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Grupo de Láseres y Materiales Fotónicos
Departamento de F́ısica Aplicada I

Escuela de Ingenieŕıa de Bilbao
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Summary

Random lasers are systems able to generate laser light above a certain pumping
threshold thanks to the multiple scattering processes that can create enough ampli-
fication to compensate the losses. Although, unlike traditional lasers, they have no
cavity they still present laser modes determined by the multiple scattering of the
random dielectric structure. They have been studied since the 1990s in very diverse
materials, and can present two different configurations: they are composed by either
a gain medium with added scatterers or a medium with scatterers which have gain.

Among random lasers one category known as diffusive random lasers attracts
special attention. Nevertheless, the understanding of some of their features remains
a challenge. In this thesis we study the emission properties and modal dynamics of
two different materials, a di-ureasil doped with Rhodamine B and neodymium doped
crystal powders, and the dependences of the emission features on the experimental
configuration and material properties such as concentration and grain size.

The spatiotemporal dynamics and spatial coherence of the Rhodamine B doped
di-ureasil under one and two photon pumping is analysed thanks to a spatial filtering
method to allow for mode selection. A streak camera provides time and wavelength-
resolved images of single shot measurements of both the pump pulse and the sample
emission.

We also present a detailed study of the emission of several Nd3+ stoichiometric
and low-doped powders and explore their laser slope, threshold energy, absorption
and the spatially integrated pulse dynamics.

Lastly, we explore two applications of the studied phenomena. On the one hand,
we study the suitability of Nd3+ doped powder samples as NIR source for speckle-
free imaging and, on the other hand, the cooling of discrete regions by anti-Stokes
processes of Nd3+ doped oxysulfide powders.

This thesis is the result of a four-year doctorate in the Escuela de Ingenieŕıa
de Bilbao of the Basque Country University (UPV/EHU) under the supervision of
Prof. J. Fernández and Prof. I. Iparraguirre and has been supported by a FPI grant
of the MINECO (Spanish Government).

The work described in this thesis has been published in the following papers and
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Chapter 1

Random lasers: Background and
current status

1.1 Introduction

Random Lasers (RLs) generate laser light above a power threshold by the light
scattering induced by disorder and mediated by random fluctuations of the dielectric
constant in space. In these systems, multiple scattering can keep light long enough
inside the material so enough amplification can compensate the losses leading to the
clamping of the population inversion, and therefore of the gain, around threshold.

In traditional lasers the cavity determines the modes of the laser, the frequency
and directionality. Scattered light from a particular lasing mode can form a new
mode and amplified by stimulated emission if the feedback overcomes the losses of
the system. This is what allows lasing in random media [1] and what makes multiple
scattering determine random laser modes.

Ambatsumyan et al. proposed in the 1960s a new type of laser with nonreso-
nant feedback based on reflection off a highly scattering surface. They proposed
several configurations of multimode cavities in which nonresonant feedback condi-
tions could be fulfilled [2, 3]. During that time, Letokhov predicted laser emission
from scattering particles with negative absorption and with a mean free path much
smaller than the dimensions of the system [4], detailing the behaviour, the slow
kinetics of the spectral narrowing, the existence of relaxation oscillations... He also
suggested that such a scattering medium would show a large number of strongly
coupled modes and large radiation losses [5], which creates such an overlapping of
the modes spectra that the spectrum becomes a continuum, i.e., if the number of
modes is sufficiently large, the feedback becomes nonresonant [6]. Varsanyi in 1971
observed a miniature source of stimulated emission, a powder laser [7]. Markushev
in 1986, while studying several powders doped with neodymium, found that above
a certain energy threshold the duration of the emission shortened several orders of
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2 CHAPTER 1. RANDOM LASERS: BACKGROUND & CURRENT STATUS

magnitude, the intensity increased at the frequency of maximum gain, the spectra
narrowed significantly up to a single line and the input-output energy dependence
was similar to that of conventional lasers [8–10]. Although the emission presented
a lasing behaviour it was explained in terms of stimulated emission from excited
powders [6]. The main two ingredients needed in an RL are multiple scattering
and gain. There are two main classes of RL: a gain medium with added scatterers
and scatterers which have gain. Random laser emission has been reported in very
diverse materials such as semiconductor powders like ZnO [11–13], powdered crys-
tals [14–16], dye solutions with nanoparticles [17, 18], plasmonic nanostructures [19,
20], photonic fibres [21–23], biological tissues [24–30], polymeric films [31–33], died
paper [34], microdroplets [35, 36], solutions with scatterers [17, 37] or liquid crystals
[38–43].

1.2 Diffusive Random Lasers

Many fundamental questions remain unsolved and some basic features of RLs are
still unfixed. As van der Molen et al. explains, one of the reasons there is not a
unique definition of what an RL is or how it behaves relies on the widespread kinds
of emitting materials and scattering regimes, which give very different behaviours
on emission spectra, energy efficiencies, pulse time-ranges, spatial profiles, etc. In
addition, the parameters used to describe the results vary from author to author
and sometimes are not completely described, hindering the understanding among
the scientific community [44]. It is difficult to study all systems with a unique
theoretical treatment [45] because the nature and morphology of each amplifying
disordered medium determine the feedback mechanism [6, 46]. Results of different
RL experiments can be influenced by experimental conditions: sample excitation,
the emission collection method, boundaries imposed by the sample holder... [11,12].
However, many efforts have been done to develop a general theoretical treatment, for
their temporal dynamics [47–50], their spectral behavior [44, 51, 52], the threshold
and output energies, etc.

Diffusive random lasers (DRLs), RLs in which light undergoes diffusive motion
within the gain medium and hence present a strong modal interaction, are of par-
ticular interest since a clear modal picture of such extremely leaky systems is still
missing in the literature. As with most lasers, in a DRL, lasing occurs above a
pumping power threshold. However, pump and emitted photons are involved in
multiple scattering processes which increase the dwell time of photons inside the
material and allow for enough amplification to compensate for absorption and leak-
age of light through its boundaries creating gain saturation. A classical DRL is
usually realized by closely assembled optically active particles (such as laser crystal
or amorphous powders) that scatter light and have gain, or by passive scatterers
embedded in an amplifying medium. Note that random lasing in diffusive systems
with a continuum spectrum was the first observed and theorized. Under certain
conditions the emission spectrum of DRLs shows a narrowed emission band made of



1.2. DIFFUSIVE RANDOM LASERS 3

overlapped spikes. These spikes can appear as a result of localized modes and also
extended modes [53]; in some materials these can co-exist and produce a coherent
emission. Experimental conditions are critical in the analysis of the spectral struc-
ture of this systems because the strong coupling they suffer determines the statistical
regime of the fluctuations and the spectral features [54]. It is then essential to study
these systems under adequate experimental conditions. For instance, it is necessary
to use a quasi-instantaneous pumping source, a picosecond laser – longer pulses cre-
ate an overlapping of the modes and a smooth spectra without spikes –, but other
experimental parameters such as the pumping energy, the size of the pumped area,
the absorption of the material, the extension of the analysed area... are also critical
and have to be considered.

Depending on the experimental configurations nonresonant or resonant feedback
can appear on the material. The emission dynamics of early experiments in colloidal
dye solutions showed spectral narrowing above threshold and increase of intensity at
the frequency of maximum gain [17] could be described by a diffusion equation with
gain where the phase of the light field does not play any role [55, 56]. This laser
emission showed a smooth and broad spectrum with no frequencies of a resonator
was said to have nonresonant feedback. Later experiments in semiconductor powder
samples by Cao et al. [57] revealed multiple spikes in the emission spectrum; these
lasing systems are called systems with resonant feedback. The emitted light had
Poissonian photon statistics which reveals the temporal coherence of the emission
[58]. Several authors [59–61] first suggested that certain cavities could be providing
resonant feedback thus creating a localization regime with narrow spikes. However,
other experiments dismissed this explanation for the spikes arguing that the spikes
appeared in different scattering regimes: strong, diffusive and weak [42, 62, 63]. The
scattering strengths are defined by three important parameters: the transport mean-
free path lt over which the direction of light is randomized, the size of the sample L
and the wavelength [64]. Apalkov et al. [65] suggested that ring-shaped resonators
might have some nonnegligible probability to exist in the diffusive regime (λ �
lt � L). This model is supported by random lasing experiments in π-conjugated
polymers [66, 67]. However, these configurations can only exist if spatial fluctuations
of the refractive index are correlated over large enough distances, so they will not
appear in all weakly scattering cases [68]. Mujumdar, on the other hand, suggested
that among the spontaneously emitted photons of a random system with gain, there
exists a subset of rare photons that travel much longer distances than the average
ones. These “lucky photons” accumulate enough gain to activate a new lasing mode
with a different wavelength after each excitation shot, and give rise to random
spikes in the spectrum [63, 69]. The experimental study performed by Chabanov
et al. has brought forward the existence of long-lived extended modes in regular
diffusive materials which might be responsible for the observed narrow spikes in
RLs [70]. However, Fallert et al. showed that strongly localized modes can co-exist
with modes of much larger spatial extension which become more easily coupled from
mode competition. Depending on the material studied, both localized and extended
modes can thus lase and provide a coherent RL mechanism [53]. On the other hand,
DRLs are highly multimode as many spatially overlapping modes exist, so mode
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mixing, which obscures the characteristics of individual modes and is likely to be
modified by the boundary conditions, is particularly important. If the mode overlap
is significant, complex nonlinear processes such as temporal oscillations [71, 72] or
spatial hole burning [73] may appear. Gain mode competition may also play a crucial
role when determining the condition of the different statistical regime of fluctuations
and spectral profiles of RLs [54]. The intensity distribution of RLs obeys a Lèvy type
defined power-law tails [74]. However, different statistical regimes and crossovers are
possible depending on gain, scattering strengths, excitation energies, and sample
sizes [75–77]. Furthermore, the mode coupling between long-lived extended modes
together with the stochastic behaviour inherent in the spontaneous emission from
which the RL starts at each shot, can explain the strongly stochastic behaviour in
the positions of the narrow emission lines of an RL with static disorder reported by
Mujumdar et al. [69].

The presence of coherent multimode lasing even in the diffusive regime, has been
a challenge for conventional laser theory. The focus of theoretical research in this
field is to extend the semiclassical multimode lasing theory to open and irregular
systems, the modes of which have a broad distribution of radiative lifetimes and
an irregular spatial pattern [78]. As the usual methods for introduction of modes
and quantization based on eigenvectors of hermitian operators are not applicable in
such a case, alternative methods for defining electromagnetic modes are proposed by
using the quasimodes, quasi-bound (QB) states, or resonances of the passive system
without gain [78, 79]. In the strong scattering regime, the eigenvectors resulting in
these theoretical explorations are nearly identical (within the scattering medium)
to the threshold lasing modes. However, the difference between them increases for
more lossy systems such as DRLs [79]. A recent time-independent theory based on
the so-called constant-flux (CF) states which can find the random lasing modes and
frequencies self-consistently (with no relation with the QB states), allows one to
study the multimode regime in DRLs, and provides detailed information about the
effects of mode competition through spatial hole burning [80–82]. Within this ap-
proach, uniformly spaced frequency spectra are expected in DRLs due to their modal
interaction through the gain medium. In accordance with it, some experimental ob-
servations show more or less regularly spaced lasing frequencies exhibiting mode
repulsion [68, 83, 84]. No significant changes in the lasing frequencies were either
predicted for different pump strengths or spatial profiles of the pump whereas the
intensities vary strongly. Nonetheless, the CF theory only improved the understand-
ing of the properties of lasing modes in the stationary regime. RLs are intrinsically
time-dependent systems due to the different time scale of transport and population
dynamics, so in order to address the description of the dynamics, structure, fre-
quency or intensity statistics of lasing modes in a DRL, a time-dependent model
in three-dimensional (3D) RL structures, suitable under local and pulsed-pumping
conditions, might be necessary.

In the diffusion approximation, far from the localization condition kls � 1, the
propagation of the intensity is described as a random walk with a characteristic
mean free path l. In order to characterize the propagation of light in the scattering
material it is important to analyse the main parameters, the mean-free-path lengths



1.2. DIFFUSIVE RANDOM LASERS 5

involved in the scattering process: the scattering mean-free-path ls, defined as the
average distance between two successive scattering events and the transport-mean-
free-path lt is the average distance the light travels before its direction of propagation
is randomized [64]. In a steady state regime and for a density of scatterers ρ:

ls =
1

ρσs
(1.1)

lt =
1

ρσt
(1.2)

where σs is the scattering cross-section and σt the transport cross-section. The
lengths that describe the photon propagation are the inelastic length and the dif-
fusive absorption length: li, which is defined as the travelled length over which the
intensity is reduced to e1 of the initial value due to absorption by scatterers and
labs, the average distance between the beginning and the end points of paths of
length li.

li =
1

ρσa
(1.3)

labs =

√
ltli
3

(1.4)

where σabs is the absorption cross-section at pump wavelength, ρ the concentration
in ions per unit volume and σt the transport cross-section.

And the gain length is,

lg =
1

Nsσem
(1.5)

, where σem is the stimulated emission cross- section, Ns the population inversion in
particles per unit volume:

Ns =
ηE

hνAlabs
(1.6)

being E the pumping energy, hν the pump photon energy, η the absorbance of the
sample and A the pumping area.

At the threshold condition, lg = lres, where lres is the mean residence length of
the stimulated emission photons. Then, according to the one dimensional theory
[85, 86],

Eth
hνA

=
labs

ησemlres
(1.7)
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In stoichiometric materials (Part II) it is very difficult to measure the inelastic
length; instead, the ratio between the transport length and the absorption length
can be estimated from absorbance spectrum using the Kubelka-Munk theory [87]:

lt
li

=
η2

2(η − 1)
(1.8)

1.3 Current status and motivation

The observation of isolated narrow lines or a global narrowing of the RL spectrum
often depends on the chosen experimental configuration. The ideal conditions for
observation of spiky spectra are the use of a short-time pump pulse duration ( 30
ps) and single-shot observation. Both the collection of several emission shots, or the
use of a long enough single excitation pulse, may lead to an averaging mechanism
among modes which reduces the previously mentioned fluctuations and gives rise
to a smooth emission structure. This is probably the reason why some early RL
experimental studies missed the observation of narrow spectral features in DRLs [88].
A reduction of the spikiness of the emission spectra, accompanied by an increase
of the intermode spectral correlation, can be also achieved by adjusting the shape
of the pump beam with a spatial mode modulator to incrementally excite larger
numbers of spatially separated lasing modes [89]. The observed transition from a
spiky to a smooth emission profile was explained by a phase locking between modes.
On the contrary, the reduction of the spatial extent of the pump applied to the gain
material by using a tightly focused beam, facilitates the experimental observation of
well separated sharp peaks [1]. When a large enough pump spot is employed, narrow
lasing lines overlap and the emission spectrum becomes smooth. In contrast, smaller
pump areas excite fewer modes, so a fine structure can thus be observed [90].

