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We investigate experimentally the interaction between
amplified spontaneous emission (ASE) and a soliton,
which are both generated in a dye-doped nematic liq-
uid crystal (LC) cell. A light beam is injected through
an optical fiber slid into the cell to form a soliton beam.
ASE is then automatically collected by this self-induced
waveguide and efficiently coupled into the same opti-
cal fiber, in the backward direction. We demonstrate
that the presence of the soliton improves the ASE col-
lection by one order of magnitude. We also show that
the ASE is highly polarized in the plane of the LC cell,
and that the ASE spectrum depends on the pump stripe
orientation with respect to the LC director. The origin
of the spectral anisotropy of the gain curves is deter-
mined with the help of femtosecond pump-probe spec-
troscopy. © 2016 Optical Society of America

OCIS codes: (160.3710) Liquid crystals; (190.6135) Spatial soli-
tons; (300.6530) Spectroscopy, ultrafast.
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Amplified spontaneous emission (ASE) arises in gain media
that are excited with a stripe-shaped beam, like in fiber ampli-
fiers or bulk amplifying materials. Photons that are emitted
spontaneously along the long axis of the excited area are am-
plified more than those emitted in other directions. The ASE is
therefore directional and narrow-band, since during the prop-
agation the wavelength with the highest optical gain emerges
from the photo-luminescence broadband spectrum [1–4]. The
absence of feedback simplifies the architecture of the device
with respect to lasers and is also responsible for a low spatial
coherence. ASE is therefore a better candidate for illumination
purposes than broadband and narrow-band lasers, which are
impaired by speckle [5, 6].

ASE has been widely studied in solid state films [7–11], mi-
crofluidic devices [12, 13] and only recently in dye-doped ne-
matic liquid crystals (LCs) [14, 15]. Nematic LCs are character-

ized by a mean orientation of the molecules, called director. Rod-
like LCs exhibit anisotropic permittivity, with a different value
parallel (ε‖) and orthogonal (ε⊥) to the long axis of the molecules.
When the anisotropy is positive (ε‖ > ε⊥), LC molecules are
reoriented parallel to an applied external electric field. In par-
ticular, a light beam can reorient the LC director locally, which
induces a local increase of the refractive index. The beam prop-
agates without diffraction as it is confined by the self-induced
waveguide. This soliton-like beam is called nematicon, as it oc-
curs in nematic LCs [16–18]. Once the nematicon is formed, it
can be used as waveguide to transmit other beams [16]. In our
case the nematicon is generated in a dye-doped LC cell. Elon-
gated molecules, like dyes or polymers, which are dispersed
in nematic liquid crystal host show the tendency to align them-
selves along the director [19, 20]. The ordering imprinted by the
LC also increases the pumping efficiency and the polarization
ratio of the emission. The main drawback of LC as host for pho-
toluminescent materials is their need to be integrated into glass
cells, in order to have a macroscopic order of the LC. The edges
of the cell are either sealed with glue or left open, in both cases a
depolarization and a de-focusing of the ASE beam take place.

In this letter we propose a new way to efficiently collect and
extract the ASE from a LC cell through the combined action of a
nematicon and an optical fiber slid into the cell. The nematicon
waveguide induced at the fiber end collects the ASE and guides
it back into the fiber and then outside of the device where it
can be used for applications, like incoherent lighting. The ASE
guided by the nematicon does not spread along the propagation
direction, in this way it is better injected into the fiber with re-
spect to a diffracted beam. We demonstrate that the presence
of the soliton increases the intensity of the ASE collected by the
fiber by one order of magnitude. Finally, by means of polarized
ultra-fast spectroscopy, we show that the ASE wavelength tun-
ability that we obtain as a function of the soliton power depends
mainly on the waveguiding properties of the nematicon rather
than on the gain anisotropy of the dye molecules.

We aim to generate ASE and collect it with a soliton beam. To
this end, we use the setup depicted in Fig. 1, where green light
is used to pump the gain medium dispersed in the LC cell. The
nematicon is generated in the infrared from the output mode
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Fig. 1. Scheme of the nematicon injection and the ASE gen-
eration in the dye-doped nematic LC cell. (a) Scheme of the
cell with the fiber slid inside it and the stripe-shaped pump
coming orthogonal to the cell surface. The fiber, inserted from
the right is horizontal and at 45° to the rubbing direction. (b)-
(c) Propagation of the IR beam of 1.7 mW (without the pump
beam) for a polarization parallel to the y (b) or to the x axis (c).

of an optical fiber inserted into the LC cell. Light collected in
the backward direction is reflected on a beam-splitter, passes
through spectral filters, and is finally sent to either a camera or a
spectrometer for characterization. A particular challenge in this
setup is to insert an optical fiber into a thin LC cell.

