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Abstract: This work investigates a novel color cone lasing emission
(CCLE) based on a one-dimensional photonic crystal-like dye-doped
cholesteric liquid crystal (DDCLC) film with a single pitch. The lasing
wavelength in the CCLE is distributed continuously at 676.7-595.6 nm, as
measured at a continuously increasing oblique angle relative to the helical
axis of 0-50°. This work demonstrates that lasing wavelength coincides
exactly with the wavelength at the long wavelength edge of the CLC
reflection band at oblique angles of 0-50°. Simulation results of dispersion
relations at different oblique angles using Berreman’s 4x4 matrix method
agrees closely with experimental results. Some unique and important
features of the CCLE are identified and discussed.
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1. Introduction

Dielectric materials with sufficiently high periodic modulation of the refractive index have
structures with photonic bandgaps [1-5]. The photons with wavelengths within such bandgaps
are stopped from propagating inside photonic crystals (PCs) [1]. The bandgaps in PCs can
markedly alter the fluorescence spectrum generated by excitation of doped active dyes; that is,
fluorescence can be suppressed inside gaps and enhanced at band edges. Fluorescence can
propagate via multi-reflection at band edges, resulting in a very slow group velocity and very
large density of photonic state (DOS) for fluorescence [S]. Due to the distributed feedback of
the active multilayer of a PC in the multi-reflection process, the rates of spontaneous and
stimulated emissions at band edges are both enhanced, such that a high gain can be attained
for a low-threshold lasing emission. Such PCs, consequently, can be used as mirrorless lasing
resonators.

The cholesteric liquid crystal (CLC) has a large one-dimensional (1D) modulation of the
refractive index, in which rod-like LC molecules assemble and rotate continuously along the
helical axis, forming a so-called planar structure. Consequently, the planar CLC can be
considered a PC with band gaps. Generally, two sets of optical eigenmodes (OEMs) with
opposite handedness of circular polarization can exist within a CLC structure. Within these
band gaps, the incident OEM component with the same handedness as the CLC helix can be
entirely reflected, and another component with opposite handedness transmits entirely. Such a
feature of selective reflection in the CLC within a certain band is described by the following
equation [6,7]:

Ac =n,Pcoso, (1

where Ac is the wavelength at the band gap center in air, n,, is the average refractive index of
the CLC, which satisfies the relation nav=[(ner‘)+no2)/2]l/2 (n. and n, are the principal
extraordinary and ordinary indices of refraction of the nematic host, respectively), P is helical
pitch of the CLC, and ¢ is the refracted angle of the incident light entering the CLC with
respect to the helical axis. Notably, ¢ is correlated with incident angle of light in air, 0, by
Snell’s law of sin6 = n,,sin¢ [7]. Furthermore, the photonic band structure of the CLC is also
characterized by the following two equations for light propagation along the helical axis [8,9]:
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Aiwe = 1P, @)
Aswe = 1,P, ®)

where A wg and Agwg are the wavelengths at the long- and short-wavelength edges (LWE and
SWE), respectively, of the CLC reflection band (CLCRB).

Kopp et al. and others demonstrated that low-threshold lasing can occur at the edges of a
CLCRB along the cell normal [10-19]. The fluorescence at the band edges of the CLCRB can
reside in the CLC cavity over the long term, forming circularly polarized standing waves.
When n, > n,, the optical fields of standing waves at the LWE and SWE of the CLCRB may
rotate in directions parallel and perpendicular to the local director of the nematic host,
respectively. Based on Fermi’s Golden Rule, the rate of spontaneous emission, w;, for ith
OEM can be expressed by [12,13]

2

wW; = pi‘Ei* -d 4

where E; and p; are the optical field vector and DOS of the ith OEM, respectively, and d is the
transition dipole moment vector of the active dye. This equation indicates that a good
parallelism exists between d and E; and a large p can enlarge w;. Hence, the lasing emission at
the LWE is typically stronger than that at the SWE since the optical field of the standing wave
with A wg and Agwg are on average parallel and perpendicular, respectively, to the molecular
long axes and, thus, the local transition dipole moments of the dyes [14].