Thus, the aim is to give experimental evidences of the modal structure and
modal oscillation dynamics of our diffusive scattering system after single shots of
30 ps pulse duration. As already pointed out, the difficulty in unscrambling the
complex lasing behavior of a DRL is caused by the large number of modes that can
simultaneously lase and randomly couple. As a result, the lasing modes dynamics
of a DRL is rarely investigated experimentally [91, 92]. In almost all reported RL
experiments with pulse laser excitation, time-integrated data are recorded. Under
these circumstances, it is hard to extract any detailed information about individual
lasing modes and thus impossible to know whether different modes coexist at the
same time or appear subsequently. However, these difficulties can be avoided with
the novel experimental arrangement adopted in this work. Our set-up was specially
designed to enable spatial mode selection, which favours the observation of individ-
ual lasing spikes, as well as accurate time-resolved measurements which permit to
follow experimentally their dynamics response. The use of a streak camera allows
a 2 ps time resolution which is a crucial requirement in this regard. The way to
resolve lasing modes consists both in using a small enough pump spot size and in
selecting a small enough emitting surface area by spatial filtering in the detection.
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The performed systematic study of the temporal evolution of the spectrally resolved
emission evidences that different lasing modes stem from different time intervals
showing a different temporal behaviour in a DRL, and illustrates the existence of
relaxation oscillations from the time traces of individual lasing modes. In this ap-
proach, the modal density dependence on the pump energy and pump spot size is
also accessed experimentally . Careful examination of the temporal and spectral
response of the corresponding sharp lasing peaks allows us to assess the stability of
the mode structure between different shots and, therefore, to evaluate the stochas-
tic behaviour of these active random media. The analysis of the results shows that
our powder system lases in different modes in successive excitation events under
constant experimental conditions. Parallel to this research, we have examined the
spatial properties of the RL emission of this sample. We herein explore whether the
imaging of the RL light on the dye doped powder surface is spatially restricted to
the pumped domain (as suggested in the literature [1]), or else it is extended over a
larger area of the scattering medium.

In addition, we have studied the coherence of these systems. In RLs, light is
trapped through multiple scattering and the spatial modes are inhomogeneous and
highly irregular. With external pumping, a large number of modes can lase simul-
taneously with uncorrelated phases, which accounts for the low spatial emission
coherence of these unconventional lasers [93]. In such disorder media, laser light is
the weighted sum of the light emitted from various spatial regions, so that light in-
tensity from sample zones separated by more than a given coherence length becomes
uncorrelated. A valid assumption for RLs lies in regarding a transversal coherence
length of the same order of the transport mean free path [92]. The first approach to
this research field was carried out on a Rhodamine 6G-titania system in a polymer
matrix where a partially coherent emission was found [94]. However, Cao et al.
demonstrated in a ZnO pellet that above threshold, light emitted from a disordered
material structure with resonant feedback exhibits coherence properties character-
istic of true laser light [58]. Both conflicting results evidence a heavy dependence
of the temporal coherence properties of RLs on the specific system in question, and
particularly, on their mode competition [95]. More recently, Redding et al. found
significant variations of the spatial coherence properties of the RL emission of dye
solutions containing nanoparticles, depending on scattering strength and the pump
area. These observations were also qualitatively explained in terms of the number
and characteristics of the active RL modes [96]. Note that the investigation about
coherence in RLs is not only of theoretical interest [95, 97, 98], but also of practical
importance. Since their spatial and temporal coherence characteristics are quite
different from those of conventional lasers, RLs could be well suited for a host of
applications in which they could outperform conventional lasers [93].In particular,
the versatility of RLs combined with their unique ability to provide controllable
coherence and laser-level intensity, open the possibility of developing a new kind of
illumination sources for specific imaging applications. In fact, the feasibility of RLs
for full- field imaging or time-resolved microscopy has already been reported [92, 93,
95, 97–99].

The system response under two photon pumping is also studied. In practical
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terms, multiphoton pumping can be highly useful for data storage, or frequency up-
conversion imaging [100] whereas RLs find an increasing use in photonics, biotech-
nology, medicine or bio/chemical sensing [6, 88]. In particular, RLs have already
proved their value for medical diagnostic purposes [24]. The conjoint use of multi-
photon excitation by means of NIR sources (desirable for tissue penetration), with
techniques based on the knowledge of multiple light scattering in random systems,
such as a biological tissue containing a statistical inhomogeneity (tumor), opens ex-
citing avenues in biophotonics for monitoring thick biological objects with spatial
resolution. For this purpose, dyes with a large multiphoton absorption coefficient to
be used in the NIR, which also assure compatibility with the biological materials,
are required [100]. Despite these new possibilities for applications, multi-photon
induced random lasing has become the subject of just a few works which report ob-
servation of this phenomenon. Random lasing utilizing a two photon (TP) pumping
scheme was firstly observed in dye doped gelatin cubes excited with femtosecond
laser pulses at 800 nm [101]. Afterwards, experimental evidences of anti-Stokes RL
emission were found in dye solutions doped with TiO2 nanoparticles, in microme-
tre size powder of GaAs, in different morphologies of ZnO, and in a disordered
InGaN/ GaN quantum-disk (Q-disks) ensemble [102–109]. The theoretical study
performed by Burin et al. within the diffusion model framework, suggested that
random lasing with a lower threshold can be achieved by using TP pumping in-
stead of single photon excitation [110]. In a later paper, Wang et al. [111] reported
a numerical analysis of the saturation effects of emitted light intensity following
TP pumping. Our group has investigated, both theoretically and experimentally,
the RL features around threshold of a silica gel powder containing Rhodamine 6G
doped silica nanoparticles by pumping at one and two photons (at 532 and 800 nm),
under typical diffusive conditions, i.e. by using a broad pumped area, which lead
to a smooth and narrow RL emission spectrum [112]. Contrarily to the previously
mentioned analytical result, in this disordered active material, the TP pumped RL
threshold is 50 times larger than the onset of RL action following the conventional
OP excitation. In a preliminary study, we have also experimentally demonstrated
the possibility of obtaining random lasing by pumping at one and two photons in
a sample based on Rhodamine B (RhB) doped di-ureasil with a large pump spot
[113].

On the other hand, we have also decided to thoroughly study the random lasing
by neodymium doped crystal powders in the 4F3/2 →4 I11/2 emission band of Nd3+

ions at 1064 µm with different concentrations and grain sizes in order to clarify some
properties on the emission of these systems and their interpretation, which are not
clear in literature: the dependence of the laser threshold energy with the pump spot
size and wavelength, the dynamics of the emission pulses and the relation between
the absorbance and the laser slope efficiency and threshold energy density. In all the
samples the wavelength of the radiation is much shorter than the transport, inelastic
and absorption lengths.

We believe that the outcome of our experiments will help the RL community to
deepen the understanding of fundamental and intriguing aspects of DRLs such as
their spatiotemporal behaviour.



Chapter 2

Aims of the work

In this dissertation we study the random lasing emission of different diffusive random
lasers doped with organic dyes and rare-earth ions to address the main unanswered
questions in literature. The aims of the study are:

• First, to analyse the emission under one-photon picosecond pumping of a dif-
fusive random laser based on a Rhodamine B doped di-ureasil dU(600) host
in order to deepen the understanding of its modal dynamics. This can be
found in chapter 3, where we develop a spatial filtering method to allow for
mode selection. This method provides the necessary conditions to perform an
analysis of the modal dynamics of individual lasing modes and the degree of
coherence of the sample emission.

• To extend the study of the spectral dynamics of the same powder crystal under
two-photon (TP) pumping, which provides anti-Stokes emission. TP induced
random lasing has been the subject of just a few works despite the advantages
multiphoton excitation presents, like the absence of the phase matching re-
quirement, and the potential applications in the near-infrared. The results are
discussed in Part I, chapter 4.

• To characterise the emission of several Nd3+ stoichiometric and low-doped
powders under nanosecond pumping and explore the relation between the laser
slope, the absorption, the emission and pump wavelengths and the threshold
energy (Part II, chapters 5 and 6). In addition, we study the dynamics of the
emitted pulses.

• In Part III we explore two applications of the studied phenomena. First, in
chapter 7, we study the emission of a Nd3+ doped sample as a NIR source for
speckle-free imaging and compare it with a traditional laser source. Finally, in
chapter 8 the thermal response of different Nd3+ doped oxysulfide powders is
analysed and the cooling of discrete regions by means of anti-Stokes processes
is studied.

9
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Part I

DYE-BASED SOLID STATE
RANDOM LASERS
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Chapter 3

Analysis of the one-photon
pumped random laser emission of
an organic-inorganic hybrid
compound based on a Rhodamine
B-doped di-ureasil host (RhB-dU)

3.1 Introduction

We investigate the spatiotemporal dynamics under one-photon pumping of a dye-
doped diffusive random laser (DRL) based on an organic-inorganic hybrid ground
powder, a Rhodamine B doped di-ureasil host, and analyse the modal oscillation
dynamics, lasing mode structure and evaluate the coherence of this compound. We
develop a spatial filtering method to study the modal and spectral dynamics of
the explored powder and characterise spatially and temporally individual modes.
Additionally, we evaluate the coherence of the RL emission of our doped hybrid
sample.

The interest of these doped hybrid compounds in solid state dye random lasers
relies not only in its static configuration, with defined and fixed diffusors but also on
the synergy between the spectroscopic properties of the organic dyes and the char-
acteristics of sol-gel derived hybrid hosts. These hybrid hosts are easily processed by
sol-gel route, which enables the incorporation of large amounts of dye molecules into
the hybrid matrix isolated from each other and protected by the hybrid host [114].

Organic dyes have been thoroughly studied and implemented as gain medium for
conventional lasers (i.e. dye lasers), consisting typically of a solution of organic flu-
orescent molecules in water or an organic solvent. These compounds present large
emission and absorption cross sections, high fluorescence quantum efficiency, and

13
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Figure 3.1: Energy levels of a Rhodamine B molecule. [Image from Venugopal Rao
[116]]

broad emission and absorption bands which allow a good tunability. The develop-
ment of material hosts for solid-state dye lasers has been intensively studied for the
last three decades due to the advantages they present comparing to liquid dye lasers:
non-flammable, non-toxic, more compact and mechanically stable.

Dye molecules have singlet and triplet electronic states, composed of several vi-
brational and rotational states, creating a broad continuous band of energy levels,
which translates on their capability of being able to absorb and emit over a range of
wavelengths [115]. These molecules have a four-level system (figure 3.1), which min-
imizes absorption and makes the population inversion possible. When the molecules
are excited by the pump light, higher vibrational levels of the S1 and S2 are popu-
lated from levels of S0 and relax to the lowest vibrational level of S1. Later, it decays
to a high level of S0 and finally relaxes to the ground state. Under certain pumping
conditions, the population inversion can be also achieved between the lowest level of
S1 and a high vibronic level of S0. Under one-photon (OP) pumping of our RhB-dU
sample, at 532 nm, the molecule is directly excited to the lowest state of the S1.

In our sample, Rhodamine B is incorporated into a sol-gel derived poly(oxyethylene)/-
siloxane hybrid matrix named di-ureasil (dU(600)), which is known for its optimized
optical properties [117–119]. The host hybrid matrix is composed by a siliceous
framework to which polyether chains containing oxyethylene are covalently bonded
through urea linkages, which increases the efficiency comparing to the one of hybrid
materials based on silica gels where the dye is entangled in the porous silica network.
The matrix contains 1.23× 1019 RhBmolecules/cm3.

The synthesis, developed and described by Pecoraro et al. [114], consists of
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Figure 3.2: Confocal microscope image of the RhB-dU(600) sample

the following process: The reagents O,O′-Bis(2-aminopropyl) polypropylene glycol-
block-polyethylene glycol-block-polypropylene glycol (Fluka), commercially known
as Jeffamine - ED600 R©, average molecular weight 600 g ·mol−1, 3- isocyanatepropy-
ltriethoxysilane (ICPTES) (Aldrich 95 %, ethyl alcohol absolute P.A. (Carlo Erba),
tetrahydrofuran P.A. (stabilized- Riedel-de Han), HCl (ACS Reagent 37 % - Sigma-
Aldrich) and Rhodamine B were used as received. The di-ureasil host, termed as
d-U(600), contains 8.5 (OCH2CH2) polymer chains with both ends grafted to a
siliceous network by means of urea linkages. The cross-links between the organic
and the inorganic components were formed by reacting the NH2 groups of Jeffamine-
ED600 R©with the -N=C=O group of ICPTES, in THF, under magnetic stirring and
reflux at 80 ◦C for 18 h. The non-hydrolyzed d-U(600) precursor was isolated after
complete THF evaporation at 45 ◦C in a rotary bench evaporator. A solution of
RhB chloride in 1 mL of ethanol was incorporated into the di-ureasil host, under
magnetic stirring. The RhB solutions were added to 3 g of d-UPTES after 15 min.
The suspensions were kept under magnetic stirring for 15 min at room temperature,
and were then cast into a polystyrene mould (1× 1× 3 cm) and left to gel, which
happened within 3 min. After gelation, the mould was covered by Parafilm R©and
kept at room temperature for 24 h. Then the cover was removed and a three-step
heat treatment at 40 ◦C (72 h), 50 ◦C (24 h) and 60 ◦C (24 h) was performed to elimi-
nate residual solvents (including ethanol and water produced by polycondensation).
The final volume of the sample was not significantly affected by shrinkage process
(less than 5 %).

The material was ground using a mixer mill (Retsch MM200) during 4 minutes.
A confocal microscope (Leica TCS SP5) is used to measure the polydespersity of
the ground powder. As a result, an average powder size of 6.6 µm is found.

Figure 3.2 shows one of the recorded images. We create a histogram of the size of
the grains and fit it to a log-normal function. As can be observed in the micrograph,
there are particles larger than 10 µm but there are more particles with a smaller
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size. The powder is compacted in a cylindrical cell 6 mm high and with a 5 mm
diameter, open at the top, and a volume filling factor f = 0.55. The estimated
transport mean free path in a similar sample [120] was 14± 2 µm at 630 nm, which
confirms the diffusive scattering regime of our random laser.

3.2 Experimental

The set-up used to perform these study with subnanosecond time-resolved images
is shown in figure 3.3. The excitation source is a frequency-doubled mode-locked
Nd:YAG laser (EKSPLA, PL2251B) with a pulse duration of 30 ps and repetition
rate 20 Hz. The laser energy is measured with an energy meter after attenuation
with a half-wave plate and a polariser. The signal is divided with a beam splitter;
a reflected 5 % of the excitation beam is diverted to an optical line to provide a
reference signal and the transmitted light is focused into a 500 µm spot on the
doped powder for most of the measurements; the photon counting measurements
are performed with a 50 µm focus diameter. Both optical paths are equally long;
we verify it collecting with the a reflection of a paper placed on the surface sample
and the reference signal coming from the other optical line camera at the same time.
Adjusting the mirrors allows us to reduce the delay between both pulses to zero,
thus asserting the identical length of both optical paths and providing a proper
time reference to the random laser emission. The emission from the pumped surface
of the sample is collected with a lens (f = 5 cm) placed at twice the focal length
distance (S1 = 2f) and imaged on a pinhole positioned on a translation stage at
the same distance behind the lens (S2 = S1). A long-pass filter (Semrock LP532) is
placed after this lens to remove the pumping light diffusively reflected by the sample
surface. Finally, another lens focuses the signal from the two optical paths to the
slit of the image spectrograph (Chromex A6365-01) coupled to the streak camera
(Hamamatsu, C5680). The lateral magnification is one, granting the collection of
the emission from an area equal to the pinhole aperture.

