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RESUME

La plupart des recherches en technologies de réfrigération se concentrent dans 1’amélioration de
I’efficacité énergétique des réfrigérateurs et climatiseurs avides d’énergie, tandis qu’une petite
fraction de la recherche est dédiée a la miniaturisation et a la flexibilité. La demande accrue pour
des outils précis pour des mesures et fabrications générales, ainsi que la production, le traitement
et la transmission de données, repoussent les limites de dispositifs électroniques et photoniques.
Ces dispositifs nécessitent une gestion thermique qui n’est pas toujours possible d'atteindre avec
les méthodes conventionnelles de réfrigération, en raison de la nécessité de miniaturisation, du
transport thermique a distance et dans I’espace précis, l'insensibilité aux rayonnements
électromagnétiques et des vibrations mécaniques ainsi que des capacités cryogéniques. Une
technologie qui pourrait répondre a ces exigences est le refroidissement optique, ou la chaleur est

convertie en rayonnement optique, a travers un processus optique.

Plusieurs segments de I’industrie moderne, ainsi que de la vie quotidienne, sont dépendants de la
technologie laser. Cette large dépendance pousse le besoin de plus petits et plus puissants lasers
pour les télécommunications, la recherche, les applications militaires, médicales et d’affichage,
pour ne citer que quelques-uns. Le premier goulot d’étranglement pour la montée en puissance des
lasers est dii a la production de chaleur, et la gestion thermique externe ne résout qu’une partie du
probléme, puisque les gradients thermiques — qui produisent des effets lenticulaires — sont encore
présents. Etant donné que le refroidissement optique peut fournir une gestion thermique in situ, il
peut étre utilisé pour éliminer ces gradients thermiques nuisibles. Actuellement, le besoin
d'efficacité énergétique est le moteur du changement de la technologie d'éclairage vers les diodes
électroluminescentes (DELs). Les DELs souffrent cependant de géneration de chaleur due a
I’extraction limitée de la lumiére et des pertes resistives, qui diminuent considérablement la durée
de vie de ces émetteurs a semi-conducteurs. Ils ont donc besoin des échangeurs de chaleur
relativement grands, qui a leur tour rendent difficile la miniaturisation. Le refroidissement par laser
pourrait offrir une solution potentielle pour la gestion de la chaleur dans cette application, ainsi que
pour des applications électroniques d’haute vitesse et pour des composants optiques de la prochaine
génération d’ordinateurs, dans lequel une gestion de chaleur similaire est également nécessaire. La
réfrigération a distance, compact et sans vibrations, fournie par le refroidissement optique peut
faire bénéficier les satellites, qui ont une durée de vie en partie limitée par la quantité de cryogene
qu'ils portent pour réfrigérer leurs détecteurs. Ces mémes caractéristiques feraient bénéficier les
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détecteurs terrestres ultra-stables, par exemple les cavités laser pour la détection d'ondes
gravitationnelles, dont la stabilité est actuellement limitée par les vibrations de leur systeme de
réfrigération. Tous ces problémes ont plusieurs aspects différents, mais un en commun : ils ne
peuvent pas étre facilement résolus avec des technologies standards de réfrigération,
principalement en raison des difficultés de transport efficace de I’énergie thermique a distance et
dans I'espace précis. Comme de nombreuses technologies actuelles reposent ou sont de plus en plus
dirigées vers la photonique, la gestion thermique a base de refroidissement par laser peut trouver

une utilisation dans un nombre croissant d'applications.

Cette these détaille les principaux aspects de la réfrigération optique de la matiére condensée, en
utilisant plus particulierement la luminescence anti-Stokes induite par irradiation laser. Elle
propose et démontre la solution a deux principales contraintes dans les études de refroidissement
laser de matieres solides (LICOS), qui sont la possibilité de réaliser cette expérience a I'air ambiant
et a la pression atmosphérique, et sa mesure par un capteur de température par contact fiable. Elle
propose et étudie également l'utilisation de nouveaux matériaux pour améliorer la technologie pour
des applications a grande échelle. La réfrigération d'un solide au moyen d'un laser permet la
possibilité d'avoir un dispositif dans lequel la chaleur est extraite de I'endroit méme ou elle est
générée, empéchant ainsi la formation de gradients thermiques indésirables dans les lasers de forte
puissance ou les dispositifs miniaturisés. En plus de la possibilité du transport local et précis de
chaleur, le refroidissement optique permet également le transport de chaleur a distance, ce qui fait
profiter les dispositifs sensibles aux vibrations ou difficile d’acces tels que les capteurs satellites et
les cavités laser.

Avant cette étude, toutes les configurations de refroidissement optique ont utilisées des chambres
a vide encombrantes, nécessaires pour réduire la charge thermique sur les échantillons optiquement
refroidis, afin de permettre l'investigation précise des températures minimales réalisables et sa
comparaison avec les prévisions théoriques. Le vide et la nécessité des lasers de pompe de forte
puissance, ont été des obstacles dans de nombreuses expériences, en raison du codt et complexité
de la configuration optique. Les principales contraintes dans la réalisation du refroidissement
optique dans I'air sont le bon dimensionnement de la géométrie de I'échantillon, et la nécessité d'un
détecteur de température sensible qui fonctionne dans les conditions de refroidissement par laser,
soient sous haute irradiation et pour une large gamme de matériaux. Au cours de ce travail,

plusieurs expériences de refroidissement optique ont été réalisées pour la premiere fois dans l'air a
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pression atmospherique, avec des charges thermiques relativement élevees et utilisant de faibles
puissances. La solution emploie l'utilisation d'échantillons suffisamment petits pour éviter la
réabsorption de fluorescence et pertes de surface, et assez volumineux pour que les effets de

saturation ne deviennent pas préjudiciables au processus de refroidissement.

L'étude de refroidissement optique est intrinsequement dépendante de la mesure de la tempeérature
de I'échantillon pompé optiqguement. Bien que la mesure de température soit un domaine bien
développé, les solutions classiques ont di étre adaptées a I'environnement particulier trouvé dans
le LICOS, et ces adaptations ont été un élément permanent de publications sur le LICOS, ainsi que
d'une source de nombreux débats depuis le début de cette science. Ici, l'utilisation de réseaux de
Bragg sur fibre (FBG) est proposee, démontrée et profondéement étudiée pour la mesure de la
température dans les expériences du LICOS. En utilisant un capteur en contact transparent, petit et
sensible tel qu’un FBG, il est démontré qu'il est possible d'observer le refroidissement optique a
des puissances de pompe trés faibles, sous charge thermique élevée. Le fait que ce soit un capteur
en contact élimine la plupart des problémes d'interprétation rencontrés avec des techniques sans
contact. Les capteurs a FBG ont également été étudiés a température ambiante jusqu’a la
température de I'azote liquide, puisqu’une niche d'applications de LICOS est en refroidissement
cryogénique. Il est montré pour la premiére fois que les propriétés des FBGs peuvent étre
modélisées avec précision, et le capteur montrent une bonne sensibilité aux températures

cryogéniques.

Enfin, la recherche de refroidissement laser est concentrée sur les efforts dans la chasse aux
matériaux les plus efficaces, principalement des cristaux. Bien que présentant des performances
impressionnantes, ces matériaux sont difficiles et colteux a fabriquer et a manipuler, et sont limités
a quelques dopants. Cette these présente les études préliminaires sur poudres nanocristallines et les
perspectives de refroidissement optique en verre-céramique, qui unissent les propriétés optiques
des cristaux avec la production et I’application de masse souhaitable liées aux verres. En plus de
I'avancement de la technologie de refroidissement par laser, les techniques développées ici trouvent
une application directe dans les lacunes technologiques déja présentes dans la métrologie optique

et la thermométrie a des champs électromagnétiques intenses et a des températures cryogéniques.
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ABSTRACT

Most research in refrigeration technologies concentrate in improving the energy efficiency of the
energy-hungry refrigerators and air-conditioners, while a small fraction of the research is dedicated
to the miniaturization and flexibility. Increased demand for precise tools for general measurement
and manufacturing, as well as the generation, processing and transmission of data, push the limits
of electronic and photonic devices. These devices require thermal management which is not always
possible to achieve with conventional refrigeration methods, due to the need for miniaturization,
remote or localized thermal transport, insensitivity to electromagnetic radiation and mechanical
vibrations and cryogenic capabilities. One technology that could meet these requirements is optical

cooling, where heat is carried away through optical radiation, through an optically-driven process.

Many segments of modern industry, as well as everyday life, are dependent on lasers. This broad
dependence has pushed the need for smaller and more powerful lasers for telecommunications,
research, military, energy, medical, and display applications, to cite a few. The first bottleneck for
power scaling of lasers is due to heat generation, and external thermal management solves only
part of the problem since thermal gradients —which produce lensing effects — are still present. Since
optical cooling can provide in-situ thermal management, it can be used to remove these deleterious
thermal gradients. Currently, the need for energy efficiency is driving lighting technology towards
light-emitting diode (LED) lighting. LEDs however suffer from heat generation due to limited light
extraction and resistive losses, which severely decrease the lifetime of these semiconductor
emitters. Thus they require relatively large heat exchangers, which in turn make miniaturization
challenging. Laser cooling could offer a potential solution for heat management in this application
as it could for high speed electronics applications and next-generation-computer optical
components, in which similar heat management is also needed. Remote, compact and free-of
vibration refrigeration provided by optical cooling can benefit satellites, which have the operation
lifetime partially determined by the amount of cryogen they carry to refrigerate their detectors. The
same characteristics benefit ultra-stable earth-based detectors, for example laser cavities for
gravitational wave detection, in which stability is currently limited by the vibrations of their
refrigeration system. All these problems have several different aspects, but one in common is that
they cannot be readily solved with standard refrigeration technology, mainly due to the difficulties

of remote and spatially-specific efficient transport of thermal energy. As many current technologies
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rely or are increasingly shifting towards photonics, thermal management based on laser cooling

can find use in an increasing number of applications.

This thesis details the main aspects of optical refrigeration of condensed media, more specifically
using anti-Stokes luminescence induced by laser irradiation. It also proposes and demonstrates
solutions for two main constraints in the studies of laser induced cooling of solids (LICOS), which
is the possibility of realizing such experiments in air at atmospheric pressure, and its measurement
by a reliable contact temperature sensor. Further, it proposes and studies the use of new materials
to push the technology to large scale applications by investigating potentially cheaper materials for
its use. The refrigeration of a solid using a laser enables the possibility of having a device in which
the heat is removed from the same place where it is generated, thus preventing the formation of
unwanted thermal gradients in high-power lasers or miniaturized device. In addition to the
possibility of precise, local transport of heat, optical cooling also allows the remote transport of
heat, which benefits hard-to-access or vibration sensitive devices such as satellite sensors and laser

cavities.

Before this study, all optical cooling setups used cumbersome vacuum chambers. These were
required to reduce the heat load on the optically-cooled samples to allow the accurate investigation
of the minimum achievable temperatures and its comparison with theoretical predictions. The
vacuum and the need of high power pump lasers, has been a hindrance in many experiments, due
to the added cost and complexity of the optical setup. The main constraints in the realization of
optical cooling in air are the right dimensioning of the suitable geometry of the sample, and the
need for a sensitive temperature detector which works under laser cooling conditions, i.e. under
high irradiation and for a wide range of materials. In the course of this work, optical cooling
experiments were realised for the first time in air at atmospheric pressure, with relatively high
thermal loads and using low powers. The solution employs the use of samples small enough to
avoid fluorescence reabsorption and surface losses, and large enough so that saturation effects do

not become detrimental to the cooling process.

The study of optical cooling is intrinsically dependent on the measurement of the temperature of
the optically-pumped sample. While temperature measurement is a well-developed field, the
conventional solutions had to be adapted to the particular environment found in LICOS, and these

adaptions have been a permanent part of publications on LICOS, as well as a source of considerable
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debate since the beginning of this field. Here the use of fiber Bragg gratings (FBGs) for the
measurement of temperature in LICOS experiments, is proposed, demonstrated and deeply-studied.
By using a transparent, small and sensitive contact sensor such as FBGs, it is shown that it is
possible to observe optical cooling with very low pump powers, under high heat load. The fact that
it is a contact sensor removes most of the interpretation problems with noncontact techniques. FBG
sensors were also studied from room to liquid nitrogen temperatures, since a niche of application
of LICOS is in cryogenic cooling. It is shown for the first time that FBGs properties can be

accurately modeled, and the sensor shows good sensitivity at cryogenic temperatures.

Finally, laser cooling research has concentrated efforts in the hunt for the most efficient materials,
mainly crystals. Although presenting impressive performance, these materials are hard and
expensive to fabricate and to handle, and are limited to a few dopants. This thesis presents the
preliminary studies on nanocrystalline powders and the prospects of optical cooling in glass-
ceramics, which merge the optical properties of crystals with the desirable mass-scalable
production and application found in glasses. In addition to the advancement of laser cooling
technology, the techniques developed here find direct application in technological gaps previously
present in optical metrology and thermometry at intense electromagnetic fields and at cryogenic

temperatures.
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CHAPTER 1 INTRODUCTION

1.1 History and literature review

Laser-induced cooling of solids (LICOS) is generally achieved by the extraction of thermal energy
from a photoluminescent material through anti-Stokes fluorescence. In this process, the material is
excited by a narrow-bandwidth light source whose photons have lower energy than the emitted
fluorescence photons. The additional energy in the fluorescence photons is obtained from phonons
in the material lattice, thus cooling the material. The higher-energy photons are said to be anti-
Stokes shifted, the opposite of the well-known Stokes shift which leads to heat generation. The
possibility of using anti-Stokes fluorescence (ASF) for optical cooling was predicted by
Pringsheim in 1929 [1], who used a gedanken experiment to show that ASF, discovered nine years
before, does not need to be accompanied by an equivalent power of Stokes fluorescence, thus a
system could be locally cooled by means of optical radiation. The idea of optical cooling seemed
to violate the second law of thermodynamics, but this question was settled with the mathematical
formulation of the problem by Landau [2], proposing the entropy of the radiation field, and showing
that the isotropic, broadband fluorescence [3], has higher entropy than the narrowband and
directional pump light.

Optical cooling combines some of the advantages of thermoelectric coolers (TECs), e.g.
miniaturization and potential volume production, with those of mechanical coolers, e.g. low
temperature limit [4]. In addition, the LICOS scheme can benefit cooling systems that require
electromagnetic radiation (EMR) and mechanical insulation, for lightweight cryogenics [4] and in-
situ cooling [5]. The former are desirable in space instrumentation, for infra-red (IR) detectors [6]
and further substitution of cryogen in long missions. The latter is particularly desirable for
mitigating heat production in high-power lasers, which suffer from thermal defocusing and thermal
damage. In addition, laser cooling has the potential of recycling un-coupled light of laser diode-to-
fiber connections. Also, radiation-balanced lasers, where ASF is used to compensate for the heating
due to the quantum defect in the laser, can provide high-power and high-quality beams without the
thermal lensing effects [7]. The study of LICOS has gained focus in the laser community in the last
decades, and constitutes one of the most important problems of laser physics technology [8].
Pringsheim had predicted that ASF can be present in the absence of Stokes fluorescence, but he

had also remarked that the peak of the absorption spectrum of fluorescent materials is always at



higher energies than the peak of the emission spectra [9]. Thus LICOS cannot be performed at an
arbitrarily long wavelength pump and practical anti-Stokes shifts are of the order of ksT, the
product of the Boltzmann constant, ks and the temperature of the material, T. Since the thermal
energy per cooling cycle extracted from the material lattice is very small, in order for cooling to
occur it is necessary to have a fluorescence quantum efficiency of nearly 100%. The idea of using
rare-earth (RE) doped matrices for observing anti-Stokes cooling was first proposed in 1950 by
Kastler [10], who pointed out the high quantum efficiency of such materials, as well as the
remarkable Zeeman and Stark level splitting which can be observed in them. In the same work,
despite recognising the difficulties of the experimental realization and observation of LICOS,
Kastler pointed out that proper design with the use of selective coatings would improve system
cooling. Some other optimized designs have been proposed for achieving maximum temperature
drop, by minimizing heat transport using fibre optic supports [11], and coated walls of the holder
[11, 12]. The quest for a maximum temperature drop focuses on the insulation of the cooled sample
and the fluorescence escape efficiency, and since extracted heat corresponds to only a small
fraction of the energy of fluorescence photons, the efficiency of a typical optical cooler is relatively
small. The main loss mechanism in that approach is the escaping fluorescence, which can be
recycled and used to feed the refrigerator pump source, or to perform a secondary function, e.g.
illumination. It has been shown that, when using photon waste recycling, an optical cooler can
present a Carnot-limited efficiency given by the temperature of the cooler and the fluorescence
absorber [13].

Initial evidence of anti-Stokes refrigeration in condensed media was observed in an electrical
pumped semiconductor diode in 1964 [14], which did not show bulk cooling, believed to be due to
the low photon escape efficiency — a problem still present in these materials. Four years later,
evidence of reduced optical heating in a rare-earth doped crystal was reported [15], although no
bulk cooling was achieved. Surprisingly only a decade later, Doppler laser cooling of gases was
proposed [16], which opened a whole new field of research. Doppler cooling however reduces the
temperature of the atoms by reducing their translational motion, thus is not applicable to atoms in
a solid — which are trapped in a lattice. A few years after the proposition of Doppler cooling, the
first demonstration of anti-Stokes cooling in gases was demonstrated [17], and the efficiency of the

process suggested that one could use this phenomenum to refrigerate condensed matter. While



evidence of anti-Stokes refrigeration in liquids was reported in 1994 [18], optical cooling of solids
remained elusive until 1995.

Experimental demonstration of LICOS was first realised in 1995 by Epstein et al. [19] at the Los
Alamos National Laboratory (LANL), cooling a Yb®":ZBLANP glass by 0.3K from room-
temperature (RT). Subsequent work demonstrated optical cooling using other dopants, and in 2000,
Bowman [20] demonstrated cooling in a ytterbium-doped crystal for the first time. In the following
year Epstein demonstrated cooling of the important laser host ytterbium-doped yttrium aluminum
garnet, Y3Als012 (Yb:YAG).

The lowest temperature record achieved in ZBLANP glass was obtained in 2005 by the LANL
team, cooling the sample to 208K [21], starting at room temperature. A considerable effort was
dedicated in the purification of the glasses, but cryogenic cooling regime was not attained. As the
temperature drops, the long wavelength tail of the absorption coefficient decreases. Since in
crystals inhomogeneous broadening is small, relatively high absorption coefficients are found in
narrow spectral ranges and can therefore allow optical cooling at lower temperatures than in
glasses. The first demonstration of cooling of a ytterbium-doped fluoride crystal was reported in
2006 [22, 23], and then Yb®":LiYF4 was optically cooled in 2007 by the same group [24], opening
possibility of cryogenic optical cooling. In April 2009, Seletskiy et al. [12] achieved the record-
breaking temperature of 155 K (surpassing TECs) starting from ambient, using fluorescence up-
conversion, in a sample of 5 wt. % Yb3*:LiYF4 crystal, in a resonant cavity enhanced approach,
pumped by a diode-pumped Yb:YAG disk laser, operating at 1023 nm. This experiment also
achieved the record of maximum cooling power of 110 mW [25]. The principal improvement in
their approach was to use a high-purity crystal host. Crystals have long range order, so that the
homogeneous broadening preserves the oscillator strength of the transitions, enhancing resonant
absorption. In addition, the high purity decreases background absorption. In that experiment, the
limiting factor for further cooling was the pump minimum wavelength of 1023 nm. In an
experiment in 2011, the Los Alamos group reported local cooling in a 5% Yb®*":LiYF4 sample to
110 K at 1020 nm [26, 27]. They also presented a novel temperature measurement technique of
two-band differential spectral metrology [28] (2B-DSM), showing a resolution down to 250 pK
after averaging. The most recent record low temperature was achieved in a 10 % Yb:LiYF4 crystal,
optically cooled down to 93 K, a result of further purification of the material [29]. A discussion of

the expected minimum achievable temperature as a function of the purity level of the samples is



presented in [30], showing that an improvement by a factor of 23 in the background absorption of
the sample cooled down to 110 K would allow it to be cooled down to 60 K.

Research in laser cooling was limited to a handful of facilities in the world. Not only the materials
and lasers are very specific, but the experimental conditions and temperature measurement needed
bulky chambers and systems. New temperature measurement techniques for laser cooling
experiments continued to emerge in order to adapt for the specifities of novel samples. A broadly
applicable solution would be the use of a transparent, direct temperature sensor, such as a fiber
Bragg grating, which was proposed in 2010 by Soares de Lima Filho et al. [31, 32] and also
demonstrated for use in optical cooling in 2013 [33]. Another step towards the simplification of
laser cooling research — and therefore its applicability as well — is to achieve optical refrigeration
at ambient pressure, which was demonstrated for the first time in 2013 by Soares de Lima Filho et
al. [34], obtaining a similar temperature drop to that achieved previously in vacuum for a similar
sample and pump power. Other groups followed suit, performing optical cooling in air with low
optical powers [35-37].