Based on Eq. (1), Ac (and Apwg or Agswg) of the CLCRB for the incident light will
continuously blue-shift when the angle of incidence, 0, increases continuously. We believe
that the DDCLC lasing emission may generate along the nonzero oblique angle, that is, in the
off-normal direction, with a conically symmetrical emission. This work, thus, reports for the
first time an anomalous phenomenon, called color cone lasing emission (CCLE), based on a
single-pitched 1D PC-like DDCLC cell. The lasing wavelength in the CCLE pattern is
distributed continuously at 676.7-595.6 nm as the oblique angle increases continuously from
0° to 50° relative to the helical axis. The variation of the lasing wavelength in the CCLE with
the oblique angle is consistent with that of the wavelength at the LWE of the CLCRB with the
oblique angle. Simulation results obtained using Berreman’s 4x4 matrix method show that, at
each oblique angle, the associated group velocity and DOS are near zero and large at the SWE
and LWE of the CLCRB, respectively, and are in good agreement with experimental results.
The inhomogeneous angular distributions of the relative intensity and, thus, the energy
threshold of the CCLE can be attributable to the angular dependences of the loss of
fluorescence from the multi-reflection process and fluorescence spectrum of the spontaneous
emission of laser dyes at the LWE.

2. Sample preparation and experimental setups

The nematic LC (NLC), left-handed chiral dopant and laser dye employed in this study are
7112293 (n,=1.6312 and n,=1.4990 at 20°C) (Merck), S811 (Merck) and 4-Dicyanmethylene-
2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) (Exciton), respectively. The mixing
ratio of ZLI2293:S811 in the CLC mixture is 78:22 wt%. The concentration of DCM in the
CLC mixture is 0.5wt%. Two indium-tin-oxide (ITO)-coated glass slides separated by two
25um-thick plastic spacers are used to fabricate each empty cell. Both glass slides are pre-
coated with polyvinyl alcohol (PVA) film, and rubbed in the same direction. Homogeneously
mixed CLC compounds with DCM doping are then injected into the empty cell, forming a
planar DDCLC cell. Before the lasing experiments, the DDCLC cell is placed in a clean, dark
specimen box in the laboratory at room temperature for about 2 weeks, such that the CLC can
slowly self-organize to a perfect planar structure.
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This work utilizes two experimental setups, setups (i) and (ii) (Figs. 1(a) and 1(b)), for
measuring the fluorescence (or lasing) emission spectrum and reflection spectrum of the
DDCLC at each oblique angle, respectively. In Fig. 1(a), one pumped laser beam, derived
from a Q-switched Nd:YAG second harmonic generation (SHG) pulse laser (wavelength: 532
nm) with a pulse duration of 8ns, repetition rate of 10Hz and pulse energy, E, is focused by
lens L1 (focal length=20cm) on the DDCLC cell at an incident angle of a=10° relative to the
cell normal (N) along the helical axis of the planar structure. The cell is fixed (cannot rotate).
A fiber-optic probe of a fiber-based spectrometer (USB2000-UV-VIS) (Ocean Optics) is
moved behind the cell along a quarter circular trajectory (C,4) with a radius R on the xy plane
and the center of the pumped spot on the cell to record the fluorescence (or lasing) spectrum
of the DDCLC at each oblique angle 6. Notably, 0, is defined as the oblique angle between N
and the line extending from the fiber optic probe of the spectrometer to the pumped spot on
the xy plane. A half-wave plate (A/2 for 532 nm) and polarizing beam splitter (PBS) are placed
in front of L1 for adjusting incident laser pulse energy. To analyze the measured fluorescence
(or lasing) emission spectrum of the DDCLC cell at a particular oblique angle, the reflection
spectrum of the same cell, which indicates the photonic band structure of the CLC, is also
measured at that same oblique angle. In Fig. 1(b), one non-polarized white beam from an Hg
lamp (300-750nm) is pre-collimated and passes through a diaphragm with an aperture of 0.5
cm in diameter to illuminate the DDCLC cell. The fiber-optic probe of the spectral
measurement system is placed behind and near the cell to receive the white beam passing
through the cell for measuring the reflection spectrum (complementary to the transmission
spectrum) of the DDCLC cell at a particular oblique angle 0,. Notably, 0, the angle between
the incident direction of the white beam and N on the xy plane, can be altered by rotating of
the cell around the z-axis.

