Spectral and Spatial Features of Radiation Emitted

https://doi.org/10.15407 /ujpe63.4.339

IP. ILCHYSHYN, E.A. TIKHONOV, T.V. MYKYTIUK

Institute of Physics, Nat. Acad. Sci. of Ukraine
(46, Nauky Ave., Kyiv 03028, Ukraine; e-mail: lclas@iop.kiev.ua)

SPECTRAL AND SPATIAL FEATURES
OF RADIATION EMITTED BY A CHOLESTERIC
LIQUID-CRYSTAL LASER/!

Spectral and spatial characteristics of radiation emitted by a laser operating on the Bragg struc-
ture arising in cholesteric liquid crystals (CLCs) have been studied, as well as their variations
with a change of the planar CLC orientation. A defect in the helical structure of the CLC
formed by a ternary mizture of cholesterol viscous esters is revealed at the mutually orthogonal
orientations of the CLC director at the substrates. This defect manifests itself as a local dip in
the selective reflection band, which agrees with the behavior of the defect mode in the photonic
crystal. Such a defect in the helical structure stimulates the selection of longitudinal modes with
the indices N = £1, so that the single-mode lasing regime is realized. A spatial ring structure
in the laser radiation is found to arise, when higher longitudinal modes are generated.
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1. Introduction

Dye-doped cholesteric liquid crystals (CLCs) with a
natural periodic structure have been known in laser
physics for a long time [1,2]. Besides the formation of
an optical resonator, the main advantage of such nat-
urally structured material is a possibility to construct
a laser, whose active medium has an arbitrary area
and curvature. Such lasers are promising, in particu-
lar, for the development of high-brightness displays,
which are capable of displaying information under
bright light conditions.

The ideas concerning the lasing origin in the ex-
amined structures were first developed exclusively on
the basis of the distributed-feedback (DF) laser model
[3,4]. Later, the consideration was extended onto the
model of photonic crystals [5, 6], which gave an an-
swer to the question why the generation spectrum of
nematics with induced helix is located at the edge
of the selective reflection (SR) band of CLCs [7-9]
rather than at its center, where the reflectance is
maximum. The analysis of the relation between these
models of lasing in CLC lasers according to the “pho-
tonic crystal strength”, which is determined by the
birefringence magnitude, was carried out in review
[10]. It should be noted that the phenomenon of pho-
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ton localization in a periodic structure of CLC, which
manifests itself in the fluorescence quenching at SR
frequencies in the direction along the helix axis as the
specific feature of a one-dimensional photonic crystal,
was first registered in our works [1, 2] together with
the lasing effect.

CLC lasers as elements of modern bright displays
are actively studied at many research centers. Nowa-
days, a number of significant results concerning the
generation in new CLC materials [11-13], the expan-
sion of lasing frequency intervals [14], and the re-
search of CLC energy parameters [15, 16] have been
obtained. The results of modern achievements in the
CLC-laser domain were discussed in the recent re-
views [10,17-19].

In the recent years, CLCs with defects in their he-
lix structure have been intensively studied. Those de-
fects result in the appearance of defect modes in the
forbidden gap. As a defect, it can be a violation of the
CLC helix phase, the arrangement of any isotropic
medium between two CLC layers with a uniform he-
lical pitch, a local change of the CLC helical pitch
value, the appearance of the pitch gradient for the
cholesteric helix, and so forth. The modern theory of

1 The paper was presented at the XXIII Galyna Puchkovska

International School-Seminar “Spectroscopy of Molecules
and Crystals”.
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Fig. 1. Chemical structure of the substances used: cholesteryl chloride (a), cholesteryl pelargonate (b), cholesteryl oleate (c),

and phenolene dye F490 (d)

the lasing in photonic CLCs predicts that, for defects
of some types in the helix structure and depending on
the ratio between the defect layer thickness and the
total CLC thickness, one or more dips can appear in
the SR spectrum, which governs the frequencies of
those “defect” lasing modes within the SR band [20].

Owing to a small value of the “thickness/width”
ratio for the active layer, the radiation emitted by a
CLC laser is characterized by a large angular diver-
gence (tens of degrees), which has a non-diffraction
origin. This ratio is also responsible for a wide las-
ing spectrum, even in the case of lowest longitudinal
modes. The available interpretations of a ring struc-
ture arising in the beams generated by a CLC laser
remain questionable. The influence of the planar tex-
ture quality on the generation characteristics of a
CLC laser also requires to be studied further.

