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ABSTRACT
We have studied the spectral and angular emission characteristics of a
cholesteric liquid crystal (СLС) laser under specific conditions of its pla-
nar orientation. It is discovered that the orthogonal orientation of direc-
tors on substrates greatly improves the lasing spectrum and the angular
divergence. A shift of the lasing spectrum and an increase in the lasing
threshold under such conditions can testify to the presence of a defect
in such structure, though no dip in the spectrum is registered. The origin
of the ring structure of a laser beam is studied, and it is established that
this structure is caused by the excitation of the lasing on higher axial
modes.

1. Introduction

Dye-doped cholesteric liquid crystals (CLC) with natural periodic structure stay promising
for investigations [1]. As a result of the development of studies in this direction, various types
of similar lasers have been created till now.One of the advantages of aCLC-laser is a possibility
to create its active medium of arbitrary form and area, which makes it promising for displays
of high brightness. The studies of such lasers and directions of their possible applications took
place at many research centers and had led to a number of significant results. The extended
spectral range of lasing from the visible to the ultraviolet region had been demonstrated [2].
An extremely low threshold of lasing to be tens of nanojoules had been reached [3]. A CW
lasing in a cholesteric with laser pumping had been realized as well [4]. A fast method of
frequency phototuning of the lasing (six milliseconds for one nanometer) was developed [5].
Obtained lasing of quantum dots in a cholesteric in the near infrared region [6]. The cause for
the dependence of the energy efficiency in such lasers on the intensity of excitation and the
order parameter of a doped dye was clarified [4, 7]. In works [8] and [9], it was shown that a
similar dependence is related to the induced thermal grating, which is in the opposite phase
to the main refractive index grating. These features in the energy efficiency of a CLC-laser,
for example, the nonlinear dependence of the the laser energy on the excitation energy, are
observed for all types of CLC-lasers and can be explained within the model of coupled waves
[10]. Themodel of photonic crystals, which was first used in [11] to explain the features of the
laser spectra of nematics with induced helix, cannot explain features of the energy efficiency
of a CLC-laser.
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So, a number of important results were obtained, which allows one to produce the active
media of these lasers at a high-quality level. Among them, the use of polymeric CLCs for the
lasing [12, 13] and the introduction of various defects in the helical structure, which allows
one to optimize some characteristics of a CLC-laser, should be mentioned [14–15].

However, for these laser types, there exist a number of obstacles to optimize the lasing char-
acteristics. Due to the small thickness of the active layer, the laser radiation is characterized by
a large angular divergence of tens of degrees. The small thickness of the active layer leads to
a relatively broad spectrum of the multimode lasing. Disputable is the nature of a ring struc-
ture in the beam of a CLC-laser. The further detailed study is required for the influence of the
quality of a planar texture on the lasing characteristics of such laser.

The aim of the present work is to investigate the connection between the spectral and spa-
tial characteristics of a CLC-laser, the orientation of directors on orienting substrates, and
the quality of a planar texture for the further optimization of these characteristics. The objec-
tive of the work is also the clarification of the nature of a ring structure in the spatial pattern
generation of a CLC-laser.

2. Samples and experimental set-up

As the matrix of a steroidal cholesteric, we used a three-component mixture containing 40%
cholesteryl oleate, 35% cholesteryl pelargonate, and 25% cholesteryl chloride with the tem-
perature alteration of a helical pitch � 3 nm/degr. The matrix cholesterol was doped with the
phenolenone dye F490withweight concentration 0.3%. The structural formulas of cholesterol
esters and dye are presented in Fig. 1. This mixture has a left twisting spiral and themaximum
selective reflection (SR) band in 600 nm. The thickness of the dye- doped cholesteric in the
oriented planar texture was 45 μm.

A peculiarity of the mixture of cholesterol esters is its high viscosity. Therefore, the relative
shift of substrates in the direction of rubbing was used for the orientation in addition to the
standard method of rubbing the orienting layer on the substrate [16].

The planar texture was created by means of the standard technique. The technology
includes the rubbing of the glass or quartz substrates coated with ITO layer and polyimide
lacquer [16] and their further mutual shift in the rubbing direction at the phase transition
temperature after the filling of the sample. In the manufacture of textures with orthogonal
director orientations on substrates, instead of their shift after the sample cooling, we used a
small reversal of one of the substrates at an angle of 20° and back.