The experimental set-up allows for a detailed study of the RL emission dynamics
as the signal can be recorded in single shot measurements with a resolution of
2 ps along with the pump pulse. The images taken with the streak camera are
resolved in time and wavelength. The time is represented in the vertical axis, with
a time window set at 1 ns, and the wavelength corresponds with the horizontal axis.
Temporal and spectral profiles of the images can be extracted for any selected area.

Spectrograph - Streak camera

The study of the dynamics of the RL emission of our doped hybrid powder is possible
thanks to the spectrograph Chromex-A6365 coupled to a Hamamatsu C5680 streak
camera. The combination of these devices allows for time resolved spectroscopy.
The streak camera is an imaging device that spatially and spectrally analyses the
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Figure 3.3: Set-up for the ps time-resolved study under OP pumping. F is a long-
pass filter and BS are beam splitters.

receiving radiation. In combination with the spectrograph it can measure time
variation of the incident light intensity with respect to wavelength. Its working
range is between 200 nm and 900 nm, and it is capable of measuring a wavelength
window 87 nm wide. For the temporal analysis it can operate with different modules.
To study the emission of this sample we use the fast single sweep unit, which can
evaluate a time range up to 50 ns with a 2 ps resolution. The operating principle of
the streak tube is shown in figure 3.4. The light passes through the spectroscope,
which directs it to the photocathode. An image with the spatial information in the
horizontal axis forms on the photocathode, which converts the light into electrons.
The electrons are accelerated by a pair of electrodes towards a phosphor screen,
while the electrons are swept towards a micro-channel plate (MCP) and amplified.
The phosphor screen converts the electrons back into light and the optical image
is produced. Finally, the attached digital CCD camera (C4742-95-12ER) reads the
image from the phosphor screen and displays it.

We export the streak images from the camera software (Hamamatsu, HPD-TA
6.4) as data files DAT. We use the OriginPro software to analyse the measurement.
The files are then converted into a 512 × 512 matrix by setting the dimensions
with the values of the time and spectral limits of the image, which the software
automatically interpolates using a constant step in both axis to set the spectral and
time coordinates of every pixel element of the matrix -. However, the pixels are
not equally spaced on the time axis, so we have to correct the shift with respect
to the linear interpolation, within the time range of interest. Figure 3.5 shows the
non-linearity of the steps displaying the difference between the real points of the
time axis and the ones obtained using a constant step, as a function of the real time
values of the elements of the matrix.

The time shift due to the non-linearity of the time steps can reach up to 0.022
ns in the operating time window. Nevertheless, the temporal range of interest when
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Figure 3.4: Operating principle of the streak camera. (Image from Hamamatsu)

Figure 3.5: Difference between the real and interpolated times plotted as a function
of the real image time values (left) and time difference in the time range of interest
(right).
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analysing the emission, at around 0.49 ns, is 0.01 ns wide 3.5 (right). Within that
time range, the time difference caused by the interpolation is 1.4 ps, within our
time resolution of 2 ps, and has a value of 0.021 ns. Hence, we can assume that
within the examined time range, ∆t = 0.021 ns. The difference between the real
wavelength values and those obtained from the interpolation are also explored and
not significant effect is found.

The streak camera has different data acquisition modes. The live mode allows
viewing the streak image in real-time, which is very useful for aligning and setting
the measuring parameters. As the system is synchronized with the pumping laser,
we can either acquire individual shots or accumulate them.

On the other hand, the photon counting mode let us perform photon counting
measurements. The use of this mode is limited to extremely weak signals. In order
to avoid counting errors in the recorded image, the probability of a ”two-photon
event” – the probability that the photon spot areas of two photons overlap at the
same image on the CCD being recognized as only one photon event – should be
low. A good indication of this probability is the percentage of a previously selected
region of interest (ROI) which exceeds the threshold. The smaller this percentage,
the smaller is the probability that a new photon hits an already recorded one. This
value should not exceed a few percent – 5 - 7 % – in the specified ROI. If the signal
under study is not weak enough the ”Warning: saturated pixels/photon #” appears.
In this mode, both single shot and integration images are possible.

3.3 Mode selection and spatial filtering

In order to study the modal behaviour of our DRL it is necessary to develop a method
which allows the spatial filtering of the sample emission. The random lasing emission
in normal conditions is composed of many overlapped modes. Under conditions that
minimise overlapping individual modes can be identified in the emission spectrum by
the spikes We develop a method to differentiate between lasing modes using spatial
filters.

The threshold of RL action, the energy density at which the pump required to
overcome losses and the system starts lasing, is determined by the spectral collapse
of the emission and the temporal shortening. For our experimental conditions the
threshold is at around 1.6 µJ/pulse.

The spot size of the pumping beam on the surface of the sample is �pump = 500
µm. The spatial filters control the size of the emission area selected for the analysis,
reducing the amount of supported lasing modes. Once they are differentiated the
dynamics and structure can be easily studied. Single shot images of both the pump
and the emission are recorded with a streak camera. Three pinholes with apertures
of 15µm, 30µm and 50µm diameter are used at a single position. Images without a
pinhole are also obtained. The pinholes are mounted on a translation stage, offering
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Figure 3.6: Surface map of the RL (left) and pump (right) pulses at 5.5 µJ/pulse
detected without a pinhole. Spectral and temporal profiles are depicted in the XZ
and YZ planes of the RL emission.

great flexibility to select the size and position of the studied emission area. The
effect of the spatial filter size can be observed in the laser spike distribution.

A single image of the excitation pulse and the RL emission taken without any
spatial filters is shown in figure 3.6. The barycentre of the pumping pulse serves as
a time reference. The temporal profile and the spectral profile integrated in time of
the emission are also presented, projected in the YZ and the XZ planes respectively.
The spectrum exhibits a smooth band with a fine structure. Individual spikes of the
lasing modes are spatially overlapped; the spacing between modes is smaller than
their spectral widths, averaging the discrete lasing modes.

However, if spatial filtering is used as shown in figure 3.7 with a pinhole a finer
structure appears in the RL emission. The temporal profiles become smoother as
the size of the area which image at the pinhole is analysed increases, and the 3D
map also shows a more uniform structure. Figures 3.7(b) and 3.7(c) show multiple
individual spikes instead. On the other hand, the shape of all excitation pulses
remains similar, which confirms the stability and monomode condition of the pump
source.

Thanks to the spatial filters it is easier to observe spectrally separated lasing
spikes. The linewidth of these sharp peaks is around 0.35 nm. It is clear from the
temporal analysis of spikes uncoupled from mode competition that, for every pulse,
they appear at different wavelengths and start at different times.
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Figure 3.7: Surface map of the RL and pump pulses at 5.5 µJ/pulse with a
�pinhole = 50µm (a), �pinhole = 30µm (b), �pinhole = 15µm (c). Spectral and
temporal profiles are depicted in the XZ and YZ planes of the RL emission.
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3.4 Stochastic nature of the random laser emis-

sion in both spectral and temporal domains

The study of the spatiotemporal coherence of random lasing can provide some insight
on the processes that contribute to the behaviour of these systems. The spatial
coherence provides information about the phase difference of the wavefront of the
radiation field. The emission of random lasers presents a low degree of spatial
coherence due to the scattering the light suffers in the media and the uncorrelated
and multiple modes that can simultaneously lase [93]. On the other hand, the
temporal coherence of a radiation field is a measure of the correlation of the wave’s
phase along the direction of propagation. The temporal coherence can be determined
by the probability distribution of photon counts, by analysing the photon statistics
to see whether the distribution follows a Poisson or a Bose-Einstein distribution,
as explained in chapter 1. We discuss the coherence nature of the random laser
emission of the sample from the statistics of the light emission within a rather small
sample window.

Several shots have been taken and analysed to explore the origin of some of the
particularities of the spikes. Due to the static configuration of the studied sample and
the constant experimental conditions, different shots can give us some insights into
the nature of the spikes. Figure 3.8 shows some shots taken from the same sequence
of those of figure 3.7 with the three different spatial filters. The spikes change their
frequency from one excitation pulse to another and no frequency dominates the
others. The emission peaks in the shots of 3.7 appear at different wavelengths to
the ones of 3.8 whereas the excitation pulses show no significant variations between
shots. Therefore, these fluctuations are neither caused by instabilities in the pump,
nor dependent on the spatial distribution of the dielectric constant, but are an
intrinsic characteristic of the random lasing itself.

These measurements not only reveal the sample lases in different modes for
every excitation pulse but also the temporal behaviour of these modes. In order to
explore the modal oscillation dynamics and modal structure of discrete lasing spikes,
we extract (see figure 3.9) temporal profiles from several streak camera images by
placing vertical sampling windows with a spectral width of 0.5 nm in the spectral
range between 594 nm and 610 nm. One can here more clearly observe that lasing
spikes appear at different wavelengths and start at different times in both cases. This
evidences again the chaotic RL behaviour previously mentioned. On the other hand,
it is also clear that laser modes at larger wavelengths start later. In addition, we
estimate that at those wavelengths where more than one discrete peak is observed,
the temporal delay between them is around 8 - 22 ps whereas their FWHM is between
4 - 8 ps.

We observe the same effect with a greater laser beam focusing of �pump = 50 µm.
The threshold is at 0.6 µJ/pulse under this conditions. Reducing the pump beam
diameter on the sample the number of overlapping modes decreases and therefore
so does the spike density. In figure 3.10 two emission pulses, one without pinhole
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Figure 3.8: Surface map of the RL and pump pulses at 5.5 µJ/pulse with a
�pinhole = 50 µJ/pulse (a), �pinhole = 30 µJ/pulse (b), �pinhole = 15 µJ/pulse
(c) at different shots than those of figure 3.7. Spectral and temporal profiles are
depicted in the XZ and YZ planes of the RL emission. [121]
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Figure 3.9: RL modes series of two different shots at 5.5 µJ/pulse with a �pinhole =
30 µJ/pulse.[121]

and another of a filtered area of 15 µm are displayed. As seen in 3.3, measuring
the radiation without a spatial filter the modes overlap and the spectrum shows a
narrowed emission band with almost no individual spikes. Since we are measuring
the radiation from an area close to the coherence area, we can assume a high degree
of spatial coherence.

3.4.1 Photon statistics

Photon statistics provides information on the temporal coherence of a light source.
The experimental set-up for the the coherence analysis is an adaptation of the one
described in section 3.3. This time we choose the small pinhole (�pinhole = 15µm) -
with an aperture close to the transport length -, a much smaller excitation spot of
50µm and the photon counting mode of the streak camera. The spatial filter allows
to collect the emission of a portion of the emitting area, providing a high spatial
coherence, which is necessary to measure the temporal coherence, and also a small
intensity of the light signal, necessary to verify the photon counting condition (see
3.2). We perform the measurements at 3µJ/pulse above the 0.6 µJ/pulse threshold,
focusing conditions �pump = 50 µm and within small time and wavelength intervals
to determine the photon-number probability distribution and the second-order cor-
relation coefficient. By doing so, the number of measured modes as well as the time
interval are decreased as much as possible. The analysed time interval is smaller
than the relaxation oscillation periods (trel.osc. = 8 - 38 ps). For every analysed
window, we make a photon number histogram and photon probability distribution,
and fit the distribution to a linear combination of a coherent and a non-coherent
emission function to measure the degree of coherence. We repeat the measurement
moving the analysed window in time and wavelength to explore the coherence depen-
dence on time and wavelength. The normalised second-order correlation coefficient,
g(2)(τ), is also calculated to characterise the coherence properties.
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Figure 3.10: Surface map of the RL emission pulses without pinhole (a) and with
a �pinhole = 15 µm (b) with a pumping spot size �pump = 50µm.
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The photon-number distribution, P (n) of single-mode radiation with constant
intensity follows a Poisson distribution if it is coherent and a Bose-Einstein distri-
bution if it is chaotic [122].

P (n) =
〈n〉nexp(−〈n〉)

n!
Poisson distribution (3.1)

P (n) =
〈n〉n

[1 + 〈n〉]n+1
Bose-Einstein distribution (3.2)

where 〈n〉 =
∑
nP (n) is the average photon number.

The measured time interval must be smaller than the coherence time of the
source, τ < τc, to guarantee a single-mode electric field within the time interval.
The coherence time, which is the inverse of the bandwidth, can be determined by
observing the characteristic fluctuation time of the signal. In chaotic light, the
photon flux is not constant due to fluctuations in the intensity of the light on time
scales of the order of the coherence time.

We estimate the coherent and incoherent components of the emission by fitting
the probability distribution of photons to the linear combination of the Poisson and
Bose-Einstein distributions:

P (n) = α
〈n〉nexp(−〈n〉)

n!
+ (1− α)

〈n〉n

[1 + 〈n〉]n+1
(3.3)

The average photon number 〈n〉 =
∑
nP (n) is first obtained from the measured

data. The α corresponds to the weight of the coherent component.

In addition, we have calculated the value of the second-order correlation coeffi-
cient, g(2)(0), for the measured photon count distributions. For a spatially coherent
– monochromatic – source g(2)(τ) = 1 for all τ . For an incoherent source g(2)(0)
depends on τ ; g(2)(0) = 2 for small τ and decreasing g(2)(0) = 1 for τ > τc. In
our configuration the fluctuations of the optical intensities at times t and τ are
correlated. For a single mode field and a zero time delay τ = 0 [123]:

g(2)(0) = 1 +
〈(∆n)2〉 − 〈n〉

〈n〉n
(3.4)

so,

g(2)(0) = 1 +
[Σn2P (n)− (Σn2P (n))2 − ΣnP (n)]

(Σn2P (n))2
=

Σn2P (n)− ΣnP (n)]

(Σn2P (n))2
(3.5)
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Figure 3.11: Photon number distribution of the pump laser at the time of maximum
intensity together with the best fit to equation 3.3 (solid red line). Dashed blue and
green lines represent the Poisson and the Bose-Einstein distributions for the measured
count mean. [124]

In order to test the reliability of the procedure we measure the photon statistics
of the coherent pump laser. The sampled window has a width ∆λ = 0.9 nm and time
∆t = 32.8 ps. The measured photon count probability centred at the barycentre is
displayed in the histogram of figure 3.11.

The green line shows the Poisson distribution for the same count mean, the blue
line the one of the Bose-Einstein distribution and the solid red line the fitting to the
linear combination of a Poisson and a Bose-Einstein function (equation 3.3). The
weight of the poissonian - coherent - contribution to the best fit is 1.08. We evaluate
the normalized second-order correlation coefficient with the values of P (n) and we
get a g(2)(0) = 0.97. Both the g(2)(0) and the photon-number distribution indicate
the pump radiation source emits a coherent radiation.

Once we have checked the reliability of the procedure we proceed with the analy-
sis of the coherence of the RL emission collecting 5000 exposures. The same width
of the window is used (∆t = 32.8ps, ∆λ = 0.9nm) – the relaxation oscillations are
between 8 and 38 ps –. The complete streak images measure both the emission
and the pump to set the pump barycentre as a time reference for the emission for
every shot. Figure 3.12 shows the histograms of the photon distribution of the RL
emission at two different times, 1.2 ps and 27.9 ps. The emission at a short delay,
1.2 ps, is temporally coherent, while the one at a longer delay, 27.9 ps, is incoherent.