Hence, the aim of this research was to study the
relationship between the spectral and spatial charac-
teristics of the CLC laser radiation, on the one hand,
and the types of director orientation at the orienting
substrates, on the other hand, as well as the influence
of the planar texture quality on the lasing parameters.

2. Experimental Part

A ternary mixture of cholesterol esters with a
composition of 40% of cholesteryl oleate, 35% of
cholesteryl pelargonate, and 25% of cholesteryl chlo-
ride was used as a CLC matrix. The temperature-
induced change of the corresponding helical pitch
was about 3 nm/°C. The CLC mixture was doped
with phenolenone dye F490 to a concentration of
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0.3 wt.%. The structural formulas of the cholesterol
derivatives and the dye are depicted in Fig. 1.

The CLC mixture had a left-helical twist with the
SR band maximum at about 600 nm. The birefrin-
gence in the ternary mixture of cholesterol esters was
about 0.04. If necessary, the SR band could be shifted
with respect to the dye fluorescence band by varying
the concentrations of mixture components.

The thickness of the dye-doped cholesteric layer
in the oriented specimen with a planar texture was
45 pm. The planar texture was created following the
standard technology. The mixture of cholesterol es-
ters has a high viscosity: in practice, this is a jel-
ly-like suspension. Therefore, for its orientation, be-
sides structure-oriented substrates themselves, we
used their relative shift in the scraping direction [21].
The technology includes the scraping of glass sub-
strates covered with the layer of a transparent elec-
trode (ITO) and polyimide varnish (PIV). After the
specimen had been filled, the shift in the scraping
direction was carried out at a temperature close to
the phase transition one. In time of creating textures
with the orthogonal orientations of the CLC director
at the substrates, the specimen was cooled down to
the mesophase temperature, and the substrates were
not shifted, but one of them was rotated by an angle
of about 90°.

The lasing parameters were studied on a typical
experimental installation. The optical pumping of a
CLC laser was carried out using the second harmonic
(A = 530 nm) of a neodymium-glass laser with Q
modulation and a pulse duration of about 20 ns. The
pumping radiation was focused on a cell with a pla-
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narly oriented doped CLC into a spot ~0.5 mm in
diameter, so that the diameter/thickness ratio was
about 11.0. The energy of a pump pulse was varied
using neutral light filters and monitored with the help
of an IMO-2 calorimeter. The calculated maximum of
the pump intensity was about 27 MW /cm?.

The lasing spectra were projected onto the focal
plane of a spectrograph with a reciprocal dispersion
of 0.6 nm/mm and displayed on a PC monitor with
the help of a video camera. The spatial distribution of
radiation emitted by the CLC laser in the near diffrac-
tion field was photographed from a matte screen. The
field in the far zone was registered directly by means
of a camera with a long-focus objective.

3. Results and Their Discussion

The analysis of the form of the transmission spec-
tra obtained for steroid CLCs demonstrates a dis-
tinct dependence of the SR bandwidth on the planar
texture quality. The best orientation was observed
on substrates covered with a transparent electrode
layer (ITO) [21]. The planar texture quality affected
the transmission spectra, in particular, the spectral
width. Figure 2 illustrates a transmission spectrum
registered for an oriented CLC specimen with the pla-
nar texture and the mixture composition indicated
above in the case where the orienting substrates with
ITO were used.

For planar textures obtained using glass and quartz
substrates covered with the transparent electrode and
polyimide varnish layers, the half-width of the SR
band was about 22-24 nm (Fig. 2). If the planar tex-
ture was formed using substrates covered only with
polyimide varnish, its quality decreased significantly,
which manifested itself in the broadening of the SR
band by more than 10% and the diminishing of the
diffraction reflection intensity (Fig. 3).

The study of lasing spectra obtained for steroid
CLCs testified to their pronounced correlation with
the texture quality. As is shown in Fig. 2 (the inset),
the light scattering spectrum had three longitudinal
modes for the texture with a narrow SR band and
the parallel relative orientations of the CLC direc-
tor. This spectrum was observed close to the SR band
center, which corresponded to the model of coupled-
wave generation in a periodic structure [3]. Unlike an
ordinary resonator, the growth of the excitation in-
tensity even up to intensities, at which the specimen
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Fig. 2. Transmission spectrum of the high-quality planar tex-

ture of doped CRC. The arrow marks the location of the gen-

eration spectrum. The spectrum of the laser generation in this

structure is shown in the inset. The layer thickness equals

45 pm

100

80 GO7 803 609

8
1

Transmission (%)
8
1
>

3
1

400 450 500 55")0 6(']0 650 700
Wavelength (nm)
Fig. 8. Transmission spectrum of the planar texture of doped
CRC formed by substrates without ITO. The arrow marks the
location of the generation spectrum. The spectrum of the laser
generation in this structure is shown in the inset. The layer
thickness equals 45 pm

was destroyed, did not increase the number of longi-
tudinal modes (Fig. 4, b).

