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Abstract The present study develops and investigates for
the first time a unique spatial continuously tunable cone
laser based on a dye-doped cholesteric liquid crystal
(DDCLC) film with an LC-birefringence (An) gradient. A
continuous An variation can be generated in a cell by dif-
fusion and self-organization of CLC after four DDCLC
mixtures with a discrete variation of An are successively
injected into an empty cell. Not only the CLC photonic
structure but also the lasing wavelength and the cone angle
of the obtained conically symmetric emitted lasing ring
can be tuned continuously by continuously changing the
pumped position of the cell with an An gradient. The
continuous tunabilities in the lasing wavelength and
the corresponding emitted cone angle of the lasing ring are
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605.8 — 568.1 nm and 29° — 50°, respectively, within a
spatial interval of about 33 mm in the cell.

1 Introduction

Planar cholesteric liquid crystal (CLC) possesses a peculiar
structure of one-dimensional photonic crystal (1D PC) with
a spatially periodic modulation of refractive index. LC
molecules can self-organize and rotate along the helical axis
via their interaction with chiral dopants. The helical pitch of
such a CLC structure is decided by the helical twisting
power (HTP) and the concentration of the chiral material.
When the CLC pitch approximates the optical wavelength
of the incident light, a selective Bragg reflection band (RB)
can be generated. The central wavelength and the band-
width for this CLCRB can be determined using the formulas
Ac = ngyp cos 0 and AL = pAn, respectively, where n,, is
the average refractive index of LCs, p is the helical pitch, 6
is the angle of incidence from the cell normal (N), and
An = (ne—n,) (n. and n, are the principal extraordinary and
ordinary indices of refraction for the nematic host, respec-
tively) [1].

When a few fluorescent dyes are dissolved in a CLC host
(dye-doped CLC or DDCLC) and are excited, spontaneous
fluorescence emission is suppressed within the CLCRB and
enhanced at the long- and the short-wavelength edges
(LWE and SWE) of the CLCRB. Fluorescence photons at
the edges of the band can propagate with a very small group
velocity and a very large density of photonic states (DOS)
via multi-reflection [2]. Based on this optical property, the
occurring distributed feedback (DFB) effect can enhance
the rates of spontaneous and stimulated emissions in the
multi-reflection process, such that a low-threshold lasing
emission can be generated at the band’s edges [3-5].

@ Springer



160

C.-R. Lee et al.

In the recent years, DFB lasing emissions with tunable
features based on DDCLC cells have been widely inves-
tigated [6—15]. Among these studies, the authors first found
a unique color-cone lasing emission (CCLE) based on a
DDCLC cell with a single pitch [12] and further studied the
tunability for the color band of the CCLE by varying the
pitch of the CLC with fixing LC-birefringence (An) [13-15].
In addition to the lasing signals commonly observed
along N (0° from N, so-called normal lasing), a conically
symmetric emitted lasing ring (seen on the screen) with a
low-energy threshold comparable with those of normal
lasing signals, measured at around 35° from N, is worthy of
further investigation because of its uniqueness. There is no
such a similar phenomenon that can be found based on
laser systems with optical materials different from those of
the DDCLC. Furthermore, all past investigations associated
with spatially tunable DDCLC lasers demonstrated that the
lasing wavelength can be tuned spatially only based on
DDCLC lasers with a pitch gradient. The present work,
however, offers a first look into a spatial continuously
tunable cone laser based on a DDCLC cell with a gradient
of LC-birefringence. Experimental results show that not
only the lasing wavelength but also the emitted oblique
angle for the obtained lasing ring can be tuned continu-
ously from 605.8 nm emitted at 29° to 568.1 nm emitted at
50° by continuously varying the pumped position within a
spatial interval of around 33 mm in the cell.

2 Sample preparation and experimental setups

Four kinds of nematic LCs (NLCs) used in the present
experiment include LCT-06-99 (An = 0.0792 at 20 °C),
MDA-03-3970 (An = 0.1322 at 20 °C), MDA-04-606
(An = 0.2067 at 20 °C), and MDA-98-1602 (An = 0.2666
at 20 °C) (all from Merck). Moreover, a left-handed chiral
dopant, S811 (from Merck), and a laser dye, Pyrromethene
597 (P597) (from Exciton), are also used. Four DDCLC
mixtures with different prescriptions are prepared, namely,
77.8:21.7:0.5 wt% for LCT-06-99:S811:P597, 77.3:22.
2:0.5 wt% for MDA-03-3970:S811:P597, 76.6:22.9:0.5
wt% for MDA-04-606:S811:P597, and 74.2:25.3:0.5 wt%
for MDA-98-1602:S811:P597. An empty cell with 4 cm-
long x 1 cm-wide dimensions is pre-fabricated by com-
bining two indium-tin oxide-coated glass slides separated
with 23 pm-thick plastic spacers. Polyvinyl alcohol films
are pre-coated individually on the two glass slides of the
empty cell and pre-rubbed in an anti-parallel direction
for homogeneous alignment. The abovementioned four
DDCLC mixtures are injected successively into an empty
cell. Afterward, the cell is placed in a clean and opaque
specimen box at room temperature for about 4 days to
allow the CLCs with originally discrete distribution of
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An enough time to diffuse slowly and self-organize into a
perfect planar structure with a continuous distribution of
An (An gradient) extended along the cell from x = 3 to
x = 36 mm.