Another extension of LICOS is the production of lasers without internal heat generation, also
known as the radiation-balanced laser (RBL), proposed in 1999 by Bowman [38] for bulk lasers.
This technique consists of a laser whose heat generation is compensated for by anti-Stokes cooling
at each point in the material. The realization imposes strict conditions on the laser material,
operating wavelengths and powers. A comprehensive work on the metrics for choosing optimal
materials for RBL is described in [39]. Another laser scheme which mitigates heat generation is
the self-cooled laser, which has the same principle of the RBL, but the lasing and cooling take
place in two different systems of ions in the same host [40]. The basic idea of the RBL and the self-
cooled laser were extended to fibre lasers [5, 41-44] and Raman fibre amplifiers by Nemova and
Kashyap [45], separating the cooling process from the lasing process, as an integrated optical
cooler. The first radiatively cooled laser was demonstrated by Bowman [46] in 2002, in a Yb:KGW
slab pumped at 992 nm and lasing at 1050 nm. In 2010, Bowman [47] demonstrated a near-RBL
in Yb:YAG with 372 W of pump power at a wavelength of 1030 nm and lasing at 1050 nm with
70 W of output power. In that work, cooling by fluorescence at 1010 nm wavelength compensated
for the 2 % laser quantum defect, reducing thermal loads to below 0.01 % of the output laser power.
Theoretical predictions show that semiconductors may be better cooling materials than ion-doped

solid dielectrics, but no success in bulk cooling has been achieved as yet in mesoscopic scale,



although extensive work has been done on the subject [13, 48-54]. The main issues are fluorescence
trapping due to the high refractive indexes of semiconductors, and non-radiative recombination
[55]. In 2013, Zhang et al. [56, 57] demonstrated for the first time bulk cooling of semiconductor
nanostructures, achieving a 40 K temperature drop in CdS nanobelts of 110 nm thickness, pumped
at 514 nm. As for larger semiconductor devices, although no direct cooling has been observed to
date, one can optically cool them indirectly, as was demonstrated when cooling a semiconductor
heat load down to 165K [58].

Another approach of cooling a semiconductor is combining it with a conventional RE-refrigerator.
This integration allows one to produce another type of self-cooled laser, in which one cools a diode
laser (LD) using part of the optical power from the laser to induce anti-Stokes cooling of an optical
refrigerator thermally coupled to it. The optical refrigerator in this case is a doped crystal or glass
which has a quantum defect larger than the quantum defect of the LD. Alternatively, one can use a
single source to provide the pumping of both LD and refrigerator. A LD with an integrated optical
cooler would provide stable temperature and consequently stable optical properties. As a typical
LD heats up, its wavelength and gain is red-shifted [59], which can be used with an all-optical
feedback control loop for the optical cooler, replacing the complex electrical thermal management
system present in most telecommunication lasers. Typical LD-to-fiber losses of direct coupling in
telecommunication are from -7 dB to -13 dB, and -1.5 dB for a good lens-aided coupling [60]. Such
wasted optical power could be used to harvest heat by the use of an integrated optical cooler,
substituting TECs and replacing large thermal sinks by small footprint waveguides. Such indirect
thermal energy delivery allows an all-optical operation of LDs, which can be beneficial for space
and telecommunication applications.

If cryogenically operated, it is possible to have low noise, higher quantum efficiency [61] and also
more efficient heat removal can be achieved [62], enhancing beam quality for higher power scaling.
Optical cryocoolers are strong candidates for substituting current spacecraft cryogenic technologies
[6], substituting large radiators, vibrating mechanical pumps and increasing mission length by
substituting cryogens needs. Recent studies show that such characteristics are also desirable for
earth-based applications such as to fluidless-refrigeration of ultrastable silicon cavities, which can
improve the frequency stability of these state-of-the-art cavities by a factor 10, being limited by

Brownian noise.



Novel schemes of optical cooling continue to appear. Optical cooling could be enhanced through
the use of superradiance for enhancing the radiative decay rate, as suggested by Andrianov in 1997
[63], and several similar approaches were studied [8, 40, 64-71], although no experimental
demonstration has been reported so far. A group has proposed the radiative cooling of a cavity
quantum electrodynamics system [72], and optomechanical cooling of a cavity membrane was
demonstrated [73]. The induced radiative cooling of a semiconductor was demonstrated [74] by
photon down-conversion, and the cooling of an active load was performed [75] in an InGaN LED
optically cooled by 5 K from 450 K. However in this case the thermal energy is extracted in the
form of thermal radiation [75-77], which makes the applications far more limited than anti-Stokes
cooling. Contrary to mainstream strategy of enhancing cooling by material ultra-purification, it has
been shown that certain impurities can help optical refrigeration to take place [78], which possibly
is due to loss quenching rather than enabling new transitions to occur — as it has been suggested.
Optical cooling in trapped single nanocrystals [79], as well as in Nd-doped [80-82] and Er-doped
[83] nanocrystalline powders was demonstrated, and our group investigated the possibility of using
ytterbium-doped nanocrystalline powders [84]. Single nanocrystals were cooled in water by
another group [79], constituting the first experimental demonstration of cold-Brownian motion of
nanoparticles in condensed media. Recently, studies of glass-ceramics for their potential in laser
cooling reported by Soares de Lima Filho et al. [85-87], indicate how the desirable properties of

crystals may be preserved in more easily available and flexible materials.

1.2 Objectives of this work

The objective of this work is to bridge the gap between the science of optical cooling and its
implementation in real-world systems. Initially, the goal of the thesis was to cool a semiconductor
laser chip using an optical refrigerator, powered by the same optical source as the laser. This would
be a proof-of-concept of using optical refrigeration for thermal control of the ubiquitous solid-state
laser, demonstrating a practical use of the technique. The concept, although simple, demonstrates
a device in which its information (signal laser), power (refrigeration and laser excitation) and waste
(thermal energy carried away) are transported completely by optical means. Some spin-offs are
immediate: fully optical device integration, thermal management of remote devices (diode lasers,
space-borne detectors). However the implementation of such a concept, which been the target of

several groups, involves multiple, difficult problems. The solution to all these problems in a single



PhD work is unrealistic with the present state-of-the-art. It turns out that the optical cooling
technology has more tractable, but timely significant challenges than this initial goal, and it would
benefit more from the studies presented in this thesis: the exploration of new materials, sensing
techniques and the realization of optical cooling at normal conditions of temperature and pressure.
These would largely increase the pool of possible experiments on LICOS, keeping up with

simplicity and reliability.

Due to specific goals — e.g. achieving record low temperatures — the mainstream materials research
for LICOS has concentrated efforts on the purification of bulk fluoride glasses and crystals, and in
the increase of the pump absorption. The studies of new materials such as glass-ceramics, quantum
dots (QDs) and nanocrystals open the application of LICOS, for example the cooling of glass
ceramics (GCs) enables LICOS on GC lasers and free-form devices and probes. Optical cooling
on quantum dots allow the use of new pump wavelengths, thus widening the choice of pump
wavelengths, as well as the media in which cooling take place. The use of GCs and nanocrystals
means that optical cooling can be integrated into systems widely used as lasers, sensors and

biomarkers, to cite a few.

At the start of LICOS experimental research, the optical cooling signals were typically low, the
wavelength of transition between heating and cooling was not clear, and some results were not
conclusive, or were subjects of heated debates. Therefore, an essential feature of LICOS
experiments was a minimum heat load on the optically cooled sample, and that included the use of
high vacuum systems. Vacuum for realization of optical cooling is not a fundamental need, and the
technology is mature enough to produce and detect LICOS without it. Thus, the goal of performing
LICOS at ambient pressure, which would simplify LICOS experiments, allows the focus to shift
to laser science rather than vacuum technology. The time and monetary resources which are saved

with this currently simple approach are significant.

The aforementioned small or ambiguous signals create a new problem for the experimenter: the
temperature measurement per se. In addition to that, the particular conditions found in LICOS
experiments limit the thermometric methods which can be utilized. Since the first experimental
demonstration of LICOS, a significant part of the research in the field was dedicated to the study
of these methods. Thus a major goal in this Thesis was to study and develop a reliable method for

temperature measurements for LICOS experiments. Generally desirable properties for



thermometric methods are accuracy, sensitivity and inertness — in this case small thermal mass. In
LICOS experiments, inertness also means transparency, since intense fluorescence must leave the
material. As it will be discussed in the Thesis, noncontact measurements have several drawbacks
other than signal interpretation. The use of an ultra-transparent, contact temperature sensor, based
on fiber Bragg gratings (FBGSs) is proposed and demonstrated in this Thesis. FBGs, as well as
LICOS-systems, are immune to electromagnetic noise and are lightweight. Thus, this sensor can
be readily integrated in many current LICOS experiments, and should be compatible with future
LICOS-devices.

The three aforementioned goals should greatly help future exploration for LICOS, as well as the
applicability of the technology. An important sequel is the thermally-independent power scaling of
lasers, which would directly benefit the scope of the high-power laser applications. The
development of the optical refrigeration technology would ultimately lead to a “reverse-
microwave” device, a future-generation appliance in which the optical cooling of large thermal
loads is possible, in a historical parallel to the development of the once unthinkable idea of using

the Seebeck effect to refrigerate beer in a portable manner.

1.3 Thesis outline

In Chapter 2 the theoretical background behind the experiments on laser-induced cooling of solids
(LICOS) is presented. The basics of optical refrigeration are presented and generalized in the
section 2.1.1. In the subsequent section, the principal aspects of LICOS with rare-earth-doped
solids, which have been the only type of materials so far to show bulk optical refrigeration are
discusses. The specific case of Ytterbium-doped YAG, as a general example of Ytterbium-doped
crystals as an important material for LICOS is presented. The chapter is concluded with a section
on heat transfer, essential for experiments on optical refrigeration, and for completing the basic

background for the understanding of this Thesis.

The optical methods for the characterization of materials for LICOS are presented in the Chapter
3. The basic instruments used for the characterization, as are used in the experiments are presented
and discussed. The Chapter 3 also starts with fundamental but well-known techniques such as
resonant absorption and fluorescence spectroscopy, and finishes with the characterization of a very

important parameter in LICOS, the quantum efficiency. The latter measurements, although



important, can be redundant and serve mainly as validating techniques. Since material parameters
limit the quantum efficiency achievable, its values appear very explicitly in the final optical cooling
measurements. In the first half of the chapter, photoluminescence (PL) spectroscopy, mainly the
spectra (3.2.1) and excited state lifetime (3.2.2) are studied. Both traditional systems, as well as
tailored systems, designed for specific experimental conditions such as photoluminescence under
in-band pumping or in highly scattering materials (3.2.1.1) are discussed in detail. Measurements
peculiar to small or hard-to-access samples (3.2.1.2), and spatial-dependent PL spectroscopy
(3.2.1.3) are then discussed.

The second half of Chapter 3 is dedicated to the experimental setups used for the determination of
the quantum efficiency. Section 3.3 presents the widely utilized, absolute but often inaccurate
method of photoluminescence quantum yield by the use of an Ulbricht or integrating sphere (ISp),
and the approach used in this Thesis to quantify and minimize the common errors on this

measurement.

In the Chapter 4 an in depth discussion on how optical refrigeration is typically measured, along
with the main advantages and drawback of each technique is presented and a few examples are
given. In the light of the previous sensors analysis, the use of a fiber Bragg grating as an ideal
sensor for optical refrigeration is proposed for the first time, solving the main limitations of the
previous techniques. In the second part (4.2) the fabrication, characterization, use and modeling of
the proposed FBG at room temperature are described and discussed, as well as for the low

temperatures that optical refrigeration is expected to reach.

The Chapter 5 presents the thermal design of the main experiment, the model utilized to interpret
the data, and the errors associated with it. In the second part the characterization of the Yb:YAG
sample and the complete setup for optical cooling is shown, as well as the first measurement of
optical cooling performed in this work, as well as the first “in air at atmospheric pressure”. The
novel use of a FBG temperature sensor to measure very small background absorption coefficients
is presented in the section 5.2.2. The following section demonstrates and discusses the optimization
of the experiment, which could allow the cooled crystal to achieve temperatures comparable to
those achieved in vacuum. Also, further optimization is suggested based on the obtained results.
The final part of the chapter shows a solid thermal load being cooled by the optically-cooled crystal,

in a proof-of-concept of a optical refrigerator.
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After the realization of the main objectives, further studies were conducted in order to find more
accessible and flexible samples which could be optically-cooled, and are discussed in the Chapter
6. The first half of the chapter concerns the preliminary investigations on the cooling potential of
nanocrystalline powders. These investigations were limited to spectroscopic studies. The second
part concerns the cooling/heating experiments of ytterbium-doped glasses and glass-ceramics,
which were done for the first time. The samples had their structural, thermal and photo-physical
properties measured, and then their cooling figure of merit was measured in a calorimetric
experiment. Although the present glasses and glass-ceramics did not show cooling, indications are
that glass-ceramics can be optically-refrigerated, with purer samples.

Finally to conclude the Thesis, a summary of the main accomplishments, as well as the impact they
have in the laser cooling science is given. The conclusion also highlights some of the contributions
this work has made to other fields of research. A brief discussion and recommendations for the
continuation of the present work, as well as for the laser cooling science as a whole, completes this
Thesis.



11

CHAPTER2  THEORETICAL BACKGROUND
2.1 Optical refrigeration

2.1.1 Basics of optical refrigeration

There are several proposed approaches for achieving optical cooling, and the particular cases will
be described in this chapter. Without loss of generality, the cooling power, or the power which is
extracted from a sample by optical means — excluding blackbody radiation — is given by the
difference between the optical power which leaves the sample and the optical power that enters the
sample, and can be expressed by (2.1) [48], without considering explicitly radiation trapping or
reabsorption.

(2.1)

( o (4,) A ]
Pcool(/lp):abs(lp) Mext —-1),

o, () + %,

where Pabs, ar, next, om, Apand Ar are respectively, the absorbed optical power, resonant absorption
coefficient, external quantum efficiency (EQE), background absorption coefficient, the pump and
the emission wavelengths. Resonant absorption is one which leads to the excitation of an electron
of the ion of interest in the cooling process, while background absorption accounts for all unwanted
absorption, including the excitation by impurities which do not participate in the cooling process.
The first two terms of the product in parentheses is the fraction of absorbed photons, which generate
an escaped fluorescence photon, multiplied by the ratio of the mean energy of the fluorescence
photons to the energy of the pump photons. Notice that this expression is still valid for a lossless
(b = 0) electrically-pumped device, by acknowledging that 4p is the wavelength associated to the
energy of the excitation, with Pabs as the product of the forward bias current and the applied voltage,
and has been used in this form since early years of studies of electroluminescent cooling [88]. The
emitted photons follow a spectral distribution, thus their wavelength is not unique but Ar can be
defined as the mean fluorescence wavelength, the wavelength associated to the mean photon energy

of the emission, Et.

_hjvcpf (v)dv

E =hi, =he———,
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(2.2)
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where @ is the fluorescence photon flux spectral density and h is the Planck constant. The
measured guantity in a typical optical spectrum analyser is the spectral power density (1), which
in a spectral window dA, corresponds to a power dP(1) = I(2)dA. The collected power by the
instrument can be also related to the total photon flux ®(1)dA or ®(v)dv, by multiplying it by the
energy of each photon hc//, ¢ being the speed of light in vacuum, which allows therefore the
calculation of £t (2.3).

dP(2) = 1(A)dA = %db(z)d;t - %Cb(v)dv,
:@(v)dv:hicl(z)dz, (2.3)

¢ 2
A (yda
J a2 [21,(2)da

Thus the wavelength associated with the mean photon energy of the emission, which is Ar = hc/Es

can be written as (2.4).

) j/uf (A)dA

j I, (A)dA 24

where I¢(1) is the spectral power density of the measured fluorescence [89]. A simplified diagram
of the optical cooling process described by Eq. (2.1) is shown in Figure 2-1, where photons entering
the material can undergo different processes, such as nonresonant absorption, excitation of an
electron, thermalization and subsequent decay, radiatively as anti-Stokes photons, or
nonradiatively in which case, the material absorbs several phonons and warms up locally. The
emitted photon can escape the material, or get trapped and be subject to the same processes as the
incoming photon. The excited or decayed electron is then thermalized, where phonons are
annihilated leading to a local cooling of the bulk sample. If the nonresonant absorption and the
multiphonon decay are sufficiently suppressed, the bulk material cools.
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Figure 2-1: Simplified diagram of the optical cooling process upon absorption of a photon and
emission of a blue-shifted photon. Also shown are the most important processes which can occur
within the material. Incoming photons of wavelength Ay (red arrows) enter the host material, and
some of them can suffer multiple scattering and be absorbed in unwanted impurities (background
absorption). The remaining photons interact with the dopant ion, exciting electrons from the ground
manifold no to the excited manifold ni1, where they are thermalized within the manifold. The
electrons in nireturn to the ground state by a nonradiative path through multiphonon (black arrows)
relaxations at a rate knr, or by a radiative path, i.e. emitting photons at a rate kr (blue line). The
emitted photons (blue arrows) of wavelength At can escape the material, or can be trapped as well
and reabsorbed in the sample volume or reflected (R) at the surface. The electrons undergo
thermalization, absorbing phonons from the lattice, and end up at a sublevel (horizontal lines)
following a Boltzmann distribution. The emitted photons, as well as the reflected ones, can undergo

all the same processes as the incoming photons.
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It is practical to define a theoretical cooling efficiency in a material at a given pump wavelength as

the ability of conversion of the absorbed power into heat lift or cooling power:

Proot (45) o) A 4 (2.5)

2/ e
77coo|( p) Pabs(/lp) Tlext Olr(ﬁp)JrO!b Zf

In optical refrigeration experiments, the main quantities are the temperature change AT and the
pump power, Pp. The temperature change is related to the cooling power and the heat load, and its
maximum amplitude, ATmax is directly proportional to Pcool, for small values of AT. Also, for small
values of Pp, the absorbed pump power is directly proportional to the pump power. Thus the

experimental quantity ATmax/Pyp is related to the cooling efficiency by Eq. (2.6).

—or (;"'p I
ATmax (ﬂ'p) _ PCOO| (ip) (1_ € ) =—7n (ﬂ, ) (2 6)
Pp ( ﬁ’p) Ky, Pabs ( ﬂ,p) Ky, cool \"Yp /1 .

where x, Ls, AL are, respectively, the sample-environment thermal coupling constant, the sample
length and its corresponding absorbance (1 — exp(-atLs)), and a1 = ar + an. Although #cool IS @
good measure of the efficiency of the cooling process in a given material, most of the time one is
interested in knowing how much heat lift a sample can provide for a given pump power. Also (2.5)
indicates that the cooling efficiency increases with the increase in the pump wavelength, but since
the absorption coefficient drops in the long wavelength tail, increasing the pump wavelength is not
always a good strategy to achieve maximum cooling power. While Eqg. (2.5) is representative of
the material and Eq. (2.6) can be readily used with experiments, it is convenient to define a cooling
figure of merit ®@c , Eq. (2.7) that is used easily in theoretical predictions as well as in the
experimental analysis of the data.

F)cool (ip)
R (%)

AT o (4)

b (1) (2.7)

®c (Zp) = = A]]cool (ﬂ“p) = Kth

2.1.2 Optical cooling with rare-earth-doped solids

Rare-earth elements are divided in two groups in the periodic table: the lantanides and the actinides.
The actinides are of less importance in lasers than the lantanides, due to the instability of the former,
and they will not be discussed here. The more stable form of the lanthanides in condensed matter

is in the trivalent level of ionization. They are characterized by the electronic configuration
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[Xe]4f26s2, with the outer shell configuration 5s?5p%6s?. As a result of the lanthanide contraction
(the 4f electrons become increasingly more tightly bound with increasing atomic number Z), the 4f
wavefunctions lie within the closed 5s25p® xenon shell, which shields the 4f electrons from the
environment [90]. This results in a free-ion-like behaviour of the lanthanides in condensed matter,
which make their optical behaviour highly predictable. Usually the lanthanides are incorporated in
ionic crystals as trivalent ions, with electron configuration [Xe](4f)"*. In the case of ytterbium, x
=0 and n = 14. The 5s and 5p shells are completely filled, thus the 4f states are well shielded, and
therefore present narrow transition linewidths and show low variation in different environments.
The manifolds can be labeled as ®S*UL, where S is the total spin and L the uppercase letter
corresponding to the orbital angular momentum | =0, 1, 2, 3, 4... for the orbitals s, p, d, f, g, ...
[91]. The energy levels are degenerated, and as the degeneracy is broken, additional quantum

numbers are added to the energy level representation.

The energy level of a free ion can be calculated by solving the Schrddinger equation using the
system Hamiltonian, constituting of a central field Hamiltonian Ho, and perturbation terms to
account for Coulomb interaction Hee and the spin-orbit coupling of the elections Hso [92]. Ho is the

sum of kinetic and potential energy of the N electrons:

N
Ho=>
i=1

[_ L +V(ri)j, (28)
2m,

where me is the electron mass and ri the position of the i-th electron. The solution of the time-

independent Schrodinger equation Ho%o = Eo¥o is the product of single-electron wave functions:

N
Yo = JInkmm,), (2.9)
i=1
where ni, li, m and ms are respectively the principal quantum number, the orbital angular

momentum, and the degenerate magnetic and spin quantum numbers.