It should be noted that the presence of a trans-
parent electrode (ITO) on the orienting substrate
manifested itself only in the SR bandwidth and its
diffraction efficiency. Provided similar excitation con-
ditions, no lasing emerged beyond the SR band and
under nonselective resonator conditions created by
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Fig. 4. Ring structure of a laser beam (a) and the generation spectra of the CRC laser with parallel director
orientations at the substrates (b). The layer thickness equals 45 um

transparent electrodes with the reflection coefficients
R =8+10%.

The presence of only three longitudinal modes in
the laser-generation spectra obtained in the whole
excitation interval testified to a high selectivity of
the periodic helical structure, in accordance with the
model of work [3]. It manifested itself in suppress-
ing the generation of longitudinal modes with indices
higher than N = £1 in the CLC laser (Fig. 4, b). A
similar result was obtained in work [22], when study-
ing a DF laser on a periodic helical structure in the
infrared spectral interval.

Figure 3 (the inset) demonstrates the lasing spec-
tra for the same composition of CLC components as
in Fig. 2, but for planar textures formed using sub-
strates covered with only a polyimide varnish layer
(without ITO). One can see that the lasing spectrum
became slightly (by no more than 3 nm) shifted from
the center to the long-wave edge of the SR band, and
the discrete spectral mode structure transformed into
a wide diffuse band. The threshold intensity of the
laser generation excitation increased substantially, by
a factor of two to three, at that.

Note that, under experimental conditions and for
a CLC layer thickness of 45 pum, the lasing thresh-
olds of longitudinal modes with the indices N = +1
are rather low, exceeding the lasing threshold only by
about 10% for the fundamental Bragg mode. Those
data were obtained, when the SR band was shifted
into the fluorescence band maximum of doping dye
F490 by varying the percentage composition of the
applied ternary mixture of cholesterol esters. The dis-
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tance between the longitudinal modes in the CLC
laser, as well as in a Fabry—Pérot interferometer, is
equal to A\ &~ A\?/(2nL), where X is the fundamental
mode wavelength, n the average CLC refractive in-
dex, and L the active-layer thickness. At A = 600 nm,
n = 1.53, L = 45 pm, and AX = 2.6 nm, the total
width of the lasing spectrum is about 5.2 nm. Under
those conditions, the gain coefficient for all three
modes was practically identical within the broad dye
fluorescence band (Fig. 5, a). Thus, the single-mode
lasing regime is practically impossible in a CLC laser
based on a mixture of cholesterol esters.

A more favorable situation for the single-mode
regime arises in CLC lasers with a helix induced by
means of chiral dopants for nematic liquid crystals
(NLCs). At the birefringence An > 0.2, which is a
typical value of NLCs, the selective reflection reached
almost 100%, and lasing was obtained already for
the active layer thickness more than 5 pym. The cor-
responding distance between the longitudinal modes
was about 23 nm, and the gain coefficients for two
neighbor modes on a dye with a band half-width
less than 50 nm were strongly different. Therefore, in
lasers on induced CLCs, the single-mode lasing can
be realized due to the gain selectivity and by choosing
the excitation level.

In the case of standard planar orientation, a CLC
laser on the ternary mixture of cholesterol esters emit-
ted a beam with a high angular divergence. As is
shown in Fig. 4, a, besides an intense central kern,
a ring structure was observed with the number of
rings depending on the excitation intensity. As was
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Fig. 5. a — transmission spectra of steroid CLCs at mutually perpendicular orientations of surface layers on the substrates
(1), at parallel orientations of surface layers on the substrates (2), the fluorescence spectrum of phenolene dye F490 (8). The
temperature is 26°C. The layer thickness equals 45 pm. b — transmission spectrum of the mixture 38% of cholesteryl oleate,
33% of cholesteryl pelargonate, and 29% of cholesteryl chloride at mutually perpendicular orientations of surface layers on the
substrates. Mixture: 38% cholesteryl oleate; 33% — cholesterol pelargonate; 29% cholesteryl chloride. The temperature is 17.5°C.

