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Abstract

Random lasers are resonator-less light sources where the optical feedback for lasing
arises from recurrent multiple scattering events in a disordered gain medium. During the
past 20 years, random lasers have been the subject of intense theoretical and experi-
mental investigations due to their novelty, simplicity and ruggedness as well as their
great potential for applications ranging from imaging to biomedical diagnostics. Common
random lasers, however, tend to emit light in a wide range of directions with poor beam
quality. The lack of pre-determined directionality and its control along with poor spatial
characteristics hinder the applications of random lasers in many fields.

It has been shown that dye-doped nematic liquid crystals can random lase when optically
pumped within the absorption region of the dye molecules. Moreover, through molecular
reorientation they support the propagation of self-guided optical beams, known as ne-
maticons, which act as real-time graded-index optical waveguides.

In order to address the problems of conventional random lasers, this Thesis focuses on
the demonstration of a configuration were an efficient random laser with directional out-
put is realized in dye-doped nematic liquid crystals by combing optical gain, random
scattering, and nematicons. A planar cell filled with a mixture of commercial E7 nematic
liquid crystals (host) and PM 597 (guest) is used as the material. A near infrared contin-
uous-wave beam is used to launch a nematicon, while a 6 ns pulsed beam at 532 nm is
used to optically pump the material. The synergy of random lasing and nematicons in
this geometry provides several breakthrough results.

By adopting a pumping geometry collinear with the nematicon, we demonstrate random
laser emission from the initial region of the nematicon. The nematicon waveguide pro-
vides transverse confinement to the emitted photons, resulting in directionality, high pho-
ton collection, and high slope efficiency. The nematicon also modulates the emission,
allowing the realization of a random transistor laser, where a low-power continuous-wave
input is able to lower the threshold for lasing.

By taking advantage of the response of nematicons to external stimuli, we also demon-
strate a random laser emitting in a voltage-controlled direction. Finally, we demonstrate
in-plane random laser steering by external magnetic field. The latter approach allows us
to steer the random laser beam over 14°.






Preface

This Thesis was prepared in the Laboratory of Photonics of Tampere University of Tech-
nology (TUT) during the years 2015-2018. | gratefully acknowledge Academy of Finland
for financial support for the work.

First and foremost, | am deeply grateful to my advisors, Prof. Gaetano Assanto and Prof.
Martti Kauranen for their scientific guidance, valuable advice, support and encourage-
ment in the journey towards my Ph.D. | also thank them for providing theoretical as well
as technical guidance needed to be a good researcher and for having a keen interest in
my research progress throughout my Ph.D. Working at the laboratory of Photonics has
been a great learning experience for me.

| have been extremely fortunate to have some very helpful lab mates and it was a great
pleasure working with them. | would like to express my sincere thanks to Dr. Raouf Bar-
boza, Dr. Armando Piccardi, and Dr. Alessandro Alberucci for providing me all the basic
knowledge on the topic, answering my queries and helping me with building the experi-
mental setup and writing analysis codes.

I would like to thank our collaborators Prof. Giuseppe Strangi and Dr. Oleksandr Buch-
nev for providing us the random laser materials and cells, enlightening discussions and
critical suggestions. Special thanks to our collaborator Prof. Arri Priimagi for allowing us
to utilize his laboratory and equipments for the sample preparation and characterization.
| want to thank Nazanin Karimi for being a wonderful friend and lab mate. | extend my
thanks to Antti Kiviniemi for his valuable technical support particularly for laser synchro-
nization.

I would like to thank Godo, Piotr, Mikko N., Mikko H., Matti Virki and Kalle for all the
discussions about random lasers and experimental techniques. | have benefitted much
from these discussions. My sincere thanks to Caroline for being a good friend and being
there for me whenever | needed any help. My deepest thanks to all the members of the
laboratory who made my journey very happy especially Zahra, Abba, and Shanti. In ad-
dition, | am grateful to Prof. Goery Genty, Prof. Juha Toivonen and other members of the
laboratory for the pleasant and highly motivating working atmosphere. A special thanks
to my friends outside the university who made me happier. | thank my former supervisors
Prof. Nandakumar Kalarikkal and Prof. Reji Philip for helping me to grow and be suc-
cessful in all my ventures.



vi

Last but not least, my deepest and most sincere gratitude to my mother, grandmother,
brother and all my relatives for their unconditional love and constant support over the
years.

Tampere 24.09. 2018

Sreekanth Perumbilavil



Vii

Contents
A B S T R A T e e et e ettt e e et e et et e e ara e aaee i
PREFACE ... ettt e a et a et e e e eaaans \%
CON T ENT S et e ettt e e e e e et ettt e e e e e e e e eennbaanas Vi
LIST OF SYMBOLS AND ABBREVIATIONS ... IX
LIST OF PUBLICATIONS ...ttt ettt e et e e e e e e e eeeans Xl
AUTHOR’S CONTRIBUTION .....ciiiiiiiiiiiie ettt a e Xl
1 INTRODUGCTION ...ttt ettt e et e e e rb e e e aea s 1
1.1 Aims and scope Of the WOIK .........cooiiiiiiiiiii e 2
1.2 Structure of the ThESIS .....covviiiiiiiiiii 3
2 LASING IN RANDOM MEDIA ...t 5
2.1 Coherent baCkSCAErING .....ccoceeeiiiiiiiiiiee e e e 5
2.2 Amplified SPONTANEOUS EMISSION .....uvtrrririiiiieiiiiinieeiieeeeeneeaneneeneeeneeeeeeeeeeeeeeaenne 6
2.3 RANAOM JASEIS.....oiiiiiiiiiie et e e 7
2.4 Random lasing in nematic liquid CrystalS..................uuuvvimimiiieiiiiiiiiiiiiiiiiiininn. 11
2.5 Applications of random laSers ............cceeiiiiiiiiiiiic s 13
3 NONLINEAR OPTICS IN NEMATIC LIQUID CRYSTALS ..., 15
3.1 Nematic lIQUId CrYSTAIS. .........uuuuuuuiiiiiiiiiiiiiiiiiiiiiiiiieiibbeebeeebeeeeeeeeeeneeseeeereeaeenene 15
3.2 Optical properties of nematic liquid Crystals............ccoeeiiiiiiiiiiiiic e, 16
3.3 Continuum theory and reorientational NONINEAritY................uvvvviieiiiiiiiniiinnnnns 17

3.4 Soliton formation in nematic liquid Crystals............cccoieiiiin i 18



viii

4 NEMATICON-ASSISTED RANDOM LASING ......cooiiiiiieiiiiree e 21
o RS Y- 1 1] ) SR 21
4.2 EXPEriMENtal SETUD .......uuuiiiiiiiiiiiiiiii e 23
I 10 (=T = Tt 1) g e [=To 41 1 Y AR 24
4.4 Input versus output CharacCteriStiCS .............uuuuuuummmmmiiiiiiiiiiiiiiiiiiiieeieeeeeees 25
4.5 Statistical analysis of emitted Spectra..........cccccceeiiiiiiiiiiiii e, 28
4.6 Transistor-like operation of nematicon random laser .........cccceevvvvvevviiinneeennn, 30
4.7 Beaming the random laser EmiSSION ..........ccuvviiiiiiiei i e, 32
4.8 Efficiency of the random [aSEr ..........ccoovveiiiiiiiiiiii e 33

5 RANDOM LASER STEERING WITH NEMATICONS........ccooi i, 35
5.1 Voltage-controlled angular StEEING .......cccoeeeviiiiiiiiiiiiieeeeeeeee e 35
5.2 In-plane angular steering using external magnetic field................cccccevvvvnnnnn. 38
5.3 Comparison of RL steering Methods ..........ccooovviiiiiiiiiieei e, 43

6 SUMMARY AND OUTLOOK ...ttt e et e e e e 45

REFERENGCES ...ttt ettt e et e e et e e e eat e e e e eaa e aaees 47

ORIGINAL PAPERS ...ttt e et e e e e e e ennna s 59



List of Symbols and Abbreviations

ASE
Cw
Ep
FWHM
ITO
NIR
NLC
OBJ
PM
RL
SM

uv

n(r,t),n
Ae

An

Amplified spontaneous emission
Continuous-wave

Pump energy

Full-width at half maximum
Indium Tin Oxide

Near infrared

Nematic liquid crystal
Objective

Pyrromethene

Random laser
Spectrometer

Ultraviolet

Electric field amplitude
Number of spectra
Voltage

Cavity length

Wavelength

Molecular director
Dielectric anisotropy
Optical anisotropy

Refractive index



Y]

E
K1, Kz, Ks
L

Omax

IMax

Extraordinary refractive index
Wavevector

Poynting vector

Spectrometer resolution

Beam waist

Elevation angle

Walk-off angle

Magnetic field orientation angle
Angle between wavevector and molecular director
Efficiency

Electric field

Frank constants

Average path length

Critical coherence angle
Average intensity

Variance



Xi

List of Publications

I.  Sreekanth Perumbilavil, Armando Piccardi, Oleksandr Buchnev, Martti Kauranen,
Giuseppe Strangi, Gaetano Assanto, “Soliton-assisted random lasing in optically-
pumped liquid crystals,” Applied Physics Letters, vol. 109, p. 16105, 2016.

Il. Sreekanth Perumbilavil, Armando Piccardi, Oleksandr Buchnev, Martti Kauranen,
Giuseppe Strangi, Gaetano Assanto, “All-optical guided-wave random laser in
nematic liquid crystals,” Optics Express, vol. 25, p. 4572, 2017.

Ill. Sreekanth Perumbilavil, Armando Piccardi, Raouf Barboza, Oleksandr Buchnev,
Martti Kauranen, Giuseppe Strangi, Gaetano Assanto, “Beaming random lasers
with soliton control,” Nature Communications, vol. 9, no. 3863, pp. 1-6, 2018.

IV. Sreekanth Perumbilavil, Martti Kauranen, Gaetano Assanto, “Magnetic steering
of beam-confined random laser in liquid crystals,” Applied Physics Letters, vol.
113, p. 121107, 2018.



Xii



Xiii

Author’s Contribution

This Thesis consists of four publications. Publications I and Il deal with the basic fea-
tures of soliton-assisted random lasing. In Publications 111 and IV, fully controllable
random lasers in soft matter are reported with several new results. A short description of
the publications and the author’s contribution is given below.

Publication | This paper reports on the design and demonstration of a novel soliton-
assisted random laser configuration in dye-doped nematic liquid crystals. The synergy
of nematicons and scattering mediated lasing yields a random laser with tunable effi-
ciency and emission features. The author and A. Piccardi built the experimental setup.
O. Buchnev and G. Strangi prepared the samples. The author performed all the meas-
urements, data analysis and prepared all the figures for the publication. G. Assanto wrote
the first draft of the paper and the author also contributed to writing. M. Kauranen and G.
Assanto supervised the activity.

Publication Il This paper reports additional features of nematicon-assisted random la-
sers such as tuning slope efficiencies and global spectral narrowing. The evidence of
directionality and beaming the random laser emission is also reported in this paper. The
author modified the basic experimental setup together with A. Piccardi and performed all
the experiments and data analysis. The author also contributed to manuscript prepara-
tion and prepared all the figures for the paper. O. Buchnev and G. Strangi prepared the
samples. M. Kauranen and G. Assanto supervised the activity.

Publication Il This paper represents several advanced features of nematicon-assisted
random lasers and contains the core results of this Thesis. The paper demonstrates a
random laser with well-defined beam features and the soliton control provides all-optical
switching and enhanced conversion efficiency. This paper also presents the first random
laser emitting in a voltage-controlled direction. Overall, this paper solves certain random
laser issues. The author and R. Barboza upgraded the experimental setup by incorpo-
rating additional elements in order to completely characterize the random laser emission.
The author performed all the experiments and data analysis. R. Barboza performed the
statistical analysis. The author also contributed to manuscript preparation and prepared
all the figures for the paper. O. Buchnev and G. Strangi prepared the samples. M. Kau-
ranen and G. Assanto supervised the activity.

Publication IV This paper demonstrate magneto-optic in-plane angular steering of a
random laser. Using an external magnetic field acting on the active medium itself, the
random laser beam steered over an angle as large as 14° without hampering the key
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properties of the emission. The author designed and built the experimental setup for the
magnetic steering and performed all the experiments and data analysis. The author
wrote the manuscript. M. Kauranen and G. Assanto finalized the manuscript and super-

vised the activity.



1 Introduction

Lasers have found extensive use in scientific research, industry, military, biomedicine
and many other areas of modern life.! A conventional laser consist of a gain medium and
a resonant cavity. A Fabry-Perot resonator made of two mirrors is the most common
configuration for a laser cavity.? Any inhomogeneities causing scattering within this cavity
produce additional loss in the lasing action and hence are considered unfavorable for
laser action.

Multiple scattering is a well-known phenomenon that occurs mostly in opaque materials.
Therefore, it is quite common in nature, e.g., in clouds, powders, and even in biological
tissues.® Multiple scattering due to randomness is also inherently present in photonic
materials such as photonic crystals, where it is considered as a drawback arising from
structural defects. However, disorder-induced multiple scattering opened a completely
new direction in scientific research. Recent developments in the field of photonics show
the possibilities of making effective optical structures by taking advantage of disorder in
photonic materials.® A beautiful example of this is a random laser (RL), where the laser
action arises from the disorder-induced multiple scattering. Surprisingly, disordered gain
media have repeatedly demonstrated to be excellent candidates for obtaining laser-like
emission, thus eliminating the need for an external cavity needed for conventional lasers.

RLs are attracting much attention because of their applications in various fields. Lasing
in random media have been studied using materials including highly-ordered periodic
materials, such as photonic crystals, completely disordered materials such as powders
or strongly scattering materials, and partially-ordered materials such as liquid crystals.*

Liquid crystals are mesophases, that is, they share the structural features and properties
of liquids as well as crystalline phases. They are characterized by certain level of order
in the molecular arrangements. The most common liquid crystalline phases are the ne-
matic, cholesteric, smectic, and blue phases.> ® Liquid crystals are very attractive from
the viewpoint of optics due to their high birefringence, optical transparency over a wide



range of wavelengths, as well as high and nonlocal response to externally applied elec-
tric and magnetic fields.” This last property is particularly useful for the exploration of
nonlinear optical phenomena. Nematic liquid crystals (NLC) are the most widely used
liquid crystals for practical applications, such as liquid-crystal displays, light modulators,
optical signal processing, and RLs.

In recent years, a great deal of attention has been dedicated to spatial optical solitons in
NLC so-called nematicons.® Nematicons are diffractionless self-confined light beams
where the diffraction is balanced out by self-focusing through the nonlinearity. Moreover,
owing to the highly nonlocal character of the response, nematicons are stable in two
transverse dimensions and robust against external perturbations. Nematicons are self-
induced graded-index channel waveguides and they can guide other optical signals at
arbitrary wavelengths. Therefore, they provide an avenue for all-optical signal processing.

1.1 Aims and scope of the work

Unlike conventional lasers, RLs usually emit in many directions like a common light bulb.
An important challenge that most RLs face is to not only make their output directional
but also to produce highly collimated beam, which offers a wide range of applications
ranging from imaging to security scanning. Other important goals in the research on RLs
are to make their emission spectrum, directionality and transverse output profile exter-
nally tunable. A tunable RL could be used as a multi-purpose light source with a custom-
ized functionality determined by its design and external control. RLs based on liquid crys-
tals offer distinctive features, which can be directly exploited to tune the emission prop-
erties.

The ultimate aim of this research work was not only to demonstrate the interaction be-
tween two nonlinear effects occurring in dye-doped NLC, namely beam self-confinement
and random lasing, but also to realize an efficient random laser configuration that would
solve the above-mentioned vexing issues of RLs.

The first goal of the work was to design and demonstrate a soliton-assisted random laser
configuration in a dye-doped NLC cell. Upon collinear pumping, the co-existence of ran-
dom lasing and soliton gives rise to beaming of the emission along the soliton. Such a
configuration could also features directionality, and enhanced conversion efficiency.

The second goal of this work was to take advantage of NLC’s high sensitivity towards
external stimuli such as voltage and magnetic field. The soliton trajectory in NLC can be
easily deviated by using such external stimuli, which act on the director distribution of
the liquid crystal molecules. This approach allows steering “at will” the RL emission and



beaming it to various output directions without hampering the key properties of the RL.
Each part of this thesis serves one common goal: completely overcoming the uncontrol-
lable nature of RLs rather than just suggesting some solutions to certain problems of
RLs.

The scope of this work is rather broad and is not limited to a few potential applications
such as imaging, sensing and labelling. This work can be helpful to understand funda-
mental issues of soliton-assisted random lasing. These results can also open a new route
towards light controlled RLs. RL beaming and routing could also achieved by means of
other strategies such as inter-digitated electrodes on the planar interfaces, and extra
light beams. | believe that these experimental realizations would not only be interesting
from the physics point of view, but would also enlarge the scope of fully controllable RLs
and their applications.

1.2 Structure of the Thesis

This Thesis summarizes the work presented in four original articles published in peer-
reviewed journals. The Thesis is divided into six chapters. Chapter 1 introduces the main
topics to the reader, gives the overall idea about the work and highlights the main results
obtained. Chapter 2 introduces the basic concepts of lasing in random media and other
related phenomena. This chapter also gives a background on the state-of-the-art re-
search on RLs, random lasing in NLC and applications of RLs. Chapter 3 introduces
spatial optical solitons in nematic liquid crystals. Optical properties of NLC, insight into
the formation of nematicons and the governing equations are also described in this chap-
ter.

Chapters 4 and 5 are the most important part of this Thesis. The details of the materials
used, sample preparation and the experimental setup are described in Chapter 4. The
experimental results on soliton-assisted random lasing and its key properties, such as
enhanced slope efficiency, beaming the emission direction and all-optical switching, are
also described in this chapter. Chapter 5 presents the key results on random laser beam-
ing and routing “at will” using external stimuli acting on the NLC director distribution.
Altogether, these two chapters describe an efficient strategy for controlling RLs in soft-
matter and for tuning their key properties. Further, a summary of the results and per-
spectives for future work are presented in Chapter 6. The thesis is supplemented by four
original peer-reviewed publications supplied as appendices.