Figure . Chemical structure of used materials: a - cholesteryl chloride; b - cholesteryl pelargonate:
c-cholesteryl oleate: d - phenalenone dye F.
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The lasing characteristics of dye-doped cholesterics were studied on the typical experimen-
tal setup. The optical pumping of the dye-doped CLCwas carried out by the second harmonic
(λ = 530 nm) of a Q-switched laser on neodymium glass operating in a slow pulse repetition
rate mode with the pulse duration �20 ns. The second harmonic radiation was focused by a
lens with a focal distance of 21 сm on the sample of the dye-doped CLC on a spot 0.5 mm in
diameter.

A maximal power density of the second harmonic radiation was � 27 MW/cm2 and was
attenuated by neutral filters. The lasing spectra of the dye-doped CLC-laser corresponding to
each pumping pulse were optically imaged in a focal plane of a spectrograph with an inverse
dispersion of 0.6 nm/mm and then displayed by the video camera on a PC monitor.

3. Results and discussion

The study of transmission spectra of steroid cholesteric formed by cholesterol esters with low
birefringence shows a clear dependence of the selective reflection bandwidth on the quality
of a planar texture. We note that a better orientation is observed on substrates coated with
an additional layer of transparent ITO [16]. The quality of planar texture affects the trans-
mission spectra, where significant differences are observed, as is shown in Fig. 2. Here, the
transmission spectrum of the oriented samples with a planar texture of the cholesteric based
on a three-component mixture of cholesterol esters with the above-mentioned percent com-
position at the use of orienting substrates with ITO is presented. For planar textures created
with the use of glass and quartz substrates coatedwith the ITO layer and the layer of polyimide
lacquer, the half-width of the SR-band � 22 nm (Fig. 2). If the substrates with ITO forming
a planar texture are absent, its quality becomes worse markedly, which is manifested in the
broadening of the SR-band by more than 10% and a decrease in the magnitude of diffraction
reflection (Fig. 3).

Figure . The transmission spectrum of a qualitative planar texture of the dye-doped CLC formed by sub-
strates with ITO. The arrow shows the lasing spectrum location. The insert represents the lasing spectrum in
such structure. The peak near  nm is the maximum of the CLC selective reflection band.
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Figure . The transmission spectrum of a planar texture of the dye-doped CLC formed by substrates with-
out ITO. The arrow shows the lasing spectrum location. The insert represents the lasing spectrum in such
structure.

The study of lasing spectra in steroid cholesteric shows a clear correlation with the quality
of a texture. As shown in Fig. 2 (spectrum above), the lasing spectrum discovers three longitu-
dinal modes for a high-quality texture with a narrow SR-band for parallel mutual orientation
of directors on substrates. In such a structure, the lasing spectrum is located at the center of
the SR-band, which corresponds to the coupled wave model of the lasing in a periodic struc-
ture [10]. An increase of the pumping intensity is not followed by an increase of the number
of longitudinal modes until the intensity level, at which the destruction of a sample occurs.

It should be noted that the presence of the ITO layer affects only the ordering of a planar
texture and is manifested in the SR-band width and the Bragg diffraction efficiency in it. The
lasing outside the SR-band under the conditions of a nonselective resonator created by trans-
parent electrodes with coefficients of reflection mirrors R= 8÷10% did not arise in the whole
range of excitation intensities up to the destruction of the sample.

The presence of only three longitudinal modes in the lasing spectrum in the entire range of
excitation indicates a high selectivity of the helical periodic structure, which is manifested in
the suppression of longitudinal modes with higher indices. This is consistent with the model
of coupled waves [10] and the theoretical model of distributed feedback helical laser, which
was developed in [17].

Figure 3 (inset top) shows the lasing spectra with the same active medium components as
in Fig. 2, but the planar texture is formed on the substrates without ITO. As can be seen, a
slight 3-nm shift of the lasing spectrum from the center to the long wavelength edge of the
SR-band appears, and the structure with discrete modes is changed by a diffuse broad band.
This is followed by the about one order increase of the lasing threshold intensity.

A conventional planar oriented dye-doped cholesteric laser emits a beamwith high angular
divergence, which is caused, in the first turn, by a small thickness of the active medium. As
shown in Fig. 4b, the spatial emission pattern contains, along with the intensive central zone,
the ring structure. The number of rings depends on the excitation intensity. The same figure
(Fig. 4a) presents the dependence of the angular divergence on the pumping intensity for the
layer thickness of 45 μm. As can be seen, the angular divergence increases sharply within 80
pumping thresholds up to 17°.
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Figure . The angular divergence and lasing spectra of a CLC-laser at the parallel orientation of directors on
substrates; a – dependence of the angular divergence on the level of excitation; b - ring structure of the laser
beam; c - lasing spectra in the central core (), first () and second () rings at Ip / I thr� ;  and  nm -
reference lines of the mercury doublet.