Mirror,
Pulse laser DDCLC cell
532nm, 8ns, 10Hz] (ot rotatable)
L1 Pumped spot
PBS ==
IS
Mirror 1U U 5’
A
y " Spectrometer
To computer
z£_>x (a) ( puter)
DDCLC cell
(rotatable)
Hg lamp
- Spectrometer
Non-polarized & Diaphragm (To computer)

pre-collimated
white beam

(b)
Fig. 1. Top views of Experimental setups for measuring (a) the fluorescence (or lasing) and (b)
the reflection spectra of the dye-doped cholesteric liquid crystal (DDCLC) cell. N: cell normal;
A/2: half waveplate for 532nm; PBS: polarizing beam splitter; L1: lens; o: angle of incidence
of the pumped pulses relative to N.
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3. Results and discussion

One cone lasing pattern (Fig. 2(a)) can be generated instantly and appears on screens placed
on both sides of the cell when the single-pitched DDCLC cell is excited by incident laser
pulses with an energy of E=8.3uJ/pulse. Because the lasing emission is distributed conically
and symmetrically about N, one can chose, without losing generality, to measure and study
the features of lasing signals emitting in a reference plane crossing the cell plane and
containing N, say, the xy plane, at different oblique angles 0;. The lasing emission along N
(06,=0°) is called normal lasing. The fiber-optic probe is placed behind the cell and moves
along C;; with a radius R of roughly 2cm on the xy plane (Fig. 1(a)) to measure the angle-
associated lasing signals and a distribution of lasing spectra (Fig. 2(b)) with a continuously
blue-shifting lasing wavelength of 676.7 (black curve) to 595.6 nm (pink dotted curve)
(roughly 81nm bandwidth) can be measured and identified by increasing the value of 6, from
0° to 50°. Although the lasing emissions occurred at angles not equal to either 0° or 35° all are
weak and therefore cannot be observed easily (Fig. 2(a)); however, the sensitive spectrometer
can still detect these lasing emissions easily (Fig. 2(b)). The full widths at half-maximum
(FWHM) for these measured lasing signals emitting at different oblique angles are distributed
at 0.5-2 nm. When the angle exceeds 50°, lasing is difficult to generate. Experimental results
(will be presented in a forthcoming paper) indicate that the band of such a lasing emission can
be tuned to encompass different color regions (e.g., from deep red region to light red, orange,
yellow, or green region) distributed within a wide cone angle by changing the pitch of the
DDCLC. This lasing effect is called the CCLE. This novel finding demonstrates that a “single
pitched” DDCLC laser can simultaneously emit a wide banded lasing emission with an
angular dependence on the wavelength. This contradicts the conventional belief that, at most,
two lasing peaks at the two band edges can simultaneously occur in the normal direction in a
DDCLC [10-19].
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Fig. 2. (a) One CCLE pattern is generated instantly and presented on the screens placed at both
sides of the cell after the cell is excited by the pumped pulses with energy 8.3pJ/pulse. (b)
Obtained continuous distributions of the lasing spectra in CCLE measured at oblique angles
relative to N continuously increasing from 6,=0° to 50°.

To further analyze the CCLE, six lasing signals with different lasing wavelengths—»M\,;,s =
676.7, 663.9, 642.7, 630.3, 619.9 and 600.4 nm—measured at 6,=0°, 17°, 29°, 35°, 39° and
46°, respectively, in the lasing spectra (Fig. 2(b)) are chosen randomly. Additionally, six
reflection spectra of the cell at these six corresponding oblique angles are measured and
compared with the six lasing spectra obtained previously. Figure 3 shows comparison results;
the curves with black, red, orange, pink, green, blue peaks (notches) represent, respectively,
the lasing (reflection) spectra of the cell measured at 6, (6,) = 0°, 17°, 29°, 35°, 39° and 46°.
The reflection and lasing spectra measured at 0° are also included in each subfigure (Fig. 3)
for comparison with those measured at nonzero oblique angles. Clearly, a lasing peak exists at
the LWE of the CLCRB at each oblique angle. These experimental results demonstrate that
the lasing signal emitting at zero or nonzero oblique angles conform to the edge lasing theory
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for distributed feedback resonators. This theory states that low-threshold lasing emissions can
occur at band edges of a stop band. Notably, lasing can also be observed at the SWE of the
CLCRB at 6,<17° (Figs. 2(b) and 3). However, lasing emissions at angles of 0,<17° at the
SWE are all much weaker than those at the LWE, with the exception of the strong lasing peak
at the SWE at 0°. Because the CCLE effect at the LWE is much better than that at the SWE in
this study, the following discussion focuses on the former. The lasing emissions at 0° and 35°
are sufficiently strong and can be detected at some nonzero oblique angles due to their strong
scattering (Fig. 3).
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Fig. 3. Six lasing spectra measured at 6,= (a) 0°, (b) 17°, (c) 29°, (d) 35°, (e) 39°, and (f) 46°
are randomly selected from Fig. 2(b) and compared with reflection spectra measured at those
six oblique angles 0, (=6,).