2 Lasingin random media

Active random scattering media have been demonstrated to be excellent candidates for
the realization of RLs. This is because of the ability of such materials to provide the
feedback mechanisms through multiple recurrent scattering events, which eliminate the
need for a regular laser cavity. Since its prediction, several efforts were devoted to un-
derstand and demonstrate random lasing in a plethora of disordered systems. Because
of the miniature size, easy fabrication procedure, low price and the emission properties
that, to a certain extent resemble normal lasers, RLs have become one of the hot topics
in photonics research. In this Chapter, the fundamentals and current developments in
the field of RLs and random lasing in NLC will be discussed.

2.1 Coherent backscattering

When a light wave is incident on a highly disordered medium, it undergoes multiple scat-
tering inside the medium. Due to such multiple scattering, the photons can change their
direction of propagation at every scattering point before they escape from the medium.!
When the scattered light follows completely random paths and never returns to the initial
position, the phase relations between all the paths are random and the feedback will be
incoherent in nature. Conversely, the scattered light returning to its initial position through
random trajectories will be in phase and then leaves the medium in the direction opposite
to the incident light.

Scattering in random media can be classified into different cases. 2 (i) When the spatial
distance between two scattering points, i.e., the scattering mean free path is much
greater than the incident wavelength, the light is in the weak-scattering regime and even-
tually loses it coherence. (ii) When the scattering mean free path is of the order of the
incident wavelength, the light transport will be diffusive in nature. (iii) When the scattering
mean free path is equal or less than the incident wavelength, the scattered light forms



closed loops and its transport is eventually terminated. This regime is known as the lo-
calization regime and the process is known as Anderson Localization.® Even when the
scattering mean free path is larger than the wavelength, light localization can be realized
in a two-dimensional random medium if the medium size exceeds localization length.?°

When light waves propagate through a strongly scattering medium, interference effects
play an important role because of multiple scattering. The coherent backscattering phe-
nomenon is one of such interference phenomena. In a strongly scattering media, there
exist scattering paths that are time reversed invariants of each other.1° In the backscat-
tering direction, each trajectory interferes constructively with its time-reversed counter-
part and gives rise to enhanced back scattering intensity.> 112 The phase difference
between two waves increases when their scattering paths deviates from the backscat-
tering direction, giving rise to a conical shape in the backscattering profile.** The width
of the coherent backscattering cone is an important parameter, since it depends on the
transport mean free path length. The smallest average path length (I) is related to the
maximum angular cone width (critical coherence angle) as

A
Omax = —— (2.1)

20
The coherent backscattering enhancement was first observed by Y. Kuga et al. in a
dense distribution of latex microspheres,*® but its connection to time reversed path and
photon localization was made clear only after the observations of M. Van Albada * and
G. Maret.? Later, R. Sapienza et al. demonstrated that coherent backscattering experi-

ments manifested weak localization of light even in anisotropic systems, such as NLC.
16

2.2 Amplified spontaneous emission

Amplified spontaneous emission (ASE) occurs in gain media that are excited over a long
and narrow volume. If the amplification factor is large, for example, in high gain systems
or long amplifiers, the photons along the long axis of the excited volume experience more
amplification than those emitted in other directions (see Fig. 2.1), producing a beam of
ASE with a divergence depending on the aspect ratio L/a of the amplifier. The spectrum
of ASE is also narrower than the spontaneous emission spectrum, because the gain
curve has a maximum at the wavelength were the amplification is strongest. This process
is called gain narrowing. Therefore, ASE may share some properties with laser light
such as threshold, directionality, and partial coherence even though there is no feed-
back.t”1® However, the threshold for ASE is softer than laser threshold produced by
feedback in a cavity, but for long and thin amplifiers the difference is hard to tell. ASE



has been widely studied in many systems,?% 2! including even X-ray lasers® due to the
lack of good mirrors at that wavelength range.?

Spontaneous emission

Figure 2.1. ASE in an amplifier of length L and width a. Spontaneous emission along the length
is amplified and produces a narrow ASE beam.

2.3 Random lasers

A laser is an optical device that emits light amplified by stimulated emission. A conven-
tional laser consist of an amplifying medium enclosed within a resonant cavity formed by
two mirrors Fig. 2.2 (a). When the amplifying medium is pumped, the spontaneously
emitted photons are amplified as they travel multiple times through the gain medium
while they are reflected back and forth between the two mirrors. One of the mirrors is
made partially transparent so that some of the light can act as an output of the laser. Due
to stimulated emission, intensity starts building up within the amplifying medium. The
emitted photons will be in phase with and travelling in the same direction as the stimu-
lating photon. Thus, the light will be well collimated and highly coherent. The light in the
cavity undergoes constructive interference after travelling a round trip between the two
mirrors and returning to its original position. This implies that the phase delay of a round
trip must be equal to an integer multiple of 21r. This results in the requirement that only
certain wavelengths A that satisfy the relation A = 2L/n, where L is the length of the cav-
ity and n is an integer, can be supported by the cavity. At such cavity resonance wave-
lengths, light experiences minimum loss and remains in the cavity for a long time. When
the optical amplification of light overcomes the total cavity losses (mirror leakage and
material absorption loss) lasing occurs at the resonant wavelengths. 2% 24 In a conven-
tional laser, one can tune the laser emission wavelengths. It is obvious that the mirrors
and the amplifying medium should be free from defects. Scattering due to defects is
detrimental to the laser action as it increases the losses that reduce the net amplification.

In a conventional laser, disorder and scattering thus play a negative role. However, in a
highly disordered medium with gain, multiple light scattering plays a positive role in laser
action. The photons bounce back and forth due to random multiple scattering and this



increases the path length and dwell time of light in the gain medium, which in turn en-
hances laser amplification. These kinds of lasers are called random lasers.

R R
(a) ! : (b) e ©
x® * e
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Gain medium . -3. $ ¢
o] Voo
Mirror Mirror ¢ ee® o
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Gain medium Scattering centers

Figure 2.2. (a) Schematic of a Fabry-Perot laser cavity. The light bounces back and forth between
the two mirrors that form the cavity. (b) Schematic of random laser action. Multiple scattering of
light between the particles in a disordered gain medium provides the feedback for lasing.

In 1960s, Letokhov et al. theoretically predicted that one could obtain laser like emission
from amplifying disordered media using nonresonant feedback via multiple scattering of
light (Fig. 2.2.(b)).?%> 26 He introduced this theory followed by the experimental work with
a new type of laser cavity having one scattering surface.?” When the reflecting surface
is rough, the reflection from that surface will not be specular, but diffuse. This assumption
was used in the first implementation of RLs. In such a case, the feedback in the gain
medium is nonresonant and incoherent. In 1986, Markushev et al.?® experimentally ob-
served the phenomenon of light amplification from neodymium in sodium lanthanum mo-
lybdate powders. When pumping the sample above threshold, they observed that the
emission spectrum from neodymium was narrowed to a single line and the duration of
the emitted pulse was shortened by nearly four orders of magnitude. Followed by this,
laser-like emission from a wide range of powder samples has been investigated.?

In 1994, Lawandy et al.*° reported laser-like emission form a laser dye solution contain-
ing strongly scattering particles (titanium dioxide). In this case, the scatterers and the
gain medium were independent. A lasing threshold in the input-output characteristics of
the peak intensity was observed and, at the same value, the emission collapsed into a
very narrow spectrum. The smooth emission spectrum above threshold indicated that
the feedback for lasing was nonresonant. In such scattering media, there are no discrete
equispaced resonant modes formed due to the absence of a definite reflecting boundary.
The interaction of various modes and the high losses experienced by each mode resulted
in a smooth spectrum. In addition, the authors also noticed that the threshold energy for
lasing was surprisingly low. Later on, this laser-like phenomenon observed in random
media was assigned the term random lasers.3! Nonresonant random lasing has been
observed in many other disordered materials.3%3



In 1998, Cao et al. demonstrated a different kind of lasing mechanism in disordered
semiconductor powders and polycrystalline films.3¢ 37 When the pump intensity ex-
ceeded the threshold value, discrete narrow peaks emerged in the emission spectra and
more sharp peaks appeared upon increasing the pump level. The frequencies of the
sharp peaks depended on the sample position and they exhibited large intensity fluctu-
ations. The emission spectrum exhibited characteristics of a multimode laser oscillator,
even though in the absence of an external cavity. The authors suggested that the feed-
back for lasing is resonant. In such scattering medium, light returns to a scatterer from
which it was initially scattered. Therefore, the light forms closed loops after multiple scat-
tering events. In such a case, constructive interference of the returning light occurs only
at certain frequencies and this defines the resonant frequencies. Similar lasing phenom-
ena have also been observed in luminescent 1r-conjugated polymer films, organic dye-
doped gel films, opal crystals saturated with polymer and laser dye solutions.3-43

In the early 2000’s Cao et al. classified RLs into two categories based on the feedback
mechanism?* 2444 (i) RLs with incoherent and nonresonant feedback (ii) RLs with coher-
ent and resonant feedback. In the former case, the feedback mechanism is intensity or
energy feedback, which is phase insensitive (i.e., incoherent) and frequency independ-
ent (i.e., nonresonant). In the latter case, it is field or amplitude feedback, which is phase
sensitive (i.e., coherent) and therefore frequency dependent (i.e., resonant). Surprisingly,
there exist another class of RLs where coherent lasing occurs through nonresonant feed-
back in a disordered medium, wherein extended modes undergo large amplification to
generate ultranarrow peaks.*>4

So far, RLs have been realized in various material system such as semiconductor nano-
particles,6:37:44:4850 ceramic powders,%" %2 organic materials,34252 polymers,*%4154 and bi-
ological tissues.>>%8 After preliminary experimental studies, laser action in disordered
media has been the subject of intense experimental and theoretical studies. It was pro-
posed by Florescu et al. and experimentally verified by Cao et al. that the RL emission
spectra above the threshold show poissonian statistics, which characterizes the coherent
emission of a laser source.%® ¢ Later on, Jiang et al. proposed a time-dependent theory
for RLs.%! Using a finite-difference time-domain method, they constructed a random las-
ing system and studied the interplay between scattering and localization. Their formula-
tions allowed them to calculate the field evolution beyond the threshold amplification and
also the field pattern and the localized modes inside the system. Vanneste et al. pro-
posed rate equations in two-dimensional (2D) random media by coupling Maxwell’s
equations in disordered medium with rate equations for a four-level atomic system.®? The
results were in good agreement with the experimental results reported by Cao et al.*’

Modes in a conventional laser are determined by the laser cavity. They usually consist
of a standing wave pattern.® The characteristics of the lasing modes in a RL system have
been studied both theoretically and numerically by Andreasen et al.®® Noginov et al. and
Lui et al. studied third-order nonlinear effects in RLs and discussed the variations of
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frequency and structure of lasing modes.%* % In most RLs the interference in multiple
scattering leads to a granular distribution of the intensity called speckle. Therefore, in
such RL systems the spatial profile of the modes is dominated by the speckle pattern.
Also, in most RL system the intensity is distributed throughout the sample and the modes
are extended rather than localized. The localization can occur only in extremely strongly
scattering materials. The average spatial extent of these localized modes is called the
localization length. Later on, Fallert et al. experimentally revealed the co-existence of
both extended and localized modes.*’ In 2011, Lopez et al. discovered that laser mode
locking can spontaneously arise in RLs and realized the smallest ever mode-locked de-
vice.®® Furthermore, they engineered a mode selective pumping scheme and showed
that one can continuously change the system from a configuration in which the various
excited electromagnetic modes interact weakly to a collective strongly interacting regime.

It was believed that only strong scattering can support the field feedback for lasing. How-
ever, it has been shown that the field feedback mechanism is also possible in weakly
scattering regimes.®*2 In some random systems in the weakly scattering regime, the
laser emission spectra exhibit narrow and equally spaced sharp peaks over the fluores-
cence/ASE background. In this context, Polson and Vardeny proposed the power Fou-
rier transform technique to understand the periodic nature of the emission peaks. They
found that the ensemble-averaged power Fourier transform of the emission spectra con-
tains sharp, well-resolved Fourier components and their harmonics. These are the char-
acteristics of a well-defined laser resonator. 4> Followed by these discoveries, Cao et al.
performed a detailed experimental and numerical investigation on RL action in weakly
scattering systems. ** They used TiO;, ZnO and SiO; nanoparticles in different dye solu-
tions for the experiments. They found that the lasing spectra exhibit certain periodicity
and the periodicity changes with parameters such as dye concentration, nanoparticle
density. Based on experimental and numerical findings, Cao proposed two regimes of
operation: under-coupling and over-coupling regimes, based on the coupled-wave theory
of distributed feedback lasers. In the former regime, the quasi-modes are formed mainly
by the feedback from the scatterers near the system boundary, while in the latter case,
the feedback is mainly from the scatterers inside the system. Therefore, the quasi-modes
of an under-coupled system with high quality factor have almost regular frequency spac-
ing. Based on these observations and findings, Cao proposed the existence of an effec-
tive cavity in such systems.

RLs emit light in an uncontrolled way, over a wide range of output directions, hindering
their application in various fields. In this context, several efforts have been devoted to
obtain directional random lasing by adopting different geometries. K. C. Jorge et al.®’
used a hollow-core antiresonant reflecting optical waveguide containing the gain medium,
while Bachelard et al.?® ®® and Leonetti et al.”® used engineered spatial profile of the
pump beam in order to control the RL emission direction and mode selection. Directional
RL emission was also observed in Anderson localizing optical fiber™* and hollow core
photonic crystal fiber filled with scattering particles and dye solution’® 73, Later on,



11

Schonhuber et al. achieved a RL configuration whose directionality of emission can be
controlled.” Moreover, the authors even created a collimated RL, while at the same time
maintaining its spectral behavior.

2.4 Random lasing in nematic liquid crystals

Liquid crystals are mesophases, where the molecules favor a certain orientation because
of intermolecular forces. In the nematic phase, the rod-like molecules possess a negligi-
ble positional order, while the long axis of the molecules orients in an average direction
named as the molecular director’ n (r,t). In the absence of any dopant materials, NLC
are very good dielectrics, transparent from ultraviolet (UV) to mid-infrared lights.” 76 In
the presence of an applied field, the reaction of the induced-dipoles tends to align (reor-
ientation) the NLC molecules toward the field direction (for details see Chapter 3). Such
reorientation exhibits a threshold known as Freedericksz’s transition threshold.”: 76

The spontaneous fluctuations of the molecular director in NLC can be represented as
n(r,t) = ny, + én(r, t). These fluctuations of the molecular director lead to fluctuations in
the local dielectric tensor given by the equation e,z = g §qp + (g — €1)nqng. The fluc-
tuations in the dielectric properties support recurrent multiple scattering events as light
propagates through the NLC medium. The fluctuations of ¢, arise from two sources: (i)
fluctuations in g, and ¢, due to small, local changes in the temperature and density; (ii)
fluctuations in the orientation of the molecular director n. The latter one is the dominant
one. The scattering strength of visible light in NLC due to its dielectric fluctuations is
about 10° times larger than in normal isotropic fluids.”® NLC can provide even more scat-
tering by doping it with dye molecules, due to the internal interaction between dye mole-
cules and nematic host occurring under optical excitation.”” More specifically, in dye-
doped NLC the local thermal fluctuations add to the strong photo-induced perturbations
providing enhanced light scattering.

Dye-doped NLC are an excellent platform for the realization of RLs due to their tunable
scattering properties, which provide the feedback mechanism for lasing. The main draw-
back of NLC as host material for dye-dopants is that they need to be integrated into glass
cells to have macroscopic order of the molecules. In order to have a uniform alignment,
the glass surfaces are usually mechanically rubbed with polymers to favor long-range
order. This ordering increases the pumping efficiency and polarization ratio of the emis-
sion. Several researchers have studied extensively the random lasing properties of NLC
doped with pump-resonant active dye molecules (Pyrromethene 597, Pyrromethene 650
and DCM) enclosed in various confinement geometries such as wedge cells, cylindrical
capillary tubes, freestanding films and micro droplets.* 78-8° Dye-doped NLC emit highly
polarized light with good conversion efficiency through resonant feedback upon optical
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pumping within the absorption region of the dye. When pumped above a given threshold
value, discrete sharp peaks emerge from the residual fluorescence spectrum with a line-
width of less than 0.5 nm, corresponding to a quality factor of >1000 for the random
system. Certain periodicity has also been observed in the emission spectrum.8t 82

Strangi et al. have studied the polarization dependence of the RL emission. They ob-
served that the emission intensity reduces significantly when the pump light is polarized
perpendicular to the NLC director (ordinary polarization) compared to the light polarized
parallel to the director (extraordinary polarization), while the emission polarization re-
mains independent of the pump polarization. This effect has been explained by the large
diffusion constant of the emitted photons for the extraordinary polarization compared to
the ordinary polarization.®

The emission polarization of the NLC RLs depends on the rubbing direction or the align-
ment of the liquid crystal molecules. Ye et al.8 and Chen et al.?® explored this by con-
structing NLC cells with different rubbing directions on the forward and backward light
emitting surfaces and observed a bidirectional RL with orthogonal polarizations emitted
in two directions. In addition to this, the influence of an external electric field on the po-
larization degree was also studied.