The Coulomb interaction between electrons can be expressed as the operator:

Hee= ie—z_iiz—ez_v(r})ji (210)

i<j:147z'€0‘ri_rj‘ i1\ 4me,r,

Where e, ¢ and Z are the electron charge, the vacuum permittivity and the atomic number,

respectively. Electron-electron interaction causes splitting of the 4f states, in distinct LS levels.
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Yb® has the electronic configuration [Xe]4f'3, i.e. almost a closed 4f shell, with a 4f hole of spin
Y , producing a 2F manifold. This manifold is split due to the spin-orbit interaction, described by

the operator:

N
Hsoz_ L E
r

dv (r)
2.2 Ii'Si’
o 2m,c; o dr,

(2.11)

e

where co, li and si are respectively the speed of light in vacuum, the orbital angular momentum
vector and the spin vector [93]. The spin-orbit coupling introduces a total angular momentum J =
IL+S|, ..., J=|L -S|, where L and S are the total orbital angular momentum and the total spin. The
LS levels are therefore split into J-manifolds. In the case of Yb**, which has s =% and L = 3, the
spin-orbit coupling produces two manifolds ?F72 and 2Fs2. These two manifolds are separated by
an energy gap Ers = {(I +%2) =7/2 £, where ('is the spin-orbit coupling parameter, which has value
of 2918 cm* for the Yb®* free ion [94]. Therefore, the 2F72 and ?Fs;2 manifolds are separated by an

energy gap of ~ 10213 cm™.

When the ion is embedded in a solid matrix, its electrons will be subject to an additional electrical
field, and their energy levels will differ from those of the free-ion case. Therefore an additional
perturbation to the Hamiltonian should be considered [94], due to the electrostatic crystal-field

potential:
H,; =) B:ClY, (2.12)
ka

where Cq® are tensor operators and B¢ are adjustable parameters, determined empirically from
experiment. The crystal-field lifts the Mj-degeneracy of the 25*'L; manifolds, and is called Stark
splitting. Manifolds with odd number of electrons are split into (2J + 1)/2 Stark levels, while even-
numbered manifolds split into (2J + 1) Stark levels. Therefore Yb** is expected to have a ground
manifold with 4 Stark levels and the 2Fs2 manifold, referred to as the excited state, with 3 Stark
levels. In the case of trivalent ytterbium, the determination of Hcr is difficult, since it has only two
4f multiplets [94], therefore not enough information can be obtained from spectroscopic
measurements — 4 transitions in absorption and 3 in emission — to deduce the up to 27 empirical
parameters required for the determination of Bg¢* [95]. The position of energy levels are thus
assigned directly from measurements. The Stark splitting is of the order of, respectively 400 cm™
and 750 cm™ for Yb**-doped YLiFs and Y3AlsO12 crystals [96].
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The strength of a transition between two states |L, S, J, My )i-j is given by Eq. (2.13) [97].

Sy =[] B =il ) +[(i|ma| 3)] (2.13)

where pe = Yeri and pm = (L+2S)ef/(2come) are the electric and magnetic dipole moments due to
all 4f electrons. Transitions between states of same parity are forbidden due to the selection rules
for the electric dipole moment, however they are observed due to the crystal-field admixing of
states of opposite parity, in noncentrosymetric crystal fields [98]. The 4f states have the same parity,
with | = 3. The electron in the 5d shell, above the 4f shell, have | = 2, therefore different parity to f
electrons. Thus, the strength of the transition is ultimately determined by the strength of the crystal
field responsible for generating the admixing of states. In practice the crystal field theory is only
qualitative and still cumbersome to be attractive. In order to describe the transitions between
electronic f-f states of rare-earths, one can use the Judd-Ofelt theory [92], which also requires
knowledge of experimental cross-section data. The strength of the transition is then expressed by
the sum of the products of the phenomenological Judd-Ofelt intensity parameters Qi times the
squared matrix elements of the unit tensor operators between the initial and final states [99]. With
the knowledge of Qi, one can calculate the strength of any absorption or emission transition, the
fluorescence branching ratio from J to J', and the radiative lifetime of the excited state. As with the
crystal-field determination, Judd-Ofelt is not useful for Yb3* [92], due to the few transitions
presents in this ion. The contribution from each sublevel to the total radiative transitions is given
by the branching ratio, which can in practise be extracted from the relative intensities of the
experimental photoluminescence spectrum of the material under analysis. The inverse of the ratio
of the radiative lifetime and the measured fluorescence lifetime is the quantum efficiency #e. The
major limits to #e are due to nonradiative relaxations, which can be multiphonon relaxations, cross
relaxations or cooperative upconversion processes. Multiphonon relaxations corresponds to the
decay of an excited electron with the emission of phonons. The probability of this decay is given

by a simple energy gap model [100].

Another factor which prevents the cooling efficiency to be higher is the small value of the energy
gaps within a manifold due to generally small crystal-field splitting [94]. As one can see from a
first glance at Eq. (2.5), the cooling efficiency increases if one is allowed to use longer pump
wavelengths or shorter mean fluorescence wavelength, which in a first instance can be achieved

through an increase in the crystal-field splitting. While this is generally true, e.g. for Yb®":fluorides
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at room temperature [101], at low temperatures a smaller splitting may be beneficial since the
sublevels are easier to populate. The population of higher levels is important for increasing the
absorption at longer wavelengths but at the same time it decreases the mean fluorescence
wavelength, due to the higher energy levels of the excited-state manifold.

An alternative way to obtain higher cooling efficiencies is by using a system in which the practical
ratio Ap/As is high. Let us consider the ideal cooling efficiency (2.14), which is Eq. (2.5) with #ext =
1 and with ap = 0.

A hv, —hv,  AE

Mool ideal (//Lp) = Tp -1= h Eactical ) (2 14)
f

p 9

where AEpractical IS the anti-Stokes shift due to the Stark energy-splitting and thermal population,
and Eg is the electronic energy gap between ground and excited-state. The absorption at A, must
also be significant, limiting AEpractical t0 be around 2.5xksT, where ks is the Boltzmann constant
and T, the lattice temperature. The energy level diagram for trivalent lanthanide ions, as well as

their ideal cooling efficiencies are shown in Figure 2-2.
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Figure 2-2: Left axis, colored data: Dieke energy diagram — truncated to 11000 cm™ — for trivalent
lanthanide ions, ordered by their first excited state electronic energy gap. The first electronic
excited level is indicated by a column below it, and the colors correspond qualitatively to the
photon necessary to excite that level. Right axis, black circles: ideal cooling efficiency, considering
a reference anti-Stokes shift of 521 cm™, i.e. 2.5xksT at room temperature. Position of the energy
levels from [102].

Taking the cooling efficiency of the ions in the lanthanide series, as in Figure 2-2, one can verify

that Hcool,ideaI(EU3+) > ﬂcool,ideal(Er3+) > ﬂcool,ideaI(Yb3+) > ﬂcool,ideal(Gd3+), i.e. Yb® should have almost
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the worst performance. However, other factors also play a role, the most important one being the
intrinsic nonradiative decay rate knr, which depends not only on the dopant but also on the host

matrix.

The first form of nonradiative decay which an excited ion can undergo is due to multiphonon
relaxation. While the energy gap is mostly defined by the dopant ion, the phonon distribution will
depend on the host material. The higher the maximum phonon energy of the material, the higher is
the probability that a multiphonon relaxation can bridge the ion energy gap. The rate of

multiphonon relaxation knr is given by an exponential energy gap law [100], Eq. (2.15).
Ky = By (5 21m (2.15)

where fe1 is the electronic factor, Eq is the energy gap of the transition, zwmax the maximum phonon
energy of the host and ae1 a constant for a given host. It can be shown that if one expects a material
to intrinsically achieve > 90% of its ideal cooling efficiency, it should have a maximum phonon
energy of not more than E¢/8 [102], where Eq is the energy gap of the electronic transition in
consideration. That implies that not all the ions shown in Figure 2-2 will succeed in being cooled
optically in known laser materials. Another consequence is that the high-energy-gap ions such as
trivalent ytterbium have a larger range of possible host candidates, as is shown in Figure 2-3,

together with some of the materials in which they had shown optical cooling.
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Figure 2-3: Maximum phonon energy (left axis) and first excited state energy (top axis) of some
rare-earth-doped materials utilized in laser cooling experiments. The circles represent materials in
which laser cooling has been observed. The black line represents Eg/8, the limiting maximum
phonon energy of a host for efficient optical refrigeration, i.e. materials lying above that line are
not expected to present efficient optical cooling. Inspired after [102].

All of the optically-cooled material combinations presented in Figure 2-3, fall below the Eg/8 line.
While small energy gap lanthanide ions have the potential of higher cooling efficiency, it can be
seen that no cooling is likely for any ion with Eq below that of Pm?®", if embedded in a lattice of a
KPb2Cls crystal (KLC). These very low phonon energy materials are not yet ubiquitous and present
several fabrication and handling challenges. A list of typical laser hosts and their corresponding

maximum phonon energies is shown in Table 2-1.



Table 2-1: Maximum phonon energy of laser materials.
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Material Maximum phonon  Refer.
energy (cm)
Glasses
Borates ~ 1400 [103]
Phosphates 1100 — 1200 [103]
Silicates ~ 1100 [103]
Germanates ~ 900 [103]
Tellurites ~ 700 [103]
Fluorozirconates ~500 [103]
ZBLAN 580 [104, 105]
57ZrF4-36BaF2-4LaF3-3AIF3 (ZBLA) 580 [106]
43PbF2-17InF3-17GaFs-4LaF3-19ZnF2 (PIGLZ) 520 [106]
Fluorides
InFs 512 [107]
BaF2-InFs-GaFs-ZnF2-LuFs-GdFs (BIG) ~510 [102]
Fluorochloride
CdF2-CdCl2-NaF-BaF2-BaCl2-ZnF2 (CNBZn) ~ 370 [102]
Sulfides (Ga, La) ~ 450 [103]
Crystals
Chlorides
KPb2Cls (KLC) 203 [108, 109]
Fluorides
LiLuFs (YLUF) 430 [110]
LiYF4 (YLF) 560 [111]
PbF2 250 [112]
Oxides
Y3Als012 (YAG) 830 [113]
KGd(WO4). 900 [102]
Y2SiOs 900 [102]
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2.1.2.1 The energy structure of Yb:Y3AlsO12 (Yb:YAG) crystals

Yb:Y3AIsO12 (Yb:YAG) crystal lasers are ubiquitous, which is why this crystal has been studied
extensively. Yb:YAG has a relative simple quantum structure, with only two manifolds, and
negligible upconversion, excited-state absorption and concentration quenching. These properties
make the theoretical analysis relatively simple, in which the crystal can be well approximated by a
quasi-three-level system, although at low temperatures, e.g. 77 K it becomes a four-level-system.
Brown [114], proposed a kinetic model which uses a formalism which does not need to subjectively
determine the transition between the three-level to the four-level model, thus it works continuously
for arbitrary temperatures. The upper state manifold ?Fs; contains three Stark levels, and the
ground state manifold 2F7:2 contains four Stark levels, as shown in the Figure 2-4. The Stark levels
are labelled with indexes (p, q), where p = 1 for the 2Fs;> manifold and p = 0 for the F7;2 manifold,
andg=1to (2J + 1)/2.
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(a) (b) 914

Figure 2-4: Yb%*:YAG energy levels. (a) Possible radiative transitions. (b) Radiative excitation by
laser followed by a mean fluorescent photon emission and electronic thermalization. Distances
between sublevels are on a scale to their relative energy, and the corresponding wavelength is
labeled by the line color. The thickness of the arrows is logarithmically proportional to a scaled

relative branching ratio of the spontaneous emission.
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Assuming that the atoms can undergo excitation or decay between the two manifolds, and that the
total electron density is conserved, the ground and upper manifolds electron density noand ni can

be related to each other through the equations:

Do, h%[nooa(ﬂp)—nlae(ﬂ?)]—%; (2.16)

n,+n =n;, (2.17)

where Ap, h, C, oa, e and nt are respectively, the pump wavelength, Planck’s constant, speed of
light in vacuum, absorption and stimulated emission cross sections and the total density of active
ions. zeff = (yr + ynr) LS the effective lifetime of the excited manifold, and yr and ynr the radiative
and non-radiative decay rates. The flux density of electrons in the excited state manifold is given
by Eq. (2.16), where the first term on the right side is the flux density of pump photons, multiplied
by the probability of an incoming photon being absorbed, minus the probability of stimulated
emission. The second term accounts for the flux of photons which decay spontaneously, both
through radiative and non-radiative paths. The conservation of total density of active ions is stated
in Eq. (2.17).

The fact that the population of individual manifolds depends on the pump intensity, implies that
the resonant absorption coefficient, ar = gano - gen1 also depends on the pump intensity. The values

of ni can be found from the steady-state solution of Egs. (2.16) and (2.17):

an,

2 —0=1. 7% [0, ()10, ()]

-1
o, |
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o, Ip

n

eff

(2.18)

where Is = hc/(Apoatetf) IS the pump saturation intensity. The resonant absorption coefficient

dependence on the pump intensity Ip is written as
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where aro IS the small-pump-intensity absorption coefficient, when n1 tends to zero and ar(lp<<Is)
= ganT. The latter is a widely used form, which allows one to obtain easily one of these spectroscopic
quantities from the knowledge of the other two variables.

The theory presented above highlight the basic principles of optical refrigeration, and is sufficient
to understand and explain the microscopic optical processes related to this Thesis. The example of
Yb:YAG is particularly important since it is similar to most work on LICOS, and it is the material
used here. The later part shows the electron population dynamics under optical pumping, and
predict a saturation effect, which will be used later to optimize the experiments.

2.2 Heat transfer, theory

2.2.1 Mechanisms of heat transfer

The main mechanisms of energy transport are conductive, convective and radiative heat transfers,
and mass transport. Mass transport is negligible in typical optical cooling experiments, and it is

therefore not considered.

2.2.1.1 Heat transfer by conduction

The power gain though conductive transfer of a body at temperature Ts, connected to a body at

temperature T by a solid link is governed by the integral of Fourier’s law of thermal conduction,
given by Eq. (2.20).

Bt
R=kH(T.-T), (2.20)

where k, Act and L are the solid link’s conductivity, cross-sectional area and length, respectively.
When the two bodies cannot form a continuous structure, but are in contact, the conduction is
actually a mixture of the three processes of heat transfer, and the effective conductivity, link area

and length depend on the experimental conditions such as surface roughness, temperature, contact
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pressure, etc. Modeling the conductivity between nonconforming surfaces can be very difficult
[115]. For non-matched surfaces, convection and even conduction through the interstitial fluid can
occurs; also thermal radiation flows across the gap, making the specific processes complicated.
These problems are simplified in vacuum, but still require careful analysis [116]. Thus, in most
real-world situations, the analysis of the process is mostly based on empirical derived, experiment-

specific parameters.

2.2.1.2 Heat transfer by convection

When not in vacuum, convection can be an important source of heat transfer. The rate of the
absorbed power by a sample of temperature Ts immersed in a fluid at temperature T~ can be

modeled though Newton’s cooling law, given by Eq. (2.21).
P, =h,A(T.-T.), (2.21)

where As is the samples’s surface area, hev IS the convective heat transfer coefficient, which depends
on the temperature, and velocity of the fluid. More often than in conductive transfer, convective
transfer is strongly dependent on the experimental conditions, although hcv is often considered a
constant. A quick look in the literature shows that, for the very specific case of silica in still air at
room temperature, hey is generally assumed to be between 5 W-m2-K and 25 W-m2-K™*, which

shows that it is not accurate to consider a single value of 10 W-m2-K, as is often used [117].

Although it is known how the convection heat transfer coefficient depends on the pressure in a free
molecular flow region [118], i.e. at high vacuum, only one previous work on laser cooling has
explored the viscous flow region [119], without a quantification of the transfer coefficient. In that
work it was noticed that the cooling signal reduced by a factor 10 when the pressure was increased

from 107 torr to 1072 torr [119], and no cooling at all was measured at pressures above 1 torr.

2.2.1.3 Heat transfer by radiation

The third mechanism is radiative heat transfer. Although optical cooling is a radiative form of
energy transport, here — as in the literature, the term radiative heat transfer for energy exchange
through blackbody radiation only, is used. Considering two opaque concentric cylinders of surface
areas A1 and Az, temperature T1 and T2 and emissivities ¢1 and &2 one can calculate the radiative
heat transfer between them through the Eq. (2.22) [120].
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where ¢ is the Stefan-Boltzmann constant. It is easy to see that if one of the cylinders has a fixed
emissivity e1, thermal radiation heat transfer can be minimized by minimizing yq. It can be also
noticed that if the outer cylinder is a black-body (2 = 1) at the temperature T2 = 0 K, Eqg. (2.22)
reduces to the Stefan-Boltzmann law:

P»
lAf =goT,". (2.23)

For semi-transparent materials this expression is modified to Eq. (2.24) [121]

P(4

—\(/ ) ey (1), (2.24)
where V, a and n are the volume, the absorption coefficient and the refractive index of the sample,
respectively. Several laser-active materials are semitransparent, and it is obvious that a complete
analysis of their thermal emissivity is cumbersome. This also affects the temperature measurement
by thermographic methods, since blackbody radiation from the direction of a semitransparent

sample also includes the emission of its background.

The analysis of heat transfer uses relatively simple laws, but as it is described above, it requires a
critical and careful implementation: it need to account for real-world parameters and particularities
of different materials and environments. The heat transfer description presented here is general,
and will be unified with the relevant photo-physical parameters of the samples in the Chapter 5,
providing a model for the optical cooling experiment. In solids, heat conduction and convection
are usually the main sources of heat dissipation at room temperature. At high temperatures — such
as in light bulbs —, or when a very cold background is available — such as in space — heat transfer
by black-body radiation can be the main path of heat dissipation. In optical cooling, the share of
different paths for heat transfer depends on the design. Here, conduction is minimized while
convection and black-body radiation are not modified by the use of vacuum or selective coatings,

and the quantification of these contributions are discussed in detail in Chapter 5.
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CHAPTER 3 SPECTROSCOPIC TECHNIQUES FOR OPTICAL
COOLING OF SOLIDS

The measurement and understanding of the spectroscopic properties of materials are fundamental
to the realization of laser cooling in solids. This chapter describes the instruments used for the
spectroscopic measurements of the materials studied throughout this thesis. Standard commercial
instruments such as absorption spectrometers are briefly described, while new techniques or a
tailored combination of multiple instruments are explained and justified in more detail. Although
some examples of the measurements performed are shown to illustrate the results, complete

measurements are left to the corresponding section of the thesis, where the results are used.

3.1 Resonant-absorption spectroscopy

The absorption spectra of the samples were measured using a Perkin Elmer spectrophotometer,
model UV/Vis/NIR Lambda 950. The more recent measurements shown in the Chapter 6 used a
Perkin Elmer spectrophotometer, model Lambda 1050. These instruments use a tungsten-halogen
light source, filtered by a scanning holographic grating and a slit. The resulting beam of 1-nm-
bandwidth is spatially divided, one passing through the sample and another passing through a
reference. A chopping scheme separates the attenuated beam and the reference, which are collected
in turn by a photomultiplier tube for the visible wavelengths and a cooled Lead-Sulphide cell for
near infrared wavelengths. The resulting transmission spectra, after reference subtraction, is
collected and displayed in a computer. In the case of the solid samples used here, no reference is
placed in the reference arm of the spectrometer, thus the internal absorption is calculated by
subtracting the Fresnel reflection — for known materials such as YAG, or from the spectrum

baseline in the case of new samples or when scattering is present.

3.2 Photoluminescence measurement techniques

3.2.1 Photoluminescence spectra

One of the fundamental quantities of LICOS is the external mean fluorescence wavelength, defined
as the wavelength of a photon of energy corresponding to the mean energy of the escaping photons,

given by Eg. (2.4). At this wavelength a lossless material present a transition between Stokes
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heating to anti-Stokes cooling when pumped with a narrow bandwidth light source. All the
photoluminescence spectra presented here were obtained using an Ando AQ6317B optical
spectrum analyser (OSA) for the wavelength range 800 nm — 1750 nm, and a Thorlabs Splicco
CCS100 charge-coupled-device spectrometer (CCS), for the wavelength range 350 nm — 700 nm.
Depending on the type of the measurement, different setups were utilized. The basic setup consists
of a pump laser, which is directed to the photoluminescent sample, and its fluorescence is collected
by an optical fiber and directed to the OSA or CCS, as shown in the Figure 3-1. The more specific

cases are presented in the following sections.

telescopeﬁ
4-f collection

Pump laser sample

Figure 3-1: Diagram of the general optical setup for measurement of the photoluminescence
spectra. The sample is placed at the waist of a collimated beam and a collection lens is placed at a
90° angle at a distance 2f, where f is the focal length of the lens. The fluorescence is thus focused

into a multimode fiber at a distance 2f from the lens, and directed to an optical spectrometer.

3.2.1.1 Double-chopping technique for photoluminescence measurements

Due to different pumping wavelengths used in the experiments, as well as to compare in-band and
out-of-band pumping of multilevel systems, a filtering scheme was implemented to work for a wide
wavelength range. Although a collinear polarization beam splitter could be used to separate the
fluorescence signal from the intense pump, it limits the wavelength range, collection optics

aperture, and would not work for highly scattering samples. Thus a simple method to perform
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broadband collinear spectroscopy was developed, with a high pump rejection factor using a single

optical chopper. The setup is shown in Figure 3-2.

L1 L2

Laser
source

X \—/-\

Figure 3-2: Double-pass chopping scheme for photoluminescence spectra measurement of long-

lived excited state materials.