We also explore the coherence properties as a function of time and wavelength.
Figure 3.13 shows the regions examined to study the distributions and the cor-
responding coherence percentage α, and the normalized second-order coefficient,
g(2)(0).

The results of the coherence parameters in function of the time and centred at
601.2 nm is depicted in figure 3.14. The coherent contribution (red) decreases at
times more distant to the pump barycentre, while the correlation coefficient (blue)
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Figure 3.12: Photon count probability distributions of the RL emission at 1.2 ps
(a) and 27.9 ps (b) time delays. Solid red lines represent the best fits to equation 3.3.
Dashed blue and green lines correspond to the Poisson and Bose-Einstein distributions
for the measured count mean. The best fit line at 1.2 ps in (a) is superimposed on the
Poisson distribution (blue line) whereas at 27.9 ps (b) it matches the Bose-Einstein
distribution (green line) [124]

Figure 3.13: Streak image of the RL emission of the powder sample under 3 µJ/pulse
pumping. The vertical and horizontal white rectangles represent the regions under
examination when the coherence properties of the RL emission are explored as a
function of the delay time and wavelength, respectively. The vertical rectangle is
centered at 601.3 nm whereas the horizontal one is centered at a 1.2 ps delay time.
[124]
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Figure 3.14: Dependence of the coherent percentage α (red dots) and of the coef-
ficient g2(0) (blue squares) on the time delay, obtained by using ∆λ = 0.9 nm and
∆λ = 32.8 ps from the RL emission shown in figure 3.13. The time origin was set at
the excitation pulse center. [124]

increases. The coherent component of the emission is the main contribution in a
time range of about 40 ps. On figure 3.15 the parameters at 1.2 ps delay time is
shown, from 597 nm to 611 nm. The photon statistics reveal a Poisson distribution
of the photon number and hence, the coherent nature of the RL emission.

3.5 Influence of pump pulse energy on the modal

distribution

Single shot images at different pumping energies, all above threshold, are recorded
with the spatial filters. The changes in the modal density and distribution, and
the build-up time, the time interval between the peak of the pumping and that
of the RL pulse, are studied. To explore the change of the RL build-up time, we
record an image sequence of 10 shots with the 50 µm pinhole and measure the delay
between the centre of gravity of the pumping pulse and the one of the RL emission.
The sequences are performed at different energies: 5.5 µJ/pulse, 27 µJ/pulse, 40
µJ/pulse, 65 µJ/pulse and 83 µJ/pulse. Averaging the time delays at each energy
we get the following delays:

Epump (µJ/pulse) Delay (ps)
5.5 9.9
27 12
40 13
65 11
83 12

These time delays show no significant change within our time resolution (2ps);
a constant RL build-up time around 12 ps is observed at all excitation energies.
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Figure 3.15: Dependence of the coherent percentage α (red dots) and of the coeffi-
cient g2(0)” (blue squares) on the wavelength, obtained by using ∆λ = 0.9 nm and
∆λ = 32.8 ps from the RL emission shown in figure 3.13. [124]

Another sequence of shots is obtained with the 30 µm pinhole to analyse the
modal oscillation dynamics. As shown in figure 3.16, the distribution of spikes in the
emission changes in wavelength and in time from shot to shot, although, as we have
seen in section 3.3, the pump is stable. Along with the increase in pump energy,
the emission suffers several modifications: the intensity of the spikes is typically
higher and more modes are activated, because the increase in the excitation energy
increases the number of available laser modes, i.e. it allows the creation of lasing
modes with higher thresholds.

3.6 Pump versus emission surface areas: The dom-

inant role of diffusion

In this section we examine the spatial features of the RL emission. To this end, we
take, for pumped areas of different sizes, images of the sample surface with a CCD
analyzer. The radiation is collected with a lens, and after filtering the pumping or
the emission wavelengths, projected onto the CCD with a lateral magnification of
one. This way, we can obtain a map of the intensity distribution of the pumped and
emitting areas. Figure 3.17 shows the images taken with the CCD device, above
and below threshold.

Upper images display the emitting surface at 0.2 µJ/pulse, below threshold, and
below are the images above threshold, at 10 µJ/pulse. Images on the left are images
of the pumping radiation at 532 nm and on the right the emitting area is shown.
The widths at 37 % of maximal intensity of the beams presented in the figure are:
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Figure 3.16: RL pulse measured with a �pinhole = 30 µm at 5.5 µJ/pulse (a), 27
µJ/pulse (b), and 83 µJ/pulse (c). Spectral and temporal profiles extracted over the
whole images are presented in the XZ and YZ planes of the figures. [121]
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Figure 3.17: Images of the emitting surface of the RhB doped di-ureasil powder
pumped at 0.2 µJ/pulse(upper) and 10 µJ/pulse (down), i.e. below and above RL
threshold, respectively. The left hand images (a, c) are images of the pumped area,
since sample emission has been removed by filtering. Those to the right (b, d) are
images of the emission area, since the reflected or re-emitted pumping has been
removed by filtering. Widths of beams at 37% of maximal intensity are: a) 126 ×
137 µm, b) 264 × 294 µm, c) 105 × 132 µm and d) 301 × 329 µm. [121]
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a) 126 x 137µm, b) 264 x 294µm, c) 105 x 132µm, d) 301 x 329µm. At both
energies we observe the same effect, the emitted light extends over a larger region
than the pumped area, which evidences the dominant role of diffusion processes over
amplification or spontaneous emission in the powder.

3.7 Summary and conclusions

This work provides a unique spectro-temporal insight into the modal dynamics of
a diffusive random laser based on a solid-state disordered gain medium, rarely ad-
dressed in the literature. Most researchers investigate the steady-state properties
for the sake of simplicity, but for a full understanding of the intricate behaviour and
mode competition of these disordered active media, it is essential to shed light on
this fundamental issue.

First of all, we have developed a spatial filtering method that allows to study
the dynamics of individual modes of a DRL, in particular, of a Rhodamine B doped
di-ureasil hybrid ground powder. We have observed that the pumping energy and
size of emitting area change the structure of the RL emission as they can increase
mode coupling. When the size of the emitting area changes we observe several
effects on the modal behaviour of the emission. The reduction of the spatial filter
aperture used to control the size of the detected emitting surface area, reduces the
number of spatially overlapping random laser modes while maintaining the size of
the gain medium. This enables the observation of discrete lasing spikes originated
from non overlapping cavities. If no pinhole is used, the number of supported lasing
modes is so large that the fine structure of the emission line shape is partially
washed out, resembling the smooth emission profile of a diffusive random laser.
On the other hand, decreasing the pump beam diameter reduces the spike density,
and an enhancement of the modal density appears with the intensification of the
excitation energy as the creation of lasing modes with larger thresholds becomes then
permitted. No mode suppression within our pumping energy range is observed.

Image sequences of several pumping shots recorded under the same experimental
conditions unambiguously show an intrinsically stochastic behaviour not only in the
spectral but also in the temporal response of the random lasing of our sample with
static disorder. The spectral position of spikes, which is thus not related to the
realization of disorder, differs individually from shot-to-shot although almost no
pulse-to-pulse variation of the pumping pulse occurs. This gives direct experimental
evidence of how the system lases in different modes in successive excitation events.
Note that our results agree with some previous experimental works where time-
integrated data are recorded but are not in accordance with the behaviour predicted
by the time-independent constant-flux theory where uniformly spaced frequency
spectra are expected. Moreover, the comparison of time traces extracted at the
same spectral position reveals that lasing modes are turned on at different times in
different shots, which suggests they are from different cavities. We have measured a
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constant build-up time of 12 ps between 5.5 and 83 µJ/pulse. The average FWHM
of the temporal profiles of uncoupled lasing modes is around 6 ps, with relaxation
oscillation periods in the range of 8 - 38 ps.

Imaging results show the dominance of diffusion over amplification processes
on the spatial features of the powder random laser emission. The emitted light
is extended over a larger area than the pump domain, so contrarily to what some
authors assert, no spatial restriction of the random laser modes to the excited region
is found in our case.

We have also been able to control the spatial coherence by limiting the detected
region on the explored sample surface to nearly the spatial coherence area of its
laser-like emission using a spatial filter with an aperture close to the transport
length of the sample. We have performed single photon counting measurements
above threshold, and assessed the photon probability distributions obtained within
a wavelength interval ∆λ = 0.9 nm and sampling windows ∆t = 32.8 ps. Account
taken of the relaxation oscillation periods, just few lasing modes might thus be
supported which is a crucial requirement to evaluate the coherent nature of a light
beam from its photon statistics. The dependence of the photon statistics on time
delay and wavelength shows values of the coherent percentage and of the second-
order correlation coefficient close to 1, both at the time of maximum pump intensity
and around the gain maximum of the Rhodamine B dye in the employed hybrid host.
This result is an experimental evidence of the high degree of temporal coherence that
can be achieved in our DRL.



Chapter 4

Spectrotemporal dynamics of
RhB-dU random laser under two
photon pumping

4.1 Introduction

We now explore the spectral dynamics of the Rhodamine B doped di-ureasil host
under two-photon excitation. The two-photon excitation, at 1064 nm, requires,
as other multi-photon excitations, no phase matching, and provides an anti-Stokes
visible emission in the explored powder. The main interest of this process relies
on the advantages of NIR for the RLs applications in bio sensing and medical di-
agnostic purposes [6, 24, 88], as we have presented in chapter 1. Light has its
maximum of tissue penetration depth on the NIR, which increases the excited vol-
ume and allows working with thicker biological samples. Organic dyes, which can
be compatible with the biological material and have a large two-photon absorption
coefficient, are therefore interesting dopants of RLs for these applications. The OP
absorption cross-section (OPA) of RhB is σOPA = 2.4 × 10−16 cm2 [125]. Under
two-photon (TP) excitation either an excited molecule absorbs additional photons
or the molecule absorbs several al the same time. The TP absorption cross-section
(TPA) in methanol is σTPA = 31 × 10−48 cm2s/photon [126]. Due to the lower
absorption of the radiation by the molecule under TP pumping, light can penetrate
deeper into the material and the excited volume is higher.

Using the same sample as for OP pumping analysis and the set-up described in
chapter 3 with small adaptations and the spatial filtering method, we have charac-
terises the sample RL emission features and its modal dynamics and compare them
to the ones obtained under one-photon pumping.

In addition, images obtained in the multiphoton microscope pumping at 840
nm are analysed. At this wavelength, the RhB has the largest two-photon absorp-

35
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Figure 4.1: Two-photon excitation spectra of the RB15Mb+ powder sample moni-
toring the RhB at 600 nm.

tion (TPA) cross-section within the tuning range of the Ti:sapphire. Figure 4.1
shows the two-photon excitation spectra (TPE) of a less concentrated powder sam-
ple denoted by RB15mMb+ (6.31× 1018 RhBmolecules/cm3, whereas our sample
has 12.3× 1018 RhBmolecules/cm3). In this figure the absolute TPA cross-section
of the RhB dye given by Makarov et al. [126] is also presented. As can be observed,
a good agreement with literature in observed.

4.2 Experimental

Subnanosecond time-resolved measurements performed under two-photon excitation
are carried out at room temperature using the experimental set-up shown in figure
4.2. The sample is pumped at 1064 nm, the fundamental wavelength of a mode
locked Nd:YAG laser (PL2250 EKSPLA). The pump pulse has a duration of 30 ps
and a repetition rate of 20 Hz. The laser output is attenuated with a half-wave plate
and a polariser. The polariser is also employed as a beam splitter as the laser beam
coming out at 90◦ is reflected to an optical delay line to provide a time reference
signal.

Due to dispersion of our imaging spectrograph grating, the maximum width of
the sampling windows of 87 nm. This prevents us from taking a reflection of the
laser pump as a time reference for the RL emission when working at TP excitation.
In order to obtain a time reference, we work this time with the second harmonic
emission of a potassium dihydrogen phosphate – KDP – compacted powder sample.
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Figure 4.2: Set-up for the two-photon pumping analysis. BS is a beam-splitter and
P a pinhole.

TP pumped RL emission of the explored sample is centred at 630 nm while the
second harmonic emission pulse of the KDP appears at 532 nm. This way, both
the sample signal and the delay line signal – used as a time reference – can be
simultaneously detected in single shot measurements. We assume there is no delay
on the second harmonic generation.

With the purpose of checking the equal lengths of the reference line and the
sample path, we place one KDP sample at the delay line and the other one at the
explored sample position. As can be seen in the optical delay path of figure 4.2, we
use two additional lenses after the laser beam is focused on the KDP surface in order
to collect its second harmonic emission. By changing the position of this sample
while detecting within the same shot in real time the second harmonic emission of
the two KDP samples, it is possible to reduce until zero the delay time between
both signals and therefore assert that lengths of both paths are identical. After this
alignment, we place the sample under study in a vertical holder so the surface can
receive the pump radiation. Then, a short-pass filter (Semrock FF01-842) removes
the pumping light diffusively reflected by the sample and the KDP. We record several
streak images using the 1 ns time range at different pumping energies with different
pinhole apertures.

The streak images display the measured time on the vertical axis and the wave-
length on the horizontal axis. The streak camera software allows us to extract
temporal profiles placing vertical sampling windows at the desired wavelength po-
sitions. Alternatively, by using horizontal windows, it is also possible to extract
spectral profiles at various time positions and gate lengths. It is therefore a versa-
tile tool to explore the build-up time of the TP pumped RL emission as well as to
evaluate its modal oscillation dynamics, once the time reference is set at the center
of gravity of the KDP second harmonic pulse coming from the optical delay line.
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The transmitted laser beam is focused to a spot size of 500µm on the sample surface
in most of the measurements. Just for the study of the effect of the emitting surface
area on the modal oscillation dynamics a tighter diameter of 50 µm of the pumped
area is also used.

4.3 Two-photon pumped random laser thresholds

and build-up times

A sequence of single shot streak images are recorded at different pumping energies
above threshold with the aim of experimentally explore the change of the RL build-
up time. No pinhole aperture is used in order to get intense signals, as the emission
from the whole excited surface is collected. The pump beam is focused in the sample
surface with a 500µm diameter spot on the powder surface. Figures 4.3(a) and (b)
show single shot streak images recorded pumping at 0.85 mJ/pulse and 1.5 mJ/pulse
while figures 4.3(c) and (d) display the spectral and temporal profiles of the whole
measurement range at both energies.

The images differ widely on time and wavelength. At both energies the emission
is centred at 630 nm but while at 0.85 mJ/pulse the emission is spectrally broad,
the emission linewidth is 15.6 nm at 1.5 mJ/pulse. The temporal domain also show
significant differences. At 0.85 mJ/pulse the emissions presents an exponential de-
cay with a lifetime value of 5.7 ns, which evidences the main contribution of the
fluorescence to the emission. On the other hand, at 1.5 mJ/pulse the output pulse
duration shows a significant shortening until 147 ps. This behaviour corresponds
to the one expected close to the onset of lasing. These experimental results reveal
that 1.5 mJ/pulse exceeds slightly the onset of the TP pumped random lasing un-
der the mentioned focusing conditions, so the anti-Stokes RL onset is between 0.85
mJ/pulse and 1.5 mJ/pulse.