Further, Ferjani et al. investigated the temperature dependence of the RL emission from
dye-doped NLC™ and found that the slope efficiency and threshold of lasing can be ef-
fectively tuned by temperature. The enhancement of thermal fluctuations leads to in-
creased scattering, which shortens the scattering mean free path and hence the volume
of the random cavities. They also extended their studies into the spatial profile of the
emitted photons and the statistics of the intensity fluctuations. The spatial intensity dis-
tribution showed a pattern with rich structure composed of several bright spots. In the
statistical analysis, the occurrence of lasing was minimum as the temperature increased.
This was in good agreement with temperature dependent coherent backscattering meas-
urements in dye-doped NLC, where the backscattering intensity decreases with increas-
ing temperature. They also explained the chaos of the amplification mechanism in dye-
doped NLC through the Shannon entropy and the existence of correlations in the emis-
sion properties.®®

Bian et al. demonstrated an all-optically controllable RL configuration based on the
photo-thermal effect, where a continuous-wave (CW) beam nonresonant with the dye
was used to control the emission properties.®” Lee et al. experimentally showed an elec-
trically controlled NLC RL below the Fréedericksz transition threshold.®® They showed
that the lasing intensities and the energy thresholds of the RLs can be adjusted by using
applied voltage below the Fréedericksz transition threshold. Wang et al. demonstrated
that adding gold nanopatrticles in NLC can enhance and control the random lasing prop-
erties especially in the presence of applied electric fields.®®
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2.5 Applications of random lasers

RLs have applications in a variety of fields ranging from information technology to bio-
medicine. Micro RL is one of the newly discovered light sources, which can be used
inside an electric circuit or can be used as optical tags. RLs can be used for the detection
of cancer cells or tumors and in photodynamic therapy.? Wiersma et al. have developed
a temperature-tunable RL based on liquid crystals.*®® Such a light source exhibits a tem-
perature-tunable emission spectrum and is expected to find applications in photonics,
temperature-sensitive displays and screens, as well as remote temperature sensing. Re-
cently Cao et al. demonstrated that RLs can be engineered to provide low spatial coher-
ence, very useful for speckle-free full-field imaging.®* It has also been shown that RLs
can act as optical diodes.%? A capillary filled with dye with graded gain permits the trans-
mission of light at certain wavelengths in one direction but not in the other. Addition of
scattering particles into the dye then allows tailoring the passband. Very recently, RLs
have been used as optical sensors® e.g., for measuring pH value®* and milk fat content.%
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3 Nonlinear optics in nematic liquid crystals

Nonlinear optics is an extension of linear optics, boosted by the invention of laser tech-
nology. The invention of the laser gave rise to the study of optical properties of materials
at high intensities, leading to new phenomena not visible with ordinary light. Such non-
linear effects include the generation of new colors from monochromatic light in transpar-
ent crystals and the self-focusing of optical beams in a homogeneous liquid.®® % At the
intensities used to generate these types of effects, the usual optical parameters of ma-
terials cannot be considered constant but become functions of the light intensity, hence,
the area is called nonlinear optics. In this Chapter, the optical properties of NLC and the
main features of the propagation of spatial optical solitons in NLC will be discussed.

3.1 Nematic liquid crystals

Liquid crystals are particular states of matter that show properties of both liquids and
crystalline solids. They may flow like liquids, nevertheless, possess some degree of long-
range order like crystals.® There are many different types of liquid crystal phases. Ther-
motropic are the most widely used liquid crystals. Based on the type of molecular order,
thermotropic liquid crystals are classified to nematic, smectic and cholesteric.

NLC are organic compounds consisting of elongated molecules.®® Fig. 3.1 shows the
nematic phase and its difference with respect to the isotropic phase of a normal liquid.
In the nematic phase, the long axis of the molecule is aligned in an average direction
called the molecular director, n, but the molecules lack a positional order. Any liquid
crystal phase with some orientational order and negligible positional order can be con-
sidered as nematic. In this phase, the orientational order parameter describes the angu-
lar distribution of the molecules around the director.®® The order parameter varies from
0 (isotropic) to 1 (crystal-like order).
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Figure 3.1. (a) Pictorial representation of the isotropic phase. Molecules are randomly arranged
in space, i.e., both positional and orientational order are absent. (b) In the nematic phase, posi-
tional order is negligible, while a long-range orientational order along the director n is present.

3.2 Optical properties of nematic liquid crystals

In the nematic phase, molecules give rise to a direction dependent response (anisotropy)
at the macroscopic level. Therefore, the NLC response to external stimuli can be de-
scribed with a tensor with two (uniaxial) or three (biaxial) distinct eigenvalues. Typical
liquid crystals exhibit a uniaxial nematic phase.

Consider a plane wave propagating with a wavevector k in a homogeneously aligned
NLC sample. Since NLC are anisotropic materials, the propagating field will experience
a refractive index that depends on the angle between the polarization vector of the optical
wave and the molecular director. When n lies along k the light sees refractive index of a
wave polarized in a plane perpendicular to the plane contaisning the wavevector k and
the director n, i.e., ordinary refractive index ( n, = n, =4/, ). For a non-vanishing angle
the refractive index is known as extraordinary refractive index, and given by:

n, = Rl (3.1)

Jnfcosze + n?sin?6

where n; = n, = /g; is the extreme value of the extraordinary index, valid for light po-
larized along the director. Typically for NLC, n; > n,, and the material is equivalent to a
positive uniaxial crystal with anisotropy Ae = g, — g, and optic axis n. Moreover, the
large birefringence (An = n; — n, = 0.2) causes the Poynting vector S to propagate at a
non-negligible walk-off angle § with respect to k, being

(nf —n?)sin6 cos 6

n? + (n¢ —n?) cos?6

tand(0) = (3.2)
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A plot of the extraordinary refractive index and walk-off angle dependence on angle 6
between molecular director n and wavevector k in E7 NLC is shown in Fig. 3.2.
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Figure 3.2. (a) Extraordinary refractive index and (b) walk-off angle versus the angle 6 between
n and k. Typical values of n; and n; are chosen for the E7 NLC.

3.3 Continuum theory and reorientational nonlinearity

Liquid crystals molecules are very sensitive to external stimuli such as electric or mag-
netic fields. In NLC, when an external electric field is present, the electrons in the molec-
ular orbitals tend to follow the field and give rise to dipoles. The molecules therefore tend
to align with the applied field in order to minimize the resulting Coulombian torque (see
Fig. 3.3).” /> ® This torque is counteracted by the elastic forces originating from intermo-
lecular links. An equilibrium state is reached when the free energy of the system is min-
imized. The NLC response towards external stimuli was described by De Gennes and is
known as the continuum theory.®

@ ® ©

n;
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n

Figure 3.3. (a) Representation of refractive indices parallel and perpendicular to the long axis
(molecular director) of the NLC molecule. (b) Interaction of NLC with a low intensity field. The
angle 6 is independent of the field intensity. (c) Interaction of NLC with a high intensity field. The
molecules tend to reorient towards the field direction.
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When an external electromagnetic field interacts with NLC molecules, the torque from
the field modifies the director distribution until a new equilibrium state is reached. This
can be found by calculating the energy provided by the field in order to reorient the di-
rector distribution. The field provides its contribution to the free energy, given by

Fg = %(n -E) (3.3)

where Ag is the anisotropy. When the field amplitude becomes larger, the elongated NLC
molecules tend to align along the externally applied field until the torque from the field is
balanced out by the elastic forces present. The contribution of elastic forces to the free
energy (Oseen-Zdcher-Frank formula) is given by

Futastic = %{KI(V ‘)% + Ky(n -V x m)? + K3 (n x (Vx )} (3.4)

where K;, K, and K; are the Frank elastic constants for the three elementary defor-
mations of liquid crystals, i.e., splay, twist, and bend respectively. Considering planar
deformations (K, = 0) and a single-constant approximation (K; = K3 = K) and using the
Euler-Lagrange equations for the free energy minimization, we can find the reorienta-
tional equation ’

) gole )
KV 9+Tsm29|E| =0 (3.5)

3.4 Soliton formation in nematic liquid crystals

Figure 3.4 shows a finite-size fundamental Gaussian beam propagating with wavevector
k along z in an NLC sample. The NLC molecules are arranged in plane yz at angle 6,
with respect to z. When excited by ordinarily polarized beam, the beam will propagate
straight, on the other hand, an extraordinarily polarized beam propagate with a walk-off
angle 4, defining a direction lying between n and k. At very low powers (linear regime),
both beam components diffract with their characteristic Rayleigh length L = n;r wZ/2
where n; is the ordinary or extraordinary refractive index, wy is the input beam waist and
A is the excitation wavelength. The ordinary polarization (electric field along x) cannot
produce any reorientation, due to the high value of the Freedericksz’s transition thresh-
old.® For the extraordinary polarization (electric field in plane yz), the Freedericksz’s tran-
sition threshold is zero and light with sufficient intensity can reorient the molecular direc-
tor.% The molecular director reorientation increases the effective refractive index n,(8)
according to Eq. (3.3)102 19 Because of this, the NLC perturbed by the beam will act as
a focusing lens, in turn yielding self-focusing of a finite-size beam. This self-focusing
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Figure 3.4. Pictorial sketch of (a) linear diffraction and (b) soliton generation of an extraordinarily
polarized beam in an NLC cell.

effect balances out the linear diffraction and hence supports the propagation of self-con-
fined light beams, so-called optical solitons. The spatial optical solitons in NLC are also
called nematicons. An experimental demonstration of the nematicon formation is shown
in Fig. 3.5.

500 pm 500 pm

Figure 3.5. Behavior of light beam propagation in NLC sample captured through the experimental
setup described in Section 4.2. Propagation of an ordinarily polarized beam at powers (a) 0.6 mW
and (b) 5mW. Propagation of an extraordinarily polarized beam at powers (c) 0.6 mW and (d)
5mwW.

The theoretical model describing the soliton formation can be obtained from Maxwell’s
equation under the paraxial approximation and considering the anisotropy. The beam
propagation in the paraxial approximation is given by*%*

aA) 024 0%A

0A
2ik0ne (a_Z + tané‘@ + Dya—yz + ﬁ + kgATlgA =0 (36)
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V20 + ysin(2(6 — 8))|A1> =0 (3.7)

where z is the propagation direction, 4 is the electric field envelope, D,, is the diffraction
coefficient along v, ¢ is the walk-off angle, An2 = n2(8) — n2(6,,) is the nonlinear index
well, where 6,, is the maximum orientation angle, and y = ¢, Ac/4K is the effective non-
linear strength, where ¢, is the vacuum dielectric constant. Eq. (3.6) is a nonlinear
Schrédinger type equation that accounts the beam walk-off and saturation, in the reori-
entational medium. Eq. (3.7) is the reorientational equation, which describes the balance
between the optical torque and the elastic force.1®

Due to the elastic intermolecular forces, the refractive index perturbation is much wider
than the input beam width. Moreover, this optical perturbation extends over a range in
the transverse direction, determined by the boundary separation in standard planar cells.
This high nonlocality of the nonlinear response prevents catastrophic collapse and sta-
bilizes the nematicon.06-108
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4 Nematicon-assisted random lasing

As mentioned earlier, nematicons are light-induced waveguides for extraordinarily polar-
ized signals of relatively arbitrary wavelengths, powers and profiles.%-114 Owing to their
large numerical aperture,’® nematicons have been used in various experiments to effi-
ciently collect and inject fluorescence or ASE into optical fibers.'511® This Chapter is
based such opportunities and provides one of the core parts of this Thesis. We report
that by the combination of solitons and collinear optical pumping in dye-doped NLC can
provide random lasing with enhanced features. The main results of Publication I, Pub-
lication Il and Publication 111 are discussed here.

4.1 Sample

The sample used in our experiments is a planar glass cell made up of two parallel indium
tin oxide (ITO) covered Borosilicate glass slides.''” Mylar spacers were inserted between
the glass slides to define the thickness of the cell. The cell is about 100 um thick (x), 30
mm wide (y) and 2 mm long (z). The surfaces of the glass plates were covered with
polyimide and mechanically rubbed to favor homogeneous alignment of the NLC molec-
ular director in the plane yz at 45° with respect to z. This anchoring maximizes the walk-
off angle and the nonlinearity experienced by an extraordinarily polarized beam propa-
gating with k parallel to z.1*8 This also forces the NLC to have a long range order even in
the bulk of the sample. Another set of microscope cover slides of 100 um thickness were
glued orthogonal to z in order to seal the cell and define input and output facets. These
glass plates were also surface treated with Polyimide and mechanically rubbed along y
to optimize the coupling of y-polarized input beams to extraordinary waves in the NLC
cell. Moreover, the presence of these extra interfaces suppresses the formation of me-
nisci and depolarization effects.'® A pictorial representation of the planar cell is shown
in Fig. 4.1.
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Figure 4.1. Pictorial representation of the planar cell filled with NLC sample. (a) Top view (b) Side
view.
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A mixture of commercially available E7 (Merck) and 0.3 wt% of pyrromethene 597 (PM
597) dye (Exciton) is used as the RL material. The above fabricated cells were filled with
this mixture using the capillary action. E7 is a liquid crystalline mixture in the nematic
phase and it has large birefringence. The molecular composition of E7 is illustrated in
Fig. 4.2 (a). The Frank’s constants for E7 at 1064 nm are K1 =11.7 pN, K>=9.10 pN and
K3=19.5 pN and the refractive indices along the principal axes are n;=1.71 and n,=1.52.7
PM 597 is based on the fluoroboration of two pyrrole rings associated by a conjugated
T-system chain, yielding Dipyrromethene-BF2 complexes. PM597 belongs to the group
of cyclic cyanine dyes. It has absorption and emission maxima at 530 nm and 575 nm,
respectively. It also has a fluorescence quantum yield approaching unity and can lase
more efficiently than rhodamine.?% 121
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Figure 4.2. Molecular structure of (a) E7 mixture and its relative composition and (b) PM 597 dye.
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4.2 Experimental setup

As sketched in Fig. 4.3, the experimental setup consist of two laser sources. One is a
continuous-wave (CW) source operating at the near-infrared (NIR) wavelength of 1064
nm and the second one is a Q-switched Nd:YAG pulsed laser with 6 ns pulse length, 20
Hz pulse repetition rate, and emitting at its second-harmonic wavelength of 532 nm. The
former laser is used to create the soliton waveguide, while the latter is used to pump the
guest-host medium. Both beams were collinearly focused in the midplane (x = 50 um) of
the cell using an objective lens (infinity corrected) with a comparable focal spot radius of
about 3 um to avoid reflections from the upper and lower interfaces. Polarizers and wave-
plates were used to control the polarization and power of the launched laser beams. The
NIR soliton and the generated fluorescence/ASE/RL emission were imaged by NLC light
scattering out the of the plane yz and also, the transverse plane xy at the cell output
using microscopes and high-resolution CMOS cameras.

M2 Pol A2

11

I
L M
11
[ 1

I
: | : C]
C - ~
[ I iy
. <>L,
1 1 1 <|DIL1 I J
: : : = F, \ Ls

/

| | ! 'I-l' F, ==\== Slit
! | OBJ, <:‘> L,
| 1 \ + : 4 :

! SN

1
e (\—._ -4
LT G,

Sample OBJ F3 F4 BS

Figure 4.3. Schematic of the experimental setup. A/2: Half waveplate; Pol: Polarizer; M1, M2, Ma:
Mirrors; DM: Dichroic mirror; OBJ1, OBJ2, OBJs: Objective lenses (infinity corrected); F1, F2, F3,
Fa: Notch filters; L, L2, Ls, L4, Ls: Lenses; Ci1, C2: CMOS cameras; BS: Beam splitter; SM: Spec-
trometer. This experimental setup was used in Publication 111 and IV and a simplified version of
this was used in Publication I and II.
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A fiber equipped spectrometer (Ocean optics) with resolution 41 = 0.15 nm was used to
collect and spectrally resolve the emitted light. Additionally, filtering elements such as
notch filters and a slit were used whenever appropriate to eliminate the residual pump,
NIR and scattered light from the cell boundaries. A silicon detector was used to measure
the RL output energy.

4.3 Interaction geometry

The interactions of the green pump, RL emission and the NIR soliton in the NLC cell are
sketched in Fig. 4.4. As explained in Section 4.2, both green and NIR beams were col-
linearly injected with wave vectors (k,//ky g) along z at the cell mid-plane. The former
one generates fluorescence and also stimulated emission and lasing action via random
scattering and feedback, while the latter one excites a reorientational spatial soliton at
mW powers. The pump-pulse duration (6 ns), repetition rate (20 Hz) and the pulse en-
ergy used in the experiments prevented significant reorientational and thermal nonlinear
effects in the guest-host. It has been shown that the emission from NLC doped with
PM597 tends to be polarized in the plane of the director alignment and, independent of
the pump polarization.”® ¢ 115 Hence, the generated photons are extraordinarily polarized
waves in the geometry investigated and they propagate with their characteristic walk-off
in the uniaxial guest-host (see Fig. 4.4). Since the generated photons are co-polarized
with the soliton, they can trap inside the soliton waveguide and are conveyed at the exit
without any spatial dispersion of the emitted light. The pump beam can also undergo
soliton confinement depending on its polarization. If the pump is polarized along y (ex-
traordinary) at the input, it can be guided along the soliton, yielding an extended interac-
tion of the pump (limited by the absorption) inside the soliton waveguide compared to an
ordinarily polarized pump (see Fig. 4.4). However, we experimentally found that, in this
geometry defined by the boundary conditions (see Section 4.1), an ordinarily polarized
pump is more efficient in terms of emission yield (see Section 4.4). These observations
were published in Publication 1.
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Figure 4.4. Pictorial representation of the interaction geometry. Interaction of an (a) ordinary and
(b) extraordinary wave pump (amplitude A1). The emitted light, represented as a yellow beam, is
generated in the initial region of the pumped area where the pump remains intense despite ab-
sorption. Sketch of the interaction of an extraordinary wave soliton (amplitude Az) with an (c)
ordinary and (b) extraordinary wave pump.

4.4 Input versus output characteristics

Figure 4.5 (a) shows the measured output peak intensity versus input pump pulse energy
characteristics of the RL acquired from the emitted light for ordinarily and extraordinarily
polarized pump in the absence of soliton. The peak intensity I,,,,, calculated as

N
i 1
Tvax =5 Z Max; Iy (1) (4.1)
K=1

with I, (1) being an individual emission spectrum in intensity and averaged over N=200
gated acquisitions. The curves exhibit a standard lasing character with an energy thresh-
old around 0.48 uJ and higher slope efficiency for an ordinarily polarized pump. For the
ordinarily polarized pump, the threshold is slightly lower and lasing more efficient. This
is consistent with a previous observation in the same material.”® 1° Clearly, despite the
spatial spreading (limited by absorption) of the ordinarily polarized pump, the nematicon-
assisted RL operates better in a configuration with orthogonal pump and nematicon.
These observations were first published in Publication | along with other preliminary
results. In Publication | we used a low-resolution (AA = 4 nm) spectrometer for charac-
terizing random laser emission. However, evidence of random lasing such as lasing
threshold and spectral narrowing was present.
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Figure 4.5. Measured peak intensity of the emission spectra versus pump energy. (a) Ordinarily
and extraordinarily polarized pump without soliton. (b) Ordinary-wave pump with solitons of vari-
ous powers. These results were published in Publications I, Il and I11.