We note that two nonlinear effects would be the possible mechanisms of the appearance of
a ring structure in the cross-section of the beam of a CLC-laser, which is generated at a pulse
nanosecond pumping. They are a rotation of the director of a liquid crystal along the vector
of polarization of a light wave and the formation of a thermal lens [18]. However, the studies
of the lasing spectra with a resolving power of ∼0.5 nm in the central core and two first rings
showed their practical invariability (Fig. 4c), which exclude the influence of nonlinear effects.

As distinct from work [19], where the ring structure of the beam of a CLC-laser was
explained by the diffraction due to a small excitation zone, we explain the ring structure by
the lasing of modes propagating at discrete angles to the resonator axis. An analogous effect is
observed also in solid-state lasers [20]. Such explanation was confirmed in work [21], where
the lasingwavelengths for ringswere studiedwith high resolving power, and the shift of at least
1 nm was registered for high-order rings as compared with the central zone. A change in the
lasing wavelength along the cross-section of the beam does not correspond to the diffraction
model of rings.

The typical cholesterics have a high viscosity and are oriented mainly by a shift. Earlier, we
established [22] that, at the application of textures with orthogonal orientation of directors
on substrates, it is possible to get the one-mode lasing for a CLC-laser, which is not realized
under conditions of the ordinary planar texture (with parallel directors on substrates) due to
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Figure . The angular divergence and lasing of a CLC-laser at the orthogonal orientation of directors on
substrates; a – dependence of the angular divergence on the level of excitation; b - lasing spectra at various
excitation intensities; c - section of the laser beam.

the closeness of the lasing thresholds of longitudinal modes. In order to improve the charac-
teristics of a CLC-laser, we studied the spectral and spatial characteristics of such texture.

We used the quartz substrates with a layer of polyimide lacquer, whose thickness
was∼1 μm. The technology included the watering of substrates by a 10% solution of poly-
imide, standard procedure of rubbing, orthogonal arrangement of the directions of rubbing
on substrates, and turn of the upper substrate relative to the lower one by an angle of ∼ 20°
with the return to the initial position before the pressurization of the layer.

For such CLC texture, we observe certain specific features in the lasing characteristics.
As shown on Fig. 5b, the lasing spectrum of such structures contains only the lowest lon-

gitudinal mode. The lasing spectrum width decreases by more than one order, reaching the
tenth fractions of a nanometer. The lasing threshold in such structure is higher by more than
order, and the active area (anomalous zone) is spatially localized in a domain up to 2 cm in
width, which bounded by the disclination lines over the whole width of the specimen (3 cm).
As can be seen from Fig. 5b, the single-mode lasing is realized in this area in the range of exci-
tation intensities up to the fracture of a specimen.Onemore peculiarity of the lasing spectrum
in the anomalous zone is a shift of the lasing spectrum to the long-wave region by more than
3 nm, as compared with the lasing spectrum outside the anomalous zone.

The spatial pattern of a lasing for the mutually crossed orientations of the surface layers of
molecules on substrates does not manifest any ring structure. There is only the central core,
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and its angular divergence is not higher than about 3 degrees. In Fig. 5a, we show the depen-
dence of the angular divergence on the pumping power as well. Outside of the anomalous
zone on the same specimen, we observe the typical ring structure of the laser beam.

Similar features in the lasing characteristics were already observed for viscous mixtures of
cholesterol esters. But, for nonviscous induced cholesterics, theywere not observed. The study
of the influence of various substrates showed that a strong selection of both longitudinal and
circular modes is realized only with quartz substrates.

A significant increase of the lasing threshold for the texture of steroidal CLCs with orthog-
onal orientation of the surface layers of molecules can indicate that the lasing involves only
a certain limited thickness of the active layer region, which can testify to the presence of a
defect in such structure.

The theory [23] forecasts the possibility of a one-mode lasing under conditions of a defect
in the spiral structure of a CLC, including the jump of a phase, which can be formed at the turn
of orienting substrates. However, we have not registered any dips in the selective reflection
band, which is forecasted by this theory.

4. Conclusions

1. It is demonstrated experimentally that, at the perpendicular orientation of directors
on CLC orienting substrates, the single-mode lasing under a multiple excess of the
threshold can be achieved. This method improves the spectral purity and the angular
radiation divergence of a CLC-laser considerably.

2. The interrelation between the spectral and spatial characteristics of the lasing in
steroidal CLCs can be formulated as follows: the ring structure of the laser emission
is related to the lasing of many discrete modes and disappears under the single-mode
lasing, which disagrees with the diffraction model of formation of rings.
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