As demonstrated by Kopp et al. in identifying the low-threshold edge laser in DDCLC
cells, the low-threshold lasing at the band edges of the CLC stop band is associated with the
singularities at the edges in the DOS of OEMs propagating along the normal of the CLC
multi-layer structure [10]. This high DOS can generate a slow group velocity, v,, that
approaches zero at the edges. The lifetime of OEMs at the edges is thereby prolonged, such
that they obtain a gain needed for a low-threshold lasing. To prove that edge lasing theory can
explain lasing emissions in the CCLE at the nonzero oblique angles, the dispersion relations
for OEMs propagating at different oblique angles in a planar CLC are determined. Initial
calculation using the commercially provided parameters of refractive indices of LC indicates
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that the simulated CLCRB at the normal direction (0°) (not shown herein) is wider than the
CLCRB measured at 0° (Fig. 3(a)); however, the central wavelengths of the two reflection
bands are almost the same. The discrepancy in the width of the two CLCRB probably results
from the decrease in the birefringence of the NLC after adding 22 wt% non-birefringent chiral
dopant to the NLC host [15]. To obtain actual values of the principal extraordinary and
ordinary refractive indices of the LC in the CLC, a separate calculation is pre-performed as
follows. The value of the pitch, P, of the CLC obtained is approximately 417.55nm by
substituting the values of measured Ac and ny, (=[(nez+n02)/2]“2) into Eq. (1), in which the
values of n. and n, are 1.6312 and 1.4990, respectively (obtained from Merck). Because lasing
emissions occurred at the edges, the value of Ac can be pre-obtained experimentally from the
average value of Ajune at the LWE and SWE of the CLCRB (A,(LWE) and A, (SWE),
respectively) at 0°. The actual values of the extraordinary and ordinary indices of 1.62065 and
1.50955, respectively, are obtained by substituting the obtained values of A, ((LWE)=676.7nm
and A, (SWE)=630.3nm at 0° and P=417.55nm into Eqgs. (2) and (3). Then, all of these
obtained parameter values are substituted into the following simulation of the dispersion
relations in the planar CLC.

The propagation characteristics of OEMs at different oblique angles in a planar CLC can
be examined by simulating the dispersion relation, on(ky), or equivalently, kyn(A), using
Berreman’s 4x4 matrix method [20], in which kn(=k/(27/P)) and on(=0/(27c/P)) are defined
as the normalized wave number and normalized angular frequency of OEMs, respectively,
and A is the wavelengths of OEMs. Simulation results for my(ky) and ky(A) are within the
wavelength range of 500-750 nm at the six oblique angles of incidence—6=0°, 17°, 29°, 35°,
39° and 46° (Figs. 4(a) and 4(b)). Obviously, four OEMs exist with particular wavelengths or
angular frequencies at each oblique angle. Two OEMSs with positive and negative real
solutions of ky (black curves in Fig. 4) can propagate in opposite directions without reflection
in the planar CLC. However, the other two OEMs can be reflected entirely in opposite
directions within the forbidden gap where the positive and negative pure imaginary solutions
of ky (blue curves in Fig. 4) correspondingly exist. Beyond the gap, the two OEMs can
propagate in opposite directions without reflection in which the positive and negative real
parts of ky (Re(ky)) exist (red curves in Fig. 4). All calculated values of the pure imaginary
part of ky (Im(ky)) have been amplified four-fold. Moreover, the red curves (Fig. 4) indicate
that the band gap blue-shifts from the long-wavelength (low-frequency) region to the short-
wavelength (high-frequency) region as the oblique angle increases from 0° to 46°. Group
velocity, v,, can be defined as the slope of the dispersion relation of Re(k), such that [5],

v, =[do/d(Re(k))| = cldoy / d(Re(k,)), )

According to Eq. (5), the red curves (Fig. 4(a)) indicate that the group velocities for the latter
two OEMs approach zero (v,—>0) at the gap edges at each oblique angle, in which the
corresponding wavelength at the LWE and SWE of the gap at each oblique angle is displayed
in Fig. 4(b). According to the definition of DOS, the reciprocal of group velocity (DOS=1/v,),
the near null group velocity leads to a very large DOS (that is, DOS—o) [8,10,12]. Therefore,
the simulation results (Fig. 4) suggests that OEMs with wavelengths at the gap edges at each
oblique angle have nearly null group velocity and infinite DOS. Figure 5 shows the
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optical eigenmodes (OEMs), respectively, where P is the pitch of the CLC.
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Fig. 5. The @ (M) and O (J) dots represent, respectively, the measured lasing wavelength at
the LWE (SWE) of the CLC reflection band (Ai.(LWE) (A, (SWE)) in Fig. 3) and the
simulated wavelength at the LWE (SWE) of the CLC stop band in which v,—0 and DOS—~
(A(vg—0 and DOS—x) at LWE (SWE) in Fig. 4) at different oblique angles.