Figure 4.5 (b) displays the input versus output characteristics of the nematicon-assisted
RL in the most efficient configuration for various nematicon powers as indicated by the
legends. The in-out curves give a lasing threshold at energies around 0.48 pJ and slope
efficiencies clearly improved by the nematicon. The presence of nematicon slightly de-
creases the threshold energy as apparent from Fig. 4.5 (b). Representative RL emission
spectra above threshold are shown in Fig. 4.6. The lasing spectrum consists of several
discrete narrow sharp peaks (full width at half-maximum (FWHM) ~0.3 nm) emerging
from the fluorescence and ASE background. They vary shot-to-shot and exhibit charac-
teristic fluctuations in intensity and frequency as typical for most RLs (Fig. 4.6 (a)). The
lasing peaks for various realizations exhibit random intensity fluctuations but remain reg-
ularly spaced versus wavelength when averaging over a large number of pump shots
with peak spacing of about 0.7 nm (Fig. 4.6 (b)).

(a) T T T T (b) 600 T v
16004 ~J03m
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Figure 4.6. (a) Emission spectra collected from different shots at the same pump energy above
lasing threshold. (b) Emission spectrum averaged over N=200 shots.
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Figure 4.7. Emission spectra normalized to unity for various nematicon powers (colors) co-in-
jected with the ordinarily polarized pump of various pulse energies. The spectra are averaged
over N=200 gated acquisitions. Pump pulse energy (a) Ep=0.40 pJ. (b) Ep=0.45 pJ. (c) Ep=0.48
pd. (d) Ep=0.51 pJ. (e) Ep=0.55 pJ. (f) Ep= 0.6 uJ. These results were published in Publication
i

Fig. 4.7 represents the emitted spectra collected at the output averaged over N=200
gated acquisitions with and without nematicons of various powers co-injected with the
ordinarily polarized pump below and above lasing threshold. This illustrates the transition
from fluorescence (characterized by broad emission spectrum, Fig. 4.7 (a)) to ASE (char-
acterized by spectral narrowing, Fig. 4.7 (b)) to random lasing (characterized by sharp
features, Fig. 4.7 (c-d)) upon increasing both pump energy and soliton power. The effect
of nematicons of various powers is negligible at low energies (well below lasing threshold)
as the light induced waveguide simply increases the collection efficiency of the emitted
fluorescence or ASE measured at the exit of the cell.!*®> However the presence of the
collinear nematicon becomes much more pronounced at pump energies close to lasing
threshold and above. At pump energy close to threshold (Fig. 4.7 (b)) and above thresh-
old (Fig. 4.7 (c-d)) nematicons contribute to narrower multihump spectra, more intense
and numerous sharp lasing peaks and global spectral narrowing compared to the emis-
sion spectra without nematicon. It is worth noting that at pump energy close to threshold
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(below lasing threshold without nematicon), the presence of nematicons even brings the
system above threshold by modulating the scattering and feedback and improving the
collection efficiency associated with the all-optical waveguide.

As discussed in Fig. 4.6 (b), the average spectra presented in Fig. 4.7 consists narrow
peaks (FWHM ~0.3 nm) with random amplitude but regularly spaced versus wavelength
(peak spacing ~ 0.7 nm). This observation is in contrast with ideal random lasers where
the peaks appears more randomly versus wavelength.33:35:46.66.70. 71 However, this is in
perfect agreement with random lasing emission observed in Refs. 44, 81 and 82. The
nearly constant spectral spacing of lasing modes, which resembles that of a regular
Fabry-Perot laser cavity, suggests the existence of an effective cavity even in the ab-
sence of real mirrors.*?? Using the formula of a Fabry-Perot cavity, we can extract the
length of the cavity L. as

L, = 12/2nAA (4.2)

where A1 is the peak spacing and n is the refractive index of the medium. The peak
spacing in our case suggest an equivalent cavity length L.~ 130 um. This estimated
length is comparable to the spatial extent of the excited region where the pump is ab-
sorbed as observed from the top of the cell. Furthermore, the change in A4 is negligible
versus soliton power which pinpoints the role of absorption in limiting the extent of the
effective cavity, enabling scattering and feedback only in the initial fraction of the pumped
volume.* However, it was a tedious task to closely examine the presence of an effective
cavity as higher pump energies required to lengthen the effective cavity resulted in sat-
uration and bleaching, as observed in Publication Il. The above observations appear
consistent with weak scattering close to under-coupling regime (i.e., an effective cavity
much shorter than the nematicon), where the modes are formed mainly by the feedback
from the scatterers near the system boundary.** 1%

4.5 Statistical analysis of emitted spectra

Since the focus of this work is on random lasers, the integrated average intensity versus
pump energy plot (Fig. 4.8 (a)) does not exhibit any threshold despite the presence of
spikes in the emission spectra or the presence of threshold when mapping the peak
intensity (see Fig. 4.5 and Eq. (4.1)). It is very important to note that, in such cases, there
is a co-existence of RL and ASE, where the RL threshold is masked by ASE, which does
not necessarily exhibit a clear a threshold. It should be noted that the integrated intensity
plots exhibit a plateau and then a sharp rise in the vicinity of pump threshold. This might
be due to the random variation of the experimental conditions such as pump energy
fluctuations as it did not appear in any other measurements. Therefore, in order to display
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a threshold, we rely on statistical analysis of the spectral fluctuations quantified by vari-
ance.3® 124
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Figure 4.8. (a) Integrated intensity and (b) integrated variance of the emission spectra versus
pump energy for various soliton powers. These results were published in Publication I11.

To analyze the emission properties and threshold behavior of the random laser, we thus
calculated the average intensity and the variance over N = 200 output spectra (gated
over 100 ms window) defined as

N
- 1
) =5 1) (43)
K=1
1 N
of = m;(zk ) - T2 )

respectively. To analyze the system behavior and gain more insight on the global oper-
ation of the random laser, the average intensity and the variance can be integrated over
the spectral window defined as AA = Ay, — Ayin- The integrated average intensity and
integrated variance, respectively,

_ 1 /1Max_
I =— I (A)dA 4.5
), T (45)

1 rApmax
af == l:in a?(A)dA (4.6)

The integrated variance described in Eq. 4.6 is remarkably sensitive to the emergence
of spectral peaks and their characteristic fluctuations. Hence, a threshold on the fluctua-
tions in Fig. 4.8 reveals the onset of laser action as it appears in the mean peak intensity
(see Fig. 4.5 (b)). Sample data of the quantities such as average spectra and variance
versus wavelength for various pump energies and soliton powers are shown in Fig. 4.9.
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Figure 4.9. Average intensity and the corresponding variance of the emission spectra over 200
gated acquisitions plotted versus wavelength for various soliton powers and pump energies. Plots
are arranged in rows of equal pump energy and columns of equal soliton powers. These results
were published in Publication I1I.

4.6 Transistor-like operation of nematicon random laser

As discussed in Section 4.4, it is possible to all-optically modulate the RL operation by
injecting a collinear low power NIR input. When setting the pump energy slightly below
the lasing threshold without nematicon, turning on the nematicon brings the system
above threshold and makes the system more efficient through improved photon collec-
tion and modified scattering. This is apparent not only form Figs. 4.5 (b), 4.7, 4.8 (b) and
4.9, but also from individual spectra collected at the output. Fig. 4.10 shows examples of
several individual spectral realizations for various pump energies and nematicon powers.
It is clear that, for a given pump energy/pulse, the presence of a nematicon enhances
the occurrence of numerous highly intense sharp peaks over the background fluores-
cence and ASE.
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Figure 4.10. Individual realizations of the RL emission spectra collected at the output for various
powers of nematicon and pump energies (a) 0.48 uJ, (a) 0.51 uJ, and (a) 0.55 pJ.
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It is very important to note that the all-optical modulation is visible in every single reali-
zation despite the random nature of the emission versus time. It is also worth noting that
the above demonstrated all-optical switching is not based on any absorptive and photo-
thermal response®” %0 or light induced trans-cis isomerization,'? but, exclusively based
on a nonresonant effect.

4.7 Beaming the random laser emission

Most of the RLs lack predetermined directionality and well-defined beam characteristics
due to their random nature. To address this issue, we have measured the beam charac-
teristics of the nematicon-assisted random laser.

500 um 500 um

100 pm

7N
- 100 um

Figure 4.11. Acquired photographs of emitted light in the principal plane yz (a) in the absence of
nematicon (b) in the presence of a collinear 6 mW nematicon at pump energy of 0.55 uJ/pulse.
(c-d) Images of the output profiles corresponding to (a) and (b), respectively. The white dashed
circle represent the location of the input wavevector. These results were published in Publication
1.

As shown in Fig. 4.11, we managed to image the RL beam evolution in the principal
plane yz and in the transverse plane xy. Fig. 4.11 (a) and (b) represent the RL beam
evolution in plane yz and the corresponding output profiles measured in the transverse
plane xy without and with a collinear 5 mW nematicon, respectively, at pump energy well
above threshold (0.55 pJ). The generated extraordinarily polarized RL light diffracts and
gives rise to a diffuse intensity pattern with low intensity at the output. When injecting a
5 mW nematicon, RL emission acquires beam characteristics. The emitted extraordinary
light is confined in the nematicon waveguide, beamed along its inherent walk-off and
exits the cell with a relatively smooth output profile. This is in contrast to a spiky and
noisy profile as observed for usual RLs. The transversely localized RL modes interact
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inside the nematicon waveguide and provide smooth output profile invariant over time.
To get an insight into the beam features of the nematicon-assisted lasing, we also im-
aged the RL emission in the backward direction (towards the input light). Typical results
are shown in Fig. 4.12. The output profile consist of several hotspots fluctuating in time
and space as typical for thin samples.’8-80. 126127

(b)

25 pm

Figure 4.12. Acquired photographs of the backward emitted RL light in the xy plane at pump

energy 0.8 uJ and 6 mW soliton. (a-c) represent three different realizations to describe the random
nature of the emission. These results were published in Publication 11I.

4.8 Efficiency of the random laser

The practical uses of RLs are mainly hampered by their low lasing efficiency. Therefore,
generating highly efficient RLs is very important for applications. In order to estimate the
efficiency of the random laser configuration demonstrated here, the measured output
energy versus input energy above the lasing threshold for various nematicon powers are
shown in Fig. 4.13. The measured output energy values are averaged over 200 shots
and corrected for Fresnel losses at the output interface (4%) and at the optical compo-
nents (17.6%) before the detector (OBJs, F3, F4 in Fig. 4.3). Fresnel losses of the pump
at the input interface (4%) are also considered. As can be seen from Fig. 4.13, the ne-
maticons clearly improve the lasing efficiency. When pumping at 0.6 puJ/pulse, the pres-
ence of a 6 mW soliton improves the lasing efficiency at the output from 0.1% (without
soliton) to 2.6%. Since most of the RL light is generated in the initial region of the soliton
(actively pumped region of ~ 130 um), it experiences absorption and scattering losses
during propagation. Assuming the absorption and scattering losses of ~ 6.95 cm™ at
visible wavelengths in the host NLC, the extrapolated RL efficiency reaches a relatively
high value 9.6%. The measured RL output energies and estimated efficiencies for vari-
ous pump energies above threshold and various nematicon powers are presented in
Table 4.1. However higher RL efficiency has been achieved in various other materials
such as Sulforhodamine B with TiO, (10%),'?® Nd:YAG crystal powder (12.5%),%2°
NdAl;(BOs)4 power (30%), NdPO, powder (25%) and NdVO,4 powder (20%).1%°
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Figure 4.13. Emission energy versus pump energy/pulse above lasing threshold for various soli-
ton powers. The measured values are averaged over 200 shots and corrected for Fresnel reflec-
tion losses.

Table 4.1. Measured RL output energies and estimated conversion efficiencies corrected for
Fresnel losses and transmission losses for various pump energies and nematicon powers. Ex-
trapolated output energy and efficiency are also given considering the active lasing volume and
scattering and absorption losses during propagation in the guest-host. A summary of these results
were published in publication I11.

Ep Pnir Eout n (Eouthmax Mmax
(n) (mW) (nJ) (%) (nJ) (%)
0 0.012 0.003 0.044 0.01
0.48 2 0.422 0.092 1.546 0.336
4 1.128 0.245 4.139 0.9
6 1.65 0.358 6.052 1.31
0 0.041 0.009 0.15 0.03
05 2 0.831 0.173 3.048 0.64
4 2.601 0.542 9.541 1.98
6 3.854 0.803 14.135 2.95
0 0.106 0.02 0.389 0.074
055 2 2.601 0.483 9.541 1.81
4 5.768 1.093 21.158 4.01
6 9.152 1.733 33.57 6.36
0 0.16 0.028 0.588 0.102
06 2 4,733 0.822 17.36 3.01
4 9.477 1.646 34.76 6.04
6 15.101 2.622 55.39 9.62
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5 Random laser steering with nematicons

One of the greatest advantages of NLC is their response towards external stimuli. There-
fore, their optical properties, from index of refraction to nonlinearity and anisotropy, can
be adjusted by electromagnetic perturbations®*! that in turn affect the nematicon propa-
gation. The trajectories of the nematicon waveguides can therefore be steered by using
external stimuli acting on the director distribution. These stimuli include refractive pertur-
bations,'3> 133 applied voltage,**1*° applied magnetic field,**° boundaries of the NLC
cell*** and external light beams.31: 142143 |n this Chapter two examples of nematicon-
guided RL angular steering will be discussed. These results are the core parts of Publi-
cation Il and Publication IV.

5.1 Voltage-controlled angular steering

In order to demonstrate electro-optic angular steering of the nematicon-confined RL, a
voltage bias from a 1 kHz generator was applied across the cell thickness (see Section
4.1 for sample description). When a low-frequency voltage is applied, it alters the director
distribution and the nematicon can be steered.’** As the applied voltage (perpendicular
to the optic axis n) increases, the resulting torque on the induced dipoles tends to reori-
ent the NLC molecules out of plane yz and therefore the molecular director is pulled out
of the alignment plane yz towards the vertical axis x. This rotates the principal plane,
which defines the extraordinary wave, and thereby reduces the walk-off angle. When the
applied bias becomes large enough to completely reorient the molecular director along
X, the walk-off angle vanishes and the extraordinarily polarized nematicon propagates
with Poynting vector (S) parallel to its own wavevector k.2 13 Therefore, the walk-off
can be electrically adjusted and the nematicon angularly steered versus applied bias. It
is important to note that the nematicon remains as extraordinarily polarized when it adi-
abatically evolves in polarization through the transition region near the input interface of
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the NLC cell.**® Figures 5.1 provide a pictorial representation of this mechanism. Here
an extraordinarily polarized nematicon is steered due to the voltage-induced reorienta-
tion of the molecular director, resulting in a semicircular trajectory in the transverse plane
xy. The observable walk-off («) in the yz plane can be can be calculated as,? 100 134

tand cosé
a = arctan

(5.1)
1+ sin2¢ cot?6,

where ¢ is the elevation angle and 6, is the initial NLC orientation.

Figure 5.1. (a-d) pictorial representation of voltage-driven angular steering of nematicon-guided
RL. The walk-off (angle between S (yellow) and k (red)) progressively reduces as the voltage in-
creases. The walk-off vanishes when S and k become collinear.
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Figure 5.2. (a) Photographs of RL streaks in the observation plane yz for various values of the
applied voltage. The NIR beam and residual pump were filtered out. (b) Measured (symbols) and
calculated (solid line, using Eq. 5.1) walk-off versus applied voltage. These results were published
in Publication 11I.

Typical results of voltage-controlled angular steering of the RL emission in the presence
of a 5 mW nematicon and pump energy well above threshold are shown in Fig. 5.2. As
the applied voltage increased from V=0V to V = 2V, the RL beam steered from 7° to
nearly 0° (Fig. 5.2 (a)). A plot of the measured and calculated walk-off of the RL beam
observed in the yz plane is presented in Fig. 5.3 (b). It should be noted that some of the
RL light diffuses out of the nematicon waveguide at high voltages as apparent from Fig.
5.2 (a). As a fixed power nematicon evolves versus voltage towards the ordinary-wave
configuration (S//k), it becomes progressively less confined as the associated wave-
guide has a lower refractive-index profile. Moreover, when the walk-off becomes zero,
the reorientational nonlinear response of the NLC tends to zero. Correspondingly, the
emitted spectra (averaged) collected at the cell output (Fig. 5.3) exhibit lower intensities
at high voltages.
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Figure 5.3. Measured averaged RL output spectra for various applied voltages. The nematicon
power was 5 mW and pump energy well above threshold. These results were published in Pub-
lication I11.

100 pm

100 um

Figure 5.4. Photographs of the RL output measured at the transverse plane xy for applied volt-
ages (@) V=0V and (b) V = 2 V. The white dashed circle represent the direction of the input
wavevector. The NIR light was filtered out. These results were published in Publication Il1.

Fig. 5.4. represents photographs of the RL output spot measured at the transverse plane
xy for applied voltages V=0V and V = 2 V. As the RL beam steered from 7° to nearly
0°, the output spot of the RL beam is laterally displaced in the transverse plane xy with
an overall displacement of about 245 um at the output.

5.2 In-plane angular steering using external magnetic field

The voltage-driven angular steering of the RL beam described above is not effective for
RL steering at large angles. Moreover, voltage steering causes the principal plane to
rotate and the output spot to move out of the plane. In order to overcome this issue, an
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alternative way can be used to steer the RL by exploiting the response of NLC’s towards
external magnetic fields.*® An externally applied magnetic field can effectively reorient
the NLC molecular director and control the soliton trajectories.

In order to demonstrate magnetic steering of the nematicon-confined RL, we applied a
magnetic field co-planar with k and n, to alter the initial homogeneous alignment of the
NLC molecular director (6 = 45°) with respect to k//z. For this purpose, we applied a
permanent cylindrical magnet (diameter 25 mm, thickness 12 mm) mounted on a rotation
stage (rotation around x) with yz translation close to the output facet of the sample. The
magnetic field strength at about 2 mm away from the cell output was ~ 0.23 T. This
magnetic field strength was large enough to reorient the NLC molecules in the whole
volume of interest despite the spatial distribution of the magnetic field and the size of the
cell. 140

&

Hm 600@ »

Figure 5.5. Pictorial representation of relative orientations of the magnetic field and the cell for
two cases (a) 6,, = —50° and (b) 6,, = 50°.