The LC cell is made of two Indium-Tin-Oxide (ITO) coated
glass plates that are spin-coated with nylon and then rubbed in
order to induce a preferential orientation of the LC director on
these two surfaces. The distance between the two glass plates
is fixed by spherical spacers (75 µm) mixed with UV-curable
glue. Once assembled, the cell is infiltrated by capillarity with
a solution of 1 wt.% of pyrromethene 597 dye (PM597, Sigma-
Aldrich) in E7 LC (Merck). A non-standard optical fiber, with a
cladding diameter of 64.4 µm, a core diameter of 2.9 µm, and a
cut-off wavelength of 550 nm, is slid inside the cell along the z
direction (Fig. 1a).

The two optical sources used to create the nematicon and
to excite the dye are, respectively, a continuous wave Nd:YAG
laser (1064 nm) and a Q-switched frequency doubled Nd:YAG
laser (532 nm, 400-ps pulses at 10 or 100 Hz). On both arms, the
first half-wave plate and the polarizing beam splitter allow to
control the beam power while the second half-wave plate defines
the input polarization angle with respect to the LC director.
We set the polarization of the green beam (pump) to maximize
the fluorescence and we align the polarization of the IR beam
(soliton) along x.

The IR beam is injected into the optical fiber through a micro-
scope objective (f=8.0 mm, NA=0.5). Indeed, since the rubbing
direction is at 45° with respect to the fiber injection, the torque of
the optical electric field on the LC director is minimum if the in-
put beam is polarized along y. In this case the director does not
reorient and the beam diffracts (Fig. 1b). If the input beam is po-
larized along x, the optical torque is maximized and the power
needed to create a nematicon is minimized (Fig. 1c) [17, 21, 22].
The nematicon propagates with an optical walk-off of around
8° with respect to the z axis due to the optical anisotropy of the
LC [23]. The stripe-shaped green beam is therefore also tilted to

maximize the overlap with the nematicon (Fig. 1a). This beam
is focused with a spherical achromatic and a cylindrical lens in
order to obtain an elliptical spot of around 20 µm × 7 mm on the
cell. The pump stripe is aligned to form a gap of around 2 mm
between the pumping area and the end of the fiber. The ASE
threshold is as low as 0.4 µJ/pulse, and all the measurements
presented here are taken well above.

To characterize the ASE collected into the fiber, the beam is
first collimated with the same microscope objective as used to
inject the IR into the fiber, then reflected on a beam splitter for
the visible light. This light is then characterized spatially, with
the ensemble 532 nm notch/IR filters and a monochromatic CCD
camera (JAI AM-800 GE, case A in Fig. 1), and spectrally, using
a spectrometer (Ocean Optics USB2000+, case B in Fig. 1).

The far field intensity profiles of the ASE light collected by
the nematicon and coming out of the fiber are shown in Fig. 2. In
these measurements we separate the emission polarized along x
(parallel to the substrate surface, Fig. 1a) from that one polarized
along y (orthogonal to the substrate surface). Due to its high
directionality, a small amount of the ASE is coupled into the
fiber even if the soliton is not present (Fig. 2a-b). The power
ratio between the two linear polarization components is ∼5.1.
A similar ratio (∼4.4) is obtained if the end of the pump stripe
is placed close to the fiber and the ASE does not travel inside
the unexcited LC. The ASE is therefore mainly polarized in the
plane of the substrate, as also reported for solid state films [24].

When an IR beam of 2.0 mW is injected into the cell through
the fiber, it creates a nematicon that captures the ASE light and
efficiently couples it into the fiber. The intensity profiles of
the collected ASE are modified as reported in Fig. 2c-d. The

(a) (b)

(c) (d)

Fig. 2. ASE profile coming out of the fiber for the case (a)-
(b) without nematicon (0 mW) and (c)-(d) with a nematicon
(2.0 mW). The two polarizations, orthogonal (a)-(c) or paral-
lel (b)-(d) to the substrate surface, are shown. The images are
taken at 35 cm from the microscope objective and the pump
delivers pulses of 2.0 µJ/pulse at 10 Hz; each profile is an aver-
age of 100 images. The presence of the nematicon induces an
increase of both the polarization ratio and the intensity of the
collected ASE.
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Fig. 3. (a)ASE collected power as a function of the IR beam
power. The ASE power is obtained integrating the intensity
profiles like those reported in Fig. 2. The pump delivers pulses
of 2.0 µJ/pulse at 10 Hz. (b) Normalized spectra collected at
the output of the fiber at different IR beam powers; each spec-
trum is an average of 200 scans. The pump delivers pulses of
6.6 µJ/pulse at 100 Hz.