The current study exploits two experimental setups to
measure the lasing and the reflection/transmission spectra
of a DDCLC cell at a specific oblique angle from N of the
cell. The experimental setups and the associated method
for measurement can be found in the authors’ previous
work [11]. Briefly, the DDCLC cell is excited by a single
incident pulse beam (from a Q-switched Nd: YAG SHG
pulse laser, wavelength of 532 nm, pulse duration = 8 ns,
repetition rate = 10 Hz, pulse energy = E) at an incident
angle of around 15° from N. The generated lasing signals
(normal lasing signals and lasing ring) are measured at a
distance of about 4 cm from the pumped spot on the cell.
Both the lasing and the reflection/transmission spectra of
the cell are obtained using a fiber-based spectrometer
system (Jaz-combo-2, with optical resolution of around
0.9 nm, Ocean Optics).

3 Results and discussion

Both the absorption and the fluorescence emission spectra
of 0.5 wt% P597 in the abovementioned four NLCs are pre-
measured, and are shown in Fig. 3h. The peaks in the four
fluorescence spectra curves are located at almost identical
positions at 575 nm. In the present experiment, the lasing
does not occur easily below the spectral position of 565 nm
because of a strong loss from the re-absorption of gener-
ated fluorescence photons at 4 < 565 nm.

Figure 1a shows a colored reflection pattern generated
by the reflection of a white-light source illuminating on the
DDCLC cell with an An gradient. The color observed from
the right to the left of the reflection pattern of the cell varies
gradually from red to green. The CLCRB spectra for 0°
measured at randomly selected cell positions from x = 3 to
x = 36 mm are displayed in Fig. 1b. Experimental results
in Fig. 1b show the formation of a gradient of the band-
width for the CLCRB because of the An gradient formed in
the cell, in which the LWEs at different cell positions are
pre-designed to be fixed at around 639.9 nm and the SWE
blue shifts continuously from 605.8 to 568.1 nm as the cell
position detected varies from x = 3 to x = 36 mm. This
result reflects the obtained colored reflection pattern of the
cell displayed in Fig. la

Figure 2a—g displays photographs of seven lasing patterns
on the screen after the cell is excited by the incident
pumped pulses with an identical energy of £ = 8 pJ/pulse
at various cell positions of x = 3, 8, 15, 19, 25, 29, and
36 mm, respectively. One conspicuous lasing spot exhib-
ited at 0° and lasing ring exhibited at a specific cone angle
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Fig. 1 a A colored reflection
pattern obtained by the
reflection of one white-light
source irradiating on the
DDCLC cell with an
LC-birefringence gradient.

b Gradual blue shifts of the
reflection spectrum and the
corresponding CLCRB for the
DDCLC cell measured as the
cell position shifts gradually
from x = 3 to x = 36 mm

Reflection pattern

DDCLC cell with a LC-
birefringence gradient
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Fig. 2 Lasing patterns of the cone lasing emission can be generated
when the DDCLC cell is pumped by the incident pulses with E = 8 pJ/
pulse at cell positions of x =a 3, b 8, ¢ 15, d 19, e 25, f 29, and

(Oring) can both be observed in each pattern on the screen
behind the cell by the naked eye. The unique lasing ring
expands, and its color blue shifts as the cell position
increases. In other words, not only the lasing wavelength
but also the emitted cone angle for the lasing ring signal
can be continuously tuned spatially