In order to steer the RL beam we varied the angular direction of the applied magnetic
field with respect to k//z in the yz plane (by rotating around x). The angle 6,, between
the magnetic field vector and k//z determines the walk-off angle & (6), with 8 = 6,,, (see
Eqg. 3.4 ). Two examples of the magnet-cell orientation are illustrated in Fig. 5.5. When
the magnetic field is present, it forces the molecular director to reorient at angle 8 = 6,,,
the NIR beam remains an extraordinary wave and the resulting walk-off experienced by
the NIR soliton-guided RL gets modified according to Eq. 3.4.
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Figure 5.6. (a) Photographs of RL streaks in the observation plane yz for various magnetic field
orientations 6,,. The NIR beam and residual pump were filtered out. (b) Measured (symbols) and
calculated (solid line) walk-off angles & for various 6,, values. These results were published in
Publication IV.

Typical results of the RL beam steering observed from the principal plane yz when pump-
ing at 0.6 uJ and in the presence of a 7 mW nematicon for various 6,,, values are shown
in Fig. 5.6 (a). By varying 8,, from —50° to 50°, the walk-off experienced by the RL beam
varies from —7° to 7°. The measured walk-off angles within plane yz are in perfect agree-
ment with the calculated values using Eq. 3.4 as apparent from Fig. 5.6 (b). It should be
noted that as the walk-off angle approaches zero when 6,, — 0, the nonlinearity tends
to vanish and the resulting guided beam tends to diffract due to the lowered index con-
trast. However, for 6,, values other than zero, the characteristics of the RL beam re-
mains the same.

The acquired photographs of the magnetically steered RL beam at the output facet of
the cell for the cases of 6,, = +50° are displayed in Fig. 5.7. Note that it was difficult to
acquire photographs of the output beam for 6,,, approaching zero as the magnet eclipsed
the output beam. As the nematicon-guided RL beam is magnetically steered, the output
spot remains essentially in the same plane with an overall displacement of about 490 um
across y. Note that the RL output spot does not exhibit any shift in the transverse direc-
tion x as it is magnetically steered in-plane. This is contrast to the voltage-driven angular
steering.
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b
.

Figure 5.7. Photographs of the RL output measured at the transverse plane xy for magnetic field
orientations (a) 6,, = 50° =0V and (b) 6,, = —50°. The white dashed circle represents the direc-
tion of the input wavevector. The NIR light was filtered out. These results were published in Pub-
lication 1V.

Fig. 5.8. displays the RL emission spectra (averaged) for various magnetic field orienta-
tions. The spectra corresponding to symmetric orientations of the applied magnetic field
are essentially the same despite the random intensity fluctuations of the RL emission. A
small reduction in the emission intensity is visible for 6,, — 0. This can be attributed to
the lowered nonlinear response of the NLC, as the optical reorientation tends to vanish,
making the nematicon less effective in collecting and confining the RL emission.

In the absence of the external magnetic field, the molecular director n of the NLC is pre-
aligned according to the boundary conditions (see Section 4.1.). We also monitored the
response time of the RL beam to the magnetic field and the time required for it to relax
back to its original trajectory. In the absence of the magnetic field, the RL beam propa-
gates at a walk-off § ~ +7°. When applying a magnetic field at 6,,, = —50° the time
needed for the RL beam to reach § ~ —7° was about 60 s. Conversely, nearly 200 s was
required for the RL beam to relax to its original trajectory, i.e., from§ ~—-7°to § ~ +7°
after the magnet was removed. This slow response can be attributed to the large thick-
ness of the pre-aligned NLC and the modest strength of the applied magnetic field.
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Figure 5.8. Averaged emission spectra for various 6,, values. These results were published in

Publication V.



5.3 Comparison of RL steering methods
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As demonstrated in previous sections, RL beam can be steered at will by means of ex-
ternal low-frequency voltage and moderate magnetic field. Compared to voltage-con-
trolled steering, magneto-optic steering of RL was more efficient as the emission prop-
erties such as efficiency are less dependent on the applied field. Table 5.1. describes a
meaningful comparison between these two methods. It is evident that magnetic steering
has several benefits over voltage steering.

Table 5.1. Comparison between voltage-controlled and magnetic steering of RL beam

Characteristics

Voltage steering

Magnetic steering

Type of steering

Angular steering

In-plane steering

Walk-off angle

Varies from 7° to 0°

Varies from +7° to —7°

Displacement of the output
spot

245 um

490 pm

Lasing efficiency

Strongly depend on applied
voltage

less dependent on applied
magnetic field orientation

response time

Comparable to magnetic
steering

Comparable to voltage steer-
ing
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6 Summary and outlook

In this Thesis, we have demonstrated a novel random laser configuration in dye-doped
nematic liquid crystals, based on the interplay between two diverse nonlinear optical re-
sponses, namely, beam self-confinement through molecular reorientation and scattering
mediated light amplification and lasing. Through this synergy, the demonstrated nemati-
con-controlled random laser improved the overall lasing efficiency and allowed several
additional features to be demonstrated, resulting in a highly controllable cavity-less light
source in soft-matter. At variance with the standard thin sample and one beam configu-
ration, our NLC cell provided additional degrees of freedom to control the RL emission.
First, we investigated the basic features of the nematicon-assisted random laser. The
spatial soliton confines the emitted light and contributes to tuning of the laser features
such as slope efficiency, lasing threshold and emission spectra, as witnessed in Publi-
cations | and 11.

These basic properties led us to investigate the more advanced features of the system
by taking advantage of the properties of the nematicon waveguides as demonstrated in
Publication I11. Previous demonstrations of RLs in various materials have found limited
applications due to their multi-directionality. We showed that our approach is able to
beam the random laser emission and to provide a smooth transverse output profile.
Moreover, this nematicon-assisted configuration enhances the conversion efficiency, by
improving the photon collection and scattering properties. Furthermore, the approach
provides all-optical modulation, driven by a continuous-wave beam operating at mwW
power levels.

Our next aim was to overcome the uncontrollable nature of the emission direction of
random lasers. Towards this, in Publications 11l and 1V, we introduced a direction ad-
justable random laser. We showed that the output beam of the random laser can be
steered at will within the active medium itself (rather than acting on the emitted beam)
by exploiting the response towards external stimuli. We demonstrated the first random
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laser operating in a voltage-controlled direction. By applying a voltage across the sample
thickness, the output of the random laser can be angularly steered over 7°. However, the
angular steering moves the random laser output spot out of the original operation plane.
We therefore introduced an alternative strategy to modify the random laser beam trajec-
tory within the observation plane and to steer the output at large angles. In order to do
this, we took advantage of the magneto-optic response of nematicons. We thus used an
external magnetic field and varied its orientation to steer the random laser beam. This
was the first demonstration of a random laser steering by acting with a magnetic field on
the active medium itself. By adjusting the applied magnetic field orientation, we achieved
in-plane random laser beam steering as large as 14°. These results open up new routes
towards practical applications of cavity-less light sources.

However, several aspect of nematicon-assisted random laser is still unclear. These as-
pects need to be investigated, requiring extensive future work. Since the localized ran-
dom laser modes tend to evolve along the waveguide resulting in a smooth transverse
profile, the role of the nematicon waveguide needs to be thoroughly investigated. A sim-
ple way for doing this is to compare the random laser characteristics and to measure the
spectral features at each point within the emitted random laser beam profiles. A detailed
study of the random laser mode profile and its coherence properties will be useful to
understand its applicability in, e.g., full-field speckle-free imaging. A proper theoretical
model accounting the different properties of the system would also be helpful for answer-
ing several questions. However building such a model will be extremely demanding due
to the complex interactions that take place in the liquid-crystal based system.
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We demonstrate a guided-wave random laser configuration by exploiting the coexistence of optical
gain and light self-localization in a reorientational nonlinear medium. A spatial soliton launched by
a near-infrared beam in dye-doped nematic liquid crystals enhances and confines stimulated emis-
sion of visible light in the optically-pumped gain-medium, yielding random lasing with enhanced
features. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4965852]

In random lasers, a disordered distribution of scattering
centers provides the required feedback for oscillations in
optically amplifying media. In recent years, they have
attracted a great deal of attention, mainly due to the versatil-
ity stemming from cavity-less geometries and the ease of
realization.'™ In liquid crystals, suitable dopants can provide
the gain action through optical pumping, while optical bire-
fringence in conjunction with intense fluctuations of the
dielectric tensor yield the required recurrent multiple scatter-
ing for random resonances to occur.'”"” In the nematic
phase, moreover, liquid crystals are positive uniaxial materi-
als subject to optic axis reorientation under the action of
electric fields, either at low or optical frequencies.'® The lat-
ter response provides a low-power mechanism for nonlinear
optics'? and light localization into self-confined light-beams,
the so-called “nematicons”.”’ Nematicons are bright spatial
solitons (solitary waves) which are stable in two transverse
dimensions due to the nonlocal response associated with the
elastic intermolecular links in the liquid state;>"** they sup-
port graded-index waveguides able to confine additional
(incoherent) signals/beams of different wavelengths as well
as powers and profiles,”> " and are robust against refractive
index perturbations® > and collisional interactions.*®"
Aided by nematicons, reorientational and electronic nonlin-
ear responses, characterized by distinct time- and power-
scales, can synergystically be combined.*”** Owing to their
large numerical aperture,*' nematicon waveguides solitons
have also been employed in experiments involving incoher-
ent light generation by fluorescence*” or amplified spontane-
ous emission,”* offering a means to better collect and couple
the emitted light into optical fibers.

In this Letter, we demonstrate an example of synergy
between diverse nonlinear responses: the combination of
spatial solitons and random lasing into a “nematicon random
laser”, whereby a low-power self-confined beam provides a
guided-wave landscape for the stimulated emission induced
by collinear optical pumping of dye-doped nematic liquid
crystals (NLC).
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109, 161105-1

Several benefits can be expected from adopting such
light-induced guided-wave configuration for random lasing.
At variance with standard thin film geometries, the thick NLC
cell provides an extended volume where optical pumping can
produce fluorescence, and in turn, stimulated emission and
lasing action via random scattering and feedback. The large
interaction volume can exploit several feedback paths through
scattering, support many coupled lasing modes™ and their
competition/thermalization,”> producing smoother spectrum
and spatial profile as compared to “standard” random lasers.
Furthermore, owing to anisotropic light scattering in uniax-
ials,* the spontaneous as well as the stimulated emissions in
NLC doped with pyrromethene-dye tend to be polarized in
the plane of the director alignment;'”'®** hence, the gener-
ated photons are co-polarized with the reorientational soliton
and can be trapped in the light-induced waveguide, the nema-
ticon. At variance with a standard one-beam configuration
(see Fig. 1(a)), the confinement afforded by the nematicon on
extraordinary-polarized (e-) waves can balance out the spatial
dispersion of the involved wavepackets and result in reduced
diffraction through index change as well as modified distribu-
tion of the emission through disorder confinement'’ and
altered scattering. In standard NLC random lasers, localized
and extended modes in the active volume overlap and com-
pete; in our geometry transversely confined modes are sus-
tained by the waveguide landscape and conveyed at the exit.
Finally, the pump beam can also undergo nematicon confine-
ment depending on its polarization: if polarized along y at the
input, even the e-pump can be guided along the nematicon,
yielding an extended interaction with light emitted along the
waveguide and only limited by absorption. The latter pump
polarization, however, turns out to be the least efficient in terms
of fluorescence in the uniaxial guest-host material. For this rea-
son, we conducted experiments with either (i) an ordinary-
wave (0-) pump with polarization orthogonal to the optic axis
or (ii) an extraordinary pump copolarized with (and guided by)
the soliton and the emitted light (Figs. 1(b) and 1(c)).

We prepared and employed planar glass cells with
mechanically rubbed polymide/NLC interfaces to prepare
100 um thick samples of nematic liquid crystals E7 doped

Published by AIP Publishing.



161105-2 Perumbilavil et al.
(a) (b) (c)
@)
1 ™M,
X
i Z
y
(d) =
IVANNNNN
Z IANNNANNNN |
PANNNNNN N
y PANNNNNN N

with 0.3 wt. % pyrromethene dye (PM597). Such guest-host
mixture, when resonantly pumped by nanosecond laser pulses
at 532 nm, is able to provide fluorescence and optical amplifi-
cation in the visible spectrum around 570580 nm.'*** When
excited by mW-power e-wave beams, through non-resonant
reorientation it can also support the formation and propaga-
tion of self-guided spatial optical solitons of arbitrary wave-
length.”’ The NLC cell was 3mm-long in propagation and
equipped with input and output glass interfaces to prevent
meniscus formation and undesired beam depolarization (see
sample geometry in Fig. 1(d)). The NLC optic axis was
aligned in the plane yz at 0 = 45° with respect to the wave
vector direction k//z in order to avoid a power (Fréedericksz)
threshold effect for all-optical reorientation, while maximiz-
ing the nonlinear optical response.*®

A cw near-infrared beam of wavelength 1.064 um was
e-polarized with electric field parallel to y, focused at the
input interface to a waist 3 yum and launched with wave
vector along z in the cell mid-plane (x=0) in order to
excite a self-trapped nematicon (see Fig. 1(e)). The latter,
stabilized by nonlocality in two-dimensions, is able to
propagate with a nearly invariant profile in the plane yz at
the walkoff angle & defined by the birefringence,”**’ i.e.,
(nﬁfnzi) sin 0 cos 0
nﬁsinzﬁ-&-ni cos20
indices for electric fields parallel and orthogonal to the optic
axis n, respectively. A 20 Hz rep-rate train of a6 ns pulses
from a frequency-doubled Q-switched Nd:YAG laser was
focused and injected in the cell mid-plane collinearly with
the cw beam, with particular care to ensure that, despite
walkoff, the two (green and near-infrared) beams had paral-
lel Poynting vectors. The experimental setup was completed
by a microscope, a CCD camera to check the beam align-
ment and a spectrometer to collect the emission from the cell
output, as sketched in Fig. 1(e).

Figure 2(a) shows the measured output versus input
characteristics of the random laser, acquired from the emit-
ted light without (black) and with (red) a 5 mW nematicon,

0= arctan{ } with ny and ny the refractive
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FIG. 1. (a) Sketch of the interaction
without nematicon. (b) and (c) Sketch
of the interaction with nematicon
(amplitude A,) and (b) ordinary or (b)
extraordinary wave pump (amplitude
Ay). The emitted light, represented here
as a beam, is actually generated in the
region where the pump remains intense
despite the absorption. (d) Sample
geometry and director alignment. 0 is
the bulk orientation due to the boundary
conditions. (e) Experimental setup: SM,
spectrometer; OBJ, microscope objec-
tive; Laser;, pulsed pump laser at
532 nm; Laser,, cw laser at 1064 nm.

injecting the pump in the e-polarization. The emission, col-
lected after a bandpass filter and spatially integrated, exhibits
the standard lasing character with an energy threshold around
0.85 1J and a higher slope (efficiency) when the nematicon is
present. Fig. 2(b) displays the corresponding results for an
ordinary-polarized pump: as before, the nematicon increases
the lasing efficiency. For o-polarized pump light the threshold
is slightly lower and a marked increase in the output-vs-input
slope and lasing efficiency is clearly visible, consistently with
previous observations in the same material'™** In the latter
geometry, the o-pump is not confined but interacts more effi-
ciently with the guest-host, whereas the e-wave emission is
confined within the near-infrared nematicon and propagates
along its walkoff angle (Fig. 1(b)). Clearly, despite the spatial
spreading incurred by the o-polarized pump, the random laser
operates better in this configuration with orthogonal pump
and soliton. When calculating the f-factor (rate of spontane-
ous emission radiated into lasing modes over total rate of
spontaneous emission) according to the procedure outlined in
Ref. 49 and used, e.g., in Ref. 50, the f reduction observed
for an o-wave pump became more apparent in the presence of
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FIG. 2. Output intensity of emitted light (units correspond to spectrometer
counts) at wavelengths around 575nm the energy of the pump pulse. (a)
e-wave pump in bulk interaction without nematicon (black symbols and
line) and guided-wave interaction in the presence of a 5 mW nematicon (red
squares and line); (b) o-wave pump without (black circles and line) and with
a 5 mW nematicon (red symbols and line). The calculated f-factors are indi-
cated next to each line.
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the nematicon, as indicated by the values next to each curve
in Fig. 2. This confirms that the fraction of spontaneous emis-
sion that triggers random lasing is significantly less with than
without soliton, i.e., the nematicon-assisted configuration is
more efficient.

Figure 3 illustrates the spectral narrowing afforded by
this random laser with/without a collinear spatial soliton. The
full-width half-maximum data points, plotted versus pump
energy/pulse, clearly show the lasing characteristics corre-
sponding to Fig. 2, with a marked improvement when the
nematicon contributes to the confinement of the emitted light.
A narrowing of the emitted spectrum is visible in (a) without
soliton as the system goes from fluorescence to above lasing
threshold, from 43.4nm (45.6nm) to 11.0nm (19.8 nm) for
o- (e-) pump; the spectral narrowing is more marked with
nematicon assistance, particularly for a pump orthogonal to
the optic axis of the guest-host medium: from 42.9nm
(43.8nm) to 7.2nm (12.3 nm) for o- (e-) pump. The spectral
width in the presence of a nematicon is consistently lower
above threshold, confirming the beneficial role of our soliton
assisted geometry in an extended interaction region.

Figure 4 shows various lasing spectra when the guest-
host system is pumped (o-polarization) in the presence/
absence of a collinear nematicon. When the pump energy is
below threshold (0.75 uJ) no laser action takes place and a
5mW nematicon barely increases the emitted intensity by
collecting photons at the output (Fig. 4(a)). Conversely,
when pumping above threshold (1.2 yJ), the index contrast
introduced by the nematicon through reorientation assists the
emission process by changing the scattering paths and the
interaction efficiency, resulting in wavelength tuning and
spectral narrowing (Fig. 4(b)). The smooth spectral features
of the lasing emission might be ascribed to the overlap of
several modes, as discussed in Ref. 16. Figs. 4(c) and 4(d)
illustrates the nematicon role on spectral profiles, width, and
random laser intensity for 1.2 uJ o-wave pumping and nema-
ticon power varying up to 6 mW. Such all-optical tuning can
be ascribed to changes in the local scattering cross-section
that, in turn, modify the transport distance of the generated
photons and the size of the random loops responsible for ran-
dom resonances and lasing.