The layer thickness equals 45 pm

established in work [23], for an active-layer thickness
of 45 pm, the angular radiation divergence of a CLC
laser drastically increases from 1° to 20°, when the
pumping intensity exceeds the excitation threshold
by more than an order of magnitude.

Today, it is widely assumed that the ring struc-
ture in the radiation of a CLC laser is a result of the
radiation diffraction in a thin active layer [24]. A sim-
ilar ring pattern can also emerge at the formation of
an aberration heat lens due to the local laser-induced
heating of absorbing layers composed of various mate-
rials [25]. In our research [23], we showed that no ring
structure can arise in this geometry for the pumping
beam. The time of the thermal lens formation un-
der those conditions equals about 100 ns, which is
five times longer than the duration of the pumping
and lasing pulses [26]. A possible light-induced rota-
tion of the CLC director at the intense pumping [27]
would also testify to a change of the helical pitch. In
this case, a non-uniformity in the director alignment
over the cross-section of the irradiated zone should
result in a modification of the lasing spectrum in the
rings. The research carried out in work [23] showed
the invariance of generation wavelengths (to within
+0.5 nm) of a CLC laser — both in the central kern
and in the first and second rings of the spatial laser-
radiation pattern — in a wide interval of excitation
intensities.

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4

In laser physics, the process of ring structure for-
mation in the emitted radiation is associated with the
radiation scattering at optical inhomogeneities in the
active medium [28|. This scattering, after having been
multiply reflected from the resonator mirrors, favors
the formation of transverse modes. A comparison of
the ring radii in the radiation beam of a CLC laser
showed their agreement with the corresponding val-
ues calculated from the dependence presented in work
[28]. On the basis of these data, the ring structure of
the beam emitted by a CLC laser can be considered
as the transverse modes of a Bragg resonator formed
owing to the scattering of longitudinal modes at CL.C
inhomogeneities.

In order to analyze the influence of the diffraction
on a ring structure in the beam, the spectral and
spatial characteristics of the CLC lasing in the single-
mode regime and at the generation of its three axial
modes were studied. In the latter case, a low lasing
threshold and the ring-like structure of the beam are
typical. The single-mode lasing regime was obtained
by creating a defect in the helical structure at the
orthogonal orientation of substrates.

In Fig. 5, a, the transmission spectra obtained for
the dye-doped CLC at mutually orthogonal orienta-
tions of directors at the substrates (curve 1) and at
their parallel orientations (curve 2) are shown. One
can see that the texture of CLC with the orthogonal
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Fig. 6. Angular divergence and generation spectra of a CRC laser with orthogonal director orientations at
the substrates; the laser beam cross-section (a), generation spectra for a variation of excitation intensities

(b). The layer thickness equals 45 um

orientation of directors at the substrates is charac-
terized by a lower intensity of the diffraction in the
SR band and by a shift of the SR band center by
5 nm toward long waves. In addition, there is a dip
in the SR band for the linear polarization of light,
which is a typical manifestation of a defect in the
helical structure [20]. Note that the indicated dip in
the SR band was registered at the distances more
than 100 nm from the absorption spectrum maxi-
mum (A = 540 nm) and the SR band center. Be-
cause of a low amplification at the dip wavelength
(A = 644 nm; see Fig. 5, a, curve 3), the lasing thresh-
old was not achieved. For this purpose, the SR band
was shifted toward the dye fluorescence maximum by
varying either the CLC percentage composition or the
temperature.

Figure 5, b demonstrates the transmission spectrum
of doped CLC with the orthogonal director orienta-
tions at the substrates, when the SR band and the
dye fluorescence maximum were matched. As one can
see, when the SR band approached the dye absorption
band, it became deformed, and the dip identifying the
defect of a helical structure disappeared. This specific
feature of the transmission spectrum did not allowed
us to exactly correlate the wavelengths of the dip and
the CLC lasing spectrum under available conditions.

In the lasing spectrum of a CLC laser with the
given planar texture (Fig. 6, b), only the fundamen-
tal longitudinal mode was excited. The generation
spectrum width decreased by more than an order of
magnitude, reaching some tenths of nanometer. The
spatial pattern of lasing in the CLC with mutually
crossed orientations of the molecular layers on the
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substrate surfaces had no ring structure. Only the
central kern was observed, and its angular divergence
did not exceed 3°. The light scattering threshold in
this texture was higher by more than an order of mag-
nitude in comparison with the ordinary planar tex-
ture (with parallel director orientations at the sub-
strates) owing to a lower diffraction power of the he-
lical lattice. The active region with a similar behavior
was spatially localized in a zone up to 2 cm in diam-
eter and confined by disclination lines. Beyond this
zone, the lasing spectrum had three modes, and the
spatial pattern revealed a ring structure. Such pecu-
liarities in the lasing parameters were observed only
in the viscous mixtures of cholesterol esters, but they
were absent in the case of low-viscous induced choles-
terics. A significant lasing threshold enhancement in
the texture of steroid CLCs with orthogonal orienta-
tions of molecular surface layers can testify that only
a limited thickness of the active layer was involved
into the lasing.