Under OP pumping at 532 nm, the spontaneous emission is centred at 612 nm
whereas the lifetime value is around 3.4 ns. The measured emission under TP excita-
tion undergoes a redshift and an enlargement of the lifetime. This seems to indicate
a larger contribution of the re-absorption effect under TP excitation explained by
the larger penetration depth of the NIR pump, and the longer propagation distances
of the resulting fluorescence photons.

The same explored RhB-dU system under OP pumping and with the experi-
mental configuration shows (chapter 3) a threshold around 1.6 µJ/pulse, i.e. three
orders of magnitude lower. This behaviour is explained by the lower absorption of
the dye under this two-photon pumping (section 4.1).

In order to study the RL build-up time, it is important to remark again that
the maximum spectral width of a streak image is 87 nm. As can be observed in
figure 4.4, by centring the spectrograph at 578 nm, the green pulse appears at the
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Figure 4.3: Anti-Stokes RL threshold: single shot images obtained at 0.85 mJ/pulse
(a) and 1.5 mJ/pulse (b) with no spatial filtering. Spectral and temporal profiles of
the whole measured range are displayed in the images (c) and (d) respectively. [127]



40CHAPTER 4. SPECTROTEMPORAL DYNAMICS OF TP-PUMPED RhB-dU RL

Eexc ∆tTail−Pump ∆tTail−Sample ∆tSample−Pump

1.5 mJ/pulse 110 ps 44 ps 154 ps
2.5 mJ/pulse 88 ps 28 ps 116 ps
3.2 mJ/pulse 102 ps 35 ps 137 ps

4.0 mJ/pulse
99 ps 28 ps 127 ps
85 ps 28 ps 113 ps

Table 4.1: Time delays between the centres of gravity of temporal profiles extracted within the
mentioned spectral ranges centring the imaging spectrograph at 578 nm (second column) and at
630 nm (third column) at different excitation energies by focusing the laser beam to a spot size of
0.5 mm on the sample surface. Values shown in the fourth column correspond to the build-up time
at each pump energy and result from the sum of the two previous column values. At 4 mJ/pulse,
delay values obtained when the laser beam impinged on two different sample points are also given.

right image edge and just the short wavelength tail of the TP pumped RL emission
of the di-ureasil powder sample can be simultaneously detected. It is therefore
necessary to follow a two step procedure to estimate the time delay between the
KDP green pulse and the TP pumped RL pulse at different excitation energies: 1.5,
2.5, 3.2 and 4 mJ/pulse after focusing the laser beam to a spot size of 500 µm on the
powder surface. First of all, an image sequence of five pumping shots is recorded at
each pumping energy with a sample window range of 1 ns by centring the imaging
spectrograph at 578 nm as shown in figure 4.4a. Then, we estimate the time delay
between the center of gravity of the temporal profiles extracted by using vertical
sampling windows extended over the ranges [530.33 nm, 534.03 nm] and [612.5 nm,
620.25 nm] – corresponding to the second harmonic of the pump beam (”Pump”),
and the tail of the TP pumped RL (”Tail”) –, respectively. Average time delays
between both profiles are collected in table 4.1. Secondly, we centre the Chromex
spectrograph at 630 nm and record image sequences at the same excitation energies
4.4b. Afterwards, temporal profiles are extracted in both ranges; i.e. [612.5 nm,
620.25 nm]( ”Tail”) and the whole image spectral width, i.e. [581.83 nm, 671.76
nm] (”Sample”), see black and red lines in figure4.4(c)(d), respectively. In the third
column of table 4.1, time delays between the center of gravity of both temporal
profiles are presented. The resulting time intervals between the peak of the pumping
or, in our case, of the corresponding second harmonic pulse, and that of the total
RL pulse (defined as build-up time) are shown in the fourth column.

As mentioned above, for every energy we record 5 images of 5 pumping shots
while the laser beam excites the same sample point. In table 4.1, average time
delays are presented for each case. Note that no significant time differences were
found within images of the same sequence (less than 5 ps). However, when changing
the excitation energy, we have to change the place where the laser beam impings
on the sample because the shock wave associated with the tight focused excitation
removes powder from the sample surface. Therefore, different parts of the sample
are explored as a function of pumping. Table 4.1 also shows the build-up times
estimated for two different excited points at the same energy, i.e. at 4 mJ/pulse.
Build-up times of 127 ps and 113 ps are obtained. As can be observed, the time
difference between both values is larger in this case than when comparing shots
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Figure 4.4: Single shot images and profiles at Eexc = 4mJ/pulse with no pinhole
aperture by focusing the laser beam to a spot size of 0.5 mm on the sample surface
and centring the image spectrograph at 578 nm (a) and 630 nm (b). Vertical windows
on the 612.62 - 620.25 nm spectral range depicted with dashed lines correspond to the
tail of the TP pumped RL emission of the powder sample. Corresponding temporal
profiles extracted from these sampling windows are plotted with a black dashed line
in (c) and (d) respectively. The temporal profiles of the second harmonic emission of
the KDP sample used as time reference (extracted from the vertical window centred
at 532 nm in the upper image) as well as the temporal profile extracted over the
whole spectral range of the lower image are also presented in (c) and (d) with green
and a red line respectively.
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Figure 4.5: Temporal profiles extracted over the whole spectral range from streak
images recorded at 1.5 mJ/pulse (green line), 2.5 mJ/pulse (blue line) and 4 mJ/pulse
(red line) by focusing the laser beam to a spot size of 0.5 mm on the sample surface.

of the same sequence. The last value is the one we use to settle down the time
origin at this energy. Time delay values collected in table 4.1 seem to indicate
the expected decrease of the RL build-up time with the excitation energy. Note
that apart from the build-up time reduction, figure 4.5 shows that the FWHM of
the temporal profiles extracted over the whole spectral range is also reduced upon
increasing energy, in particular from 147 ps at 1.5 mJ/pulse till 93 ps at 4 mJ/pulse.
In this plot, the center of gravity of the KDP second harmonic pulse provides the
time origin.

4.3.1 Comparison of one- and two- photon pumped random
laser thresholds and build-up times

The study of the RL emission performed under the same experimental conditions
but under OP pumping, i.e. at 532 nm, reveals that the RL threshold value pumping
in the visible (VIS) range is around 1.6 µJ/pulse. Therefore, under this excitation
scheme an almost 3 orders of magnitude smaller pump density is required to over-
come the losses and therefore reach the onset of laser-like action than in the TP
case we are currently exploring. This is caused by the weaker absorption, and the
resulting larger excited volume, of the dye at this pumping wavelengths (see 4.1).

On the other hand, in the OP case RL build-up times of around 12 ps are
obtained when using excitation energies within the 5 - 83 µJ/pulse range, one order
of magnitude smaller, i.e. times required to achieve enough gain to reach the RL
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onset are shorter under OP excitation. In the OP case not only the build-up time is
shorter, but also the pulse length, which has the same duration as the laser beam,
30 ps. Under TP excitation, however, the temporal shortening of the emission is
not as strong; 147 ps pulses are measured slightly above threshold, at 1.5 mJ/pulse,
and this time is reduced down to 93 ps at 4 mJ/pulse. It is not possible to measure
under larger pumping energy density because the pumping shock wave damages the
sample.

4.4 Modal distribution in the spectral and tem-

poral domains

4.4.1 Mode density control

To better understand the relation between temporal and spatial properties of the
TP pumped RL emission of the explored samples, we employ, as in the case of OP
pumping, spatial filters of different apertures which allow us to control the size of
the emitting area whose radiation is collected. By imaging the emitting surface
over a plane where those filters are located, we reduce the number of lasing modes
which are correlated in space. In fact, the comparison of streak images recorded
with a diameter of the pumped area of 500 µm, by using different pinhole apertures
at the same pumping energy allows us to study the effect of the spatial filter size
on the laser spikes distribution. Figure 4.6 shows single-shot streak images of these
measurements without spatial filter (a) and with pinholes of 50 µm (b), 30 µm (c)
and 15 µm (d) diameter. The spectral and temporal profiles extracted over the
whole images are presented in the XZ and YZ planes, respectively. It is clear from
this plot that if no spatial filter is used, the number of existing spatially overlapping
lasing modes is so large that their average spectral and temporal widths exceed the
average spacing between neighbouring modes. Therefore, spikes assigned to discrete
lasing modes are averaged out leaving a smooth spectral profile. In fact, the map
surface just presents a small fine structure on top of the ASE band. In contrast,
when spatial filters are employed, discrete lasing peaks, not necessary located at the
center of the gain curve and originated from non overlapping cavities are found.

As expected, the decrease in the pinhole aperture reduces the density of sup-
ported modes while keeping the size of the gain medium constant. With the smallest
pinhole size we find just a few anti-Stokes lasing spikes independently oscillating and
not necessarily located at the center of the gain curve. The time-integrated spectral
profile and the sprectrally integrated temporal profile are also displayed for compar-
ison with almost all RL reported experiments because they record integrated data.
These profiles, which do not provide any information on whether different modes
co-exist at the same time o appear subsequently, show an increasingly resolved fine
structure as the pinhole size is decreased. We therefore use the small pinholes to
analyse the mode dynamics and stability originated from non-overlapping cavities.
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Figure 4.6: Single-shot surfaces from streak images of RL pulses under 4 mJ/pulse
pumping with no pinhole (a), �pinhole = 15 µm (b), 30 µm (c) and 50 µm. Spectral
and temporal profiles over the whole range are projected on the XZ and YZ planes,
respectively. [127]
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Figure 4.7: Single-shot surfaces from streak images of two consecutive RL pulses
under 4 mJ/pulse pumping with �pinhole = 15 µm. Spectral and temporal profiles
over the whole range are projected on the XZ and YZ planes, respectively.[127]

4.4.2 Shot-to-shot analysis

To compare the dynamics of consecutive emission pulses with identical experimental
conditions we perform sequences of measurements with the streak camera. We pump
again at 4 mJ/pulse with a beam spot size of �pump = 500 µm, which provides the
highest safe pumping energy density and using a 15 µm diameter pinhole. Figure
4.7 compares the lasing peaks distribution of two consecutive shots measured at 4
mJ/pulse around the maximum of the RhB gain curve. Map surfaces show different
modal distributions from shot to shot as lasing spikes appear at different wavelengths
and times. It is worthy to notice that in these experiments, scattering particles are
not moving due to the static disorder of the powder sample. Nevertheless, we observe
that no specific frequency dominates the others and that spikes were distinct from
pulse to pulse revealing an intrinsically stochastic behaviour in the temporal and
spectral response of the TP pumped random lasing. This different mode competition
could be related to tiny intensity fluctuations. Modes of similar wavelengths are
activated at different times in consecutive pulses, which suggest they are originated
in different cavities due to the stochasticity of the spontaneous emission.

In order to further study the modal oscillation dynamics of our powder system
under NIR excitation we extract temporal profiles of several streak camera by placing
vertical sampling windows with a spectral width of 0.5 nm over the spectral range in
which the TP pumped RL emission is spread. The comparison of temporal profiles
extracted from different shots and measured under the same experimental conditions
confirms the above mentioned chaotic RL behaviour. The individual modes have a
duration around 6 ps and linewidths of 0.35 nm. Figure 4.8 shows as an example
the profiles of the emission of an area of 30 µm diameter under 4 mJ/pulse pumping
over the central region of the RhB gain curve. Modes of this figure have varying
relaxation oscillations periods. These oscillations are easy to observe as the lasing
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Figure 4.8: Detailed mode analysis of an RL pulse under 4 mJ/pulse pumping with
a �pinhole = 30 µm.[127]

modes are uncoupled. The periods vary from 12 to 70 ps for different lasing modes.

4.4.3 Effect of the pump energy on the modal oscillation
dynamics

The increase of the excitation energy allows the creation of lasing modes with larger
thresholds. We thus expect an enhancement of the mode coupling and of the overlap
between lasing spikes with the pumping energy density. However, we do not see a
smoother spectral profile. Figure 4.9 shows two shots of an emitting area �pump = 50
µm under 4 mJ/pulse and 2.5 mJ/pulse pumping. In order to explain this result we
must bear in mind that due to strong modal interactions, the number of lasing modes
can saturate with increasing pumping. This effect is related to the non-monotonic
dependence of mode intensities on the pump strength and complete disappearance
of some modes for pumping exceeding certain threshold. To explore more deeply
this effect, larger pumping energies would be desirable. Nevertheless, within the
employed focusing conditions, this was not possible due to the powder removal
caused by the pumping shock wave.

4.5 Summary and conclusions

In this chapter we have studied the random laser build-up time and modal oscillation
dynamics of a Rhodamine B doped di-ureasil powder under TP pumping at 1064
nm with a picosecond laser using the mode selection method described in chapter
3. The threshold energy for a pumping size of 500 µm, is between 0.85 and 1.5
mJ/pulse, i.e. between 433 and 764 mJ/cm2. A reduction of the anti-Stokes build-
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Figure 4.9: Single-shot surfaces from streak images of RL pulses under 2.5 mJ/pulse
pumping and 4 mJ/pulse pumping with �pinhole = 50 µm. Spectral and temporal
profiles over the whole range are projected on the XZ and YZ planes, respectively.[127]

up time from 154 to 113 ps was found when increasing the pump energy from 1.5 to 4
mJ/pulse. Within the mentioned range of pump strength the output pulse duration
was reduced from 147 to 93 ps. Under the same experimental conditions, the random
laser threshold in the OP case is almost three orders of magnitudes smaller whereas
the time delay between the barycentres of pumping and the random laser pulses
was around 12 ps. Moreover, in such a case, output pulses as short as the pumping
pulses were achieved above threshold. The different random laser performance found
under both excitation schemes may be due to their different pumping volumes; in
the TP case, light can go much deeper into the material due to the much weaker
absorption which may lead to a lower effective pump density, causing an increase in
the mode lasing thresholds.

By isolating the emission of the TP pumped random laser from a predetermined
size area, equal to the employed pinhole aperture, we demonstrate the stochastic
frequency behaviour of the anti-Stokes random laser modes of our powder sample
with static disorder. This system lases in different modes upon repeated identical
excitations. The lasing modes show relaxation oscillation periods from 12 to 70 ps.
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Chapter 5

Random Laser performance of
stoichiometric Nd crystal powders

5.1 Introduction

The first detailed studies of random laser emission were performed on powders of
neodymium-activated luminophosphores by Markushev et al. on 1986 [8, 9] at either
liquid nitrogen or liquid helium temperature. They were the first ones to describe
the pumping energy threshold and measure the pulse shortening, the intensity en-
hancement and the narrowing of the spectra of powders doped with Nd3+. Although
all these features are common to all RL lasers, the behaviour of some of them differ
significantly comparing to the RL studied in chapters 3 and 4.