waveguide induced by the soliton increases the collected light
polarized along x by almost one order of magnitude (∼9.0) with
respect to the case without nematicon. This factor is almost dou-
ble that obtained by Henninot and co-workers with a thermal
soliton in LC collecting non-directional fluorescence [25]. The
power ratio between the two polarizations is also significantly
increased (∼7.0), due to the fact that the waveguide profile is
created only for the light polarized along x [16].

The power of the collected ASE for different IR beam pow-
ers is obtained by integrating the intensity profile at the end
of the fiber and it is reported in Fig. 3a. At powers below 0.7
mW, the nematicon is not formed. The ASE beam is therefore
not guided along a preferential direction resulting in a small
amount of ASE coupled into the fiber. Above this threshold, the
nematicon is created. The ASE is guided by this self-induced
waveguide up to the fiber, allowing an efficient coupling and
causing an important increase of the intensity of the collected
ASE. As the refractive index contrast of the waveguide increases
with the soliton power, due to a stronger LC reorientation, the
guiding efficiency increases also. Therefore, the intensity of the
collected ASE increases with the nematicon power and reaches
a maximum at 2 mW, above which oscillations start to play an
important role. Finally, at high IR beam powers the intensity
profile of the nematicon starts to oscillate in the plane xz. Indeed
at higher powers of the IR beam the soliton starts to overfocus:
the beam waist becomes of the same order of magnitude of the
thermal fluctuations of the refractive index and the nematicon is
deviated from its path [18, 26]. The spatial oscillations induce a
rapid decrease in the efficiency of the ASE collection and waveg-
uiding. The optimum ASE collection is therefore obtained at the
maximum power for which the nematicon is not oscillating.

Using the configuration reported in Fig. 1 (case B), we ana-
lyze the spectrum of the light collected by the nematicon and
guided into the optical fiber (Fig. 3b). The normalized spectra
are acquired for the same pump intensity (2.0 µJ/pulse) and at
different nematicon intensities. Quite interestingly, we observe a
blue-shift of the ASE peak (∼3 nm) at high soliton powers, when
the collected power is also decreasing due to the nematicon oscil-
lations. To explain this blue-shift, we consider two phenomena.
On the one hand, the reorientation of the dye molecules together
with the LC can modify the ASE spectrum, due to the anisotropy
of the optical gain. On the other hand, at high nematicon pow-
ers, the soliton beam starts to oscillates in space due to thermal

fluctuations, inducing wavelength-dependent bend losses [27].
In order to identify the relative contribution of the gain

anisotropy and of the waveguide losses to the observed spec-
tral shift, we characterize the photophysical properties of the
mixture by means of femtosecond pump-probe spectroscopy. In
particular this technique allows to measure the spectral and the
temporal evolution of the optical gain of a material. In our case,
the classical pump-probe setup was improved in order to sepa-
rate the stimulated emission parallel and orthogonal to the LC
director and to study the optical anisotropy of the sample [28].
In the setup, pulses generated by a mode-locked Ti:sapphire
oscillator are stretched, amplified and then compressed to pro-
vide pulses centered at 800 nm, with a duration of 100 fs, and
an energy above 1 mJ per pulse, at a repetition rate of 1 kHz. A
first part of this beam is sent into an optical parametric amplifier
to generate pump pulses centered at 550 nm with an energy of
10 nJ/pulse. The polarization of the pump beam is set parallel
to the LC director and focused onto a circular spot of around
100 µm diameter. A second part of the beam is focused onto
a sapphire crystal to generate white light continuum (probe
pulses). Both beams are focused at the same spot on the sam-
ple with a variable delay denoted by τ. The polarization of the
probe beam, defined by the orientation of the half-wave plate
before the sapphire plate, is set either parallel or orthogonal
to the LC director. A polarizer with optical axis parallel to the
polarization of the incoming probe beam is placed after the cell
in order to suppress the scattered light. The differential transmis-
sion of the probe through the excited sample is recorded with
a spectrometer as a function of both the wavelength and the
delay τ

4T
T

=
Tex − Tunex

Tunex (λ, τ) , (1)

where Tex and Tunex are the transmissions of the probe through,
respectively, the excited and unexcited sample. Positive signals
are due either to ground state photo-bleaching (GSB), in the spec-
tral region of the optical absorption, or to stimulated emission
(SE) in the spectral region of the fluorescence. The absorption
and emission of PM597 are centered respectively at 530 nm and
570 nm [29].

