-order Bessel func-
tion Jy. In addition, the NLC drop on the fibre end face,
which has a certain radial orientational structure [21], can
play a role of a microscopic axicon, which transforms the
pump beam emerging from the fibre into a ring conical Bessel-
like beam. This possibility was indirectly confirmed by
observing the shape of the spot of unabsorbed pump radia-

Figure 8. Spot of unabsorbed pump radiation, observed with the aid of
a luminescence IR visualiser at the converter output.
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tion in the far-field zone (Fig. 8). The dependence of the third-
harmonic intensity on the pump polarisation state, which was
found by us, can also be considered as an indirect evidence of
the dominantly phase-matched character of THG.

To determine exactly the character of nonlinear interac-
tions during harmonic generation by the technique proposed
by us, it is primarily necessary to reconstruct the structure of
induced orientational anisotropy in a microscopic NLC vol-
ume, which is a fairly difficult problem. Nevertheless, even
putting it aside, the unique design of our converter provided a
much higher harmonic generation efficiency in the NLC in
comparison with earlier studies.

5. Generation of a supercontinuum

Along with generation of optical harmonics, we demonstrated
generation of a spectral supercontinuum upon pumping a
nonlinear optical converter by a cw laser. Previously a similar
effect was observed and investigated by us when pumping
microscopic NLC volumes by cw diode lasers with fibre pig-
tails, operating in the multifrequency regime at wavelengths
of ~980 and 1480 nm [3, 11]. In this study pumping was per-
formed by a cw single-frequency SFLI550P diode laser
(Thorlabs) with a fibre pigtail (A = 1550 nm). The laser was
supplemented with a fibre optical amplifier, which provided
a maximum output power of ~110 mW. The amplifier was
similar to that used in the femtosecond laser system. Figure
9 shows the optical emission spectra at the converter output,
which were recorded at different pump powers. The thresh-
old pump power at which spectral supercontinuum arose,
was ~40 mW. The integral power of supercontinuum
increased quadratically with the pump power and its spec-
tral width (at a level of 0.1) exceeded an octave. The spec-
trum envelope and amplitude were unstable (fluctuating
with time); this instability was more pronounced at higher
pump powers. The characteristic times of supercontinuum
fluctuations (0.1-1 s) coincided with the those of hydrody-
namic and orientational perturbations of the microscopic
NLC volume, which are observed at high (above 100 mW)
CW pump powers.

Detailed analysis of the characteristics and explanation of
the physical mechanisms of generation of such supercontinua
is beyond the scope of this paper; we plan to perform it in
subsequent studies. We should only note that a similar phe-
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Figure 9. Spectra of supercontinua generated in the nonlinear optical
converter at cw pump powers (4 = 1550 nm) of (/) 0, (2) 55, (3) 67, (4)
80, and (5) 93 mW.

nomenon was observed previously by Enikeeva et al. [7], who
pumped an NLC cell by a solid-state femtosecond laser with
a wavelength of ~800 nm. They observed a wide spectral
background (luminescence) in the range from 350 to 500 nm
when studying the second-harmonic generation (4 ~ 400 nm)
and suggested a multiphoton mechanism of luminescence
excitation. Indeed, this spectral background is in good agree-
ment with the fluorescence spectrum of SCB cyanobiphenyl
(NLC base), which arises when pumping by UV laser radia-
tion [22]. However, spectral supercontinua were observed in
our studies in the case of NLC pumping by cw IR lasers, while
pumping by a femtosecond laser gave rise to only harmonics.
A possible reason for this difference is that a higher power
and, simultaneously, shorter wavelength femtosecond laser
was used in [7]; under these conditions multiphoton excitation
is more likely to occur. In addition, the spectral supercontin-
uum obtained by us is much wider and barely overlaps the
known fluorescence spectra of cyanobiphenyl-based NLCs,
because it lies in the longer wavelength region (from 500 to
1100 nm). Therefore, along with photoluminescence, another
possible mechanism of spectral supercontinuum formation in
our case is the complex combination of different nonlinear
optical conversions of cw laser radiation in the NLC. An
example is a similar (in outward appearance) phenomenon of
forming spectral supercontinua (which also covers the visible
wavelength range) when near-IR cw laser radiation propa-
gates through highly nonlinear optical fibres. The mechanism
of formation of these supercontinua is based on the combina-
tion of modulation instability effects with the interactions
between solitons and dispersion waves [23]. The possibility of
this manifestation of temporal modulation instability in
NLCs, which leads to pump radiation conversion into a
sequence of ultrashort pulses and occurrence of new frequen-
cies in the optical emission spectrum, was predicted theoreti-
cally in [24].