Neodymium-doped systems present a significantly different emission if compared
with organic-based systems such as the one explored in Part I, showing a lifetime of
a few ns or narrowing to less than a nm. Among rare-earth RL powders, those based
on Nd3+ are especially interesting due to their high efficiency and low threshold in
almost every host [9, 14, 50, 128–134]. Nd3+ is the most extensively studied ion for
stimulated emission with more than one hundred crystals analyzed, thanks to the
many absorption bands, which proide good optical pumping efficiency, and rapid
energy cascade to the 4F3/2 level [135]. In addition, pumping at around 800 nm can
reduce lattice heating from multiphonon relaxation cascade to 4F3/2.

The stoichiometric hosts have received the most attention for RL [6, 93, 135,
136]. In contrast to other hosts where the active ion is dispersed as a dopant in the
crystalline matrix, stoichiometric hosts are pure chemical compounds of RE ions.
In principle, the main variable controlling the quenching of the luminescence is the
nonradiative energy transfer process between rear-earth ions. The high concentra-
tion of ions gives rise to a short-range spatial migration of energy among ND3+ ions
[137], that may affect the threshold and slope efficiency for laser action. In addi-
tion, and because of the high density of optically active ions, stoichiometric laser

51
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Figure 5.1: Nd3+ energy level diagram and main transitions. [6]

materials are interesting for low threshold, high gain miniature solid-state oscilal-
tors and amplifiers, and integrated devices. Our group has previously studied the
dependence of the efficiency on the concentration and we have seen that despite the
concentration quenching the efficiency was very high because the build-up time of
the random pulse is much lower than the lifetime of these systems [130]. Moreover,
from a practical point of view, the low coherence and lonng emission wavelength [93]
of Nd3+ RL makes this type of emission source a very promising one for applications
in biomedicine and high resolution bioimaging [138]. For these reasons, we have
analysed the emission mean features – slope efficiency, threshold energy – of several
stoichiometric Nd doped ground crystal samples working as random laser sources
in the 4F3/2 →4 I11/2 emission band of Nd3+ ions around 1064 nm by exciting the
4I9/2 →4 F5/2 transition. The energy level diagram in figure 5.1 shows the Nd3+

main transitions.

5.2 Experimental

All studied samples – NdAl3(BO3)4, NdVO4, NdPO4, NdP4O12Li and NdGa5O12 –
present a high absorption and a similar transport length of about 10 µm. NdVO4 has
the highest absorption and emission cross-sections among vanadates [139]; NdAl3(BO3)4
has been previously by our group and presents a high efficiency [92]; NdP4O12Li and
NdAl3(BO3)4 have a large distance between Nd3+ ions which reduces the concentra-
tion quenching of fluorescence resulting in a limitation of cross relaxation processes.
The samples were prepared by different research groups. NdP4O12Li was provided
and prepared by Strek et al. following their synthesis method as explained in a
previous work [140]; NdGa5O12 garnet crystal has been grown by Lavn, Rodriguez-
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Figure 5.2: Spectral diffuse reflectance for NdAl3(BO3)4, NdVO4, NdPO4,
NdP4O12Li and NdGa5O12.

Mendoza, Kamada and Yoshikawa as described in our publication by Iparraguirre et
al. of 2016 [141]; NdAl3(BO3)4 was prepared by citrate precursos obtained by soft
chemistry procedures by Cascales [16] and NdVO4 and NdPO4 samples were grown
by BEttinelli and Cavalli [136].

The experimental set-up for the RL emission analysis is shown in the inset of
figure 5.3. The pumping source is a tunable Ti:sapphire pulsed laser with a 10
ns pulse. Maximum pumping energy is about 35 mJ; a variable attenuator by
reflection (Lotis, VA-R) controls it to avoid changes in the size of the pump beam
when the energy is modified. The pump beam is focused on the samples with a 40
cm focal lens placed in a movable holder to control the size of the pumped area. The
absolute value of the intensity of the pump beam is obtained from the calibration
of the measurement of the radiation diffused by a folder mirror in the pump path
by an energy meter (Newport 818-BB-21). The sample is pumped with a 20◦ angle
to prevent any damage in the optics. The emission is collected with no lens. An
optic fiber of 0.5 mm diameter at 25 cm distance above the sample collects part
of the emission; a filter removes the pump radiation reflected by the sample when
necessary. The detection system has been calibrated in order to know in every
moment the pumping and stimulated emission energies and the absolute value of
the slope efficiency. Given the spatial incoherence of the RL emission, its angular
distribution can be assumed to be Lambertian [134, 142] allowing for a calibration
to obtain the absolute emitted energy by the sample. The measured energy per unit
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area at a distance r and at an angle θ with respect to the normal is given by:

M(r, θ) =
Eem cos θ

πr2
, (5.1)

where Eem is the total energy of the RL emission. Placing a calibrated energy meter
of area S at a much smaller distance r and angle θ, we obtain the relation between
the emitted and the measured energies:

Emea =
Scosθ

πr2
Eem, (5.2)

Hence, measuring the RL emission with the energy meter and the collected by
the optical fibre coupled to a detector (Thorlabs, SIR5)connected to an oscilloscope
(Tektronix, TDS 7104, 10 Gs/s) at the same time we obtain the calibration between
the absolute emitted energy and the area under the curve of RL emission intensity
registered by the oscilloscope.

5.3 Laser slopes and thresholds of NdAl3(BO3)4,

NdVO4, NdPO4, NdP4O12Li and NdGa5O12

In order to characterise the powders and set the pump wavelength we first measure
the diffuse reflectance of the sample with an integrating sphere coupled to a spec-
trophotometer (Varian Cary 5) with 0.5 nm resolution; the resulting absorbance is
shown in figure 5.2. The pump wavelength for the study of the RL emission is set at
the minimal diffuse reflectance – maximal absorbance – wavelength, which is at 810
nm for NdAl3(BO3)4, 808 nm for NdVO4, 795 nm for NdPO4, 797 nm for NdP4O12Li
and 807 nm for NdGa5O12 because it gives the minimal input threshold energy and
tha maximum laser slope efficiency [134, 136].

The emission of all samples shows a typical threshold behaviour above a certain
pump energy; the emission spectrum narrows greatly to a single peak of a width
smaller than our spectral resolution (0.3 nm), the intensity increases by some orders
of magnitude and the pulse duration shortens from two hundred microseconds –
the spontaneous emission decay time – to a few nanoseconds. In order to study
the temporal behaviour of the RL emission of these materials we simultaneously
measure the intensity of the pumping and laser emission as a function of time. First,
we calibrate the time delay between the signals caused by the different path lengths
– lengths of the cables, optic fibres and optic paths – filtering the sample emission
and observing the pump pulse in both detectors at the same time. We estimate the
error of this calibration due to the modal dispersion of multimode fibers and the
chromatic dispersion in 10 ps, which is acceptable considering that pump pulses are
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Figure 5.3: Intensity as a function of time of the pump pulse (below) with its corre-
sponding RL emission pulse (above) of the sample NdGa5O12 (left) and NdP4O12Li
(right).

10 ns long and the temporal widening of the measuring system is around 200 - 300
ps.

Figure 5.3 shows the temporal profile of the pulses, of two highly concentrated
neodymium stoichiometric samples. We have collected the radiation from all the
surface to perform this analysis. It can be seen that the emission takes a time
to reach the threshold after absorbing the pump pulse – the build up time – but
after that time, the signals are nearly synchronous. The observed oscillations in
the emission are caused by the pump pulse and are not relaxation oscillations. All
analysed samples show identical behaviour.

Laser slope efficiency is measured for NdAl3(BO3)4, NdVO4, NdPO4, NdP4O12Li
and NdGa5O12 crystal powders pumping around 800 nm (4I9/2 →4 F5/2). We set the
pump wavelength at the maximum absorbance wavelength. The absorbances of the
sample powders are all about 50 % at this wavelength. We measure the laser output
energy as a function of the incident energy for all samples with the experimental
set-up described in 5.2 and a pump area of 0.4 mm2. The error is ± 0.05. The results
of the measurements can be seen in figure 5.4. The maximum pumping energy is
lower for the NdVO4 because its damage threshold is lower.

A previous work by Iparraguirre et al. [134] proposed the following expression
for the slope efficiency of the stimulated emission energy versus incident pumping
energy in oxysulfide crystal powders doped with Nd:

slope = η(λp)
λp
λem

(5.3)

where η is the absorbance of the doped powder at the pump wavelength, λp the
pump wavelength and λem the emission wavelength. This implies that all pumping
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Figure 5.4: Laser output energy as a function of pump energy for NdAl3(BO3)4,
NdVO4, NdPO4, NdP4O12Li and NdGa5O12.

photons absorbed above the threshold are later re-emitted as stimulated emission.
The experimental slope efficiencies and the ones obtained from the absorbances and
equation 5.3 are in good agreement when pumping to 4F5/2 level. In addition, we
perform the slope measurements for three of the samples, NdAl3(BO3)4, NdVO4

and NdPO4 , with different pump beam sizes. We find that the slope efficiency m
is essentially independent of the pump beam area. Nevertheless, when the size of
the pump area is too small – less than 0.5 mm of diameter – the reproducibility of
the results is bad: the directionality changes, the slope sometimes increases, some
subsidence of the surface appears. The increase in slope is due to a larger absorbance
and the other effects are probably caused by the irregularities the pump beam causes
on the surface for small pumped areas.

In order to further test the accuracy of equation 5.3 when pumping at different
wavelengths, we also measure the slope efficiency dependence on the pump wave-
length for the NdPO4 sample. The experimental slope efficiency is shown in figure
5.5 along with the predicted slope by equation 5.3. The measured values fit very
well the predicted values, suggesting that all absorbed photons above threshold are
later re-emitted.

To explore the slope efficiency when exciting other levels, we perform the slope
measurements for the NdAl3(BO3)4 exciting the 4F3/2 level, pumping at 876 nm.
The absorbance at this wavelength is 27 %, lower than the one measured under
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Sample λp λem η(λp)(%) Slope (%) Eth (mJ/mm2)
NdPO4 797 nm 1059 nm 0.52 0.36 8

NdAl3(BO3)4
810 nm 1063 nm 0.47 0.33 4
876 nm 1063 nm 0.27 0.20 6.5

Nd3Ga5O12 807 nm 1062 nm 0.56 0.42 6.5
NdP4O12Li 800 nm 1048 nm 0.48 0.33 13
NdVO4 808 nm 1061 nm 0.54 0.30 4

Table 5.1: Experimental values of the diffuse absorbance, laser slope efficiency and threshold
energy per unit area for different stoichiometric powdered samples. The estimated error in the
measurements is 10 %.

Figure 5.5: Slope efficiency of the RL emission of the NdPO4 powder predicted
by equation 5.3 (black line), experimental slope efficiencies and absorbance spectrum
(red line).
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Figure 5.6: Output laser energy as a function of pumping energy for powdered
NdAl3(BO3)4 for two different pump wavelengths: 810 nm (black squares) and 876
nm (red dots).

pumping at 810 nm, 47 %. Slope efficiency under 810 nm pump (exciting the 4F5/2

level) is 33% and 20% under pumping at 876 nm (exciting the 4F3/2 level). The
measured slopes for both pumping wavelengths are shown in figure 5.6. Equation
5.3 is also satisfied exciting the 4F3/2 levels for our powder sample.

The threshold energy Eth of the samples vary from 4 mJ/mm2 to 6.5 mJ/mm2,
as can be seen in figure 5.4; all the values are displayed on table 5.1. The threshold
energy per unit area remains constant for areas with a diameter above 0.5 mm and it
increases below that size. The energy threshold expression (equation 1.7) proposed
by the RL one-dimensional theory depends on the pumping area, the stimulated
emission cross-section, the transport length, the inelastic length, which depends on
the absorption cross-section, the concentration and the filling factor. Nonetheless,
while studying a sample the threshold energy per unit area remains, for all λp,
inversely proportional to the absorbance at the pumping wavelength. However, it
is complex to compare threshold energies for different samples due to the different
emission cross-section.
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5.4 Summary and conclusions

Analysing the emission of different Nd3+ stoichiometric powders pumped to 4F3/2

and 4F5/2 levels under nanosecond pumping pulses we have observed the following
behaviour. The laser slope is proportional to the absorption of the material and
the constant of proportionality is the quotient between the pump and emission
wavelengths (equation 5.3). This result implies that almost all pump photons with
energy over the threshold are converted into stimulated emission photons. This
means that the probability of stimulated emission is much higher than any other
transfer or loss-channel of the upper-level. In addition, neither the slope nor the
threshold energy per unit area depend on the area of the pumping beam, if the
pump beam diameter is much longer than the absorption length. When both lengths
are comparable the threshold appears at a higher energy than expected, probably
because the emission photons are more likely to be present in peripherally pumped
areas.

Finally, the temporal, spatially integrated, measurements (figure 5.3) show the
RL emission intensity, once the threshold energy is reached, follows the pump pulse
with a delay of the order of 100 ps.
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Chapter 6

Non stoichiometric Random
Lasers. Influence of Nd
concentration in the RL emission
of the powders

6.1 Random laser action in Nd:La2O2S

Rare earth oxysulfides (RE2O2S) are among the RE-doped oxides one of the most
efficient phosphores investigated for lighting applications or commercial television
[143]. Lanthanum oxysulfide crystal matrix is an excellent host lattice for trivalent
RE ions [144] with the lanthanum atoms coordinated by four oxygen atoms and
three sulfur atoms [145]. The laser and spectroscopic properties of these crystals
were investigated by Alves et al. in 1971 [144] and the stimulated emission kineticsat
liquid nitrogen temperature by Markushev et al. in 1990 [146]. Iparraguirre et al.
investigated in 2012 for the first time the laser action of Nd3+ doped La2O2S powders
at room temperature [134].

In order to study the effect of dopant concentration on the threshold and slope,
we analyse the emission of samples of La2O2S doped with 9 %, 6 %, 3 % and 2 % Nd.
Crystals with different concentrations of Nd have different absorption properties due
to the inelastic length, but the same diffusion characteristics (transport length). In
the other hand, the grain size only affects the transport length. It has been observed
that smaller grain samples reflect the pump radiation more efficiently [147].

The experimental set-up used in our experiments is described in chapter 5. The
system has been previously calibrated to obtain the absolute units of the energies
as has been explained in chapter 5.

Table 6.1 shows a summary of the study for these oxysulfide samples. The laser
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Sample Nd:La2O2S 9 % Nd 6 % Nd 3 % Nd 2 % Nd
Absorbance at 819 nm 0.23 0.19 0.16 0.13
Laser slope 0.16 0.14 0.12 0.10
Eth per unit area (mJ/mm2) 2.0 2.3 2.7 3.0
Eth rel. to 9% doped 1 1.15 1.35 1.50
Relative Eth (lres ∝ li) 1 0.97 0.95 0.94
Relative Eth (lres ∝ labs) 1 1.21 1.44 1.77

Table 6.1: Absorbance, slope and threshold of the La2O2S doped with Nd at different concentra-
tions.

slope behaviour follows the expression 5.3, as we have already seen in chapter 5. In
addition, we explore the behaviour of the threshold energy. From equation 1.7, if
lres ∝ li:

Eth
hνA

=

√
lt/li

ησem
(6.1)

This relation, as we can see in table 6.1, is not in good agreement with the
experimental measurements of the energy threshold. On the contrary, we have
observed that considering lres ∝ labs, from equation 1.7, the threshold energy is
proportional to the inverse of the absorbance:

Eth
hνA

=
1

ησem
, (6.2)

which seems to indicate that the changes in residence lengths compensates the
changes in pumping volume.