The samples for the pump-probe measurements are com-
mercial cells (Instec), with a thickness of 6.8 µm, and a planar
antiparallel alignment. They are filled with the same mixture as
above. We use thinner samples than those used in the previous
experiment of ASE generation in order to limit the depolariza-
tion of the beams during the propagation in such a scattering
medium like LCs and also to minimize the absorption of the
pump and the probe through the sample.

In Fig. 4 we report the pump-probe spectra of the mixture at
400 ps delay, with 10 nJ/pulse, for the two polarizations of the
probe beam. The contribution polarized parallel to the rubbing
is two times higher than the orthogonal one, indicating that
the dye molecules are aligned along the LC director. Moreover
the parallel contribution of both GSB (below 550 nm) and SE
(above 550 nm) is shifted towards the longer wavelengths by
around 10 nm. In the same graph, we report also the ASE spectra
for the cases where the axis of the pump stripe is set parallel
or orthogonal to the rubbing direction. The scattered light is
collected at the edge of the stripe from the large window of the
cell (xz plane). Since the ASE emission is mainly polarized in the
plane of the cell, and orthogonal to the Poynting vector, when
the pumping stripe is parallel (resp. orthogonal) to the rubbing,
the ASE is polarized mainly orthogonal (resp. parallel) to the
director (Inset Fig. 4). Changing the emission polarization from
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orthogonal to parallel with respect to the director, the ASE peak
shifts from 577 nm to 588 nm. This red-shift is of the same order
of magnitude as the shift observed in the pump-probe spectra.
For this reason we believe that the large red-shift of the ASE is
only to a minor part due to self-absorption anisotropy (higher
for the light polarized parallel to the dye axis), while it is mostly
due to the optical gain anisotropy of PM597 dissolved in LC.

The spectral behavior reported in Fig. 3b is therefore not due
to the anisotropy of the optical gain of the dye, since the spectral
shift that we measure with pump-probe spectroscopy is in the
opposite direction to the one observed with the presence of the
soliton (Fig. 3b). Indeed, when the soliton is present, i.e. when
the LC molecules are aligned more parallel to the electric field,
we observe a blue-shift, instead of a red-shift as reported in
Fig. 4. The observed blue-shift is therefore due to the change in
the waveguiding properties of the soliton as a function of the
power. The oscillations of the nematicon at high powers can be
seen as a bending of the waveguide. Since the bend losses are
higher for the longer wavelengths [27], the soliton oscillations
act as a spectral filter, inducing a blue-shift in the collected ASE.

Finally, it is important to notice that both the nematicon
waveguiding and the injection into the optical fiber act as filters
for the non-directional and non-polarized light, eliminating the
broad-band photo-luminescence spectrum present in Fig. 4 and
leaving only the ASE peak (Fig. 3b).

We have demonstrated experimentally that the ASE collection
from a LC device can be increased by one order of magnitude
with the help of a nematicon that acts as a waveguide between
the pump stripe where the ASE is generated and the fiber in-
put face. The nematicon waveguiding property improves the
spectral purity and the polarization degree of the collected light
and it also introduces a small spectral shift, which does not
come from the gain anisotropy and seems to result from bend-
ing losses appearing when the soliton starts to oscillate. Once
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Fig. 4. Pump-probe spectra (blue) of the cell filled with a
mixture of 1 wt.% of PM597 in E7, taken at 400 ps delay for
a pump of 10 nJ/pulse. The parallel spectrum (solid) is around
two times higher than the orthogonal one (dashed). Normal-
ized absorption spectrum (orange circles) for a polarization
orthogonal to the rubbing (the parallel contribution saturates).
The normalized ASE spectra (orange lines) are taken for a
pump intensity of 7.6 µJ/pulse (100 Hz) for the cases where the
electric field of the emission is parallel (solid) or orthogonal
(dashed) to the rubbing direction. Inset: scheme of the ASE
measurement in the two configurations.

the polarized ASE light is collected into the fiber, it can easily
be used for applications that require integrated and compact
incoherent light sources, like lab-on-chip imaging.
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