The method is based on a double-pass chopping scheme (Figure 3-2), where the input laser beam
is modulated by an optical chopper wheel, and reflected back in the direction of the chopper, being
focused into the sample S, and directed to the detector D. The pump beam is temporally filtered by
adjusting the vertical position of the chopper wheel, so that it is blocked during the collection of
the fluorescence signal. With this approach, the modulated input beam is filtered, meanwhile the
quasi-continuous fluorescence signal is preserved, and reaches the detector without significant
attenuation. In order to obtain a fast chopping time, the beams are focused in the plane of the
chopper wheel by the mirrors L1 and L5. An optional mirror Mo is placed inside the telescope L5-
L4, in order to measure un-filtered signals with large area photo detectors, for radiative lifetime
measurements, for example. The double-pass chopping scheme also attenuates part of the
fluorescence signal, since it reduces the average power of the pump laser, and the input into the
detector. This attenuation comes from the mark-to-space ratio, which is generally equal to unity
and gives -3 dB attenuation of a quasi-continuous signal. Using a chopper wheel of unity mark-
space-ratio implies that there is always a time interval when both pump light and fluorescence are

allowed to pass through the wheel, due to their finite focused beam waist radii. A chopper wheel
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of greater-than-one mark-to-space ratio allows almost complete beam obscuration before the signal
of the opposite beam is collected. The larger mark-to-space ratio can be achieved from
conventional wheels by superposing two identical chopper wheels, with a phase difference. In this
case, the attenuation can be expressed by ads = 10 % log(0.5 — 0/T), where 2x 6/T is the phase
difference between the two wheels. A typical value of these parameters in the present experiment
is o/T of around 0.1, giving a attenuation of -4 dB. So the total attenuation experienced by the
fluorescence signal is -8 dB, while the pump reaches the detector with an attenuation from -4 dB
up to -50 dB (experimental), adjusted by changing the vertical position of the chopper wheel and
the relative position of the focused pump and fluorescence. If the energy of the beams is constrained
to a finite radius, the system should reject all the undesirable light, but in the experiments, a fraction
of 10°° of this light is collected at the detector.

3.2.1.2 Bifurcated probe

A bifurcated probe allows a single tip to be used to simultaneously pump a sample and to collect
the emitted fluorescence. Since both the probe optics and pump optics are in a single device, no
independent alignment is necessary. Also, the optical signals are delivered by optical fibers, thus
one can measured a sample difficult to reach through free-space optics. An example of this situation
is the measurement of the PL with the sample inside an environmental chamber. In order to preserve
the compatibility between the probe input/output and the equipment available at the laboratory, a
homemade probe was preferred instead of a commercial one. The pump optics consists of a single
mode fiber which can be coupled easily to a pigtailed diode laser, or to a fiber which had been
previously coupled to a Titanium-Sapphire (Ti:Sapph) laser. The collection is a multimode fiber
with a core of 200 um, which is coupled to the OSA for the infrared wavelength band or the CCS
for the visible wavelength band. Both fibers are held together by a Pasteur pipette which is fused
and stretched in order to have the exact inner diameter to tightly hold both fibers in parallel, as

shown in Figure 3-3.
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sample ’ Ti:Sapph

Figure 3-3: Diagram of the optical setup for measurement of the photoluminescence spectra using

a bifurcated probe as pump and collection optics.

The bifurcated probe was used to obtain preliminary photoluminescence spectra of samples
enclosed in an environmental chamber. Since the fibers are not lensed and no additional optics is
used, the pump-probe region is not well delimited thus the spectra can be distorted due to
reabsorption and spatial inhomogeneity. Therefore the obtained results using this probe are only

qualitative.

3.2.1.3 Depth-dependent photoluminescence spectra

The exact mean fluorescence wavelength of the typical materials used for laser cooling differs
significantly in the literature. For instance, for the work reported in this Thesis, a MFW = 1010 nm
was measured for a 1-mm-thick, 3 at. % Yb:YAG sample at 296 K, while Ref. [122] reports a value
of 995 nm for a 2.3 at. % sample from the same supplier. The same material is reported to have a
MFW equals to 1007 nm [20, 123], 1008 nm [124], and 1009 nm [114]. The calculation using
theoretical energies and branching ratios from [125] leads to an internal MFW equals to 1006 nm.
From that it can be concluded that one should not expect to measure the external MFW shorter than
1006 nm for Yb:YAG. That indicates that our result is indeed consistent with what should be

expected for a bulk sample.
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Several factors — and errors — can lead to diverging values of the mean fluorescence wavelength.
First, its value is temperature-dependent, so one should compare and report the measured value
together with the temperature at which the experiment is performed. Common errors can be
introduced by using number of photons instead of intensity in the Eg. (2.4), or raw nonlinear scaled
measurements such as dBm or logarithmic scales. One should be careful to distinguish between the
internal PL spectra, as emitted by the excited ion, and the external PL, which is measured outside
a bulky sample, and depends on the probing and collection conditions, as well as the sample
absorption, quantum efficiency, thickness, refractive index and shape, which accounts for the inner-
filter effect, or simply reabsorption. Thus, it is useful to obtain the depth-dependent
photoluminescence spectra, so that the intrinsic MFW as well as the external MFW of samples of
different dimensions can be estimated, using a single sample for the measurement. This helps to
rule-out samples in which reabsorption is too large to allow optical cooling, and to identify a sample
with higher quantum efficiency — thus a less red-shifted eMWF — amongst similar samples. For
liquid samples, the effect of reabsorption is observed easily without the need of changing the
geometry, but simply by changing the concentration, as shown in Figure 3-4 for a sample of

Rhodaminel01 in ethanol.
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Figure 3-4: Fluorescence spectra (a) of Rh101:EtOH at different concentrations, and the resulting
mean fluorescence wavelength (b). The pump and collection were aligned close to the surface of
the vial where the samples were placed.

The data shown in the Figure 3-4 were collected using both pump and collection optics focused
close to the surface of the vial containing the samples. As can be seen, even at the surface the

effects of reabsorption are evident.

For the PL measurements, two configurations for depth-dependence were used. In the first one, a
multimode fiber of 200 um core diameter is placed next to the sample at a place where the collected
power is maximized, and directed to the OSA. For this measurement, the collection volume and
aperture are large thus the measured signal represents well the external PL. Since the MFW of
Yb:YAG differ from one value reported on the literature, the PL was also measured by using a
small probing volume, by using a collimating lens and a 65 um-core-diameter fiber, which also
acts as a pinhole, as the collecting part of the setup. The sample is moved transversely so that the
PL at a large depth can be measured. The second setup is shown in Figure 3-5. In this setup, the

sample is moved so that the pump beam is at the desired distance from the collecting
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surface/window, and the probe optics is realigned to maximize the collected power, which indicates

when the pump and probe overlap.

Detection field of view
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razor blade |
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~f—
sample displacement

Figure 3-5: Diagram of the spectroscopic setup for depth-dependent photoluminescence

measurements.

Using the setup of Figure 3-5 with a pump laser at 920 nm wavelength, the measured PL spectra

of a 3% Yb:YAG sample is shown in Figure 3-6.
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Figure 3-6: Depth-dependent photoluminescence spectra of a 3% Yb:YAG crystal.
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From the spectra above one can estimate the internal MFW, or the “zero-thickness” fluorescence,
by compensating the emission spectra using the absorption spectra and the depth at which the PL
spectra was collected. By doing so, one can observe that the spectral structure converge when
corrected for the depth (Figure 3-7), and the mean fluorescence wavelength approaches a value of
1009.5 nm. It can be concluded that the MFW at zero-thickness, a good estimate for the intrinsic
MFW when trapping is disregarded, is 1009.5 nm.
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Figure 3-7: Photoluminescence spectra of a 3% Yb:YAG crystal, after correction for reabsorption.
The labels indicate at which depth, z the uncorrected data is collected.

Although compensation for reabsorption is not as simple as discounting the absorption coefficient,
the procedure can give us an idea of how short the values for the MFW can be. As the graph shown
in Figure 3-7 indicates, the MFW measured at the surface is not expected to be much less than
1009.1 nm, as indicated by the trend shown in the uncorrected data in the Figure 3-6. The second
method confirm that our measurements are consistent and are a better reference than the previous
reported value for the MFW of the Yb:YAG sample. Unless otherwise stated, the method used for
the PL spectra measurement throughout this work is the first one, since it measures the external

MFW, probing a large volume and with little alignment.
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3.2.2 Luminescence lifetime

The measurement of the luminescence lifetime can be made in various ways. In the initial
experiments, the lifetime was measured in the time domain with an oscilloscope. A homemade
circuit with two parts was made to amplify the collected signal from a photodiode, and for
triggering the oscilloscope when the pump electronics was turned-off. Although the system works
well, it takes a long time for the pump laser to restart, making it difficult to have several
measurements within a reasonable time. The measurements presented in this thesis were made with
a new setup, using a large area photodiode, a commercial amplifier and a mechanical chopper. The
use of the mechanical chopper allows several measurements to be averaged in a short time. In this
setup, the beam from a Ti:Sapphire laser is focused onto a 2-slot chopper wheel. The chopped beam
is collimated, attenuated to ~ 20 mW of power and loosely refocused into the sample. At an angle
which avoids both transmitted light and specular reflection (Figure 3-8), a 4-f telescope collects
and directs the light from the sample to a silicon photodiode of 13 mm? area (Thorlabs
SMO5PD1B). The signal is amplified by a benchtop transimpedance amplifier (Thorlabs
PDA200C) and displayed on an oscilloscope (Tektronix TDS7104). For some measurements in

which scattering can be significant, an edge filter is used to block the light at the pump wavelength.
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Figure 3-8: Diagram of the experimental setup used for excited-state lifetime measurements.

In the setup shown in the Figure 3-8, using a chopping frequency of 14.00 Hz, a signal drop from

90 % to 10 % of its maximum value in 12 ps is obtained, which therefore gives the temporal
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response of the system. This is more than enough for the samples used in this thesis, which have a

lifetime on the order of 1 ms.

3.3 Quantum efficiency

The measurement of quantum efficiency is extensively performed for the characterization of
fluorophores for biomedical applications, LEDs for illumination, etc. Due to the stringent
requirements of optical refrigeration, the knowledge of the quantum efficiency of the materials

being studied is of fundamental importance. The external quantum efficiency is defined as

_ Nemi (5&)
" N (0D) 1)

where Nabs and 84 are the number of absorbed photons and the single-manifold bandwidth,
respectively, and Nemi is the number of photons which are emitted and escape the material. It is
relatively easy to measure the #e for a dye, since geometric parameters can be removed and
ratiometric methods can be employed. Even then, a reference is needed with a known 7e. These are
available mainly in the visible and have uncertainties of ~ 5%, for specially purified dyes not
commercialized [126]. For a solid sample, the problem is more complicated since it is not always
possible to have a reference with same optical geometry, and a full-spherical measurement may be
needed such as by an integrating sphere. Since the geometry and concentration of fluorophores —

or active ions — are fixed, reabsorption effects are hard to exclude.

The method introduced in Ref. [127], which is used here, consists of measuring the relative spectral
photon number density in the detector in three situations: A, when the pump beam is directed
towards the empty Ulbricht integrating sphere (1Sp); B, when the sample is inside the ISp and the
beam is directed onto the 1Sp wall; C, when the sample is inside the ISp and the beam is directed
onto the sample. The setup utilized in this Thesis is represented in Figure 3-9. The output from a
Ti:Sapphire is kept at a constant p-polarization using a Glan-Thompson polarizer, then ~ 1 % is
tapped by a glass plate, and the reflection is monitored by a Keithley 6487 Picoammeter. The
transmitted beam is focused into the integrating sphere entrance port and directed to the center of
the sphere. The diffused light from the sphere walls is collected by a multimode fiber of 200 um
diameter and directed to an Ando AQ6317B optical spectrum analyser (OSA). The OSA calibration

is verified using a helium-neon gas laser of wavelength 632.8 nm, and measured a value of 633.0
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nm, indicating a 0.1 nm accuracy. The data is collected and processed by a computer, which

measures 50 spectra, while normalizing them to the tapped optical power, between the

measurements of two spectra.
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Figure 3-9: (a) Diagram of the setup utilized to measure the external quantum efficiency of the

Tap

samples by the integrating sphere method. The beam from a Ti:Sapphire laser is polarized with a
Glan-Thompson polarized (GTLp) and focused onto the entrance of the integrating sphere (ISp).
The polarized beam is tapped by a glass plate (Tap) and the power measured by a photodiode
connected to a picoammeter (pA). The diffuse light from the ISp is collected by a multimode fiber
(MMF) and measured by an optical spectrum analyser (OSA). (b) Example of collected data for a
Yb:YAG sample.

The detected numbers of photons are spectrally separated into two regions: laser and
photoluminescence, and are labelled respectively by Li and Pi, with i being A, B or C, depending
on the setup configuration as described above. If the original measurand is spectral power density,
it should be multiplied by the corresponding wavelength in order to have the proportional spectral

number of photons density. The quantum efficiency is calculated using (3.2).

_R.—(1-A)R, L
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Although the method above is an absolute method, it needs all the instruments to be stable and well
calibrated. Alternatively, the whole setup must be calibrated, using a reference. Commercial
quantum efficiency references in the infrared region are scarce and not sufficiently tested. For

instance, a careful measurement of the zext of IR26, a dye for the wavelength region around and
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above 1 um, shows its value to be 4.8(2) x 10 [128, 129], while it is generally assumed to be 5 x
107 [128]. In order to avoid such uncertainties, a sample of 3%:Yb:YAG crystal was used, for
which the next had been measured previously to be 0.9914 by a calorimetric method [34]. A similar
sample had 7ext = 0.988 measured by photothermal deflection [122]. These values are very reliable,
due to the strict conditions which the sample needed to meet in order to achieve optical

refrigeration.

As seen in this chapter, many setups can be used to perform the same photoluminescence
measurements, but can result in different measurands. For instance, a bifurcated probe can be used
for qualitative measurements of the fluorescence. A depth-dependent measurement is used to
estimate the intrinsic mean fluorescence wavelength and a depth-dependent pumping without
shaping of the collection optics is sufficient to measure the external MFW. New quantum efficiency
references, based on optically-cooled samples, are proposed to calibrate the absolute quantum

efficiency setup in order to evaluate new samples.



41

CHAPTER 4 THERMOMETRY IN OPTICAL COOLING

Thermometry is essential for the characterization of laser-induced cooling of solids (LICOS). Such
importance is acknowledged by the fact that a significant amount of work on LICOS is dedicated
to the study of thermometric techniques. This chapter dedicates to the study of thermometry for
LICOS.

Despite the prevalence of thermometric techniques in many fields of science and technology, there
is a need to develop tailored solutions for the thermometry in laser cooling experiments. LICOS
experiments can have intense fluorescence, which is absorbed easily by opaque sensors and lead
to heating. Non-contact techniques are plagued by the variability of optical properties, and cross-

sensitivities of the different samples used for LICOS.

In the first section a review of the most common thermometric techniques used in LICOS is
presented, and the second section describes the studies which have been performed in this Thesis
in order to demonstrate and consolidate a new technique for temperature measurement of optical

cooled samples.

4.1 Theory and review of the thermometric techniques

The investigation of optical refrigeration needs a method for measuring the temperature of the
optical cooled sample. The very basic principle of thermometry requires that a thermometer has a
negligible thermal mass in comparison to that of the measured sample, so that the temperature of
the latter is undisturbed and the thermometer temperature corresponds to the initial value of the
sample temperature. In optical cooling, the intense fluorescence which leaves the sample can be
absorbed by an opaque sensor, which in turn can warm the sample. Thus not only the thermal mass
is important, but the sensor cannot be in contact with the sample during PL emission, i.e. during
pumping. The sensor could be placed far away from the sample, or alternatively it could be
transparent to the PL. Another possibility is to use the temperature-dependent properties of the
sample to perform an indirect measurement of the temperature. All these paths were explored in

laser cooling investigations, and are described in the following sections.
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4.1.1 Indirect methods of temperature measurement

The indirect thermometric methods use parameters other than the temperature itself to estimate the
temperature of the samples. In the case of optical cooling, these parameters are often related to the
thermo-optical properties of the sample. The main advantage of such methods is that one does not
need an additional device as a sensor, thus the probe thermal load can be zero and can reveal details
such as the internal temperature of the sample. They can also provide a fast way to qualitatively
estimate the temperature dynamics. The main disadvantage is that, since the sample is its own
thermometer, its calibration is valid for a fixed experimental condition and sample. If the
experiments are performed under different conditions, one must ensure that none of the interrogated
parameters of the sample are changed, or one should compensate for that, which can be
cumbersome. These techniques depend on constant recalibration, and are therefore less flexible

and are more prone to errors than direct methods.

4.1.1.1 Photoluminescence thermometry

The measurement of the temperature of fluorophore-doped materials through their
photoluminescence spectra, or photoluminescence thermometry is a common technique which
allows temperature probing in laser crystals and of biomarkers at nanoscale [130-132]. It is based
on the thermalization of excited electrons, which when decaying radiatively, emit photons with an
average energy depending on the occupation of the Stark sublevel, thus on the temperature [133].
The photoluminescence signal can be measured in the form of the spectral shape, polarization,
lifetime or integrated power within a band. The latter, using two or more bands is termed
fluorescence intensity ratio (FIR), and it is the most commonly used scheme in laser cooling
experiments, where it is usually termed differential luminescence thermometry (DLT). Initial
works were, however, based on the full photoluminescence spectra [133-135]. The main
disadvantage of the collection of the full PL spectra in DLT is the longer measurement time,
compared with the measurements using a few bands. The diagram of a typical DLT setup is shown

in Figure 4-1.
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Figure 4-1: Diagram of the typical differential luminescence setup utilised for measuring
temperature in laser cooling experiments. The high-power pump laser for the cooling is omitted

for clarity.

In DLT, one uses at least two bands so that the fluctuations of the probe power can be cancelled.
The temperature dependence is usually determined beforehand by measuring the
photoluminescence spectra of the sample, as the sample’s temperature is actively driven by a
conventional temperature controller such as an environmental chamber, controlled thermoelectric
modules or a cryostat. Several works have used DLT to measure temperature drop under laser
irradiation [35, 36, 56, 134-143]. Contrary to the opaque contact sensors, DLT is used during
optical pumping, which also acts as the probe laser. The temperature measured by this technique
is not the bulk average temperature, but depends on the probing region. One strong effect that is
generally neglected is fluorescence reabsorption, which distorts the measured spectrum, depending
on the depth of the probe region in the sample. Thus, although the previous measurements may
have been correct, the calibration is valid only for a certain optical system configuration. This is
verified easily by all the diverging results of the mean fluorescence wavelength, which arises
mainly from the use of samples of different geometries. As an example, the spectra and mean

fluorescence wavelength of samples of different sizes (Figure 4-2) were measured inside an
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environmental chamber, with the collection optics (bifurcated probe) not tightly fixed in respect to

the sample, thus moving due to the calibration chamber vibrations.
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Figure 4-2: Photoluminescence spectra (left) and mean fluorescence wavelength (right)

dependence on the temperature difference from room temperature, for samples of different lengths
Is. () Yb:YLF nanocrystals, Is < 0.5 mm. (b) Er:ZBLAN, 0.5 mm < Is <1 mm. (c) Yb:CLYSIAl

glass-ceramic,

Is=2 mm.
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It is clearly seen in Figure 4-2 that the same setup gives different stabilities for different samples.
In the experiment above, the probe measured slightly different volumes and depths, which leads to

larger variations in larger samples — since for a tiny sample the maximum depth is fixed to its size.

For very small samples or very high intensities, the reabsorption effects are dependent on the pump
intensity, thus the fixed probe-power calibration is not valid. Conversely, if one uses a high probe
power during calibration, the sample temperature is not the same as the reference environment,
thus the photoluminescence spectra does not correspond to that temperature, but to the unknown

temperature of the sample.

4.1.1.2 Thermo-optical methods — Thermal lens

Thermal lens (TL) occurs when a temperature gradient with a transverse component to a passing
optical beam, is present inside a thermo-optical-active medium. By monitoring the shape and
direction change of the optical beam, one can deduce the lens, or refractive index profile, formed
inside the material [144]. This technique is used by several research groups to measure thermal and
optical properties of transparent media, and assumes several configurations and names, depending
on the parameter being measured. The basic principles of thermal lens measurement is shown in
Figure 4-3, where a laser beam passes through an absorbing sample and its divergence is changed

by the thermal lens due to the radial temperature change created by the beam itself.
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Figure 4-3: Basic thermal lens setup, where the sample is placed at a distance of one Rayleigh
range from the beam waist, and the beam power at its center is measured by an iris/pinhole and

photodiode (PD). The phase of the cooling signal is opposite to the one from heating.