comparison between variations of measured A, (LWE) (@) and A, (SWE) (H) and
wavelengths at the LWE (O) and SWE (LJ) of the CLCRB in which v,—0 and DOS—o,
which are obtained by simulation (Fig. 4(b)), with oblique angles. Experimental and
simulation results are highly in agreement confirming that CCLE can be explained well based
on photonic band-edge lasing theory for a distributed feedback resonator of a 1D PC-like
planar DDCLC [5].

As presented in Figs. 2 and 3, the angular distribution of lasing intensity of the obtained
CCLE occurred at the LWE is not uniform. This angular dependence of lasing intensity is
related to variation in the energy threshold of the lasing emission in the CCLE with measured
oblique angles. At each oblique angle, a corresponding energy threshold to lase exists (Fig.
6(a)), which is a natural sign for the occurrence of the lasing emission. The energy threshold
at the six selected oblique angles ranked from high to low is 0° < 35° < 39° < 29° < 17° < 46°
(Fig. 6(b)). The lasing emissions occurred at 0° and 35°, both of which have much lower
energy threshold than those at other oblique angles; thus, they can be observed easily with the
naked eye (Fig. 2(a)). Since the incident pumped energy used, 8.3ul/pulse, is larger than the
maximum energy thresholds, roughly 8.0pJ/pulse, measured at 46°, the CCLE (Fig. 2) can
occur. To determine what causes result in the angular dependence of the energy threshold in
the CCLE (Fig. 6(b)), another experiment measures the fluorescence and reflection spectra at
the six oblique angles when pumped energy is reduced to 2.3uJ/pulse (near the minimum
energy threshold measured at 0° (Fig. 6(b)). Figure 7 lists experimental data. The black, red,
orange, pink, green and blue curves with peaks (notches) represent the measured fluorescence
(reflection) spectra of the DDCLC at 6,(0,)=0°, 17°, 29°, 35°, 39° and 46°, respectively. The
fluorescence is strongly suppressed within the CLCRB, but enhanced only at the LWE of the
CLCRB at each oblique angle. For off-normal cases, the magnitude of fluorescent peaks at the
LWE measured at oblique angles increases from 17° to 35° as fluorescent intensity increases
from 663.87 to 630.30nm in the gray fluorescence spectrum curve obtained when the cell is in
an isotropic state. However, the decay of fluorescent intensity measured at large oblique
angles (>35°) due to energy loss of the large angle reflection indicates that scattering of
fluorescence may cause reducing the magnitude of fluorescent peak at the LWE as the oblique
angle increases from 35° to 46°. The competition between the two angular dependent factors,
the fluorescent spectrum distribution and the energy loss, therefore results in the angular
dependences of lasing intensity and the energy threshold of the CCLE in the DDCLC.
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Fig. 6. (a) Variation of the lasing intensity of the CCLE (at the LWE) with the incident
pumped energy at oblique angles of 0-46°. (b) Variation of the energy threshold of the CCLE
with the oblique angle.
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Fig. 7. Fluorescence and reflection spectra of the cell in CLC phase are measured at different
oblique angles of 0,=0,=0-46° when the cell is pumped by incident pulses with energy of
2.3ul/pulse. The gray curve is the obtained fluorescence spectrum of the DDCLC cell in the
isotropic phase measured at 0°.

4. Conclusion

In summary, an anomalous CCLE based on a 1D PC-like single-pitched DDCLC is first
identified and investigated in this work. Experimental results reveal that this cell can lase
simultaneously a wide-banded and conically symmetrical lasing emission, such that the lasing
wavelength decreases as the cone angle increases. Simulation results using Berreman’s 4x4
matrix method demonstrate that low-threshold edge lasing theory completely explains the
angular dependence of the lasing wavelength of the CCLE at the LWE and SWE of the CLC
stop band. Some peculiar features of the CCLE, such as the angular dependences of lasing
intensity and the energy threshold are also identified and discussed. Forthcoming manuscripts
will present experimental results that demonstrate the tunability of the CCLE lasing band and
explain the mechanism for the formation of the anomalously strong lasing ring at 35° in the
DDCLC.
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