To conclude the study, we measure the output energy as a function of the pump
energy for different pump beam diameters for the 9 % Nd doped sample, pumping at
819 nm and collecting the emission at 1076 nm. The slope efficiencies, as we can see
in figure 6.1 are the same for all three pump area sizes, 15 % (± 1 %). Considering
the absorbance at the pump wavelength is 23 % and the ratio between absorbed
and emitted photons is 76 % the slope-efficiency m follows the expression 5.3 if the
branching ratio of the excited state to the metastable state level is close to one [134].

6.2 A paradigmatic non stoichiometric random

laser: Nd:YAG

Nd:YAG is one of the most popular and well studied crystals for stimulated emis-
sion. In this crystal, the matrix, Y3Al5O12, is doped with a Neodymium ion in a
concentration of a few percent. The YAG garnet crystal has very interesting prop-
erties for its use as a host matrix for RE3+ ions, such a good thermal conductivity
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Figure 6.1: Output energy as a function of pump energy for three different pump
areas, with diameters 1.31 mm, 1.75 mm and 2.03 mm, in % Nd doped sample.

and transparency, hardness, low threshold and high efficiency; it is therefore very
suitable for high-power and continuous wave (CW) applications and one of the most
valuable solid-state materials for commercial laser oscillators and amplifiers [148].
Although some works have studied Nd:YAG as a random laser source, its emission
has not been properly characterized. Feng at al. observed RL emission in nano pow-
ders with a 250 nm grain diameter under diode pumping and a one mirror structure
[149] and described the emission spectrum, the emitted energy in relative units, the
threshold behaviour, the temporal behaviour in time scales of the order of 200 µs and
thermal effects[150]; no lasing was detected without the mirror. They also built a
hybrid microchip combining a Nd:YAG transparent ceramic and a Nd:YAG powder
tablet [151].

We obtain a 1064 nm RL emission by pumping around 800 nm a 1 mol % Nd
doped YAG crystal powder using a set-up with no mirrors [152]. We study its
emission and measure absolute emission energy versus pump energy – the slope
efficiency –, the pump threshold energy as a function of the pumped area and pump
wavelength, and laser intensity is a function of time.
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Figure 6.2: Absorbance spectrum of Nd:YAG crystal powder.

6.2.1 Experimental

The studied Nd:YAG crystal powder is fabricated from a commercial Nd:YAG rod
with 1 % Nd (Laser Crystal Corp), grinded in a mixer mill (Retsch MM200). We
measure the grain size of the powder with a confocal microscope (Leica TCS SP5)
and an average powder size of tens of microns is found. As we are pumping around
800 nm we perform a diffuse reflectance spectrum to obtain the absorbance of the
powder on the pumping 4I9/2 →4 F5/2 transition and the precise absorbance maxi-
mum wavelength. Figure 6.2 shows the absorbance of the powder; a maximum value
of 27 % is found at 808.5 nm. We perform the study of this sample pumping at this
wavelength as it is the one with the minimum threshold energy and the maximum
slope efficiency (chapter 5) [134, 136]. The experimental set-up is an adaptation to
the one described in section 5.2.

6.2.2 Results

The sample shows again the typical threshold behaviour described for the stoichio-
metric samples (section 5.3. The peak of the emission wavelength is at 1064.1 nm
and does not change with the pump wavelength. We measure a pump pulse and
its corresponding stimulated emission pulse as a function of time as shown in figure
6.3. We observe that the stimulated emission pulse starts after the pump pulse; as
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Figure 6.3: Pump pulse intensity (below) and the corresponding laser intensity
(above) as a function of time for the Nd:YAG sample.

the optical paths are calibrated, we know that this delay is due to the time it takes
to the material to absorb the pump radiation and reach the threshold level of the
population inversion, the build up time. Once the RL emission appears, it presents
some fluctuations which follow the pump intensity ones with a 500 ps time delay.
This behaviour resembles that of the stoichiometric powders 5.3 but this time the
observed delay is higher.

We also register the RL input/output slope as the absolute emission energy
versus pump energy for two diameters, �1 = 1.04 mm and �2 = 0.78 mm. We can
observe in figure 6.4 that the slope efficiency is similar for both pumped areas, 20
%. This value is in good agreement with the one predicted by equation 5.3.

The experimental RL threshold energies per unit area of figure 6.4 show both a
value of 8.3 mJ/mm2, i.e., the threshold energy density is constant in our experiment,
at least above a certain focus area limit. We measure the threshold energy as a
function of the pumped area to test the range of validity of this feature. To do so,
we measure the threshold energy for different spot sizes of diameter between 0.47
mm and 1.04 mm, which we achieve moving the lens. The results are depicted in
figure 6.5. We observe laser radiation for all areas in that range; for the biggest area
the threshold is measured at around 7 mJ and for the smallest area at below 2 mJ.
The energy threshold increases linearly with the pumped area and the threshold
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Figure 6.4: Input and output energy pumped at 808.5 nm for two different pumped
areas of diameters 0.78 mm and 1.04 mm in the Nd:YAG sample. Thresholds are 7.1
and 4.0 mJ respectively.
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Figure 6.5: Threshold energy for Nd:YAG crystal powder as a function of pump
beam area and threshold energy density of 8.4 mJ/mm2. [152]

energy density is at 8.4 mJ/mm2; however, for areas smaller than 0.4 mm2 the
threshold energy density presents some deviations to the linear fit, probably caused
by some damage created by the pump beam on the surface. This deteriorates the
linear behaviour of the threshold energy but it is difficult to determine whether this
is caused by some drilling or burning of the sample. It is interesting to point out
that under the maximum pumped energy density, around 30 mJ/mm2 with a 0.78
mm diameter pumped area (see figure 6.4) no marks are observed in the sample
surface.

Finally, we measure the threshold energy as a function of the pump wavelength
for two different pump beam area with diameters �1 = 1.04 mm and �3 = 0.89
mm. Figure 6.6 shows the results of these measurement the ratio between both
curves and the beam area ratio. The shape of both threshold curves is similar to
the one of the absorbance (figure6.2) and their ratio is close to the constant ratio
of the pumped areas (1.37). We observe that the threshold energy density remains
constant for different area sizes, not excessively focused, and pump wavelengths.

Finally, we explore the spatial properties of the emitting surface by projecting the
image of the surface on a CCD analyzer for both the RL emission and the reflected
pumping with appropriate filters. The projection is made using a lens, obtaining an
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Figure 6.6: Threshold energy as a function of pump wavelength for two different
pumped areas of diameters 1.04 and 0.89 mm. The ratio (black diamonds) is nearly
constant and equal to the beam area ratio (green line). [152]
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Figure 6.7: Diameters of the RL emission and reflected pump at the surface of the
stoichiometric powder NdAl3(BO3)4 and the Nd:YAG samples as a function of the
pumping beam diameter measured in a non-scattering steel surface.

image of lateral magnification one. This way it is possible to explore the interaction
between diffusion and amplifications of these materials. Thanks to these images we
can also measure the size of the pump beams and therefore estimate the pumped
energy per unit of area.

We simultaneously measure the size of the RL emission and the reflected pump
beam, which also include its scattering in the powder, for every beam size. As a
reference, we also measure the size of the reflected pump beam in a steel surface,
with very low scattering. Using this set-up the shapes and sizes of the borate and
the Nd:YAG samples, under different focusing or pumping energy conditions, are
measured. In figure 6.7 we can see the diameters of RL emission and reflected
pumping zones as a function of the pumping beam diameter measured in a non
scattering steel surface for our Nd:YAG sample and the stoichiometric NdAl3(BO3)4
sample pumped at 810 nm studied in chapter 5.

In the stoichiometric material, sizes of the pump beam (on a steel surface),
reflected pump beam on the sample and RL emission area are similar considering
the experimental error. However, the measured diameters with the Nd:YAG sample
exhibits a moderate expansion of the reflected pumping respect to the incident beam
at all measured beam sizes, and the RL emission is even ”compressed” respect to
the reflected pumping, surely due to effect of more gain in central zones. For the
smallest incident beams, the results show higher dispersions.
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Figure 6.8: Emission zones for Nd:YAG (1% doped) for a pump beam of diameter
1.2 mm. Pumping at 808 nm wavelength (left), on a sample with larger grain size
(center), and pumping at 810 nm wavelength.

The effect of changes in grain size (transport length) and pump wavelength (in-
elastic length) are shown in figure 6.8 under a pumping energy of twice the threshold.
The sample on the left, pumped al 808 nm, has an inelastic length of 1 mm and a
scattering length of 20 µm. The one depicted on the center, pumped also at 808 nm,
has a larger grain size, with an inelastic length of 1 mm and transport length of 60
µm. On the right, we see a sample pumped at 810 nm, with an inelastic length of 3
mm and transport length 20 µm. The resulting emitting areas have a diameter of 1.2
mm, 1.9 mm and 2.4 mm. The expansion of the emission area is directly affected by
both lengths, and when this emission area is clearly larger than the incident pump
area, the rules obtained for threshold could not work well. The threshold energy per
unit of area tends to be higher due to the dispersion of stimulated emission photons
towards zones of low gain.

As an example, in figure 6.8, the absorbance is 0.18 (eft), 0.26 (center) and 0.09
(right). The experimental threshold energy is 9 mJ in the first case; the expected
threshold energies from the RL one-dimensional theory proposed energy threshold
expression (equation 6.2) for the cases on the center and right would be 6 and 18
mJ respectively, but the experimental thresholds are 9 mJ and more than 25 mJ
respectively. Note that the absorption lengths are about 80 µm (left) and 140 µm in
the other two cases. The rise of the threshold energy with respect to the expected
value when the absorption length increases either by diffusion (center) or absorption
(right) is clearly shown.

6.3 Summary and conclusions

Analysing the emission of different Nd3+ doped powders pumped to 4F3/2 and 4F5/2

levels under nanosecond pumping pulses we have observed that the laser slope, as in
the case of stoichiometric powders, is proportional to the absorption of the material
and the constant of proportionality is the quotient between the pump and emission
wavelengths (equation 5.3), which means that almost all pump photons over the
energy threshold are converted into stimulated emission photons; i.e., the probability
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of stimulated emission is much higher than any other transfer or loss-channel of
the upper-level. On the other hand, the pumping threshold energy per unit area is
inversely proportional to the absorption. This indicates that the changes in pumping
volume and therefore the population inversion are compensated by changes in the
residence length, and not by the inelastic length. The observed expansion of the
emission surface with respect to the incident pump beam and the reflected pump
beam also suggests this behaviour. Neither the slope nor the threshold energy per
unit area depend on the area of the pumping beam, if the pump beam diameter is
much longer than the absorption length; this is also observed in the stoichiometric
powders (Chapter 5).

Finally, the temporal, spatially integrated, measurements show the RL emission
intensity, above threshold, follows the pump pulse with a delay of the order of 10
ps, one order of magnitude lower that in the case of low-doped samples.
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APPLICATIONS
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Chapter 7

Speckle-free near-infrared imaging
using a Nd3+ random laser source

In recent years, the use of Random Lasers as speckle-free sources has attracted
significant attention [24–27, 93, 99, 153, 154]. Although other speckle-free lighting
sources like LEDs and ASE sources have been investigated for this purpose, RL
sources offer interesting features such as a narrow spectra, short pulse duration and
high emitted power, offering good image quality, sensitivity and temporal resolution
[93, 99, 153]. RL sources for imaging are based on organic dyes and Raman devices
and their emission is in the visible spectrum. We have tested different RLs based
on Nd-doped powders as a source of bright and low coherence illumination for near
infrared (NIR) speckle-fee single-shot imaging.

7.1 Experimental

The experimental set-up is shown in figure 7.1. The pump laser is again a Ti:sapphire
pulsed laser and the beam is focused by a lens, L1, on a 0.5 mm diameter spot on
the sample surface. The pump wavelength for each sample is set at its maximum
absorbance peak, whereas the pump energy is always three times the threshold
energy.

The chosen powder sample due to its low threshold and relatively high slope is
made of NdAl3(BO3)4 (see chapter 5). The other tested RL samples are NdPO4,
NdGa5O12, described also in chapter 5, and the non-stoichiometric samples Nd:La2O2S
and Nd:YAG of chapter 6.

After the pump beam irradiates the sample surface we place a lens to collect the
reflected pump radiation and the RL emission and couple them into a 0.5 mm core
diameter multi-mode optical fibre of 1 m length and NA 0.5. In order to optimize
the amount of radiation collected by the fibre, the distances between of the sample
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Figure 7.1: Set-up used for the infrared imaging. L1, lens for focusing pump beam;
S, RL powder; L2, collecting lens; O, object for imaging, L3-L4, imaging lenses, F,
Optical filters to remove pumping radiation or RL emission; CCD camera. [155]

and the fibre to the lens are set at twice the focal length, so the lateral magnification
is one. Assuming a Lambertian emission from the sample surface, from equation
5.1, the energy collected by a lens with a circumference subtending an angle θ0 with
respect to the normal to the surface is given by equation

E(r, θ0) =
∫ 2π

0
dϕ

∫ θ0

0
Mr2 sin θdθ = Eem(1− cos2 θ0) (7.1)

where tan θ0 ' ϕ/2r, r is the distance between the sample surface and lens and ϕ
the lens diameter.

The collecting lens has a 32 mm focal length and 46 mm diameter. Under these
conditions the energy captured by the fibre is around 10 % of the total emitted energy
from the powder surface. After the fibre, the output radiation illuminates our object
O – fibre head distance to the object is 50 mm – with an infrared single-shot and
then this image is projected by a lens onto the surface of a CCD camera (LBP-3;
Newport) with a sensitive area of 4.83 x 6.47 mm2 by a lens. Before the CCD,
optical filters are placed to remove either the pump or the RL radiation. By using
this configuration, we obtain both transmitted and reflected images illuminated by
the pump pulse and the RL pulse. It is important to remark that no spatial filters
are used and that the fibre directly illuminates the object, without any diffuser [93].
All images are taken by illuminating with a single shot.

The size of the objects used for the reflected images is 25 mm and the lateral
magnification is 0.2, fitting its image on the size of the CCD. The first image for the
reflection study is a low-contrast printed portrait. Images of the portrait under the
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Figure 7.2: Single shot reflection images of a low contrast portrait obtained using
the set-up in figure 7.1. Left: lighting up with RL emission. Right: Lighting up with
the reflected pumping. The ROIs used for the CNR calculations are indicated. [155]

pump radiation lighting and RL lighting for different samples are shown in figures
7.2. It is evident the effect the speckle has on the quality of the images.

We measure the relative contrast between same sized regions of interests (ROIs),
which gives information on the capability to clearly distinguish different features of
an object. Hence,we can compare the quality of the images under different lighting.
This relative contrast can be quantified by the contrast-to-noise ratio (CNR) as
defined by Redding et al. [93] by

CNR = 2
〈IR1〉 − 〈IR2〉
σR1 + σR2

(7.2)

where 〈IRi〉 and σRi are the average intensities and standard deviations of the two
selected ROIs.