Detailed lasing emission spectra for the normal lasing
signals and lasing ring (Fig. 2) and the corresponding
transmission spectra (for 0° and 0yn,) at the cell positions
of x =3, 8, 15, 19, 25, 29, and 36 mm are measured and
displayed in Fig. 3a—g, respectively. As shown in Fig. 1b, the
LWEs of the CLCRB are pre-fixed at 639.9 nm at various
cell positions, and the SWE continuously blue shifts with a
continuous increase of x. Therefore, according to the
photonic band-edge lasing theory for a 1D DFB resonator
[1], the experimental result in Fig. 3, where lasing

g 36 mm, in which corresponding conically symmetric emitted lasing
rings with decreasing lasing wavelengths of 605.8 to 568.1 nm (red to
green) at increasing oblique angles of 29° to 50° can be obtained

wavelengths for normal lasing signals at the LWE
[A1as..we(0°)] of CLCRB for 0° at various cell positions are
fixed at 639.9 nm and where the lasing wavelength for the
normal lasing signal at the SWE [Aj5swg(0°)] of the
CLCRB for 0° continuously blue shifts with a continuous
increase of x, is reasonable. Notably, when the cell posi-
tions are x = 3, 8, 15, 19, 25, 29, and 36 mm, the measured
lasing wavelengths (Asne) of the lasing rings are 605.8,
601.0, 596.6, 588.7, 580.2, 574.0, and 568.1 nm, respec-
tively, emitted at 0O, = 29°, 32°, 34.6°, 38.8°, 43.6°,
46.6°, and 50°, respectively. The A;n, of the lasing ring
emitted at 0y;,, and obtained at a certain x is located just at
the edge-overlapping spectral position of the LWE of the
CLCRB for that corresponding oblique angle and the SWE
of the CLCRB for 0° at that x. This result reflects that each
of the lasing rings obtained at different x of the cell with a
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gradient An is induced by the enhancement of the DOS for
the fluorescence with a A, based on the abovementioned
edge-overlapping effect. The experimental results for
variations of ., and corresponding 0., with the cell
position displayed in Fig. 3 are summarized in Fig. 4.
Based on the blue shift of the above edge-overlapping
spectral position with an increase in An and the above-
mentioned explanation for the formation mechanism of the
lasing rings, the experimental results in Figs. 2—4, where
the Jsing blue shifts from red to green (605.8-568.1 nm)
and 0y, enlarges from 29° to 50° with an increase in
x from 3 to 36 mm, are reasonable. The result for the
tunability of the 0,y,, of the DDCLC laser is unique and
different from the result obtained in the authors’ previous
study, which found that the lasing ring only occurs at an
invariable oblique angle (around 35°) based on DDCLC
cells with different pitches and a fixed An or a DDCLC cell
with a pitch gradient and a fixed An [13-15]. In addition,

@ Springer

all previous investigations associated with spatially tunable
DDCLC lasers demonstrated that the lasing wavelength
can be tuned spatially only based on DDCLC lasers with a
pitch gradient [6-11, 13—15]. The current work presents a
new spatially tunable DDCLC cone laser based on the
mechanism of the edge-overlapping effect, in which not
only the lasing wavelength but also the emitted cone angle
for the lasing ring can be spatially tuned continuously.
Notably, the lasing signal with 4j,51 wg(0°) may decay and
even disappear in Fig. 3 when the edge-overlapping spec-
tral position blue shifts. This is because the two lasing
signals with Aj,s swg(0°) and /;pe both become stronger
when the edge-overlapping spectral position is closer to the
spectral position of maximum fluorescence emission
(around 575 nm), which can induce the depletion of the
lasing signal with Aj,s1wg(0°) because of its competition
with the other two lasing signals with Aj,s swg(0°) and Ayipg.
The abovementioned spatially continuous variation of the
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Fig. 4 Variations of the lasing wavelength (/.n,) and the emitted
oblique angle (0yine) of the lasing ring with the cell position (x) of the
DDCLC cell with a gradient of LC-birefringence

birefringence in the DDCLC cell is not very stable because
it can maintain only 3 months. The stability of the bire-
fringence gradient may be improved by replacing the chiral
dopants in the CLCs with chiral monomers and then
forming polymer networks to stabilize the LC-birefrin-
gence gradient of the cell.

4 Conclusion

In conclusion, the present investigation is the first report on
the development of a spatially tunable color-cone laser
based on a DDCLC cell with an LC-birefringence gradient.
Experimental results show that not only the lasing wave-
length but also the cone angle of the conically symmetric
emitted lasing ring can be tuned continuously by the con-
tinuous variation of the pumped position due to the contin-
uous change of the LC-birefringence in the cell. The tunable
lasing ring at any position of the cell can be obtained and is
demonstrated due to the edge-overlapping effect. The tun-
able spectral range is from the red to the green region
(605.8 — 568.1 nm), and the corresponding tunable

emitted oblique angle is from 29° to 50° for the lasing ring
within a cell length of 33 mm (x = 3 — 36 mm).
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