The setup shown in Figure 4-3 can be modified, for example to monitor the position rather than the
power of the probe beam, by using a transversally displaced probe beam (Figure 4-4), which is
deflected by the thermal gradient and its position determined by a quadrant detector, thus high
sensitivity can be achieved by placing the detector far away from the thermal lens. The latter
technique is called photo-thermal deflection spectroscopy (PTDS), and is the main thermal-lensing
technique used in laser cooling experiments [12, 19, 39, 145, 146]. In contrast to the conventional
thermal lensing experiment (Figure 4-3), where pump power fluctuations can be erroneously
interpreted as thermal lensing, in the PTDS the signal is encoded in space as well. In the PTDS the
probe beam is deflected in the opposite direction when the sign of the thermal lens changes from
positive to negative, i.e. the phase of the cooling signal is opposite to the phase of a heating signal,
thus it can be directly interpreted. Another commonly used form of TL called Z-scan uses a strongly
focused beam in an axially translatable sample [147, 148], to measure nonlinear refractive indexes
and absorption, and recently used to measure the background absorption of semiconductors for
laser cooling [149]. Several other configurations are possible, in order to use different combinations

of samples and detectors.
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Figure 4-4: Diagram of the basic photothermal deflection setup utilised for measuring temperature
in laser cooling experiments. The probe and pump laser have orthogonal polarization and are
separated at the polarizing beam splitter (PBS). The deflection of the probe beam is measured in a
quadrant photodetector (QPD).

The thermal lens signal is often expressed as the fractional intensity change S = Alprobe(o0)/lprobe(0)
— 1 = Alprobe/lprobe(0) , where lprobe is the center intensity of the probe beam [150]. The recovery of
AT from Alprobe is Not straightforward. It depends strongly on the particular experimental setup, as
well as the arrangement of its components. For instance, for a given calibration, the experimenter
should keep fixed the sample geometry, longitudinal and transversal position of pump and probe
beam waists, to cite a few. Ideally one should perform the calibration by generating a reference
thermal lens inside the material — which is not practically possible. Instead, one relies in the
modeling of the whole experiment, which depends on the precise knowledge of several physical
properties of the analysed sample and the use of a good model, which is difficult even for well-
known materials [123], for instance bulging has been shown to account to almost half of the TL-

measured thermo-optic coefficient of a Nd:YVOs rod [151].

Since PTDS is based on the refractive index changes, one needs to distinguish between
contributions from the temperature change to the contributions from the pump-induced population
changes in the ground and excited states, which modifies the absorption, thus the broadband
refractive index [26, 152]. While this population-lens effect is important to be measured for laser

design, and although it can be compensated [153, 154], it poses an additional complication to
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recover the temperature in laser cooling experiments. In general, while providing a fast way to
qualitatively measure the heating/cooling of samples, as shown in the first experimental
demonstration of optical cooling of solids [19], PTDS does not provide readily the absolute value
of the local temperature. Another approach of relatively simpler analysis, based on thermo-optical
properties, could be implemented by measuring the total optical path length change of the sample
rather than its gradient, which can be done for example using interferometry, discussed in the next

section.

4.1.1.3 Thermo-optical method — Interferometry

Another thermo-optical method of temperature measurement based on phase-shift is the
interferometric method. As in the photothermal deflection technique, a temperature change
modifies the samples local refractive index, as well as its length, thus changing the local phase of
a passing optical beam. To measure temperature-induced path-length modification, one has simply
to place the sample in one arm of an optical interferometer, and monitor the relative phase between

the beam traversing the sample and a reference beam from the same optical source.

The phase difference A¢ of the interfering beams is therefore given by (4.1) [155], where ¢o is an
arbitrary constant.

Ag(T) _ p. L(T) B
or 4 (n(T) no)+¢o’

ang_2x [ A e
3F= 7 pL{(n(TO) no)aT‘H-(To)aT}'

(4.1)

where T, L, n, no and 4, are respectively the temperature, length and refractive index of the sample,
the refractive index of the reference arm and the wavelength of the optical source. pv is the number
of beam passes inside the sample, which depends on the particular configuration, e.g. p.=1ina
Mach-Zehnder interferometer and pL = 2 in a Michelson interferometer. The quantity in brackets
has been found to be = — L x 6.6 x 10°° K* for Tm*":ZBLANP [156], i.e. approximately 0.07 K
phase change in a 10 mm-long sample, thus a sub-K resolution can be achieved in a simple

interferometric setup.

Contrary to PTDS, interferometric thermometry can be used to estimate the temperature of the bulk
sample, since it does not need a thermal gradient therefore can probe an unpumped region, or where

the pump profile doesn’t change significantly. It is rather surprising why the interferometric
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technique is not widely used in laser cooling experiments, but one of the possible reasons is the
need of an additional laser beam in the optical setup, as well as the sensitivity of the technique to
vibrations and path length changes e.g. in the chamber windows. Interferometric measurements
have been reported in only three laser cooling experiments, one with cooling [156]. Only heating
was observed in the other two experiments [157, 158], including in a Yb:YAG sample from

Scientific Materials [157], for which a similar sample had been optically-cooled [34, 122].

4.1.1.4 Thermal cameras

The first successful quantitative measurement of the temperature in a laser cooling of solids
experiment [19] was made with the use of a thermal camera. In that experiment, the temperature
of a Yb:ZBLAN sample was measured using a liquid-nitrogen-cooled indium antimonide (InSb)
infrared camera, sensitive in the 3 pm — 5 um wavelength range. Since ZBLAN is transparent at
wavelengths below 5 um, they had to attach a tiny gold mirror with a blackened back surface
attached to the sample, which lead to other complications such as absorption of the fluorescence.
A way of circumventing this limitation, as well as avoiding the use of cryogens is the use of
broadband thermal cameras, based on micro-bolometers. Bolometers are however less sensitive
than photodetectors, thus cannot be employed in low-intensity blackbody radiation present in
cryogenics optical refrigeration, and can be limited by the target material transparency. For
instance, KPb2Cls, an important laser cooling host, is transparent in the mid-IR window where the
micro-bolometers are sensitive [159]. Although popular low resolution devices have started to
become available in the market, research-grade thermal cameras are expensive and their use
depends on specific mid-IR transparent optics. The main advantage of the technique is the readiness

for operation.

Although the use of a thermal camera is a fast way to obtain qualitative results, the interpretation
of the signal can be tricky. Not only the fact that different materials have different emissivities to
be compensated for, but one must take into account the sample thickness, surface roughness, the
background temperature for semi-transparent samples, to cite a few. For powdered samples, the
effective emissivity is generally higher than the corresponding solid and increases with porosity
[160]. Low resolution can also be an issue for exploratory experiments where the temperature
change is small, e.g. [37] reports the use of a thermal camera with 0.1 K resolution to measure a

total signal of 0.3 K. Despite these constraints, the technique is extensively used in laser cooling
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experiments [22, 23, 47, 122, 161-167] and sometimes presents problems such as detector

saturation [167], preventing temperature collection during the whole experiment.

4.1.1.5 Brownian motion tracking, perspectives

It is a well-known fact that a microscopic object immersed in a fluid will undergo Brownian motion
— a random motion due to the collision with the fluid particles. The first explanation of the
Brownian motion was given by Einstein [168], and confirmed experimentally by Perrin [169] — a
difficult task which contributed to the latter being awarded a Nobel prize, due to its deep
consequences to the understanding structure of matter. Nowadays the tracking of the Brownian
motion of particles can be made automatically, with the help of video microscopy [170] and

computer analysis [171], and laser scattering data [172].

The temperature of a fluid can be estimated by the measurement of the mean square displacement
<r?> of a particle immersed on it, due to Brownian motion, and can be quantified by the equation
(4.2) [173].
g, (T) 2
T=——=2r(r", 4.2
ksA7d, o) (42)
where ##(T), rp, ks, Az and dn are respectively, he viscosity of the fluid, the particle radius, the

Boltzmann constant, the observation time interval and the dimensionality.

The relation of temperature and mean square displacement as shown in (4.2), is deduced from
Stokes-Einstein diffusion theory, and assumes thermal equilibrium between the fluid and the
particle, which is not the general case in laser cooling. The same problem arises in the study of hot
trapped particles, and one can assign an effective temperature [174] to the solvent of well-known
thermo-physical properties, as the temperature of a isothermal gas that would cause the same
Brownian fluctuations of the particles [175].

4.1.2 Direct methods of temperature measurement

The direct thermometric methods are based on the zeroth law of thermodynamics. The temperature
of the sample is measured by knowing the temperature of the sensor in thermodynamic equilibrium

with the sample, and if the sensor is calibrated, one can assign an absolute temperature to the
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sample. It implies that the measurement of the temperature is independent on the internal processes

occurring inside the sample.

4.1.2.1 Platinum resistor

While platinum resistors, or resistance temperature detectors (RTDs) were not used directly in laser
cooling experiments, these sensors are easy to use, are accurate and reliable. The temperature is
estimated by measuring the resistance between the two leads of the sensor. Since it uses precisely
trimmed platinum embedded in glass or ceramic, it does not change its properties with time, and it
Is interchangeable. Due to these properties, they are used in all experiments which require
calibration using a third sensor. The main reason they are not used directly in laser cooling
experiments is the relatively large size. Instead, the contact thermometer of choice for initial laser
cooling experiments is the thermocouple; 50 um-diameter versions can be easily found

commercially.

4.1.2.2 Thermocouples

Thermocouples (TCs) were the first sensor to be used to monitor the temperature of a solid upon
optical refrigeration [15]. Although in that first work no refrigeration was observed, TCs were used
later in successful laser cooling experiments [159, 176-179]. The physical principle of the
thermocouple is based on the Seebeck effect, in which a voltage is produced between two regions
submitted to different temperature in a metal. The potential difference in a thermocouple depends
on the temperature difference of its tip (measurement junction) and its reference junction (cold
junction). One of the several ways of measuring temperature using a thermocouple is shown in

Figure 4-5.
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Figure 4-5: Interrogation scheme for the measurement of temperature using a thermocouple, with

active control of the reference junction temperature.

While TCs are an ubiquitous temperature sensor, they have some drawbacks, especially in laser
cooling experiments. The intrinsic drawbacks are, 1) the need of a reference with temperature as
stable as the desired resolution one wants to measure, and 2) the small signal produced when the
reference temperature is close to that being measured, thus making the measurement more prone
to noise. In optical cooling experiments, other drawbacks emerge: 3) the size of the sensor and 4)
its opaqueness. The former can be solved easily by choosing a small enough TC — but this often
means handling a very fragile sensor, and which can present drift due to morphological and
chemical changes. Since it is metallic, it also can be a significant source of heat load due to heat
conduction along the wires. The opaqueness introduces a constraint: the thermocouple must have
an automatic positioning system, and cannot measure the sample temperature during optical

pumping — otherwise it will absorb the emitted fluorescence and will warm up.

In this work, due to the relative simplicity, and — being a contact method — reliability, the initial
optical cooling experiments used a fine wire micro-thermocouple. At first an active heat bath as
the cold junction plate was designed. It consisted of a carbon paper receptacle coupled thermally
to a copper plate whose temperature is measured by a thermistor and controlled by a thermoelectric
cooler. The system is isolated from the environment by Styrofoam walls, and a thin Teflon tube
guides the thermocouple inside the receptacle. This system works very well, and does not require
the preparation of a passive bath —which could take hours or days, and would last only a few days.
The active system requires maintenance — due to thermal paste drying and moving parts — and the

proximity of a fan used to cool the thermoelectric plate inserts vibration and air flow in the system.
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It is therefore an additional source of errors, thus a simpler and more compact solution is desired
in the long term. Electronic cold junction compensation is well known and widely used in handheld
thermocouples. These often come with poor resolution and depend on the internal temperature of
the interrogator, measured by a thermistor. Since the signal of a thermocouple is the voltage
generated by the Seebeck effect, is becomes very small — and susceptible to noise — when the TC
leads are at a similar temperature as the TC tip. The circuitry used in the electronic cold junction
(ECJ) is composed of dissimilar metals, thus can produce a significant Seebeck voltage which may
overcome those from the TC. In order to avoid these problems, a TC interrogator was assembled,
consisting of a precise electronic cold junction compensator and an ultra-low-noise amplifier,
tightly packed and thermally coupled with thermal paste, insulated inside a matchbox-sized
aluminum box and fed by a stable voltage from 9V batteries. The amplified output is sent by an
SMA cable to a benchtop multimeter, which is read by a computer with MATLAB. Due to its
external simplicity and compactness, the interrogator is attached directly to the cooling chamber

so that no extension leads are required.

For the TC and ECJ calibration, both the TC and RTD are placed in contact, inside an
environmental chamber, and the reading of the sensors are compared when the RTD temperature
is stable to within 20 mK/measurement, i.e. ~ 20 mK/s. The steady-temperature points are shown
in Figure 4-6, together with the best quadratic polynomial fit.
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Figure 4-6: Calibration curve of the microthermocouple, showing its voltage versus its temperature

measured by a RTD, as well as the best quadratic curve fit (red).
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From Figure 4-6, one can find which function relates the measured voltage to the pTC absolute
temperature T as Vyure(T) = [21(2) + 6.9(1)x(T - 273.15 K)/K + 0.008(1)x(T - 273.15 K)K?] mV,
indicating a temperature coefficient of ~ 7 mV/K, which is much easier to measure than the intrinsic
coefficient ~ 50 uV/K without amplifying electronic cold junction compensation. Since the
thermocouple cannot be used during pumping, a microcontroller was programmed, allowing the
final and initial position to be set of a servo-motor, which holds the TC, and another motor which
flips a shutter mirror. Thus the TC is precisely placed on the top of the sample as soon as the pump
beam is blocked, and leaves it before the pump is allowed to pass. A photo of the supporting setup
is shown in Figure 4-7. It uses a series of plastic tubes of different diameters which prevent the fine

wires from twisting at the end, as well as for strain relief and fine tuning the curvature of the sensor

tip.

Figure 4-7: Photograph of the inside of the cooling chamber in initial tests. A small servo-motor
controls the position of the thermocouple support. The 1-mm? sample (green) is pumped on purpose

so that it is easier to see the thermocouple due to the green light scattering.

After confirmation of the reliability of another contact method (fiber Bragg grating, described later
in the thesis), the thermocouple was used for monitoring the chamber temperature only, and not

the sample temperature.
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4.1.2.3 Two-band differential spectral metrology

The physics behind the two-band differential spectral metrology (2BDSM) is the same as the PTDS
discussed in the section 4.1.1.1. The main difference relies in the fact that the measured
luminescence in the 2BDSM originates from a probe placed on the surface of the laser cooled

material instead of being the material itself, as in DTL.

The technique was developed by Seletskiy [28], who used a gallium arsenide (GaAs) plate as the
luminescent probe, pumped with a low power probe laser operating at a 650 nm wavelength. The
luminescence from the probe is collected by a 600 um diameter optical fiber, then separated in two
spectral bands by a monochromator and each portion of the separated light is directed to a balanced
photodetector, and the results displayed on an oscilloscope. In the 2BDSM, the signal is

proportional to the point intensity of the luminescence 1(4,T) as:

NN (¢ KD
2BDLT ! I(/ll,T)-l-l(/Iz,T),

(4.3)

where A1 and A2 are the two detected wavelengths. It can be seen from (4.3) that the signal is
unaffected by fluctuations in the probe laser power. The technique has several advantages over the
previous PTDS method. Firstly, the temperature is measured at the surface of the material, thus
providing a signature of bulk cooling/heating instead of only local cooling/heating. Secondly, one
does not have to compensate for any effects occurring inside the sample, which could otherwise
distort the signal and be difficult to interpret. Thirdly, as with all the direct methods, once the probe
is calibrated, the measured sample can be changed without the need of a recalibration of the system.

There are some factors which prevents the use of the 2BDSM in laser cooling thermometry. The
first is a problem of availability: the GaAs probe is not available off-the-shelf. While one research
group has applied the technique in several experiments [26, 27, 58, 180-182], the application of the
method depends on a several components, and requires careful optical alignment so that the
calibration corresponds to the reading during the cooling experiment. Additionally, the
photoluminescence curve calibration is valid for a fixed value of optical power at the probe [183],
thus may also be sensitive to the fluorescence from the cooled device. Since it is a pump-probe
technique, it depends on the temperature variation to provide an accurate reading. Thus, long term
measurements are not feasible. The last drawback relates to its relative opaqueness. While a thin

high-purity GaAs probe is transparent at current laser-cooling bands centered at wavelengths 1 um,
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1.5 um and 1.9 um, it is opaque for wavelengths below 900 nm, thus cannot be used for evaluating
new materials which can emit in this region. All these issues can be solved by the use of a passive

optical fiber sensor, as it will be discussed in the next section.

4.2 Fiber Bragg gratings

Fiber Bragg gratings (FBGs) are an ubiquitous optical component, being used in fiber lasers, optical
signal manipulation and contact temperature sensing to cite a few [184]. FBGs have been used as
temperature sensor in harsh environments, from explosive atmospheres to nuclear reactor cores.
FBGs are insensitive to below-optical-frequency electromagnetic radiation, have low chemical and
optical sensitivity, and have small a footprint, constituting a remarkable temperature sensor [184].
The most common type of FBG is based on a silica fiber, which is transparent in the range 300-
2000 nm, and which makes it suitable for sensing under intense fluorescent light in a LICOS
experiment. It also constitutes a very small heat load, given its small radius of 125 um, which can
be further reduced typically down to 14 um [185], and may even be written inside the cooled

material.

There are many ways of fabricating a FBG. The one used in the present work was fabricated using
a 213 nm laser [186], using a Talbot interferometer [184]. An overall diagram of the writing and
interrogation of a FBG is shown in Figure 4-8. In this diagram, two laser beams from the same
ultraviolet source are made to interfere at a focus where an optical fiber is placed. The
photosensitive core undergoes a periodic modification on its refractive index, with the same spatial
period as the interference pattern. Light from a broadband source is injected in the fiber core, and
a narrowband undergoes multiple small but resonant reflections, adding to a significant reflected

power, and a dip in the transmission spectrum.
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Figure 4-8: The principles of fiber Bragg grating inscription and operation. The FBG is placed in
the interfering region of two laser beams, and the refractive index of its core is periodically
modified. A broadband source injected to the fiber has its power filtered at the Bragg wavelength

/B, thus present a sharp reflection and a dip in the transmission.

The reflection peak As, called the Bragg wavelength, is related to the spatial period of refractive
index modulation A and the effective mode index in the fiber nett by As = 2neftA. A temperature
change of the FBG modifies its geometry, and therefore changes A, but mainly modifies the
effective index of the propagating mode. These changes are represented by an overall thermo-optic

coefficient &, which leads to a change of the Bragg wavelength with changes of the temperature:
Ay = AEAT. (4.9)

Numerous methods of detecting the Bragg wavelength shift AAs have been developed. Usually,
spectral methods are slow and have low sensitivity, but are accurate and do not need prior
calibration. For the LICOS experiments described here, power at a single-wavelength method was

used, which is referred to as the Bragg wavelength interrogation by monochromatic power
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(BWIMP). Owing to the steep slope of the FBG spectrum at the edge of the bandwidth, one can
have a high variation in the reflected or transmitted monochromatic power for a small variation in
the temperature. To assess this sensitivity, a thermistor, a platinum resistance temperature detector
(RTD) and a FBG were placed in a copper block inside a Styrofoam box, and the temperature
allowed to change passively over 8 h. A laser tuned to the long-wavelength edge of the FBG main
peak was launched into the FBG and the transmitted power was read in a power meter. The signal

from the three sensors is plotted in the Figure 4-9.
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Figure 4-9: Temperature variation over time in an insulated copper block, as measured by a
thermistor (black) and RTD (red), and qualitatively by the narrow-wavelength laser probe
transmitted though and FBG (blue). Inset: Zoom at a region of monotonic temperature change.

By looking at a section of monotonic temperature change (inset in Figure 4-9), one can observe
that the RTD has a resolution better than 3 K, and the variation of the FBG transmission

corresponds to a temperature resolution of 750 uK. This technique is faster and more sensitive than
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spectral methods, but requires prior knowledge of the FBG spectra (Figure 4-10), and is susceptible
to wavelength drift of the probe laser. When a wide range of temperatures can be expected, it is
better to have a weaker FBG, with a wider reflection edge bandwidth, so that one does not reach
the top or bottom of the slope (Figure 4-10b), where the relation between power and wavelength
cannot be represented as a unique single valued function. An alternative way to solve this problem
Is to use a reading algorithm which forces continuity to the measured value, similarly to phase-
unwrapping used in interferometry [187]. The wider-slope is used rather than the latter approach,

so that the measured signal is free of calculation errors, and is thus unambiguous.
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Figure 4-10: FBG interrogation method based on reflected and transmitted power. (a) Experimental

setup. (b) Measured reflection/transmission power spectra from the FBG before the cooling
experiment (right). The curve on the left is a representation of the shifted spectra after a temperature
drop, and the corresponding power change measured by the power meters when the fiber is
interrogated at a single wavelength 41 (continuous line). Notice that at the bottom of the Pr - Pr,

one cannot assign a single wavelength to a given measured power.

For calibration, a broadband source is connected to an optical circulator, with the second port
connected to the FBG. The reflection is directed to the circulator’s third port and measured by an
Ando AQ6317B optical spectrum analyser, controlled by a PC. For measurements of Als during

cooling, the shift in the Bragg wavelength within the FBG’s bandwidth, the circulator’s input port
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is connected to a narrow linewidth laser source at wavelength 4 and the reflected, Pr and
transmitted Pt powers, respectively, are measured by optical power meters, interrogated by a PC.
A computer code written in MATLAB® controls the instruments and determines the corresponding
AZs from the calibration curves Pr (1), Pt(1), the chosen value /i and the measured Pr and Pr.