Finally, Fig. 5 graphs the spatial profile of the emitted
light. The curves, plotted against the transverse coordinate Yy,
indicate that the soliton confines the laser light and improves
its transverse distribution and spatial coherence, consistently
with the expected benefits of a nematicon random laser.
When exploited in conjunction with nematicon steering and
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FIG. 3. Measured full-width half-maxima (FWHM) of the spectral emission
(see Fig. 4) versus energy of the pump pulses, for an ordinary (black circles
and lines) or extraordinary (red squares and lines) wave pump (a) in a bulk
interaction (no soliton), (b) in the presence of a collinear 5 mW nematicon.
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FIG. 4. Soliton effects on spectral emission, for a pump orthogonal to the
optic axis. (a) Emission spectrum with pump energy below threshold
(0.75 wJ), without (black) and with a 5 mW soliton (red). (b) Spectrum with
pump energy above threshold (1.2 4J), without (black) and with (red) a
5 mW nematicon: the latter shifts the wavelength peak and narrows the spec-
trum. (c¢) Emission spectra for a pump at 1.2 uJ and various nematicon pow-
ers. (d) Tuning of lasing efficiency (output intensity, squares) and spectral
width (FWHM, circles) versus nematicon power, for a pump at 1.2 pJ.

readdressing, these features can allow one to engineer ran-
dom lasing with increased spatial coherence and controlled
direction of emission.

In conclusion, we have designed and demonstrated a
nematicon-assisted random laser, where the graded index
region defined by the spatial soliton through reorientation
confines the emitted radiation and contributes to tune the
features of random lasing in terms of spectrum and overall
efficiency, as witnessed by changes in ff-factor, laser wave-
length, and linewidth. While these preliminary results are sen-
sitive to details of sample preparation and definitely subject
to improvement through a better control of beam alignment
and guest-host composition, they prove that the benefits of a
cavity-less random laser can be combined with those of an
optical control of scattering and diffraction by a light-induced
guided-wave geometry, towards better laser coherence and
directionality, narrower lines, and lower threshold with higher
slope efficiency. We plan to investigate additional properties
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FIG. 5. Measured spatial distribution of the random laser emission, imaged
with a microscope objective by translating a slit and filtering out near-infrared
and green light, with (red squares and line) and without (black circles and
line) a collinear 5 mW nematicon. The peak emission is at the wavelength
578.1 nm without soliton and at 573.9 nm with soliton, respectively.
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of nematicon random lasers and to derive a suitable model
accounting for the large number of lasing modes and their
competition in an extended and confined interaction region.
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We recently reported our experimental findings on the use of a passive Kerr-like nonlinear optical response, namely, reor-
ientational self-focusing and spatial soliton generation, in conjunction with optically pumped random lasing in nematic liquid
crystals (E7) doped with Pyrromethene dye (PM597)." In Ref. 1, for the emission spectra at pump energies of 0.75 uJ/pulse
(below threshold), we mistakenly used the wrong data and curves in Fig. 4(a). The amended figure (to replace Fig. 4 in Ref. 1)
is presented here. This correction does not affect the discussion of the results and the conclusions presented in the article.
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FIG. 1. Soliton effects on spectral emission, for a pump orthogonal to the optic axis. (a) Emission spectrum with pump energy below threshold (0.75 uJ), with-
out (black) and with a 5mW soliton (red). (b) Spectrum with pump energy above threshold (1.2 pJ), without (black) and with (red) a 5 mW nematicon: the lat-
ter shifts the wavelength peak and narrows the spectrum. (c) Emission spectra for a pump at 1.2 uJ and various nematicon powers. (d) Tuning of lasing
efficiency (output intensity, squares) and spectral width (FWHM, circles) versus nematicon power, for a pump at 1.2 pJ.
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Abstract: Spatial solitons can affect and enhance random lasing in optically-pumped dye-doped
nematic liquid crystals. Upon launching two collinear beams in the sample, the first to pump
the fluorescent guest molecules and the second to induce a reorientational soliton, strikingly the
second beam not only guides the emitted photons in the soliton waveguide, but also enhances the
lasing efficiency and modulates its spectral width. By altering the scattering paths of the emitted
photons, the soliton also contributes to the selection of the lasing modes, as further confirmed by
the observed kinks in the input/output characteristics. These experimental results demonstrate
that random lasing can be efficiently controlled by a light beam which does not interact with the
gain molecules, opening a route towards light-controlled random lasers.

© 2017 Optical Society of America

OCIS codes: (190.5940) Self-action effects; (190.6135) Spatial solitons; (160.3380) Laser materials; (160.3710) Liquid
crystals.
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1. Introduction

Random lasing occurs when disorder in an optically amplifying medium provides multiple
scattering events for emitted light, such that the resulting photon paths allow for amplification
and stimulated emission, even in the absence of an actual cavity [1]. Since its prediction [2]
and the first experimental demonstration [3], several efforts were devoted to obtaining random



lasing (RL), foreseeing the development of low cost coherent sources [4]. To achieve random
lasing, the significant scattering required from the active medium or the host was obtained in
powders [3,5,6], optical fibers [7], biological tissues [8] and liquid crystals [9-11]. At the same
time, the strong dependence of RL emission on environmental parameters offered unprecedented
opportunities to tune the lasing properties through, e.g., temperature control [12], concentration
of active molecules in host materials [13], grain size in powder systems [14], bias voltage [11,15],
spatial profile of the pump beam [6, 16]. By acting on the favoured scattering paths (equivalent
to tuning the cavity in standard lasers), it was possible to select lasing modes [17, 18] and lock
them [19].

Liquid crystals are mesophases possessing a finite degree of positional and/or orientational
order, due to their relatively weak intermolecular links [20]. In the nematic phase the positional
order is negligible, while the long axes of the oriented molecules are aligned in an average
direction, termed molecular director n and corresponding to the optic axis of the macroscopic
uniaxial material [21]. RL can be obtained in nematic liquid crystals (NLC) by doping them
with a pump-resonant active dye, as demonstrated in various systems [9,22]. The director
distribution in NLC can be adjusted by the application of electric fields [15], making them
excellent candidates for the tuning of random lasers.

Another important property of NLC is their nonlinear optical response, with a dominant
contribution from molecular reorientation through the torque provided by the electric field
of light on the dipoles induced in the elongated molecules. When all-optical reorientation is
produced by a finite size beam, the corresponding increase in refractive index for extraordinarily
polarized waves leads to self-focusing and eventually self-confinement, with the propagation of
an optical spatial soliton and the formation of a light-induced waveguide [23]. Spatial solitons
and their control in nematic liquid crystals ("nematicons") have been extensively reported in the
past two decades [23-31]; they form when a finite beam produces a graded director distribution
and refractive index profile with self-focusing balancing out linear diffraction [23]. Such light-
induced waveguides can confine co-polarized signals at other wavelengths [27], as well as
light emitted through fluorescence or spontaneous emission [31-33]; moreover, distinct regimes
allow for the effective synergy of diverse nonlinear responses in NLC and their mutual control
in the presence of solitons [34—36]. In this work we control the RL emission of a planar dye-
doped NLC sample exploiting all-optical reorientation to launch a soliton at a wavelength well
removed from the guest-host absorption resonance. We demonstrate that, in analogy to other
guiding geometries [37], the light-induced waveguide associated to a soliton can confine the
emitted photons in the extraordinary polarization [33,38], enhancing the overall lasing efficiency.
This approach to random lasing, combining a resonant light-matter interaction between the pump
and the guest-host with a non-resonant one supporting beam self-confinement via reorientation,
can be exploited for a novel generation of controllable cavity-less lasers.

2. Experimental setup and sample characterization

The sample we used in the experiments, sketched in Fig. 1(a) and similar to that previously used,
e.g.,in [24,33,38], consists of two parallel glass slides separated by Mylar spacers, surface treated
with polyimide to favor the NLC alignment at 6 = /nZ = x/4, thus maximizing the birefringent
walkoff of the equivalent uniaxial and the nonlinearity experienced by an extraordinary -wave
(e-) beam propagating with k parallel to 2 [30]. Two other thinner glass interfaces perpendicular
to z seal the cell and provide anchoring with n parallel to y in order to optimize the coupling of
radiation (input laser beam) into the extraordinary wave [24]. The cell is infiltrated by capillarity
with a mixture of the commercial E7 NLC with a 0.3wt% of Pyrromethene dye (PM597).
The latter dye is based on the fluoroboration of two pyrrole rings linked by a conjugated -
system chain, yielding the dipyrromethene-BF2 complexes also known as cyclic cyanine dyes;
it has a fluorescence quantum yield approaching unity and can lase more efficiently than other
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Fig. 1. (a) Sketch of the planar NLC sample. (b) Launch geometries in the principal plane yz,
with A; and A the amplitudes of the visible pump beam and the near-infrared solitary beam,
respectively. (c) Acquired photographs of fluorescence emitted e-wave photons without
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a co-polarized nematicon (bottom). The near-infrared was filtered out in the last case.
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Fig. 2. (a) Typical example of normalized emission spectra below lasing threshold, without
(black line) and with (red line) a collinear 3mW nematicon. (b) Same as in (a) but above
threshold, for an input pump beam polarized along x and energy E = 1uJ.



common dyes such as rhodamine, also because of the low T-T absorption capacity over the
lasing spectrum [9, 39]. A similar mixture, with absorption peaked around 530nm, has been
demonstrated to random lase in various configurations (wedge cells, drops, capillaries) and
allow for temperature tuning [9, 22, 40]. It has been proven that the optically-induced molecular
reorientation for wavelengths out of the dye absorption band is not affected by such a low
concentration of fluorescent guest molecules in the nematic host [41]. Thus, PM597-E7 is an
excellent guest-host system to investigate the interplay between the pumping beam and the
reorienting beam for conveying all-optically controlled random laser emission.

We employed two laser beams of different intensities and wavelengths to independently excite
the two nonlinear mechanisms, namely fluorescence/lasing and reorientation, focusing them at
the cell entrance through a microscope objective and additional optics to obtain comparable
waists wo ~ 4um at the input facet. A microscope imaged the out-of-plane scattered light into a
CCD camera, allowing for the acquisition of beam evolution in the principal propagation plane
yz. At the output, a spectrometer equipped with a 100um-core multimode fiber and a 100um
slit collected the emitted light and acquired the spectra. A continuous-wave near-infrared
(NIR) y-polarized Gaussian beam at 4 = 1.064um was launched in the cell to excite a
nematicon at powers P > 2mW, propagating with a transverse angular velocity (walkoff)
6 = arctan[e, sin 26/(e, + 2N + €, cos 20)] with respect to the wavevector (k parallel to 2) [24],
according to the initial director alignment, with €, = nﬁ —n? > 0 the optical anisotropy (N and
n, being the refractive indices for fields parallel and orthogonal to the optic axis, respectively).
We generated fluorescence and RL emission with a frequency-doubled Q-switched 6ns-pulse
Nd:YAG source at wavelength 532nm and 20Hz repetition rate.

The spectra obtained by pumping the material (in the absence of a NIR nematicon) with
either k along R (transverse geometry) or k parallel to 2 in the yz plane (principal plane of
the NIR beam) exhibited RL emission peaked around 576nm, non-collinear to the pump beam
owing to the optical anisotropy and to the randomness of the resonant feedback [9, 15]. Since
material anisotropy affects both the lasing efficiency and the emission polarization [15, 42],
the emitted light was an e-wave in the plane nz = j2 despite the pump polarization, whereas
the emission efficiency was maximum for a pump X-polarized perpendicular to the director, as
previously reported in [38] but at variance with [9]. This polarization dependence suggests that
the combined action of the two beams can yield efficient RL for an ordinary-wave (o-) pump
collinear with the e-wave soliton (Fig. 1(b), right), allowing the latter to confine the emitted
light in the waveguide region if a suitable input tilt compensates for the limited beam overlap
due to the angular walkoff of the soliton. The alternative configuration, an e-pump collinear
with and confined by the e-soliton (Fig. 1(b),left), would maximize the overlap of pump and
fluorescence in the nematicon region, but at the expenses of the resulting emission. Figure
1(c) shows the acquired pictures of (top) the emitted (green-yellow) photons, (middle) the NIR
beam featuring self-confinement and (bottom) the emitted (y-polarized) photons guided by the
nematicon waveguide.

3. Results and discussion

As described above, we co-launched two co-planar beams sharing one and the same direction
of their Poynting vectors in the medium, an ordinary (o-) polarized pump (visible) and an e-
wave nematicon (NIR), adjusting their waists and tilt in order to maximize the overlap between
the emitted fluorescent light and the green pump within the graded-index waveguide formed
by the NIR soliton. As we demonstrated earlier [38], light-induced reorientation alters the
scattering paths of the emission and limits diffraction, beneficially affecting the random lasing
characteristics. Typical emission spectra of the emitted light (single realizations) below and
above lasing threshold are shown in Fig. 2 with and without the presence of a NIR nematicon
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Fig. 3. (a)-(d)-(g) Input/output random lasing characteristics and (b)-(e)-(h) emission spec-
trum full-widths at half-maximum (FWHM) versus pump energy/pulse; (c)-(f)-(i) Emission
spectra versus wavelength at the used pump energies. (a-c) Results for the interaction be-
tween RL and a Pyjgr = 2mW nematicon (red symbols and line) compared to the case
without nematicon (black symbols and line): the soliton waveguide marginally affects RL
emission. (d-f) Same as (a-c), but for Pyyjg = 6mW: the NIR-induced confinement en-
hances RL, with a higher gain accompanied by spectral narrowing. (g-i) Same as (a-c), for
Pny1r = 14mW: the spectra further narrow down and a kink appears in the input/output
characteristic (g). Narrower profiles in (c)-(f)-(i) correspond to increasing pump energies.

collinear with the o-pump beam. To gain a better insight on the phenomenon, we acquired the
input/output characteristics as well as the output spectra of the generated radiation as we varied
both the pump pulse energy and the soliton power, as shown in Fig. 3 after averaging over
numerous (> 60) pulse realizations and employing a spectrometer with limited resolution (=nm)
in order to present and compare smooth (realization-independent) profiles. As a result, Fig. 3
the FWHM values are overestimated.

For Pyrr = 2mW nonlinear reorientation gives rise to an NIR spatial soliton but contributes
negligibly to the overall RL performance, as apparent in Figs. 3(a)—(c): the RL spectra without
(not shown) and with the nematicon exhibit marginal differences. Things change when the
soliton power increases as, e.g., for Pyyr = 6mW (Figs. 3(d)—(f)): soliton induced reorientation
features a higher RL efficiency and lowers the SB-factor (Fig. 3(d)), with a moderate narrowing
of the emission spectra as compared to the bulk case without nematicon (Figs. 3(e)—(f)).

Further increases in soliton power allow to access a the RL regime illustrated, e.g., in Fig. 3(g):
for Pyr = 14mW the input/output curve above threshold initially exhibits a higher gain, later
followed by a reduced slope at energies above E; =~ 1.25uJ where a "kink" appears. Consistently
with similar effects observed in other random lasing systems [43, 44], this behavior can be
attributed to the interaction/competition of several lasing modes in the large interaction volume
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Fig. 4. Input/output random laser characteristics for various soliton powers, with the corre-
sponding S-factors calculated at E = 1uJ and indicated in the legend. Neither the energy
threshold nor the kink location change with nematicon power. From bottom to top the curves
correspond to Pyygr = 0,2,6, 10, 12, 14, 16, 18mW, respectively.

defined by the cell length L, with a resulting saturation of the laser gain.

Figure 4 collates RL input/output curves versus pump energy for various NIR soliton powers,
up to Pyyr = 18mW; at powers of 18mW and higher, nematicons tend to become less stable and
exhibit trajectory fluctuations in the transverse plane. It is apparent that, although soliton-driven
reorientation does not affect the RL threshold energy E;;, ~ 0.7uJ, the transition to lasing gets
sharper and the slope of the laser intensity versus pump energy/pulse initially increases with
Pxnir. The corresponding enhancement factors S, calculated from the emission spectra before
(fluorescence) and after (RL) threshold at a pump energy E = 1uJ according to [45], are indi-
cated in the legend for various nematicon powers. Surprisingly, the kink remains approximately
positioned at E; ~ 1.25uJ and it only appears in the presence of the nematicon, which is likely
to trigger a more efficient mode selection. A quantitative estimate of the interaction between
the emitted photons and the pump, various scattering paths and their modulation by soliton
reorientation, are beyond the scopes of this paper and will be discussed in future work together
with a suitable model.

Figure 5 illustrates the role of nematicons on random lasing, graphing RL spectra for various
nematicon powers, as well as the corresponding FWHM and the peak emitted intensities (as
acquired by the spectrometer). At a pump energy E ~ 0.66uJ (Figs. 5(a)—(b)), below lasing

threshold, the presence of a soliton collinear with the pump does not produce dramatic changes,
I
with a moderate enhancement G = % ~ 2 due to improved photon collection and a

spectral narrowing S, = (FWHM;%‘;;];{I;V:HMPO)’ > (.25, as visible in Fig. 5(b). At energy

E =~ 1.0uJ (Figs. 5(c)—(d)), just above RL threshold, the gain enhancement is G = 5 with
narrowing §, ~ 0.62, i.e., FWHM dropping from 24 to 9nm. Finally, at energy E = 1.53uJ
above Ey (Figs. 5(e)—(f)), G ~ 8 with §; ~ 0.55.
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Fig. 5. Soliton assisted RL enhancement. (a) Emission spectra for nematicon powers from
Py1r = OmW (broadest) to Py;r = 18mW (narrowest) and (b) corresponding FWHM
(circles) and peak emission intensity (squares) versus soliton power Pp g, for a pump
energy E = 0.66uJ below threshold. (c-d) As in (a-b) but for E = 1uJ, above threshold.
(e-f) As in (a-b) or E = 1.53uJ, above the kink in Fig. 4.