We evaluate the CNR of the images with the ROIs in figure 7.2. The CNR
of the image under RL illumination is 6 and 2 under the illumination with the
reflected pump radiation. It is worth noticing that the later presents less speckle
than expected because of the multimode fibre which decreases the spatial coherence
of the radiation. Another set of images are taken with a different object, a pattern
of white regions on a dark background. The magnification and lighting conditions
are the same as in figure 7.2 for the borate powder. Figure 7.3 shows part of two
images of this object under RL and reflected pump lighting. The CNR for the RL
source image is 20 and 10 for the reflected pumping one. Finally, we take single-
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Figure 7.3: Single shot reflection images of a pattern obtained using the set-up in
figure 7.1. Left: lighting up with RL emission. Right: Lighting up with the reflected
pumping. The ROIs used for the CNR calculations are indicated. [155]

shot transmission images a slide of a grating smaller than 1 mm2. The lateral
magnification is 3. Figure 7.4 shows three images taken with the reflected pump
light that exhibit a random speckle pattern whereas the image taken with an RL
pulse presents a uniform pattern.

7.2 Summary and conclusions

We have experimentally proved the reliability of Nd doped RL lighting sources for
speckle-free transmission and reflection infrared imaging, which is of great interest
to perform high resolution imaging for optoelectronics and biomedical applications.
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Figure 7.4: Single shot transmission images of a grid obtained using the set-up in
figure 7.1. (a-c) Lighting up with the reflected pumping. (d) Lighting up with RL
emission.[155]
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Chapter 8

Optically induced inhomogeneous
thermal behaviour of Er-doped
oxysulfide powders

8.1 Introduction

We have analysed the thermal response of Er3+-doped La2O2S and Gd2O2S crystal
powders by exciting the 4I9/2 level. After a transcient heating induced by the back-
ground absorption, cooling of discrete regions by means of anti-Stokes processes can
be observed.

The possibility of cooling a material by anti-Stokes fluorescence was first de-
scribed in 1929 by Pringsheim [156] and in 1950 Kastler [157] suggested that solid-
state cooling by anti-Stokes emission (CASE) could be obteined in rare-earth crys-
tals. Since the first solid-state CASE was demonstrated in 1995 in an Yb3+ doped
glass this phenomenon has been observed in many crystals, liquids and semiconduc-
tors. The interest on this effect lies on the potential applications: high power solid
lasers in which no excess heat is generated and cryocoolers for aerospatial applica-
tions. Our group has been working on investigating host materials with rare-earth
ions with low phonon energies to overcome the main limitations of the cooling effi-
ciency, i.e., the nonradiative transitions between the energy level of the RE ion and
the presence of impurities in the host matrix that gives rise to parasitic absorption
generating heat [158]. Previous studies [159, 160] have shown that the cooling of
these systems presents, due to its inhomogeneous nature, dependencies on the grain
size and its spatial distribution; the diffusion of the pumping light in the sample by
multiple scattering processes may create regions of localized energy where a cooling
or heating effect can appear [158].
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8.2 Thermal study of Er-doped La2O2S and Gd2O2S

crystal powders

We first investigate the spectroscopic properties of the samples exciting them with
a continuous wave (cw) Ti:sapphire laser (0.4 cm−1 linewidth) in the 770-920 nm
range to obtain the excitation spectra. The fluorescence is analysed with a 0.25 m
monochromator and the signal detected by a photomultiplier (Hamamatsu R636)
and amplified by a standard lock-in technique. We observe a weak peak at around
842 nm for both samples in the upconversion excitation spectrum of the green emis-
sion at 546 nm which does not appear neither in the infrared spectrum nor in the
one-photon ground state absorption spectrum. The energy difference between the
maximum of the spectrum and this peak corresponds to the energy carried out by
one phonon of the host matrix, i.e., ∼ 400 cm−1. Figure 8.1 shows the excitation
spectra from levels 4S3/2 (546 nm) and 4F9/2 (665 nm) of the La2O2S sample.

In addition, in order to explore the relation between λexc and the sample tem-
perature, we obtain the emission spectra by exciting in the low (842 nm) and the
high (790 nm) energy sides of the excitation spectra of the La2O2S sample. At these
wavelengths, the pump power absorption is the same. The measurements show that
the emission from level 2H11/2 (842 nm) slightly increases with respect to the 4S3/2

level by exiting at 790 nm at the high energy side of the 4I15/2 →4 I9/2 absorp-
tion band. The sample temperature under 790 nm excitation is 4.1 K higher than
under excitation at 842 nm, what suggests the possibility to obtain laser cooling
under anti-Stokes excitation at 842 nm aided by upconversion processes. Therefore,
we analyse the thermal response of the powders by pumping with a tunable fem-
tosecond laser at 80 MHz (750 mW pump power at 842 nm) and recording with an
infrared thermal camera (FLIR SC7500-MB) in the 2-5 - 5.1 µmeter spectral range
with a 20 mK and scanning at 5 Hz. The powders are compacted in a cylindrical
quartz cell 6 mm high and with a 6 mm diameter; the top of the cell is uncovered
for the analysis. The average grain size is around 3 µm, although it is composed by
smaller particulates of around 100 nm. The volume filling factor of the cell if f =
0.15.

The samples are placed in low vacuum inside a cryostat chamber with a wide
NIR transparent window; the camera is focused on the sample surface. The abso-
lute temperature of the sample is calibrated with a thermocouple. Figure 8.2 and
figure 8.5 show video frames of the La2O2S and Gd2O2S samples, respectively, after
irradiation. As can be seen, the temperature distribution is rather inhomogeneous
showing a sharp distribution of hot spots. Although the excitation beam profile is
Gaussian, due to the inhomogeneous nature of crystal powders, the light diffusion of
the pumping light inside the sample, induced by multiple scattering processes, may
produce localized-like energy regions inside the sample and, as a consequence, sub-
sequent cooling or heating discrete zones. Some of the heated areas appear far away
from the pumped zone showing that light diffusion operates both for the pumping
and radiated thermal light. The thermal pattern remains quite the same all along
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Figure 8.1: Excitation spectra of the upconverted emission from levels 4S3/2 (546
nm) and 4F9/2 (665 nm) of the La2O2S sample, corrected for the spectral variation of
the laser intensity. The ground state excitation spectrum corresponding to 4I11/2 →4

I15/2 transition is also included for comparison. [158]
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Figure 8.2: Thermal camera frame showing discrete zone after pumping at 842 nm
with 300 mW in a 2 mol% Er3+ doped La2O2S sample.[158]

the experiment. Figure 8.3 displays the average temperature as a function of time
measured in the three areas of the La2O2S sample. Initially, the temperature of
the sample rises in all these areas from room temperature (24◦C) until it reaches a
stationary regime when the thermal load deposited on the material is compensated
by the fluorescent losses. In the hot zone, E2, the temperature falls by 2◦C in 40
minutes, whereas in the wider one, E1, the average temperature drops about 0.5◦C
in the same period. These results are in good agreement with the expected random
propagation of radiation in a region with a randomly distributed dielectric constant.
Moreover, the static disorder produces well defined propagation modes inside the
sample, in agreement with the discrete static heating observed at the sample sur-
face. It is worthy to point out that the average temperature of the sample may cool
after the initial transient heating, induced by the background absorption, due to the
infrared-to-visible up-conversion processes that can offset the heat load deposited in
the doped powder.

As we have already mentioned, by using the obtained relation between the inte-
grated fluorescence intensity ratio of transitions 2H11/2 →4 I15/2 and 4S3/2 →4 I15/2
and temperature, the sample temperature when exciting at 790 nm is 4.1 K higher
than under excitation at 842 nm. A similar temperature difference is observed in
the thermal response of the sample under excitation in the Stokes (790 nm) and
anti-Stokes (842 nm) side of the absorption band. Figure 8.4 shows the comparison
of the thermal response of the La2O2S sample when excited at 790 nm, in the Stokes
side (black line) of the absorption spectrum, and in the cooling region, at 842 nm
(red line), under the same experimental conditions with a pump power of 700mW.
The figure clearly shows the different thermal behaviour of the sample in the heating
and cooling regions.
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Figure 8.3: Average temperature as a function of time measured in the three shown
zones. [158]
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Figure 8.4: Comparison of the thermal response of the sample when excited at 790
nm, in the Stokes side (black line) of the absorption spectrum and in the cooling
region, at 842 nm (red line), under the same experimental conditions with 700mW.
[158]

From the point of view of potential applications, it is worth noticing that al-
though the relative cooling in these regions is small, the cooling processes involved
in the rare earth-doped samples may be enough to avoid the burning of the sample
at high excitation fluencies, as has been experimentally proved by comparing the
behaviour of doped and undoped samples.

Figure 8.6 shows the temperature increase of the Gd2O2S powders, above the
initial temperature of the cell (24◦C), of Ge2O2S oxysulfide powders doped with
different amounts of erbium (0, 1, 2, 3 mol%) pumped at 100, 200 and 300 mW.
As can be seen, no net cooling is detected at long term when the Er-doped samples
attain equilibrium. However, it is worthy to mention that the final temperature
increase in the doped samples is about half the temperature of the undoped one.
Moreover, it is also remarkable that pumping at 300 mW, the lowest equilibrium
temperature, corresponds to the heaviest doped sample. For comparison, Fig. 8.6(e-
f) show the behaviour of a 3 mol% Er-doped lanthanum oxysulfide powder. As can
be observed, it is quite similar to the one of the corresponding gadolinium oxysulfide
sample, though the equilibrium temperature is a little higher.

Bulk thermal measurements performed on the powder samples by using a ther-
mal infra-red camera show a very inhomogeneous heat distribution at the sample
surface due to the random distribution of the pumping energy inside the sample as
well as to the random propagation of the emitted thermal field. The analysis of
both spectroscopic and thermal measurements shows that after a transient heating
induced by the background absorption, a reduced heating can be attained by means
of anti-Stokes processes in the erbium-doped samples.
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Figure 8.5: Thermal camera frame showing discrete zone after pumping at 842 nm
with 750 mW in a 2 mol% Er3+ doped Gd2O2S sample. [161]

8.3 Summary and conclusions

We have performed thermal measurements in Er-doped powder samples with a ther-
mal camera that exhibits a very inhomogeneous heat distribution at the sample sur-
faces. These inhomogeneities are caused by the random distribution of the pumping
energy inside the powder sample and the random propagation of the emitted ther-
mal field. In addition, the thermal measurements show local cooling and a reduced
heating by means of anti-Stokes processes after a transient heating induced by the
background absorption. Although the relative cooling of these regions is small this
effect may be enough to avoid the burning of the samples at high excitation fluencies,
as we have shown by comparing the behaviour of doped and undoped samples.
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Figure 8.6: (a-d) Temperature increase of Gd2O2S oxysulfide powders doped with
different amounts of Er (0, 1, 2, 3 mol%) pumped at 100, 200 and 300 mW. (e-f)
Temperature increase of La2O2S oxysulfide powders doped with 0 and 3mol% Er
pumped at 100, 200 and 300 mW. [161]
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Summary and conclusions

In Part I, thanks to the developing of a spatial filtering we have been able to
study the modal dynamics and the spatial coherence of a diffusive random laser
with static disorder based on a di-ureasil hybrid powder doped with Rhodamine B.
Several features have been observed:

• Changes in the pump energy and the size of the emitting area can increase
mode coupling, changing the structure of the emission.

• Discrete lasing spikes from non overlapping cavities appear after reducing the
spatially overlapping modes by decreasing the area of the detected emitting
surface while keeping the size of the gain medium constant.

• When no spatial filter is used the emission shows a smooth profile even in a
single shot measurement and for our 30 ps Nd:YAG excitation laser.

• Reducing the focusing diameter of the pump beam decreases the spike density,
while an intensification of the excitation energy activates lasing modes with
larger thresholds, thus enhancing the modal density.

• Both the temporal and the spectral emission of the sample show a stochastic
behaviour. The modes appear to form in different cavities as they are turned
on at different times in successive shots.

• Under OP pumping the build-up time (12 ps) is one order of magnitude lower
than the one under TP pumping, while the threshold is three orders of mag-
nitude lower for the OP case. In addition, the pulses under OP pumping can
be as short as the pump pulse but under TP pumping they get longer (93 -
147 ps). These differences can be explained by the lower TP effective pump
density which increases the mode lasing thresholds.

• The diffusion processes dominate over the amplification ones on the spatial
emission. Hence, the emitting area is larger than the pumped surface; teh
laser modes are not restricted to the excited region.

• A high degree of temporal coherence of the system has been found.
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Analysing the emission of different inorganic powders doped with Nd under
nanosecond pumping we observe the following behaviour

• The laser slope is proportional to the absorption of the material and the con-
stant of proportionality is the quotient between the pump and the emission
wavelengths. This means that almost all pump photons with an energy over
the threshold are converted into stimulated emission photons.

• If the pump diameter is much longer than the absorption length neither the
slope nor the threshold energy density depend on the pump diameter.

• The emission intensity above threshold follows the pump pulse with a delay of
the order of 100 ps in the case of low-doped samples and one order of magnitud
lower for the non-stoichiometric samples.

• Changes in the pumped volume, i.e., in the population inversion, are compen-
sated by changes in the residence length and not by the inelastic length.

• We have assessed the reliability of these RL sources for speckle-free infrared
imaging.
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J. J. Rodrigues, “Measuring milk fat content by random laser emission.”,
Scientific reports, vol. 6, p. 35 119, 2016. doi: 10.1038/srep35119.
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below the Fréedericksz transition threshold.”, Optics express, vol. 19, no. 3,
pp. 2391–400, 2011. doi: 10.1364/OE.19.002391.

[40] P. J. W. Hands, D. J. Gardiner, S. M. Morris, C. Mowatt, T. D. Wilkinson,
and H. J. Coles, “Band-edge and random lasing in paintable liquid crystal
emulsions”, Applied Physics Letters, vol. 98, no. May, pp. 1–3, 2011. doi:
10.1063/1.3574915.

[41] J.-L. Zhu, W.-H. Li, Y. Sun, J.-G. Lu, X.-L. Song, C.-Y. Chen, Z. Zhang,
and Y. Su, “Random laser emission in a sphere-phase liquid crystal”, Applied
Physics Letters, vol. 106, no. 19, p. 191 903, 2015. doi: 10.1063/1.4921325.

[42] G Strangi, S Ferjani, V Barna, A De Luca, C Versace, N Scaramuzza, and
R Bartolino, “Random lasing and weak localization of light in dye-doped
nematic liquid crystals.”, Optics express, vol. 14, no. 17, pp. 7737–7744, 2006.
doi: 10.1364/OE.14.007737.

[43] F. Yao, H. Bian, Y. Pei, C. Hou, and X. Sun, “Behaviors of random laser in
dye-doped nematic liquid crystals”, Optics Communications, vol. 359, pp. 15–
19, 2016. doi: 10.1016/j.optcom.2015.09.053.

[44] K. L. van der Molen, A. P. Mosk, and A. Lagendijk, “Quantitative analysis of
several random lasers”, Optics Communications, vol. 278, no. 1, pp. 110–113,
2007. doi: 10.1016/j.optcom.2007.05.047.
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