4.2.1 Low temperature measurements with FBGs

Although low temperature optical cooling is not experimentally studied in this thesis, a sensor to
be practical for optical cooling must demonstrate cryogenic capabilities. It happens that the
sensitivity of an FBG decreases with decreasing temperature, and the way it happens is not well
established. This was the motivation to pursue an investigation on the behaviour of the FBGs at
low temperatures. Here, the experimental setup used in the investigation is presented, as well as
the main results. The full discussion on the modeling and the FBGs material properties are given
in Ref. [188].

It has been noticed that sensitivity to temperature of the wavelength of a standard FBG is around
five-fold smaller at 77 K (LNT) than it is at 295 K (RT), in addition to being a nonlinear function
[189, 190]. The values presented in the literature vary widely [189-192], and could be attributed to
the use of different fabrication processes and coatings, to the different compositions of the fibers,
or in some cases, poor resolution of the bare FBG measurements. For FBGs to become ubiquitous
in the cryogenic regime, further studies must be performed. Here three different fibers are used —
including one with no dopant in the core, and a high-density of measurements in the temperature
domain are taken to make sure discontinuities, which were observed in a previous report [190], are

not missed.

4.2.1.1 FGB fabrication

Three FBGs made from different materials were fabricated, in order to assess the composition
effect on their low-temperature behaviour. The 3 mm long FBGs were produced using a Q-
switched 100 mW Xiton Photonics laser source operating at a wavelength of 213 nm, as described
in [186]. The laser produces pulses of 7 ns duration with an energy of 10 pJ. The gratings are
imprinted using the scanning phase-mask interferometer technique [184]. A mirror on a linear
translation stage was used to scan the fiber, and a cylindrical lens of 20 cm focal length is used to
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focus the light on the fiber, which is held at the intersection of the beams, using a PhotoNova Inc.

BraggTune® Interferometer. The details of the three FBGs are summarized in the Table 4-1.

Table 4-1: FBG’s details

Label Fiber type Manufacturer/Part# 8(RT)
(nm)
BorFBG Boron/Germanium-doped silica Redfern 1549.06

core, photosensitive

GerFBG | Germania-doped silica core, Corning, SMF 28 1552.40
standard

PurFBG Pure silica core, fluorine-doped Fibertronix, FX-PC-SM- 1523.83
cladding 01-01-01

Although GerFBG and PurFBG are not intrinsically photosensitive, all the FBGs were written in
non-hydrogenated fibers, using ns-long 213 nm radiation pulses, rather than the femtosecond lasers
typically used for these fibers. The reflection peak of the PurFBG is weak compared to the other
FBGs, thus its spectrum could not be measured in transmission. The reflection spectrum of the

PurFBG and the transmission spectra of the others are shown in Figure 4-11.
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Figure 4-11: Spectra of the fabricated FBGs. Bottom and left axes: Transmission of the BorFBG
and GerFBG. Top and right axes: Reflection of the PurFBG, normalized to the profile of the probe.
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Since the operating wavelength of the PurFBG is on the unflatened, low power, left tail of the
broadband erbium-doped fiber probing source (BBS), its reflection spectra shown in Figure 4-11
is the reflection data normalized by the spectral profile of the BBS. All the fibers had their coating
stripped-off at the FBG section. Since the fibers have no coating and are not embedded in a
substrate, they are referred to as “bare fibers”, avoiding the ambiguous definition of “non-

embedded”, which can include coated fibers as well as uncoated ones.

4.2.1.2 Passive temperature sweep from 77 K to 295 K

In order to characterize the FBGs, a passive temperature sweeping system was used, consisting of
a minichamber which is allowed to exchange heat slowly with two temperature baths, laboratory
air and liquid nitrogen (LN2). A diagram of the experimental setup is shown in the Figure 4-12.
The mini-chamber is an aluminum circular rod of 25 mm height and 25 mm diameter, with two
ports around its center, one with a pt-100 platinum resistor (RTD) and a steel needle of 780 um
outer diameter as the fiber receptacle. Both the RTD and the needle are placed in holes filled with
thermal grease. The fiber is cut after the FBG, inserted into and attached to the upper side of the
receptacle, thus it is free to move longitudinally with negligible friction. The small diameter of the
needle allows little or no temperature gradients inside it, and together with the high thermal
emissivity of silica, provide good thermal coupling between the aluminum rod and the FBG. A
small volume of 0.25(10) L of LN2 is placed in a 1.0 L glass dewar, where the mini-chamber is
subsequently immersed without touching the bottom of the dewar, and the top of the dewar is
closed with aluminum foil to prevent turbulence from room air. This allows overnight evaporation
of all LN2 while keeping the mini-chamber temperature steady enough to allow thermalization

between the sensors.
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Figure 4-12: Temperature control microchamber diagram. The diagram of the Bragg wavelength

interrogator with broadband signal (BWIBS) is shown in Figure 4-13.

Due to the large range of temperatures involved, the electrical resistance variation of the RTD wires
must be compensated, which is done by a 4-wire resistance interrogation scheme using an Agilent
34401A benchtop multimeter. The measured resistance is converted to temperature using a 6™
order polynomial which is fit to the inverse of the combination of both 2" order (T > 273.15 K)

and 3" order (T < 273.15 K) Callendar-Van Dusen’s resistance equation from [193], so that a single
equation can be used for the whole measurement range: T(R) = ZfzoriRi, where 70 = 31.336(4) K, 11
=2.2002(3) K-Q?, 72 = 34.295(62) x 10 K-Q?, 73 = -18.617(62) x 10° K-Q3, 74 = 74.33(31) x
10° K-Q* 75 =-14.521(7) x 10" K-Q® and 76 = 11.551(70) x 107 K-Q® are the fitted coefficients

of T(R), which provide a root-mean-square deviation of 13 mK in the range 65 — 350 K.

4.2.1.3 Wide-range FBG interrogation system

The reflection spectra of the FBG is measured by an ANDO AQ6317B optical spectrum analyzer
(OSA) connected to the third port of an optical circulator (Figure 4-13), whose first port is fed by
a C-band broadband source (BBS) model BBS 1560+2FAQ0 from JDS Uniphase. The optical
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circulator transmits the power from the first to the second port, where the FBG is connected. The

reflected power from the FBG enters the second port and is directed to the third port.

( OSA Y :

Figure 4-13: A schematic diagram of the Bragg wavelength interrogator with broadband signal
(BWIBS) and a FBG.

The FBG reflection spectra is then measured by the OSA with a 500 pm resolution, and has its
center wavelength Arur determined to within 1 pm resolution using the 5 dB envelope threshold
function (THR) of the OSA. A personal computer then extracts both the spectra and Atur
information from the OSA. The Bragg wavelength resolution can be further increased with digital
processing of the spectra. A six-order Fourier (F6 method) series presented a good fit to the
reflection spectra of all the FBGs, thus it was used to calculate the Bragg wavelength shift AAs rs(T)
= A8(T) - AB(RT) with a resolution 26 < 0.2 pm for the BorFBG and GerFBG, and 26 < 0.5 pm for
the PurFBG.

4.2.1.4 Results on the FBGs behaviour at low temperatures

Assuming that the FBGs are at the same temperature as the RTD, one can plot the Bragg
wavelength shift as a function of the RTD temperature, as shown in Figure 4-14. One can easily
see some anomalous data for the BorFBG at ~ 85 K when using the THR method during the cooling
process. Using exactly the same raw spectrum, but analysed with the F6 method, the previously
anomalous points lie on a smooth curve. During the slow minichamber thermalization, or heating,
the data from both methods overlap. The analysis concentrates on the data during the heating
process, since it is slower than the cooling, as more time is allowed for the FBG and the RTD to
thermalize. No hysteresis was observed in any of the FBGs, as expected for both Germania and

boron-doped silica, but so far unknown for F-SiOz, whose CTE presents hysteresis at high
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temperatures [194]. Due to the poorer resolution of the THR method, and possible misreading, only

the data from the F6 method are considered, which is shown in the Figure 4-14 for all the FBGs.
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Figure 4-14: Total Bragg wavelength shift as a function of the RTD temperature, as recovered by
the F6 method for the three FBGs and by the THR method for the BorFBG (in blue color). The

abscissa error is smaller than the graph line width.

From the data shown in the Figure 4-14, one can fit a degree 3 polynomial to each Bragg

wavelength curve As(T) = ZplpTP, with the coefficients Ap given in the Table 4-2.

Table 4-2: Bragg wavelength coefficients

FBG BorFBG GerFBG PurFBG
coefficient
4o (nm) 1547.8819(2) 1550.8793(1) 1521.4620(3)
A1 (x10%nm/K)  -2.7808(32) -2.4224(27) -1.9696(51)
22 (x 10°nm/K?)  3.0644(20) 3.0467(16) 2.7772(30)
A3 (x 108 nm/K3) -2.2558(37) -2.3234(30) -1.9865(53)
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By simply taking the first derivative of the polynomial form of As(T), it is straightforward to

calculate ¥+(T) and thus &(T) from the values shown in Table 4-2, using the expressions:

02 (T")

3

\PT(T)ZTTZED%TW,
' AT
vm &
HUE =
ﬂ’B(T) Z’Ipr

(4.5)

The wavelength temperature sensitivity ¥1(T) is shown in Figure 4-15(a). In order to better

quantify the fiber material properties, it is convenient to express the Bragg wavelength thermal

coefficient &(T), shown in Figure 4-15(b), rather than the Bragg wavelength sensitivity ¥r.
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Figure 4-15: Temperature dependence of the three FBGs’ sensitivity. (a) Bragg wavelength

temperature derivative, ¥t for the three fibers, from the adjusted curves. (b) The Bragg wavelength

thermal coefficient &, also for the three fibers tested.

The Bragg wavelength thermal sensitivity ¥7 of the PurFBG at RT is smaller than for the other

two FBGs. This can be explained due to the lower thermal expansion coefficient of the fluorine-
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doped cladding compared to the pure-silica cladding of the doped fibers. Since the PurFBG was
fabricated with a shorter Bragg wavelength than the others, one should expect a smaller absolute
thermal sensitivity by a fraction equal to the ratio of its Bragg wavelength to the one of the other
fibers. Here it is clear that the PurFBG has indeed a thermal coefficient &RT) smaller than the
other two FBGs, which have essentially the same &(RT). At LNT the effect is inverted and the
PurFBG has the largest value of ¢.

One can clearly observe the nonlinearity of the FBG from the results shown in Figure 4-14 and
Figure 4-15, as observed before by [189, 190]. Here a high density of points (~ 50/K) was used,
and contrary to the quantitative values observed in some previous works [190, 192], a continuous
nonlinear curve is obtained, with no anomalous effects or inflexion points in the temperature range
from 77 K to 295 K. Surprisingly, the FBGs with considerably different composition, strength and
center wavelength show essentially the same behavior at low temperatures. The use of the pure-
silica-core FBG ruled out dopant concentration in the core as the main factor contributing for the
observed nonlinearity. Coating effects were also eliminated as the bare FBGs are completely free

to move inside their receptacle.

The FBGs’ relative nonlinear sensitivities were shown to differ slightly, mainly due to different
compositions. The nonlinearity can be accurately modeled using a temperature-dependent thermal
expansion coefficient in conjunction with a nonlinear thermo-optic coefficient, as it is shown in
details by Soares de Lima Filho [188]. Resolutions down to 0.5 K can be obtained using a weak
pure-silica-cladding FBG and 0.25 K with boron-doped and germanium-doped silica fibers at

liquid nitrogen temperature.

One issue to be addressed in the laser cooling community with FBG sensors is the divergent reports
of their weak performance at cryogenic temperatures. The FBG behaviour could be measured and
modeled from room temperature down to 77 K, without noticing any unpredictable problem with
the technique. Sub-K resolutions can be obtained at 77 K and above, with common optical spectral
analysers even at low wavelength resolution setting. With this issue resolved, the FBG can be
compared with the other sensors used in laser cooling. A summary of the relative merits of the

thermometric methods described in this section are presented in the Table 4-3.
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Table 4-3: Principal thermometric methods used in optical refrigeration experiments, and their

relative merits.

Method Pros Cons
Thermocouple | - Off the shelf - Cannot measure during pumping

- Accurate - Fragile

- Sensisive - Sensitive to electromagnetic interference
Fiber  Bragg | - Off the shelf - Cross sensitivity to stress requires care
grating - Accurate - Can suffer from probe wavelength drift, if not using

 Sensisive a broadband interrogator
2BDSM - Accurate - Experimental-phase sensor

- Sensitive - Limited wavelength range

- Difficult mounting

Thermal - Off the shelf - Material and environment dependent
camera

- Minimal thermal load

- Low sensitivity

- May suffer from optical interference (parameter is

Cross sensitive)

Luminescence,
DLT

- Sensitive

- Minimal thermal load

- Material dependent

- May suffer from optical interference (parameter is

Cross sensitive)

Thermal
PTDS

lens,

- Sensitive

- Minimal thermal load

- Material dependent

- May suffer from optical interference (parameter is

Cross sensitive)
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Table 4-3: Principal thermometric methods used in optical refrigeration experiments, and their

relative merits. (cont’d)

Interferometry | - Sensitive - Material dependent

- Minimal thermal load - May suffer from optical interference (parameter is

Cross sensitive)

- Sensitive to vibration

Brownian - To be explored* - Limited to small particles

motion - Environment dependent

- Method is not yet mature

* The technology haven’t been sufficiently tested in laser cooling experiments.

From Table 4-3 one can select the thermometric method which best adapts to the needs of a
particular laser cooling experiment. With exception of the latter, based on Brownian motion, all
the methods described in are well-developed techniques. The most used techniques, PTDS and
DLT, allow fast analysis of local laser cooling with a simple setup, thus they can also be an option
for qualitative measurements. Quantitative measurements can be easily performed with
thermocouples. However, due to the particularities faced in laser cooling, such as intense optical
fields and the use of new materials, it is reasonable to avoid opaque sensors and techniques which
depends on the materials properties. By using a direct method, one can avoid the need to know
several parameters of a sample which is still under preliminary analysis. For early explorations in
the optical cooling field of research, the methods which are available off-the-shelf are tempting,
being able to provide rapid results with little assembly. For long-term research, one may prefer a
reliable, quantitative method, which works for any sample. Both characteristics are found in fiber
Bragg grating sensors, thus it is expected that in the long run they will be the thermometer-of-

choice in solid-state laser refrigeration research.
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CHAPTERS5  EXPERIMENTS ON OPTICAL REFRIGERATION
5.1 Design — heat transport and photophysics

5.1.1 Design of the sample holder

Due to the difficulties mentioned in the last section, in order to obtain generally valid results
without much concern over the heat transfer processes, the design of a sample holder starts by
estimating an upper value for the conductive transfer losses, then minimizing them to a negligible
value. In that way, one can consider only the convective and radiative losses, which are both
proportional to the surface area of the sample, thus can be calculated together in a single coefficient.
A design in which the sample under analysis is supported by thin, low conduction fibers, e.g. single-
mode optical fibers, made from fused silica, is considered. The fibers are held by thin steel posts

at room temperature, as shown in Figure 5-1.

Figure 5-1: Diagram of the sample holder for the heat transfer calculations.

For the configuration above, the fiber section underneath the sample is considered to have the same
temperature of the sample Ts, and the fiber section above the metallic post is assumed to have the
same temperature of the post Tr. The exposed fiber is assumed to have a temperature distribution
respecting Poisson’s equation with the appropriate boundary conditions. Each section of fiber, from
the sample to a post of the sample holder, and the post itself, can be regarded as a dissipating fin

connected to the sample. The heat load from each fin is the sum of the heat flux Pcs across the
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transversal section, plus the heat load from the section below the sample. The fiber, assumed to
have a diameter of 125 um, also contributes to the effective sample mass and surface, resulting in
an additional heat load (Figure 5-2).
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Figure 5-2: Additional heat load on the system as a function of the temperature difference between
the sample and environment due to the increase in the total surface area, using a 1-mm-long, 125

um-diameter fiber under the sample.

It is therefore expected that the sample have an additional heat load of 1.7 uW/K per millimeter of
additional fiber (Figure 5-2). One can calculate the effect of the fiber holders and/or a fiber sensor.
Considering a 1-mm-edge, 10-mm-long YAG square rod, each contacting fiber corresponds to an
additional volume of 0.00123 Vsample, an additional exposed area of 0.00207 Asample, an additional
thermal capacity of 0.00071 Csample, and an additional time constant of -0.00136 zn, sampte. One can
notice that the time constant decreases, as expected since the thermal capacity increase ratio is

lower than the increase in the surface area.

The values of the total fin load, as a function of the temperature difference between sample and

holder, and the fiber length are shown in Figure 5-3.
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Figure 5-3: Total heat load of the fin to the sample as a function of the temperature difference

between the sample and the environment (a), and as a function of the length (b) of the 125 um-

diameter silica fin.

Observing Figure 5-3 one can notice that independent of the total length of the fiber, there is an
effective maximum length of the fiber load, which will thus contribute to the effective thermal
capacity of the sample. It is shown that the thermal load, by convection, conduction and radiation
for a 3 mm-long or more fiber is 0.10 mW for a temperature difference of 8.8 K, or a fin total heat
load of 11.4 uW/K per fin, for any fin longer than 3 mm. In our case, the total length of the fiber is
20 mm, so it is within the calculation range. For a 3-fiber contact, the sample holder heat load is
Pload,noider = 3 fibers x 2 fins/fiber x 11.4 yW/K-fin'1 = 68.4 uW/K. Although contact resistance
could be a problem in the assumption that the fiber has the same temperature as the sample, the
experiments have shown that the air film above the sample — in some cases even for 0.5 mm — has

essentially the same temperature as the sample.
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5.1.2 Model for the calorimetric experiments

For simplicity, considering a radiatively grey sample at temperature Ts enclosed by a blackbody at
temperature Tr, one can find that the sample will exchange heat with the environment at a rate Pioad

given by the equation (5.1) [31].
PIoad (Ts) = A&urngB (Tr4 _Ts4)+(hcvp§urf + k%](Tr _Ts )' (51)

where Asurf, €, o8, hev, Kk, L and Act are surface area of the sample and its thermal emissivity, the
Stefan-Boltzmann constant, the convective heat transfer coefficient, solid’s link thermal
conductivity, length and cross-sectional area, respectively. If the conductive heat transfer is
negligible, and for temperature changes small enough so that the blackbody radiative heat transfer
is linearly proportional to AT = Ts - Tr, Eq. (5.1) can be reduced, without loss of generality, to the
form of Eq. (5.2).

Pload (Ts) = _p§urf hef'f AT, (52)

where heft is an overall heat transfer coefficient, which can be obtained directly from a calorimetric
experiment. One can estimate hetf from the heating time constant z — when there is no pump, using
(5.3).

_ C
heff &urf ,

z, (5.3)
where C and Asurf are the heat capacity and surface area of the samples. heft in this case is related to

other heat transfer parameters of the sample-environment by
h, =h, +0,e4T>. (5.4)

For large temperature drops, the error introduced by the linearization of the Stefan-Boltzmann law
is not negligible, and depends on the emissivity of the sample. As an example, the heat load range
for a laser cooling experiment is calculated using a 10 mm-long sample of square cross section 2

x 2 mm?, and herr = 20 W-m2-K™1, and the results are shown in Figure 5-4.
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Figure 5-4: Total heat load dependence on the temperature drop from 300 K. These are calculated
based on the experimental value of hefr, but considering the error due to the linearization of the
Stefan-Boltzmann law. This consideration leads to the broadening at large temperature differences,

depending on the value of the emissivity.

While for temperature drops in the order of 10 K the error is < 1%, it starts being significant for
lower temperatures, adding up to 10 % for a 100 K temperature drop. The use of an effective heat
load is not only convenient, but it is a good choice. For convenience, a commonly used value for
hev in simulation is 10 W-m2-K1 [117], i.e. almost half of hefr, a relation also found in [123, 195].
Since the value of hcy is strongly dependent on the sample and chamber surfaces, geometries and
orientation as well as the air velocities [196, 197], it can range from 5 W-m?2-K! to 25 W-m?2-K1

and the most accurate thing to do is to measure it, coupled to ¢, as it is done in the present work.

In a laser cooling/heating experiment, the steady-state temperature T of the sample will be
achieved when the cooling/heating power equals the heat load imposed by the environment, i.e.
Pioad(Tw) = Pcool(T), which leads to:
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_&urf heff AT = Pabs (j'p )qcool (}“p) = Pp (lp ) A (ﬂ'p )ﬂcool (ﬂ“p)

AT (&) 1 A L) (ﬂ)—i/\(ﬂ) o
Pp (ﬂp) a &uﬁ heff p ) Meoot \ Ay ) = K, o Meoot \ Ao )y

(5.5)

which is the same as Eq. (2.6). Thus the sample-environment thermal coupling coefficient is

indentified as xth = -Asurfhefs.