6. Conclusions

We experimentally investigated a new method of laser fre-
quency conversion in a microscopic NLC volume that is in
optical contact with a fibre through which laser radiation is
delivered. This technique allowed us to design an efficient and
compact NLC-based nonlinear optical converter for the IR
range. It was shown that, pumping this converter by a femto-
second fibre laser, one can obtain high-efficiency generation
of the second and third optical harmonics. Along with the
high nonlinear conversion efficiency, the proposed optical
scheme provides high-quality achromatic collimation of gen-
erated radiation and good reproducibility of its parameters.
At the same time, it was shown that, to ensure maximum
THG efficiency and stability, one must maintain the pump
polarisation in the linear state; therefore, polarisation-main-
taining fibres are preferred. The harmonic generation has a
threshold character, which is related to the threshold effects
of deformation of the orientational structure and violation of
NLC symmetry when the light field power density reaches a
certain level in the NLC. On the whole, the NLC optical non-
linearity has in reality a mixed orientational—electronic
nature, which is to be completely understood. Along with the
generation of femtosecond optical harmonics, the possibility
of generating a spectral supercontinuum in the visible and
near-IR spectral ranges upon pumping a microscopic NLC
volume by cw IR lasers was experimentally demonstrated.
The spectral envelope of these supercontinua is characterised
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by complex (stochastic) dynamics. Their formation mecha-
nism calls for further study.

The results obtained are of great practical interest, because
they may provoke further investigations and refinement of
the fundamental physical properties of LCs and the develop-
ment of nonlinear optics, laser physics, and telecommunications.

Acknowledgements. This work was supported by the Russian
Foundation for Basic Research (Grant No. 11-02-00771-a),
Siberian Branch of the Russian Academy of Sciences
(Integration Project No. 129), a Grant of the President of the
Russian Federation in support of Leading Scientific Schools
(No. NSh-2979.2012.2), and the Federal Target Program
(Nos 2012-1.1-12-000-4003-031 and 14.V37.21.0452).

References

1. Arakelyan S.M., Chilingaryan Yu.S. Nelineinaya optika zhidkikh
kristallov (Nonlinear Optics of Liquid Crystals) (Moscow: Nauka,
1984).

2. Zel'dovich B.Ya., Tabiryan N.V. Usp. Fiz. Nauk, 147, 633 (1985).

3. Bagayev S.N., Klementyev V.M., Nyushkov B.N., Pivtsov V.S.,
Trashkeev S.I. J. Phys.: Conf. Series, 345, 012018 (2012).

4. Sukhov A.V., Timashev R.V. Pis'ma Zh. Eksp. Tekh. Fiz., 51, 364
(1990).

5. Trashkeev S.1., Klement’ev V.M., Pozdnyakov G.A. Kvantovaya
Elektron., 38, 373 (2008) [ Quantum Electron., 38, 373 (2008)].

6. Tomilin M.G., Nevskaya G.E. Fotonika zhidkikh kristallov
(Photonics of Liquid Crystals) (St. Petersburg: Izd-vo
Politekhnicheskogo Univ., 2011).

7. Enikeeva V.A., Zolot’ko A.S., Makarov V.A., Ozheredov I.A.,
Ochkin V.N., Shkurinov A.P. Kratk. Soobshch. Fiz. FIAN, 34, 142
(2007).

8. Yelin D., Silberberg Y., Barad Y., Patel J.S. Phys. Rev.Lett., 82,
3046 (1999).

9. KosugilJ., Kajikawa K. Appl. Phys. Lett., 84, 5013 (2004).

10. Peccianti M., Pasquazi A., Assanto G., Morandotti R. Opt. Lett.,
35, 3342 (2010).

11. Nyushkov B., Trashkeev S., Klementyev V., Pivtsov V.,

Kobtsev S. 15th Intern. Conf. Laser Optics (LO-2012)
(St. Petersburg, Russia, 2012) paper WeR8-26.

12. Denisov V.1, Ivanenko A.V., Nyushkov B.N., Pivtsov V.S.
Kvantovaya Elektron., 38, 801 (2008) [ Quantum Electron., 38, 801
(2008)].

13. Becker P.C., Olsson N.A., Simpson J.R. Erbium-Doped Fiber
Amplifiers: Fundamentals and Technology (San Diego: Acad. Press,
1999).

14. Dmitriev V.G., Tarasov L.V. Prikladnaya nelineinaya optika:
generatory vtoroi garmoniki i parametricheskie generatory sveta
(Applied Nonlinear Optics: Second-Harmonic and Parametric
Light Generators) (Moscow: Radio i svyaz’, 1982).

15. Bloembergen N. (Ed.) Nonlinear Spectroscopy (Amsterdam:
North-Holland, 1977).

16. Trashkeev S.I., Britvin A.V. Zh. Tekh. Fiz., 81,1 (2011).

17. Peccianti M., Assanto G. Phys. Rep., 516, 147 (2012).

18. Gluskho B., Kryzhanovsky B., Sarkisyan D. Phys. Rev.Lett., 71,
243 (1993).

19. Tewari S.P., Huang H., Boyd R.W. Phys. Rev. A, 54, 2314 (1996).

20. Vaicaitis V. Opt. Commun., 185, 197 (2000).

21. Prishchepa O.0., Shabanov A.V., Zyryanov V.Ya. Zh. Sibirskogo
Federal’nogo Univ., Ser.: Mat., Fiz., 3, 395 (2010).

22. Piryatinskii Yu.P., Yaroshchuk O.V. Opt. Spektrosk., 89, 942
(2000).

23. Travers J.C. Opt. Express, 17, 1502 (2009).

24. Peccianti M., Burgess I., Assanto G., Moradotti R. Opt. Express,
18, 5934 (2010).