The observed effect agrees with a theoretical pre-
diction [20] for the lasing on the defect mode, which
can emerge as a result of the phase jump, when the
orienting substrate is rotated by 90° around the helix
axis. According to theoretical calculations, the condi-
tions for observing this effect arise, when the defect is
arranged in the middle of the active layer thickness.

The laser experiment with a defect CLC helical
structure made it impossible to explain the ring struc-
ture emerging in the CLC laser beam by the influence
of the diffraction, since, in the cases of both ordi-
nary and defect planar textures, the beam aperture
remained invariant. Thus, the explanation of the ring

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 4
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structure in the CLC laser beam, which was proposed
in work [23], remains actual. It enables us to assert
that the the ring structure in the CLC lasing beam
originates from the generation of modes that propa-
gate at discrete angles with respect to the resonator
axis. This explanation was confirmed in work [29], in
which a precision measurement of the wavelengths of
the CLC lasing at an angle of 21° with respect to
the normal and at the center of the ring structure
showed a difference of about 1.9 nm between them,
which undoubtedly rejects the diffraction model of
ring formation.

4. Conclusions

1. A defect can arise in the helix of CLCs created by
viscous mixture of cholesterol esters at the mutually
orthogonal director orientations at the orienting sub-
strates. The defect manifests itself as a characteristic
dip in the SR band.

2. The single-mode lasing can be invoked and main-
tained, under multiple threshold pumping, when CLC
directors are oriented mutually orthogonal at the
orienting substrates. This method considerably im-
proves the spectral purity and the angular divergence
of radiation emitted by a CRC laser.

3. The interrelation between the spectral and spa-
tial characteristics of the lasing in steroid CLCs can
be formulated as follows: the ring structure in the
laser radiation is associated with the generation of
several discrete modes and disappears in the single-
mode generation regime. Whence it follows that the
ring structure in the CRC laser radiation corresponds
to ring modes emerging due to the scattering of lon-
gitudinal radiation modes in the CRC.
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CIHEKTPAJIBHO-TIPOMEHEBI OCOBJINMBOCTI
BUITPOMIHIOBAHHSA JTABEPA HA XOJIECTEPMYHUX
PIIKMNX KPUCTAJIAX

PezmowMme

HocniizkeHo CleKTpasbHI-IIPOMEHEB] XapaKTEPUCTUKU BUIIPO-
MIiHIOBaHHS Jia3epa Ha OPeriBChbKiil CTPYKTYPi XOJE€CTEPUIHUX
piaknx kpucranis (XPK) npu 3mini mianapsoi opienranii. Bu-
siBJieHO, mo B XPK, yTBOpeHUX TPUKOMIIOHEHTHOI CyMIIIIIIIO
B’s13KUX eipiB X0JIeCTEpUHY IIPU OPTOTOHAJbHIN B3a€MHIi Opi-
enramnil gupekropiB XPK na migkmankax, Bunnkae gedexr cri-
paJibHOI CTPYKTYypH. Lleit nedeKT nposiBAseThCsS y BUTVISI/IL JI0-
KaJIbHOTO INIPOBaJly B CMy3i cesiekTuBHOro Binbusanusi (CB),
IO y3TOJKYETHCS 3 IMOBEIIHKOIO JedeKTHOT Moau (hOTOHHOIO
KpucTaja. 3a HasgBHOCTI TAKoro nedeKTy B CHipajbHiil cTpy-
KTypi BiIOyBa€TbCsl CeJIEKIlisl MO3JO0BXKHIX MOJ 3 iHJeKcamu
N = 4+ 1, upu akiil peaji3yeTbcsi OJHOMOIOBHUI PEXKUM IeHe-
pamuii. BcTaHOBIIEHO, IO TPOCTOPOBA KiJIbIIEBA CTPYKTYpPa BH-
HPOMIHIOBAHHS TAKOI'O Jla3epa BUHUKAE IIPU I'eHeparil BUIIUX
MO3J0BXKHIX MO/,
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