5.2 Cooling of Yb:YAG at normal conditions of temperature and

pressure

The sample used in the experiments described here is a commercially available ultra-high purity,
3 at.% Yb3*:YAG crystal, purchased from Scientific Materials Corp. The crystal is 10 mm long,
with Brewster-cut square cross-section of 1 mm edges. The absorption spectrum (Figure 5-5a) was
measured using a Perkin-Elmer Lambda 19 spectrophotometer in the range 400 - 2500 nm. The
fluorescence spectrum under a pump wavelength of 940 nm was measured perpendicularly with a
65 um core diameter silica fiber connected to an Ando AQ6317B optical spectrum analyser and it

is shown in the Figure 5-5b.
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Figure 5-5: Absorption (a) and emission (b) spectra of the Yb:YAG crystal. The inset in () is a
zoomed-in detail of the most important wavelength region 850 nm to 1060 nm. (b) shows the
normalized fluorescence spectral density, and the vertical black dashed line shows the calculated
mean fluorescence wavelength. The continuous vertical lines in (a) represent the position of the
absorption transitions (1, p)—(2, q), with p =1 (red), 2 (green), 3 (blue) and 4 (black) and q =1, 2
and 3 as labelled in the graph. The continuous vertical lines in (b) represent the position of the
emission transitions (2, q)—(1, p), with g = 1 (red), 2 (green) and 3 (blue), and p=1, 2, 3and 4 as
labelled in the graph.

From the fluorescence spectrum one can obtain Ar = 1010(1) nm, which is in line with the value Ar
~ 1009 nm from the theoretical prediction [114], with our calculations using data from Ref. [125],
and other works [20, 123, 124]. Another publication reported Ar = 995 nm [122], using a crystal
from the same company. However one should not expect a red shift of more than 2 nm in the
external fluorescence of our 1 mm thick sample in comparison with its internal mean fluorescence

wavelength; hence our measurement is consistent with the theoretical prediction.

5.2.1 Calorimetry, part I: Cooling spectroscopy and thermal parameters

For laser cooling experiments, the sample was supported by a sample holder consisting of four 1
cm long, 125 um diameter silica fibers, held by eight steel posts of 1 mm diameter, attached to an
aluminum plate. The holder was placed inside a matt black-painted aluminum chamber with 2 silica

windows for pumping. A thermocouple TC is used to measure the chamber temperature. The
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temperature difference AT is given by the temperature measured by the TC subtracted by the

temperature of the chamber. The complete experimental setup is depicted in the Figure 5-6.
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Figure 5-6: Experimental setup used to measure LICOS. Both a Yb:KGW laser and a CW
Ti:Sapphire laser is used to pump the sample. The Ti:Sapphire output is directed to the cooling
setup through an optical fiber. The pump power is reduced by rotating a half-wave plate (HWP)
placed before a Glan-Thompson prism (GLTp). The beam is filtered by a pin-hole (PH) at the focus
of a Keplerian telescope used to condition the beam to the desired diameter. A servo-motor
controller (SRV) is used to drive the thermocouple (TC) and a shutter. An electronic cold junction
compensator (CJ) provides a reference for the TC.

The Bragg wavelength temperature sensitivity was measured to be 9.9 pm/K. With a Bragg
reflection bandwidth of 616 pm, the total measurement range is 62 K. This can be increased if the
probe laser is tuned continuously as the Bragg wavelength shifts, or by the use of a broadband

source, as used in the calibration procedure.

The output of a remote CW Ti:Sapphire laser is coupled to a single mode, HI 1060 Flex fiber, and
its collimated output focused into the sample (Figure 5-8a). The steady-state temperature is
recorded, as the Ti:Sapphire laser wavelength was manually tuned using a tuning micrometer. The
wavelength of maximum temperature drop was measured to be 1030 nm, as also found in Ref.
[122] for a similar sample. The estimated, measured and previously reported cooling figure-of-

merit are shown in Figure 5-7. In this part of the experiment, the pump power was not measured at



78

the sample, and the values from the literature do not explicitly refer to the cooling power, thus the

values are normalized to be shown in the same scale.
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Figure 5-7: Cooling figures of merit as a function of the pump wavelength, estimated by different
methods. The expected cooling figures-of-merit from absorption and emission spectra are shown
in the blue curve, and the normalized values measured by a FBG (green) in this work, as well as
photothermal deflection spectroscopy (cyan) and thermal camera (purple) results from [122] are

also shown.

In order to measure thermal parameters such as the thermal time constant and the effective heat
transfer coefficient, as well as to assess the system’s sensitivity, the sample was pumped at different
power levels (Figure 5-8b and Figure 5-8c¢) at the optimal pump wavelength of 1030 nm using the
Ti:Sapphire laser. In Figure 5-8b one can observe a temperature transient at the relatively low pump
power of 17 mW, with a resolution of ~ 10 mK, which corresponds to a Bragg wavelength
measurement of 0.1 pm. The principal limitation comes from the probe wavelength stability,
nominally 5 pm/h. By measuring both the reflected and transmitted powers from the FBG, one can

compensate for probe power variation.
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Figure 5-8: Cooling of a 1 mm square cross section Yb:YAG crystal. (a) Sample being pumped.
(b) Temperature dynamics as a function of time, as the laser is switched on and off, at the pump
power of 17 mW. (c) Temperature dynamics as a function of time, as the laser is switched on and
off, at the pump power of 300 mW. Also shows a fitted exponential decay curve (continuous line).

The dotted line in (b) and (c) is pump power.

From the fitting shown in Figure 5-8c, the thermal coupling time constant was calculated to be tn

= 29.4(1) s. The thermal parameters of the sample are summarized in Table 5-1.
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Table 5-1: Thermal parameters of the sample

Parameter value units
Mass density p 4550 [198] kg.m
Volume V 1.0x 108 m?3
Specific heat cn 590 [198] JkgtlK?
Thermal capacity Ch 26.8x 103 JK?
Surface area Asurf 4.2 x10° m?
Thermal coupling time constant tn 29.4 S

A lumped-capacitance model for the thermal behaviour of the sample estimates hett = Cn/(thAsurf) =
22 W.m2. K1, where Ch is the heat capacity of the sample. The use of a constant value of hef,
ignoring the nonlinear behavior of the radiative heat transfer, can lead to an acceptable error of 1%
in the estimation of the heat load, for a large range of convective heat transfer coefficients and
emissivities from 0 to 1. For convenience, a commonly used value for hev in simulation is 10 W.m"
2 K1 [117], i.e. almost half of our value for herr, a relation also found in Refs. [123, 195]. Since the
value of hev is strongly dependent on the sample and chamber surfaces, geometries and orientation
as well as the air velocities [196, 197], it can range from 5 W.m2.K* to 25 W.m2.K ™ and the most
accurate thing to do is to measure it, coupled to &, as it is done in this Thesis. However this error

can be up to 10 % for a temperature drop of 100 K.

5.2.2 Calorimetry, part Il1: Background absorption

One key requirement in materials for laser cooling is a very small background absorption ao.
Usually its value is inferred from the fitting of the cooling efficiency as a function of the pump
wavelength, or from the zero-crossing wavelengths, where the sample neither cools nor warms.
Here, ab is measured directly, using the calorimetric method with a FBG, and an off-band pump
laser. Since the wavelength 1550.1 nm is far from the resonant absorption band, this wavelength
was chosen to pump the sample for the measurement of background absorption. Since 1550 nm is
near the absorption band of trivalent erbium, and it may be a contaminant present in Yb:YAG, a
narrow linewidth laser of < 90 pm bandwidth is used. At 1550 nm, the room-temperature absorption

cross section of Er¥*:YAG was measured at the same level as the noise floor in a 10 nm-wide



81

window [199-202], so the pump used here is safely out-of-band. The same setup as shown in Figure
5-6 was used for this measurement, but with an IPG ELR-70-1550-LP 1550nm ytterbium-erbium
fiber laser as the source of optical power. When using an input power of 2170 mW an equilibrium
temperature difference of 688 mK was observed (Figure 5-9).
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Figure 5-9: Sample’s temperature dynamics under out-of-band 1550 nm pumping, as measured by
the FBG, discounted the rise on the chamber temperature, measured by the TC. Dotted curve: pump
power.

From Egs. (2.6) and (5.3), with xth = -Asurtherr, and the parameters shown in Table 5-1, Pheat = anLsPp
=627 uW, and the background absorption coefficient of ab = 627 pW/(Ls x 2170 mW) = 2.89 x 10°
4 cm? is calculated. This is within the interval for the reported optically cooled materials. For
instance Epstein [122], reported an ap = 2.2 x 10* cm™ in a 2.3%Yb:YAG crystal from the same
supplier. This difference indicates that the impurities responsible for the sample heating scale with
the dopant concentration Cvoii, and that the value of the an/Cybin measured here differ by only

0.7% with the result found in [122], although measured in a completely different and direct fashion.
5.2.3 Optimization of the pump power and sample dimensions

5.2.3.1 Experiment with high pump power

In order to observe the maximum temperature drop under the high thermal load from the

environment, the crystal was pumped with 4.2 W from a commercial Yb:KGW laser. The laser
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emits 10 ps pulses at 1029 nm at a repetition rate of 600 kHz, which can be regarded as effectively
continuous wave for this experiment. This pump laser is not tunable so it was not operating at the
optimal pumping wavelength for cooling. The Gaussian beam diameter at the sample is 2wo ~ 0.67
mm. In the single pass configuration the chamber heated by 1.68 K (Figure 5-10a) from which a

temperature drop of 8.8 K of the crystal is achieved (Figure 5-10b), for 1.0(1) W of absorbed power.
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Figure 5-10 Temperature dynamics as the laser pump power is increased from 0 W up to 4.2 W.
(a) The chamber temperature variation, measured by the thermocouple. (b) The difference between
the temperature of the Yb:YAG crystal measured by the FBG and the chamber temperature. Before
0 s the crystal was shortly pumped for test purposes, which explains the finite temperature
difference at 0 s, but which stabilized after ~1 min.

Using the thermal parameters from Table 5-1 and the observed temperature drop of 8.8 K in Eq.
(5.5), one can calculate that the value of the cooling power, and heat load by the environment in
the steady-state case is 8.0 mW. The last key parameter in LICOS to be calculated, 7e can be finally
obtained from the measurements presented so far, and from the value ce (1029 nm) = 2.0 x 1020
cm? [203]. With Eq. (2.1) one can obtain 5 = 0.9914 which is close to within 1% to typical values
obtained in the literature [122]. The temperature drop of 8.8 K is also close to the 8.9 K obtained
in vacuum [122]. The increased heat transfer factors from the environment used here are
compensated for by choice of more optimal geometries. The Gaussian beam diameter at the sample
IS 2wo ~ 0.67 mm, filling it completely and reducing absorption saturation effects. Also a small

cross section sample reduces the total heat load, thus allowing a larger temperature drop. However
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the sample cannot be decreased indefinitely since it poses experimental difficulties for
manipulating it, and more importantly, can limit the power which can be used without detrimental

saturation effects.

5.2.3.2 Simulations with further optimization

In this section, Pcool(Ts,Ppump) = Pioad(Ts) is solved for Ts, as a function of the sample edge d, the
external quantum efficiency and the pump power (Figure 5-11a). If one allows 1% loss of the pump
power due to truncation, the pump beam radius should be wo = 0.67d/2, a relation that will be
implicit in the discussion below. This also keeps the active area of the sample overfilled in order
to reduce saturation. The experimental values used are, a(1029 nm, 300 K) = 6.8 x 10%? cm? and
¢ (1029 nm, 300 K) = 1010 nm from this work, ¢e(1029 nm, 300 K) = 2.0 x 10%° ¢cm? from Ref.
[203]. The temperature dependence was estimated with the relation ga(T) = 0a(300 K)[1 + 0.005AT
K], from the data in Ref. [122]. ge(4p, T) = koerc(Ap, T), Where gerc(Ap, T) = ga(lp, T)Zuexp[hc(1/izL
—1/Ap)/(ksT)] is the McCumber formula [204], and the correction factor for the McCumber relation
k = 6e(300 K)/oerc(300 K). Az = 964.7 nm, and Zu = 1.13 [205]. The cross sections calculated this
way shows a similar dependence with the temperature as the dependence shown in Ref. [206],

which was calculated at 1030 nm using the dataset from Ref. [207].
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Figure 5-11: Calculated steady-state temperature of Yb:YAG in air as a function of the sample
edge dimension d. (a) For different EQES, when pumped with 4.2 W at 1029 nm. (b) For a EQE =
0.9914, for different pump powers. Solid line: the optimal d for the corresponding pump power.
Dashed arrows indicate the direction of the curve ordering in respect to the parameter in the

colorbar.



84

The solution of Pcool(Ts,Ppump) = Pioad(Ts) for several d allows the determination of the size at which
one should observe the maximum temperature drop for a given pump power. An optimized sample
with d = 0.43 mm will cool by AT =-12.1 K for the available pump power of 4.2W. Our sample
dimensions would require a pump power of 20.8 W to achieve its maximum temperature drop of
AT =-21.3 K. However with more power available the temperature of the present sample could be
further reduced to AT(d = 1.0mm, 30W) =-23.8 K, for 30 W of power. Surprisingly a larger sample
could experience a larger drop in the temperature, for a sample of d = 1.2 mm one could observe
AT(d = 1.2mm, 30W) = -24.3 K. If the pump power is increased, one would observe a larger
temperature drop, until certain power values, above which the efficiency decreases and can cross

the cooling/heating region, as shown in Figure 5-12 for the 1-mm sample.

1 mm sample

0 50 100 150 200 250 300
P_(W)
P
Figure 5-12: Calculated steady-state temperature of a 3% Yb:YAG of 1-mm square cross section

in air as a function of the pump power.

The maximum temperature drop, limited by saturation for the 1-mm sample is -25 K, for a pump
power of 50 W, as shown in Figure 5-12, for a fixed sample edge. This temperature drop is larger
than the -23 K at the optimal/matched power of 20.8 W, but it is evident that the process is much
less efficient. Further increase in the pump power is detrimental for cooling, up to a point where

there is no cooling at all.
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That result is clear evidence of how saturation effects can play a role in optical refrigeration. As
can be seen from Figure 5-11, the minimum achievable temperature of a sample is more affected
by saturation, when d decreases from the optimal value, than by the increase in the sample mass

when d increases from its optimal value.

The main physical quantities for laser refrigeration were obtained with the use of an FBG, and they
are in line with the values reported in the literature. Pumping our sample in a single pass scheme
with 1.0 W of absorbed power, a temperature drop of 8.8 K was achieved, although the sample was
coupled radiatively to the chamber walls and maintained in air. As a comparison, previous reports
could observe a temperature drop of 8.9 K in vacuum, for a 1.8 W of absorbed power [122]. The
difference can be explained by the fact that our sample is closer to having the optimum dimensions
than the sample used in previous reports, although this data is not available. The theoretical model

and the simulations using experimentally derived data fit our experimental results reasonably well.

5.2.4 Further tests - cooling of a large load

The ultimate goal of a conventional refrigerator is to cool an external heat load. This is the main
threshold which LICOS separates from other optical cooling technology: in LICOS the
fluorescence from the excited ions takes away heat from the solid matrix, not from the ions
themselves. As external loads, one can thus consider the laser-cooled solid itself, the diffusion-
cooled solid as a whole, the sensor used as a temperature probe [58], the supporting structures [56],
or the surroundings gray walls or air [34], and ultimately an additional solid load to be refrigerated.
The refrigeration of an external payload could bring optical cooling to the niche of indirect
refrigeration of microelectronic components, before one can optical-cool a semiconductor itself. In
the short term, one can use optical cooling to refrigerate earth-based components such as ultrastable
laser cavities, or space-bourne instruments such as detector arrays. In the long term, optical cooling
may follow the same path as did thermocouples, from a sensing technique to a ubiquitous cooling

system which can be taken to a park to refrigerate beer.

Here the proof-of-concept of a laser-cooled crystal being used to refrigerate a passive solid thermal
mass is shown. To a certain extent, optical-cooling of a semiconductor was demonstrated, for a
GaAs disk of 5 ug used as a temperature sensor [58], and recently for nm-thick belts of CdS [56],

cooling also the edge of the silicon-on-insulator supporting structure. However, no external mass
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larger than a few ug has been optically-cooled to date. In this section, initial tests with larger masses

are reported.

The initial plan in the present Thesis was to cool a semiconductor laser. The main constrain of
doing so, as it is with opaque samples, is that one has to design a thermal link which rejects
fluorescence but allows thermal conduction to occur. Extensive works have been performed on the
design of such thermal links [208], and the most recent include use of high purity materials, and
state-of-art shaping and bonding [209, 210]. A more straightforward way would be to deposit a
high quality mirror on the surface which separates the cooler and the load. It can be shown that the
load and the cooler will certainly warm up if the mirror leakage and absorption coefficient are
larger than 0.31/Asut mm?, where Asurf is the contact area, considering a cooler operating with 1.1
W optical absorbed power and 8 mW of cooling power. Since a spare sample was not available to
make such invasive tests, a more conservative test was done, using a transparent heat load to avoid

the problem of fluorescence reabsorption without the need to modify the optically-cooled sample.

The transparent load is a silica slab cut from a microscope plate, roughly polished, of edges sizes
1.25 x 0.96 x 2.42 mm?3, denominated LT1. This corresponds to a volume of 2.9 mm?, or a mass
of 6.4 mg, considering the volumetric mass density of silica of 2200 kg/m*. The laser-cooled mass
Slisa Yb:YAG crystal of 1 mm? cross sectional area and 10 mm length, and it has a mass of 45.5
mg. The thermal capacity of S1 and LT1 are respectively 26.8 mJ/K and 4.5 mJ/K, which implies
that CL/Cs ~ 16.8%. LT1 was placed at the center top of the S1, and the FBG was placed above
LT1, thus measuring the load surface temperature, as shown in the Figure 5-13.
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Figure 5-13: Arrangement of the optical cooler and load for the demonstration of the cooling of a
transparent solid thermal load. The cooler S1 is held by 4 optical fibers, and the load LT1 is placed
on the top of S1, and the FBG measures the temperature of LT1 while S1 is pumped.

After pumping S1 with roughly 190 mW of laser power at 1030 nm wavelength, a final temperature
drop of 150 mK is observed. Although small, the cooling is clear and shows that one can indeed
use laser-cooling to refrigerate a passive material. At this scale, one may ask if it is possible to use
it to switch or control the temperature of small devices, and how fast it could be. Surprisingly, the
time constant of the composite system of larger thermal mass was measured to be 26.8(5) s, which
is smaller than the one measured by the unloaded sample. This is due to the fact that the external
area was increased by a larger factor than the thermal capacity increase. By the addition of the load,
the effective surface area of the cooler is increased by 2 x 0.96 x (2.42 + 1.25) mm? = 7.05 mm?,
from an initial surface area of 42 mm? (S1’s area), so the total area is As1 + A1 = 49.1 mm?. This
leads to a thermal equilibrium constant of 29.4 s, approximately the same as the unloaded sample.
The small discrepancy probably comes from the fact that the emissivity of the silica load is around
0.8-0.9, while the emissivity of YAG is around 0.32 [211]. Although the thermal time constant in
the present experiments is relatively long, it can be reduced even for increasing thermal mass, as it
was shown here. In the case of an embedded system in a chip, for example, the time constant can
be shorter still. The question that was still open was if one could cool a load of larger thermal mass.

As it is described in the next paragraph, a larger mass can be cooled by as much as the small mass.
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Similar experiments as described in the last paragraph were performed, this time using S1 as the
load, and a 2-mm cross-section Yb:YAG (S2) as the refrigerator. S2 is pumped with approximately
200 mW of power at a wavelength 1030 nm, and recorded the temperature of S1 using a FBG, as
the pump is switched on and off (Figure 5-14). Since S2 is larger than S1, it is easier to recirculate
the unabsorbed power back to the sample using a concave mirror. In order to compare with the

single-pass case, measurements, both with the mirror blocked and unblocked were performed.
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Figure 5-14: Temperature dynamics of a load conductively-coupled to an optically-cooled sample,
under different pumping conditions. The decreasing signal corresponds to when the sample is being
pumped, and the red arrows indicates the two parts where the beam makes a single pass though the

sample.

A temperature drop of 270(20) mK can be observed from the data shown in Figure 5-14 when the
sample is pumped by a single-passing beam, and 300(20) mK when the transmitted beam is
recirculated in the sample once, showing that unabsorbed power can be recycled and contributes
to a higher cooling power. Here, with an additional external mass of 45.5 mg, much higher than

the 6.4 mg of the experiment using a silica rod, a larger temperature drop for the same pump power
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is observed. This highlights two features of the experiment: reabsorption by high-quantum
efficiency materials has less negative effects than impurities; and that extreme rejection of the
fluorescence must be achieved in order to cool an absorbing or opaque sample. As it can be
concluded from the two latter experiments, even a weakly absorbing sample such as a microscope
slide has enough absorption to mitigate the cooling, to a point that it cools less than a sample of

much larger mass.