4. Conclusions

We experimentally investigated the interaction between two nonlinear effects occurring in
dye-doped nematic liquid crystals, namely random lasing in scattering media and beam self-
confinement via a Kerr-like all-optical response. We demonstrated that an optical spatial soliton
is able to modify the lasing properties of the strongly scattering random medium, altering the
scattering paths and the resulting feedback available in the interaction volume. RL emission
is assisted and enhanced by solitons through both light guiding and scattering modulation, re-
sulting in gain enhancement, spectral narrowing and reduction in B-factor, mode selection and,
eventually, kinks in the input/output characteristic. This report introduces a guest-host system
where a passive nonlinear response (beam self-focusing and self-trapping) acts in synergy with
an active mechanism (optical gain and laser action) to yield all-optical control of random lasing
in the presence of strong disorder. Among the several advantages illustrated above with these
preliminary data, we pinpoint light-controlled emission using beams of different wavelengths
and intensities, an extended interaction volume with a large number of lasing modes, power-
controlled gain enhancement as well as spectral narrowing. Such features are promising towards
the implementation of nonlinearly adjusted light sources and processors.
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Random lasers are resonator-less light sources where feedback stems from recurrent scat-
tering at the expense of spatial profile and directionality. Suitably-doped nematic liquid
crystals can random lase when optically pumped near resonance(s); moreover, through
molecular reorientation within the transparency region, they support self-guided optical
spatial solitons, i.e., light-induced waveguides. Here, we synergistically combine solitons and
collinear pumping in weakly scattering dye-doped nematic liquid crystals, whereby random
lasing and self-confinement concur to beaming the emission, with several improved features:
all-optical switching driven by a low-power input, laser directionality and smooth output
profile with high-conversion efficiency, externally controlled angular steering. Such effects
make soliton-assisted random lasers an outstanding route towards application-oriented
random lasers.
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andom lasers (RL) are cavityless light sources!, versatile in

geometry, wavelength, and potential applications ranging

from imaging to cancer diagnostics?~4, but such advantages
are accompanied by poor spatial characteristics of the emitted
light®. The quest for output directionality and improved profile®
was previously addressed using, e.g., fibers”:8, microchannels’,
tailored pump!®, and nanostructures!!.

Weakly scattering nematic liquid crystals (NLC) with organic
dopants were used earlier for RL in thin cells, capillaries and free-
standing films, exploiting thermal and electro-optic responses to
adjust the emission wavelength and the efficiency!2-2!. NLC
consist of elongated molecules with orientational order along the
molecular director (optic-axis) n. Its thermal dynamics, through
fluctuations in the local dielectric tensor, cause anisotropic light
scattering®?, which can yield weak light-localization and feedback
for lasing in the presence of optical amplification. Common NLC
also exhibit birefringence and a large reorientational optical
nonlinearity?3, which supports self-guided beams—nematicons—
of linearly polarized light at mW-powers and over mm-
propagation distances?’. Owing to the nonlocal response of
such soft-matter, nematicons are stable three-dimensional optical
spatial solitons?%; in uniaxial NLC they are extraordinary waves—
which walk-off with the Poynting vector at a few degrees with the
wave-vector (Methods)?°—and operate as light-induced graded-
index channels for co-polarized signals of arbitrary
wavelengths?,

Hereby, we demonstrate that in dye-doped liquid crystals a
suitable combination of passive nonlinear optics—namely near-
infrared nematicons through self-focusing- and light-matter
interaction—namely lasing in random media with optical
pumping—can resolve a few crucial issues of RL. The investigated
soliton-enhanced random laser is highly efficient and exhibits a
smooth and directional emission, with output angle controlled by
external stimuli such as voltage; it can also be turned off/on by a

low-power near-infrared input. These novel features can poten-
tially boost the impact of soft-matter RL on photonics as well as
other areas where cavityless/tunable lasers are potentially rele-
vant, including cancer therapy, sensing, and speckle-free imaging.

Results

Nematicon-assisted random laser in liquid crystals. We used
the NLC host E7 with 0.3 wt% pyrromethene 597 (guest dye) in
planar cells to obtain random lasing in the initial (input) region of
a near-infrared nematicon. Figure la, b shows the sample geo-
metry and experimental setup. To generate a soliton in a 100 pm-
thick 2 mm-long planar cell containing the dye-doped NLC,
a continuous-wave (cw) beam at 1.064 um was launched along z
with electric field linearly polarized in the principal plane yz; n
was aligned in the same plane at 45° with respect to z as to
maximize the optical nonlinearity (i.e., reduce the power sup-
porting the formation of nematicons)?*?’. To pump the
guest-host medium, an ordinary wave (with electric field //x) 6
ns-pulse beam at wavelength 532 nm was co-injected along z. In
this configuration with molecular orientation defined by bound-
ary conditions at the interfaces (see Methods), a pump beam with
linear polarization orthogonal to n yielded the highest conversion
rate to fluorescence and forward RL emission?®, Pump pulse-
duration, repetition-rate (20 Hz) and energy prevented significant
reorientational and/or thermal nonlinear effects. Green and NIR
beams were focused in the same position with comparable waists
of 3 um, ie., a power density of 35.4 uW/um? per 1 mW cw NIR
input and a power density of 5.9 W/um? per 1yJ green input
pulse. The resulting fluorescence and stimulated emission in the
visible spectrum (around 580 nm) were co-polarized with—and
therefore confined by—the nematicon. Owing to birefringent
walk-off, the nematicon propagated in yz at an angle of about 7°
off z, see Fig. 1f. The soliton was not only able to collect and guide
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Fig. 1 Configuration and basic features of nematicon-assisted random laser. a Planar cell configuration and orientation. Here, the two wires allude to the
application of a bias voltage across the cell thickness (see Methods). The molecular director distribution n (optic-axis) is represented by blue ellipses.
b Sketch of the basic experimental setup, with green pulsed pump and continuous-wave near-infrared (NIR) lasers, microscope objectives (OBJ) to inject
and collect light, beam splitters (BS), polarisers (P), waveplates (4/2), notch filters (F; and F,), spectrometer (SM). ¢ Typical input-output random laser
characteristics for various soliton powers and an ordinary-wave pump, from the mean peak intensity. The legend indicates the input power of the near-
infrared nematicon. d As in ¢ but from the integrated variance 0,2 of the averaged spectra (see Eq. (9) in the Methods) over 200 gated acquisitions (in 100
ms windows), carrying out the analysis detailed in the Methods. The error bars in € and d correspond to standard deviation over 200 acquisitions.

e Photograph of emitted random laser light in the yz plane for a pump energy E = 0.55 pJ, without nematicon. f As in e but in the presence of a 6 mW
nematicon (the near-infrared was filtered out). The scale bars indicate a length of 500 pm
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fluorescence and stimulated emission due to pumping within the
guest-host absorption spectrum, but also to affect the evolution
of lasing modes in the longitudinally extended volume®, enhan-
cing both RL directionality and profile. While some preliminary
results on RL slope efficiency and spectral narrowing were
reported earlier?®2%, some salient basic features of soliton-aided
RL are presented in Fig. lc-f with reference to samples investi-
gated hereby.

Due to randomness of the system and the substantial pedestal
provided by fluorescence and amplified spontaneous emission
(ASE), the lasing peaks emerged from the latter background, as
typical of RLs. We first extracted the maximum intensity counts
from each acquired emission spectrum, Fig. lc, with lasing
threshold at energies around 0.48 uJ and slope efficiency clearly
improved by nematicons. Such threshold could not be retrieved
when calculating the average intensity (I, Methods) integrated
versus wavelength over several gated spectral acquisitions
(Supplementary Figure 3). Hence, we resorted to the statistical
analysis of the intensity variance o7 (sensitive to fluctuations), as
summarized in the Methods. This approach yielded the in-out
curves Fig. 1d, where a threshold can be readily appreciated and
matches the one in Fig. lc.

Figure 2 displays the emitted spectra averaged over several
gated acquisitions and collected at the output (after propagation
along z) with/without nematicons of various powers co-launched
with the pump below/above RL threshold. This illustrates the
transition from fluorescence to ASE to random lasing: the effect
of the nematicon is negligible at low energies, as the waveguide
simply increases the collected fluorescence or ASE%; its role,
however, becomes pronounced at higher pump energies,
contributing to narrower multihump spectra and more intense
lasing peaks. The transition (vs. energy) from the ASE stochastic
spikes to the RL lasing peaks is boosted by the all-optical
waveguide, which affects multiple scattering and shrinks the
overall spectra in the pumped region near the sample input. As
observed in ref.> and further reported in ref.?!, the lasing peaks
emerging from various realizations presented random amplitudes,
but remained regularly spaced vs. wavelength when averaging
over large numbers of pump shots (up to 200 gated measure-
ments in 100 ms windows). Their separation suggests an
equivalent cavity =130 um long, comparable to the extent of the

conical region where the pump is absorbed, as observed (via out-
of-plane light diffusion) from above the cell (Fig. le). This
appears consistent with weak scattering close to the regime of
under-coupling (i.e., a cavity much shorter than the nematicon),
although it was not experimentally ascertained as higher pump
energies (needed to lengthen the cavity) induced bleaching and
saturation?’, to be further investigated. The negligible change in
frequency spacing versus soliton power pinpoints the role of
absorption in limiting the extent of the effective resonator’,
enabling stimulated emission only in the initial fraction of the
pumped volume.

Spatial profile and efficiency of random laser. The transversely
localized RL spikes within the NIR nematicon tend to evolve
along the waveguide, resulting in smoother profiles than the hot-
spots commonly observed in thin samples'>1%17, Figure 3 shows
typical RL output profiles, without/with a co-propagating nema-
ticon. In the first case, RL light yields a diffuse pattern with low
intensity; in the second case, instead, the emitted radiation
remains essentially confined within the NIR-induced light chan-
nel. In essence, the (nonorthogonal) RL modes evolve and walk-
off along the extraordinary wave soliton (Fig. 1f), interacting
within the all-optical waveguide and roughly resulting in a bell-
shape3l. Conversely, in backward-emission experiments with
light collected as it back-propagated out of the bulk toward the
input, typical RL profiles were qualitatively different and exhib-
ited several hot-spots (Supplementary Figure 5). Exploiting the
achieved beaming of this random laser, in Fig. 3¢ we present the
measured output energy vs. pump input energy above threshold,
for various NIR nematicon powers. The measured values, aver-
aged over 200 shots and corrected for Fresnel losses of the pump
at the input interface (=4%), Fresnel losses of the emitted light at
the output interface (=4%), and at the optical elements (=17.6%)
before the detector (F;, F,, OBJ, in Fig. 1b), yield input/output
conversion efficiencies as high as 2.62% when pumping at 0.6 pJ/
pulse and co-launching NIR solitons at 6 mW, a substantial figure
when considering the propagation losses over the 2 mm-long
sample. Assuming scattering and absorption losses close to 6.95
cm~! at visible wavelengths in the host NLC32, in the limit of a
random laser with soliton propagation within the actively
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Fig. 3 Directional random lasing. Random lasing observed at the output facet of the sample, in the plane xy, for pump pulses above threshold, E = 0.55 pJ.
a Emitted light without a co-launched nematicon; b emitted light in the presence of 6 MW nematicon (the near-infrared was filtered out). The white dashed
circle indicates the position of the input beam, launched with wave-vector parallel to z. The lateral displacement of the random laser spot is due to soliton
walk-off in the plane yz. The scale bars refer to a length of 100 pm. € Output random laser energy versus pump energy/pulse above threshold for various
near-infrared nematicon powers. The measured values are averaged over 200 samples and corrected for Fresnel reflection losses due to filters, lens, and
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Fig. 4 Soliton switching of random laser. Emission spectra gated over 100 ms, obtained without (black lines) and with a co-launched 6 mW nematicon (red
lines) when the pump energy per pulse (in the absence of near-infrared input) is a below threshold (E = 0.45 pJ), b almost at (E=0.48 pJ), ¢ above

threshold (E=0.55pJ)

pumped region of =130 um (see above), then the extrapolated
conversion efficiency reaches a remarkable 9.62%. Such a high
figure in organic soft-matter compares well with those measured
in Sulforhodamine B with TiO,33.

Transistor-like operation of nematicon random laser.
Remarkably, in nematicon-assisted RL we could all-optically
increase photon collection as well as pump-matter interaction
and bring the system above threshold, turning-on the laser with
continuous-wave NIR. Figure 4 shows 100 ms-gated emission
spectra collected for pump energies well-below, almost at
and above threshold in the presence of (red lines) or without
(black lines) a 6 mW NIR nematicon, respectively. When inject-
ing the latter in the system below threshold, no appreciable
changes could be observed in the spontaneous emission (Fig. 4a);
above threshold (Fig. 4c) the nematicon induced spectral shift
and narrowing, with the appearance of more numerous and
intense lasing peaks; almost at threshold (Fig. 4b) the soliton
switched-on the RL, demonstrating a remarkable means to
modulate the RL operation by a low-power nonresonant input
and so realize a random transistor-laser (see also Supplementary
Figure 4). Noteworthy, this all-optical switching does not rely on
absorption and photothermal response!?, but only on the linearly
polarized NIR beam able to launch reorientational solitons.

Angular steering of the random laser emission. Nematicons are
light-induced waveguides whose trajectories can be deviated by

external stimuli acting on the director distribution%. This allows
steering the directional RL emission at will and beaming it to
various output destinations. To demonstrate this in a simple case,
we used thin film electrodes to apply a voltage across the cell
thickness x in order to alter the principal plane yz of soliton
propagation and its observable walk-off?°. Figure 5a, b compares
the RL emitted streaks along the observation plane yz for V=0V
(Fig. 5a) and V =2V (Fig. 5b), respectively, when pumping above
threshold. As V increases, the director realigns toward x and the
nematicon changes direction and moves toward an ordinary-
wave configuration with Poynting vector S//k//z, with a vanishing
walk-off (Supplementary Figure 2). Although the vector S evolves
on the surface of a cone (with axis in yz and apex angle defined by
the initial walk-off, see Methods and Supplementary Figure 2),
the RL streak gets steered from 7° to nearly 0° as graphed in
Fig. 5f, with an overall y-displacement of about 245 um at the
output. The photographs in Fig. 5¢, d show the RL output profile
for V=0 (Fig. 5c) and V=2V (Fig. 5d), respectively. The RL
light diffusing out of the soliton at high voltage is attributed to the
interplay of electro-optic reorientation and scattering at the cell
entrance where boundaries play a stronger role; moreover, as the
fixed-power nematicon evolves versus voltage towards an
ordinary-wave configuration (S//k), it becomes progressively less
confined/confining as the associated waveguide has a lower index
contrast. Correspondingly, the emitted RL spectra exhibit lower
peak intensities, as apparent in Fig. 5e. Despite the fact that the
angular steering was not optimized for in-plane re-addressing,
these results demonstrate a directional RL emission, with pointing
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Fig. 5 Controlled steering of soliton-assisted random laser emission. a Random lasing within a 5 mW near-infrared soliton, with walk-off at 7° in the plane
yz in the absence of voltage bias. b Random lasing within a 5 mW near-infrared soliton, with vanishing walk-off at a bias V=2 V. The scale bars in a and
b indicate a length of 500 pm. ¢ Output random laser spot in xy for V=0V, corresponding to a. d Output random laser spot in xy for V=2V,

corresponding to b; the white dashed circles in € and d indicate the direction of the input wave-vector, the scale bars correspond to 100 pm. e Random laser
emission spectra acquired at the 5 mW nematicon output for various applied voltages. f Measured (symbols with error bars, s.d.) and calculated (solid line)
walk-off versus applied voltage (see Eq. (5) in the Methods). The error bars (in s.d. units) are computed over 25 acquisitions and the pump energy per

pulse is well above threshold

control adjusted by external stimuli such as voltage. Effective RL
beaming can also be achieved by adopting alternative strategies to
modify the nematicon trajectory within the principal plane yz of
propagation. These include inter-digitated electrodes on the pla-
nar interfaces®4, external light beams altering the director dis-
tribution?*, magnetic fields>>. The latter approach, in particular,
allows doubling the overall angular swing by rotating the mag-
netic field in yz around x.

Discussion

We have designed, investigated, and reported a random laser in
light-sculpted dye-doped NLC, whereby the synergy of the non-
resonant reorientational nonlinear response with optical gain and
weak scattering enables cavityless soliton-enhanced laser emis-
sion. Besides the high-conversion efficiency and spectral nar-
rowing, this soft-matter laser system entails all-optical low-power
switching, emission directionality with smooth profile and
pointing control by external stimuli, thereby introducing soliton-
adjustable NIR-controlled RL.

These results demonstrate the benefits of suitably combining
diverse nonlinear optical responses; they also solve some RL
vexing issues, specifically poor directionality and profile. We
foresee this synergistic route to impact on practical resonator-less
lasers in disordered weakly scattering soft-media.

Methods

Samples. Planar glass cells, 100 um thick (x) 30 mm wide (y) and 2 mm long (z),
were prepared with Borosilicate glass slides equipped with Indium Tin Oxide (ITO)
thin film electrodes; the slides were subsequently spin-coated with polyimide and
mechanically rubbed to ensure planar anchoring of the molecular director in the
plane yz at 45° with respect to z, with a slight pretilt <2° to prevent the insurgence
of the Freedericksz transition threshold and its angular degeneracy>° vs. applied
voltage. Spacers were inserted to define the thickness. Glass microscope cover slides
160 um thick were glued orthogonally to z in order to seal the cell and so define
input and output facets. These extra interfaces prevented the formation of NLC

menisci and uncontrolled light depolarization; they were also coated with poly-
imide and rubbed along y to optimize the coupling of y-polarized electric fields to
extraordinary waves in the NLC?7. A mixture of commercial E7 (Merck) and 0.3 wt
% Pyrromethene 597 dye (Exciton) was introduced to fill the cell by capillary
action. For the host medium at 1.064 um the elastic constants for splay and twist
deformations are K; =11.7 pN and K; = 19.5 pN, respectively; the refractive
indices along the principal axes are nj = 1.7landn, =1.52.

Experimental setup. A frequency-doubled Nd:YAG laser operating in Q-switch at
20 Hz, 532 nm, and 6 ns pulses was the pump source; a NIR continuous-wave laser
at 1.064 um was the spatial optical soliton source. Waveplates, polarisers and a
microscope objective were employed to focus and co-launch the orthogonally
polarized (green and NIR) beams in the midplane (x = 50 um) of the cell, avoiding
reflections from upper and lower interfaces. Fluorescence and laser emission, as
well as the NIR beam were imaged by NLC light scattering out of the observation
plane yz and also in the transverse plane xy at the cell output, using optical
microscopes and high-resolution CMOS cameras. A fiber-equipped spectrometer
(Ocean Optics) was used to collect and spectrally resolve the emitted light, with a
resolution of 0.15 nm; a Si-detector allowed measuring the random laser emission.
Additional filtering elements were introduced whenever appropriate to eliminate
pump and NIR light (see also Fig. 1b). A voltage bias from a 1 kHz generator could
be applied across the cell thickness through the ITO electrodes. The AC voltage
supply prevented undesired NLC convection and static charge effects.

Model. In the reference system xyz indicated in Fig. 1, the propagation of extra-
ordinary polarized light beams in an anisotropic nonlinear material obeys a non-
linear Schrédinger-like equation:

2in, (Go)ko

2
+ tan 8(90)6—} oA

| +D —+k2An (6, 9)A (1)

oz 7 9y?

where A is the magnetic field envelope in the slowly varying amplitude approx-
&, sin(26)

&, +2¢e; +¢, coos 26,) the walk-off
angle (e, = nﬁ — n? is the optical anisotropy) at the orientation 6, between k and n
at rest, D, the diffraction coefficient along the y direction (sample width), and
An, (6, ¢) the extraordinary wave refractive index potential well due to the non-
linear reorientation ¢. The latter reorientation can be evaluated from the
Euler-Lagrange equation?3243% modeling the competing contributions of the
driving field (light beam in our case) and the restoring elastic forces in the NLC,

imation, ko the vacuum wave number, §(6,) = arctan
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resulting in the reorientation equation:

2
&€, 25

2 [ —
Vo 4K n2(6,) cos? &

sin[2(6 — 0)]|A*=0 (2)

where 0= 60, + ¢, K is the elastic Frank constant in the single elastic constant
approximation (K= K; = K3 = 12 pN), &, the vacuum dielectric constant, Z, the
vacuum impedance. Thus, starting from 6, and the forcing field, Eq. (2) determines
the director orientation and the refractive index distribution to be considered in Eq.
(1).

Equations (1) and (2) do not have—in general—exact soliton solutions®”-3, but
when integrated numerically with proper boundary conditions, they support
reorientational spatial solitons in NLC—nematicons—with a nondiffracting
transverse profile corresponding to the normal mode of the nonlocal graded-index
waveguide described by An, (6, ¢)>40. An example of the calculated evolution and
profile of a near-infrared nematicon with the corresponding graded-index
waveguide is provided in Supplementary Figure 1.

The Euler-Lagrange equation for the molecular director3®, combined with the
divergence-free condition for the electric displacement field, allows one to evaluate
the voltage-driven elevation angle ) of the optic axis n from the plane yz of the cell:

) v ) dndv
[(¢5F + Aeyy) sin? () + €' cos? ()] 2 e sin(27)) il (3)
&y eghey (AV\? .
5 () snen =0 @

with V the applied low-frequency (LF) bias, €}"and Ae; . the dielectric constant (for
electric field perpendicular to the optic-axis) and the dielectric anisotropy,
respectively. In this case the integration is performed along the direction x of the
applied electric field and the resulting angular distribution of the molecular director
n provides the refractive index landscape in which the beam propagates®2°.

As the voltage is uniformly applied between the planar parallel (ITO) electrodes,
the molecular director n is pulled out of the alignment plane yz toward the vertical
axis x, resulting in a rotation of the principal plane. Note that the injected
nematicon remains an extraordinary wave as it adiabatically evolves in polarization
through the transition region close to the input interface?!.

For a given 5(V), the corresponding angle between k and n(V) becomes
y = arccos(cos 77 cos 6 ), with the consequent angular steering of the Poynting
vector S of the NIR soliton (yellow arrow in Supplementary Figure 2) and of the
guided random laser emission, as seen in Fig. 5. It is straightforward to derive the
projection of the voltage-dependent Poynting vector on the observation plane yz
and compute the solid curve of the observed walk-off:

tan § cos i ) )

a=arctan| —
/1 + sin? 7 cot? 6,
as plotted in Fig. 5f.

Statistical analysis of the emission spectra. Random lasing emission in an
extended system exhibits characteristic fluctuations. Specifically, the lasing modes
emerge from the fluorescence/ASE background as spectral peaks at certain wave-
lengths (see, e.g., Fig. 2, Fig. 4, Supplementary Figure 4), where the intensity varies
from shot to shot. The onset of lasing is therefore associated to deviations of the
intensity from its average at a given wavelength and can be quantified by the
corresponding variance?2.

To analyze the emission properties of the NLC random laser, we calculate the
average intensity and the variance over N output spectra, defined as

N
0 =3 > L), ©)
k=1

) = 5 > (L) ~ 1)), )
k=1

respectively, at a specific wavelength A. It is important to note that ¢?(1) = 0 only
for a constant spectrum over its recorded values. Sample data of the quantities (6)
and (7) above are shown in Supplementary Figure 4 vs. wavelength for various
pump energies and nematicon powers.

Furthermore, in order to gain insight on the global operation of the random
laser, the average intensity and the variance can be integrated over the spectrometer
response window. This approach allows one to study the system behavior over the
whole spectral window AA = A, — A, measuring the integrated average

intensity and integrated variance, respectively, defined as:

I o
1=EA I(V)da, 8)

min

1 o
ﬁzﬁA 2(V)d). 9)

min

Since well-defined spikes above the fluorescence/ASE pedestal characterize the
transition to lasing threshold, another useful parameter is the mean intensity
maximum computed as:

- 1 &
L = N;m;xlkm. (10)

As random lasing cannot be completely separated from ASE and fluorescence
contributions, the integrated average intensity I (plotted in Supplementary
Figure 3) does not exhibit a clear threshold even after the laser onset*2, despite the
presence of spikes above a certain pump level (see Fig. 2). The integrated variance
Eq. (9), however, is remarkably sensitive to the emergence of spectral features,
including fluctuations in the lasing peaks. Hence, it manifests a threshold as it
appears in the mean peak intensity I, (see Fig. 1c, d).

Data availability

The datasets generated and analyzed during the current study are presented in this
published article (and its Supplementary Information) in aggregated form as figures/
graphs and are available from the corresponding author upon reasonable request.
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Beaming Random Lasers with Soliton Control
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Figure 1. Simulations of a near-infrared nematicon in standard nematic crystals

a 4 mW soliton intensity evolution in the observation plane yz, for typical launch conditions of a
Gaussian beam of 3.6 um waist with input wave-vector along z_in a lossless_nematic liquid crystal
(E7) with molecular director n = n(0, =n/3, ©/6) at rest and thickness 60 um. b Self-confined beam
profile in the output transverse plane after propagation for 5 mm; ¢ corresponding graded refractive
index distribution in xy. For simplicity, linear birefringent walk-off was factored out from the model

equations, hence it is not visible in these plots. The colour bar is in normalized (intensity or index)

units.



Figure 2. Voltage-controlled steering

Artist’s sketch of the angular steering produced on a nematicon beam/waveguide by the application
of a voltage V along X, as the latter increases fromaV=0VtobV=12VandtocV>25Vina
standard nematic liquid crystal cell with director n (violet arrow and ellipses) initially at 45° in the
yz plane. The labels o and e stand for extraordinary and ordinary eigen-polarisations in he uniaxial
medium. The walk-off, i. e. the angle between the Poynting vector S (yellow arrow) and the wave-
vector k (red arrow), progressively reduces as V increases until S and k become collinear in c. The

measurable angular steering stems from the projection of S in the observation plane yz.
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Figure 3. Integrated average intensity | versus pump energy for various nematicon powers
The intensity spectra of the emitted light are averaged over 200 single-shot realizations (pump
pulses) and integrated versus wavelength, according to Eq. (8) in the Methods. The legend indicates
the power of the launched near-infrared nematicon. No threshold can be appreciated versus pump

energy (at variance with Fig. 1c-d in the main text).
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Figure 4. Average intensity and variance of the emission spectra over 200 realizations
Emission average intensity and variance are plotted versus wavelength and arranged in rows of
equal pump energy and columns of equal near-infrared nematicon power. a Pump energy E = 0.43

wl: b E=0.45pd; cE=0.48 wJ; d E =051 uJ; e E = 0.61 .
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Figure 5. Forward and backward random laser emission profiles
a Single shot realizations of forward random laser emission profile after propagation in the nematic
liquid crystal cell in the presence of a near-infrared soliton. The illuminated slab corresponds to the

nematic liquid crystal sample, 100 um thick. b Single-shot realizations of backward random

laseemission profile. The pump energy was E = 0.8 pJ and the input nematicon power P = 6 mW.
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Using an external magnetic field, we demonstrate in-plane angular steering of a green pumped
random laser in dye-doped nematic liquid crystals, where a near-infrared reorientational spatial sol-
iton provides a smooth output profile with emission in a well-defined direction. By varying the
orientation of the applied magnetic field, the soliton-guided random laser beam can be steered over
an angle as large as 14°, corresponding to a transverse displacement of 0.49 mm at the output facet
of a 2 mm-long sample. Published by AIP Publishing. https://doi.org/10.1063/1.5052272

Random lasing occurs in disordered media with optical
amplification when recurrent multiple scattering enables pos-
itive feedback.'” Since its prediction® and first demonstra-
tion,* several efforts were devoted to obtaining random
lasers (RLs) in various media>® with a broad range of emis-
sion wavelengths.”* Common RLs, however, emit light in a
poorly controlled fashion in terms of directionality and out-
put beam quality, hampering their applicability.” In this sce-
nario, several approaches were undertaken to obtain
directional RLs in various systems, including, for example,
hollow-core  optical waveguides,'® engineered pump
beams,l 112 and optical fibers and nanostructures.' >

Liquid crystals are mesophases with intermolecular
links which favor self-assembly. In the nematic phase, posi-
tionally disordered rod-like molecules have their long axes
aligned, on the average, along the molecular director n or
optic axis. The spontaneous dynamics of the molecular direc-
tor leads to fluctuations in the local dielectric tensor, which
in turn gives rise to anisotropic light scattering.'® When
excited by intense light beams, nematic liquid crystals
(NLCs) can also support stable spatial solitons (nematicons)
through re-orientational self-focusing.'”'® NLCs behave as
uniaxial crystals, and nematicons are extraordinary-wave
beams self-confined by a graded index waveguide; such soli-
tons can guide co-polarized signals of arbitrary wavelength.
Nematicons propagate in the principal plane kn at a walk-off

angle 6 with respect to the wave-vector k, being tan d(0)
_ (nﬁfni)sinOCOSO
- ni+(nﬁ —n*) cos?0?
for electric fields parallel and orthogonal to the molecular
director, respectively, and 0 is the angle between k and n."”
The trajectory of a nematicon can therefore be modified by
external stimuli acting on the director distribution,”* % as
long as it deviates from the initial arrangement.”** Even an
external magnetic field can reorient the director and effec-
tively control the soliton trajectory.”’

When suitably doped with dye molecules and optically
pumped within the absorption region, NLCs have been
reported to random lase with good conversion efficiency.?**
In this context, nematicons have been used to collect the gen-

erated fluorescence and the amplified spontaneous emission.”’

where n) and n, are the refractive indices
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Recently, we reported a nematicon random laser with colli-
nearly launched pump and soliton, with enhancement of lasing
efficiency, directionality, and spectral emission.”™" In this
letter, we present the first example of a magnetically routed
random laser in dye-doped nematic liquid crystals, whereby
the active medium itself is altered to yield an angular devia-
tion of the Poynting vector.

Our sample was a planar glass cell, 3 cm wide, 100 um
thick, and 2mm long, filled with the standard E7 (Merck)
mixture doped with 0.3 wt. % Pyrromethene (PM597). The
interfaces were mechanically treated to produce homoge-
neous alignment of the molecular director in the yz plane at
45° with respect to the input normal and the input beam
wave-vector k (Fig. 1).*° The experimental setup included
two laser sources, a pulsed one operating at a rep-rate of
20Hz as the pump, with 6ns pulses at the wavelength of
532nm, and a continuous-wave one exciting the nematicon
at the near-infrared (NIR) wavelength of 1.064 um. Both
beams were gently focused using a microscope objective to
comparable waists of about 3 um at the cell entrance. The
light evolution in the observation plane yz was imaged

through scattering wusing a microscope, whereas a
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FIG. 1. (a) Sketch of the experimental setup (BS: beam splitter, OBJ: objec-
tive lens, S: sample, and SM: spectrometer) and (b) NLC planar sample (not
in scale) with pump and NIR beams, nematicon, and emitted light. (c) and
(d) Relative orientation of the magnetic field and cell (top view) for two lim-
iting cases 0,, = —50° and 0,, = 0°, respectively. (e) Input-output random
laser characteristics (single-shot peak values averaged over 200 pulses)
without (black line and dots) and with a NIR nematicon (blue line and dots).

Published by AIP Publishing.
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spectrometer (A4 = 0.15nm) and a CCD camera resolved
the emission spectrum and transverse profile at the output
facet (xy plane) of the cell, respectively.

We launched orthogonally polarized NIR and green
pump beams co-injected at the cell entrance. The NIR gener-
ated a stable spatial soliton, while the pump produced RL
emission around 580 nm,31 confined by the nematicon into a
smooth transverse profile and directed to the output along
the inherent walk-off 6. The experimental setup, the NLC
sample and its optical configuration, the input output character-
istics of this random laser without/with a nematicon, and two
examples of the magnet-cell orientation are illustrated in Fig. 1.
When pumping the guest-host material, the emitted light was
polarized as an extraordinary wave; above the lasing threshold
[see Fig. 1(e)] and in the presence of a NIR nematicon, the RL
emission was therefore confined within the spatial soliton and
beamed along the walk-off angle ¢ = 7°, corresponding to the
calculated value with nj=1.71 and n, = 1.52.3931

Taking advantage of the magnetic response of
NLCs,*>?? the initial (homogeneous) orientation (0 = 45°)
of the molecular director with respect to k//z could be modi-
fied by the application of an external magnetic field coplanar
with k and n. To this extent, we placed a cylindrical perma-
nent magnet (diameter 25 mm) mounted on a rotation stage
(rotation around x) with yz translation close to the output
facet of the sample [see Figs. 1(c) and 1(d)]. The magnetic
field strength at about 2 mm from the cell was ~0.23 T, large
enough to reorient the NLC in the whole volume of interest
despite its spatial distribution and the cell size. The angle 0,
between the magnetic field vector and z determined the
walk-off 6 = 6(0) with 0 = 0,,,.

In order to steer the soliton-guided RL beam, we applied
the magnetic field and varied its angular direction with
respect to z in the yz plane. As the magnetic field forces the
molecular director to reorient at an angle 6 = 0,, in the bulk
of the NLC sample (away from the planar boundaries), the
input NIR beam remains an extraordinary wave and the
resulting walk-off experienced by both the NIR soliton and
the RL emission gets modified. By varying 0,, from —50° to
+50°, the walk-off in the used guest-host with E7 was
expected to vary from —7° to +7° for near-infrared light.
Typical experimental results for the RL beam evolution
when pumping above threshold (>0.48 pJ) are illustrated in
Fig. 2 for various 0,,, where the NIR and pump components
have been filtered out. The photographs show the RL emis-
sion produced by a pump at 0.6 pJ/pulse and guided by a 7
mW nematicon waveguide along the walk-off associated
with magnetic field orientation. The measured propagation
angles within the plane yz are in perfect agreement with the
calculated values, as apparent from the graph in Fig. 3. It is
noteworthy that as the walk-off approaches zero for 0,, — 0,
the nonlinearity tends to vanish as well, resulting in an all-
optical waveguide with progressively lower index contrast.**

We also acquired photographs of the magnetically
routed RL beam at the output of the NLC cell, with the
exception of the case 0,, = 0 when the magnet eclipsed the
beam. Sample results are displayed in Fig. 4 for 0,, = =50°.
It is apparent that soliton confinement provides beam-like
features to the random laser emission,” whereby its output
spot is much smoother than in previously reported RLs. As

Appl. Phys. Lett. 113, 121107 (2018)

FIG. 2. Photographs of the RL emission along a 7 mW nematicon in the yz
plane for various magnetic orientations 0,, from top to bottom 0,, = —50°,
—30°, 0°, +30°, and +50°, respectively. NIR light and pump light were fil-
tered out.
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FIG. 3. Measured (squares) and calculated (solid line) RL walk-off angles ¢
for various 0,, values.
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the nematicon is magnetically steered, the RL output profile
remains essentially the same as it moves in-plane with an
overall transverse displacement of about 490 um across y
and without shifts in the orthogonal transverse direction x, at
variance with electro-optic steering with a voltage applied
across the sample thickness.”**

Since at rest (in the absence of an external magnetic
field) the optic axis n of the NLC is pre-aligned according to
the boundary conditions at the treated glass plates forming
the cell, we measured both the response time of the RL beam
towards the magnetic vector and the relaxation time back to
the original configuration. In the absence of the magnetic
field (0 =45°), the RL beam propagated at é ~ +7°; applying
a magnetic field at 6,, = —50°, the measured time needed for
the RL beam to reach § ~ —7° was about 60 s. Conversely, a
time interval close to 200 s was required for the RL beam to
relax to its original trajectory (i.e., from d = —7° to d = +7°)
after the magnet was removed. This slow time response can
be ascribed to the large thickness of the anchored NLC and
to the modest amplitude of the magnetic field.

Finally, we acquired the output RL emission spectra for
various magnetic field orientations. Figure 5 illustrates the
results after averaging over 200 single-shot pump realiza-
tions, for symmetrically chosen 6,, values. The averaged
emission spectra corresponding to symmetric orientations of
the magnetic field values are essentially the same despite the
random nature of the emission. This confirms that complete
reorientation of the NLC director was accomplished despite
the initial anchoring at the boundaries. For 0 =0,, close to
zero, the observed small reductions in RL emission are asso-
ciated with the soliton waveguide being less confining and
therefore™ less effective in collecting RL emitted light. In
all cases, however, the averaged spectra exhibit regularly
spaced RL peaks, suggesting the role of an effective cavity
about 130 um long, related to the pump absorption length.®
The spectral influence of transverse geometric resonances
within the light-induced waveguide remains to be
ascertained.

In conclusion, by combining a NIR soliton with collin-
ear pumping in dye-doped NLCs, we demonstrated in-plane
magneto-optic steering and beaming of a random laser in a
planar cell. We managed to steer the random laser emission
over 14° while maintaining the RL beam in the observation
plane yz. The spectral features indicate that the magnetic
field was effective in reorienting the NLC director in the
bulk of the sample without hampering the key properties of
the random laser.
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FIG. 4. Single shot photographs of the RL emission at the cell output in the
plane xy for (a) 6,, = +50° and (b) 0,, = —50°. The white dashed circle indi-
cates the direction of the input wave vector k//z.
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FIG. 5. RL emission spectra averaged over 200 single-shot realizations for
various 0,, values, as indicated.
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