In this chapter, optical cooling of solids to refrigerate a macroscopic device, in air at atmospheric
pressure, has been demonstrated using a contact sensor for the measurement of the absolute
temperature of the cooled sample. Several groups have also put significant effort on pushing the
boundaries of solid-state optical refrigeration, and important breakthroughs are seen year after year
in this field of research, as detailed in the introduction. A last avenue which is relatively
underexplored, but which prevents LICOS from achieving its full potential, is the research of
innovative optically-cooled materials which can be mass-produced. So far, all the work in laser
cooling has concentrated on samples which are hard to fabricate, to handle and to integrate in a
broad range of devices. The next Chapter of the thesis will concentrate on the search for new optical

cooling candidates which could potentially fill this significant shortfall.
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CHAPTER 6 FURTHER INVESTIGATIONS

6.1 Optical cooling of nanocrystalline powders

Cooling of single nanocrystals was first proposed in 2015 [79], in an optical trapping setup. Usually
in optical trapping one ends with unwanted heating of the sample; optical refrigeration could serve
as a tool for controlling this heating. It is possible to estimate the temperature of a particle, as
described in the section 4.1.1, by measuring its Brownian motion using a laser and a quadrant
photodiode. If instead of warming, the nanoparticle were to cool below the temperature of the
surroundings, one would have the cold-Brownian motion, which has potential applications in
fundamental research, and so far was not realized in dense media [212]. It can be envisaged that
by choosing the right wavelength, one can obtain a “radiation-balanced-heat” nanomarker, which
would not suffer from self-heating, thus simplifying temperature measurements which use
fluorescence intensity ratio (FIR), as well as avoiding the use of hot-Brownian motion (Ref. [213])

analysis in particle tracking and temperature estimation.

Optical cooling of single nanoparticles in water can be challenging. While a dielectric nanoparticle
does not heat as much as other particles used in nanothermo heating, solvent absorption itself can
be an issue. For instance, the absorption coefficient of water in the wavelength range 900 nm to
1200 nm is of the order of 10t cm™ to 1 cm™ [214], while one expects laser-cooled materials to
have a maximum background absorption in the order of 10 cm™, thus water is far from an ideal
candidate for use as a surrounding material in laser cooling. Alternatively one could use deuterium
oxide, since the absorption is shifted towards longer wavelengths compared to water and its
absorption is therefore reduced in this wavelength region, by a factor of at least ~ 50 [215, 216].
There are many issues to be solved for cooling of trapped nanoparticles in water, and this research
is just beginning. The investigations in this chapter concentrate on the cooling of nanocrystalline
powders, since its analytical methods are closer to those used in bulk cooling analysis, but some of

the results can also be used for cooling of single nanocrystals.

Optical refrigeration with nanocrystalline powders was proposed in Ref. [217] and it was
experimentally achieved through infrared-to-visible upconversion, in an neodymium-doped
KPb2Cls nanocrystalline powder [80, 81]. The optical cooling of nanocrystalline powders can

increase considerably the range of possible optically-cooled devices, for example by mixing the
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powder in a fluid or embedding it in a polymer or glass matrix for microfluidics, localized cooling
or making of devices of arbitrary shape. Embedding nanocrystals in glass is an alternative scheme
for producing high-quality glass-ceramics for optical cooling. The use of nanocrystals also allows
one to explore new phenomena that have not yet been obtained in bulk materials for cooling. For
instance, the random scattering of photons in the powder can lead to photon localization, allowing
one to achieve high intensities without the use of a high power pump source or a cavity. The small
size of the crystals and the high surface-to-volume ratio can lead to higher absorption in the long-
wavelength tail of the spectra, when compared with the bulk counterpart. This would allow the use
of a pump at longer wavelengths, thus providing a higher cooling efficiency than the one observed
in the bulk. In this chapter the spectroscopic properties of ytterbium-doped nanocrystalline powders
for optical refrigeration are investigated. The preliminary results indicate that in the present
conditions, no significant distortion or enhancement of the absorption spectra occurs. More studies
are necessary to obtain nanocrystals with high enough quantum efficiency to show optical cooling.
It is yet to be determined if the source of the small quantum efficiency is due to metallic and rare-
earth impurities, trapping or water or other adsorption of contaminants on the powder’s large

surface.

6.1.1 Preparation of the samples

Samples at three different concentrations, (10, 15 and 20) mol % Yb:YLF were prepared by our
collaborators at INRS and were sent to our lab. For the first measurements, the samples were
dispersed in water inside a 1-mm-long cuvette by vigorous shaking and immersion in a sonicator
for 5 min, then immediately transferred to a Perkin-Elmer 1050 spectrometer in order to measure
the transmission spectra. When compared to the transmission spectra of pure deonized water, no
significant difference was observed, due to the small concentration of nanocrystals. Also, the
crystals are found to precipitate relatively fast, thus compromising the accuracy of the
measurement. Therefore it is better to work with the dry form of the powders so that one can ensure

reproducibility.

Yb:YLF nanopowders were dried by drop-casting onto the top of microscope slides and left to dry
in a room-temperature chamber with dry air. The resulting dispersed dry powder was accumulated
into a single ~ 3mm-diameter spot, in order to increase the emitting centers in the optical probe

volume.
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6.1.2 Absorption spectra

Although reproducible, it is relatively hard to measure the probed thickness of the powder, thus the
absorption measurement is only relative. The microscope slides with dry powders were placed in
a Perkin-Elmer 1050 spectrometer to measure the transmission spectra. After a baseline subtraction
to correct for scatter and Fresnel reflection from the microscope slide, the relative absorption
spectra is calculated and shown in Figure 6-1. Also shown in the picture is the absorption spectra
of bulk Yb:YLF from Ref. [182].
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Figure 6-1: Absorption spectra of the 15 mol % Yb:YLF nanopowder, and a 5 mol % YLF bulk
from Ref. [182]. (a) The absorption coefficient values are normalized to the area under the curve.
(b) The absorption of the nanopowders is multiplied by an arbitrary value so that it matches the

bulk absorption at a wavelength of 960 nm.

In Figure 6-1(a) it was assumed that the broadband absorption is the same for both forms, bulk and
nanocrystals. From the resulting graph one can see that the nanopowder does not present an
enhanced absorption coefficient in the long wavelength tail of the spectra when compared to the
bulk form. Also a decrease in the absorption can be noticed at the peaks, due to the effective
broadening caused by the random orientation of the nanocrystals. In a less realistic scenario, where
the broad absorption in the nanopowder is much larger than that observed in the bulk form, and the

absorption coefficients match at a wavelength of 960 nm, one can expect a relative reduction in the
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absorption in the long wavelength tail, as can be seen in Figure 6-1(b). In the light of the above
results it can be concluded that the absorption of low energy photons is not favored in the
nanocrystals relative to the bulk form; the opposite happens. A more definitive conclusion should
however be made once an absolute value for the absorption coefficient is obtained for the

nanocrystalline powder.

6.1.3 Photoluminescence of the nanopowders

The photoluminescence spectra of the samples were measured by pumping with a 980 nm
wavelength laser. For this part, the nanopowders mixed in water were used, so that the geometry
of the probing region and the density of the emitters are kept the same when using different

samples. In Figure 6-2 the emission spectra of the samples in a 1 wt. % concentration are shown.

45

40 1 3+
—LiYF_:Yb™ (10 mol%)

—— LiYF,:Yb™ (15 mol%)
LiYF,:Yb™ (20 mol%)

35 +
30;
25—.
20-

15 4

Intensity (arb. units)

— Tt T Tt T T T T
900 920 940 960 980 1000 1020 1040 1060 1080 1100

Emision Wavelength (nm)

Figure 6-2: Emission spectra of the 2Fs2 — 2F7p2 transition after 980 nm laser excitation for the

different samples in water.

As can be seen, the sample that shows the highest emission intensity is the one with [Yb%"] = 10
mol. %. To understand this, two effects must be considered. On one hand, smaller particles are
generally better quenched. Quenching is in this case a surface-related effect. TEM images showed

that in the present conditions, for higher concentrations, the nanocrystals are larger. The samples
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with Yb3* concentrations of 10 mol. %, 15 mol. % and 20 mol. % have approximate volumes of
(96 + 10) x (63 +5)2 nm?, (66 + 7) x (45 + 5)> nm® and (70 + 7) x (42 + 4)? nm?®, respectively.
Since smaller nanoparticles have larger surface-to-volume ratio, the quenching, or radiative decay
suppression is stronger in this case [218], i.e. 15 mol. % and 20 mol. % of Yb** are more quenched
than the sample with 10 mol. % Yb*'. Additionally the effect of Yb** concentration should be
considered. To a certain extent, a larger number of Yb3* ions will account for a higher intensity.
Nevertheless, a larger concentration is synonymous with shorter Yb**-to-Yb®* distances, which
means that the energy transfer processes between Yb** ions are favored at higher concentrations.
Energy transfer can provoke the migration of light from ion to ion, eventually terminating in non-
radiative decay, and this effect could slow down the intensity increase in the emission associated
to the fact that at higher concentrations there are more ions that can emit. In our case, this last effect
is probably responsible for the intensity decrease that is observed when [Yb®'] is increased from
15 mol. % to 20 mol. %. Up to this point, it can be concluded that for the synthesis parameters
applied here, [Yb®] = 10 mol. % is the optimum concentration. Nevertheless, this value could be

different for different particles sizes.

For the quantification of the visible emission, the dried samples inside an integrating sphere were
used, and measured the visible spectra using a Thorlabs SPLICCO CCD spectrometer (CCS), and
the infrared spectra using an Ando AQ6317B optical spectrum analyser (OSA). In order to relate
the measured power by these two instruments, a Ti:Sapphire laser operating at a wavelength of 960
nm and a white light source in conjunction with a large area photodetector are used as references.

The visible and infrared spectra are shown in Figure 6-3.
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Figure 6-3: Visible (a) and near infrared (b) spectra of the Yb:YLF nanocrystals pumped at 960

nm, inside an integrating sphere.

The 480 nm wavelength emission of Yb*":YLF is due to thulium [219], and it takes three
subsequent excitations using photons from the ?Fsj2-?F72 emission from the ytterbium ion. The 520
nm, 541 nm, 542 nm, 550 and 670 nm emissions are assigned to the presence of Er®*. One can also
see the 535 nm and 537 nm emissions, associated with the presence of Ho®* [163]. These increase
the number of non-radiative pathways, and can lead to a decrease in the external quantum
efficiency. It was previously found that Thulium contamination does not affect the cooling
efficiency significantly [163]. Using the broadband photodetector to bridge the power
measurement by the OSA and the CCS, the visible upconversion power is estimated to be around
0.1% of the infrared emission. Since the visible spectrum is above a strong background from the

Ti:Sapphire laser, it is difficult to estimate an exact value for the emission.

6.1.4 Lifetime of the nanopowders

For lifetime measurements, 940 nm wavelength emission from a Ti:Sapphire laser is used as the
pump source, in the configuration shown in Figure 3-8, with 20 mW of power loosely refocused
into the sample. The strongly scattered pump radiation is filtered by placing a 975 nm wavelength
long-pass interference edge filter (Edmund Optics 86-065) between the telescope and the
photodiode, rejecting 99.85 % of the on-axis 940 nm wavelength light.

For the 10 mol % sample, the powder was concentrated in a hand-made glass micro-vial (data of

Figure 6-4 a), and then re-dispersed (Figure 6-4 b and c) to reduce possible optical cavity effects.
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Figure 6-4: Decay curves of the near-lum fluorescence intensity of a 10 mol % Yb:YLF
nanopowder pumped with a chopped laser operating at a wavelength of 940 nm. The curves (b)
and (c) were measured using significantly less amount of powder than for (a). In (b) the beam is

focused and in (c) the beam is unfocused.

The other 15 mol. % and 20 mol. % samples were kept on top of a microscope slide, as in the
previous case (b) and (c). These showed a much shorter lifetime than the 10 mol. % sample, as can
be seen in Figure 6-5. The lifetime data is summarized in Table 6-1. The samples were pumped in
different regions in (20 %, a) and (20 %, b), but showed no changes in the measured lifetime. Since
the powder was accumulated by hand, it is assumed that different regions present different volumes,
and as for the 10 mol. % sample, the volume does not play a significant role in the measured

lifetime.



97

1% - 0
_ —15% Yb =
= —20%Yb,a| g
=08 —20% Yb, b[| -1
£ ke
> >
D 0.6F 1-2 E
c -
3 3
£ 04! -3.E
o o
2 2
Q Q
D02 40
0 [e)
& Q

0 _ | | _ desma

0 05 1 15 2 25 37

time (ms)

Figure 6-5: Decay curves of the near-1pum wavelength fluorescence intensity of 15 mol % and 20

mol % Yb:YLF nanopowders pumped with a chopped laser wavelength of 940 nm.

The logarithmic curves shown in Figure 6-5 do not fit to straight lines, which could be an indication
of energy transfer processes taking place between the Yb*" and impurity ions. However the exact
process is not clear, as one can notice from the curvature differences between the data for the 15
mol. % and 20 mol % samples. Also, the same was observed for small-amount of the 10 mol. %
sample (Figure 6-4, b and c), which could be an indication of errors due to the small signals of
these measurements. Fitting the data to a single exponential to the data for the 10 % Yb sample
gives a very good fit, and the difference between the results from the different arrangements is

negligible, as one can see in Table 6-1.
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Table 6-1: Fluorescence lifetime, single-exponential fit to decay curve of Yb:YLF nanocrystals.

Sample, measurement

Lifetime and oritting (1s)

10 mol % Yb, a 2405.4(13)
10 mol % Yb, b 2417.6(29)
10 mol % Yb, ¢ 2383.1(28)
15 mol % Yb 814.4(13)
20 mol % Yb, a 507.0(46)
20 mol % Yb, b 494.4(43)

One can now observe how the measured lifetime of the excited state of Yb** in YLF nanopowders

depends on the concentration and compare it with results of bulk samples from the literature. These

results are shown in Figure 6-6, together with the best fit of Eq. (2) to our data as well as to the

literature data.
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Figure 6-6: Measured lifetime (blue crosses) of the Yb:YLF nanocrystals, and results from
literature. The data in represented as circles and triangles are from Ref. [220] and [221],
respectively. Also shown are the fit to the literature data (circle) in dark gray, and the fit of our data
(cross) in yellow. Horizontal lines corresponds to data from Ref. [123](red) and Ref. [203](cyan),

with no information provided for dopant concentrations.

It is clear that the fluorescence lifetimes of the nanocrystalline samples is quenched for
concentrations as small as 15 mol. %. The data is strongly dependent on the Yb3* concentration,
Equation (2) can be fitted to the bulk data, giving similar numbers to other reported values for low
concentrations. For nanocrystals, the fit diverges and is therefore inconclusive. The critical
concentration, from the fit for the nanocrystals data is 0.25 mol. %, while for the bulk it is at 52
mol. %. The exact lifetime dependence on the concentration should also take into consideration a
fast diffusion process [222], where the energy is transferred to intrinsic non-radiative centers.
However, the present data cannot fit a simple sum of fast diffusion and slow diffusion (Eq. 2)
processes. One possible explanation is that the problem arises from a spatial dependence on the
ion-concentration of the nanocrystals. To confirm this, a high resolution transmission electron

microscopy measurement should be performed. It can be concluded however that the quantum
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efficiency of the current nanocrystals is not as high as in the bulk, and no enhancement in the

absorption was observed. Thus optical cooling is not expected on these samples in the present form.

6.1.5 Conclusion, nanocrystalline powders

The spectroscopic properties of ytterbium-doped nanocrystalline powders for optical refrigeration
applications were investigated. Fiorenzo Vetrone’s group at the INRS have synthetized Yb:YLF at
three different dopant concentrations, and different nanocrystal size. From the absorption spectra,
an improvement in the long-wavelength absorption tail which could enhance optical refrigeration
cannot be seen as was theoretically suggested. The samples show visible emission to a level
between 0.1 % and 1 % of the infrared emission power, and indicate the presence of other rare-
earth impurities, leading to an increase in the possible non-radiative pathways, and which could

further prevent cooling.

From the infrared photoluminescence spectra of the samples, a concentration which gives the
global most intense emission could not be found, since the least concentrated one gives the local
maximum intensity. This shows that quenching is present in much lower concentrations than

expected.

Lifetime measurements confirm that the emission of the nanocrystalline samples is strongly
quenched at relatively low concentrations (~15 mol. %) for this material. The much shorter
lifetimes of the nanocrystals compared to the bulk counterparts further indicates that the quantum
efficiency of the samples is too low to allow optical cooling to occur in their present form. Further
investigation on the dopant concentration and spatial distribution in the crystals needs to be
performed in order to find an agreement between the theoretical model and the experimental data.
Further purification of the samples may lead to different results, but so far there is no clear
indication that the properties of the nanocrystalline samples are more promising than those found
in bulk hosts.

6.2 Optical cooling of glass-ceramics

Rare earth doped fluoride crystals and glasses have been the workhorse materials for optical
refrigeration of solids [143]. They exhibit low phonon energy, desirable for reducing non-radiative

decays or quenching [223]. The fluoride glass ZBLAN was the first solid-state material to be
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optically cooled [19], but it has a higher phonon energy than other hosts used for cooling and it is
a challenging material to prepare [224]. For instance ZBLAN has a maximum phonon energy of
580 cm™ [105], while in PbF2 crystals it is only 250 cm™ [112]. The most often used optical cooling
material to date is Yb:YLiF4, a material of low maximum phonon energy — 450 cm™ [225] — and
which has been optically cooled to cryogenic temperatures [226]. High-purity single crystals are
hard to mass-produce, and in the case of fluorides, are also hard to handle and polish [35], since

they can be brittle and prone to chemical attack.

Nanocrystals of low phonon energy such as fluorides have gained attention recently mainly for
their strong up-conversion processes due to weak quenching and strong absorption. These
characteristics are desirable and useful for displays [227, 228], lasers, biomarkers [229],
bioactuators [230], photovoltaics [231], and temperature sensors [130-132], to cite a few. A
common route to use these properties in a robust material is to create a composite which shares the
desirable optical properties of the nanocrystals with the mechanical and chemical properties of a
glass host. In the case of upconversion applications, usually the crystals are co-doped with multiple
types of ions for enhancing the absorption and enabling different emissions [232]. For laser cooling
applications, the same properties of the host are desirable, but a single kind of dopant with a large
bandgap is usually a safer way to avoid non-radiative decays, thus increasing the cooling efficiency
[36], although multilevel cooling or the use of dopants with lower bandgaps than in Ytterbium are
also useful candidates [233, 234].

Oxyfluoride CLYSIAI (cadmium, lead, yttrium fluoride and silicon and aluminum oxide) glasses
with chemical composition 30SiO2-15A1203-(27-x)CdF2-22PbF2-4Y F3-xYbFs, with x = (2, 5, 8, 12,
16 and 20) mol %, were subjected to different heat treatment to grow fluoride nanocrystallites
within them. They were prepared by conventional melt-quenching technique. High purity (Sigma-
Aldrich, 99.99%) precursors were well mixed in an agate mortar to obtain homogeneous powder,
and were transferred to a covered platinum (Pt-100 %) crucible. The crucible was fired at 1100 °C
for 2 h in a muffle furnace. The resulting molten glass was poured into a stainless steel mold that
was pre-heated at the glass transition temperature, where the glass was annealed at the same
temperature for 5 h to remove internal stresses and strains. The solid samples were cut and polished
optically to dimensions 10 x 2 x 2 mm? for spectroscopic and cooling measurements. Some of the
samples were not polished, but used for thermal and structural characterization. Further details on

the preparations of these samples can be found in [86]. The samples are labelled as YbXXXGlass
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and YbXXXGC for the glass and glass-ceramics samples, respectively, where XXX is the YbFs

concentration in mol. %.

The glass samples were annealed at different temperatures and timescales to transform them into
glass-ceramics (GC’s). The whole synthesis was performed at ambient air at atmospheric pressure.
A photograph of the 2 mol. % Yb-doped glass and the glass-ceramic samples is shown in Figure
6-7.

Figure 6-7: Photograph of the 2 mol. % Yb-doped glass and the glass-ceramic samples fabricated

from a duplicate of the glass, after different annealing times.

The obtained GC’s are ultra-transparent in nature, and the Yb002G and Yb002GC had their specific
heat measured (Table 6-2), and used as reference for the other samples. After fine calibration with
a sapphire reference as well as fused silica, the same setup was used to measure the thermal capacity
of Yb002G, the Yb002GC3, and a glass-ceramic sample annealed for 25 h at 470 °C, which is used
as reference for the Yb002GC1 and Yb002GC2.

Table 6-2: Sample preparation details and thermal properties

Sample Annealing Annealing time Specific heat Mass
temperature () capacity (mg)
(K) (J.g"K™Y)

Yb002G 295 0 0.26(1) 331(6)
Yb002GC1 733 20 0.38(3) 317(2)
Yb002GC2 753 30 0.38(3) 371(5)
Yb002GC3 783 45 0.38(3) 215(3)

In order to estimate the effect of the annealing time and temperatures on the crystallization, X-ray
diffraction (XRD) measurements were performed on samples of the same preparation as the YbG,
GC1 and GC2, using a X-ray Bruker D8 Advance (CuKa12 radiation) equipped with a Vantec-1

linear detector. The resulting XRD profile is shown in Figure 6-8.
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Figure 6-8: The XRD pattern of the 2 mol% as-made glass and glass-ceramics.

The glass-ceramics are free from any secondary phase crystals and uniformly dispersed B-PbF
nanocrystals were grown after appropriate thermal treatment. The XRD profile of glass contains
two broad curves typical of amorphous structure whereas the GCs contain several sharp peaks
related to the diffraction pattern of the crystalline structure, which can be identified as cubic -PbF2
nanocrystalline phase. The amount of crystalline phase improves with increasing the heat treatment
temperature. The crystallite size of the nanocrystals was evaluated from transmission electron

microscope (TEM) images of the samples (Figure 6-9) and was found to be less than 20 nm.

Figure 6-9: Transmission electron microscope images of a glass (left) and a glass-ceramic (right)

sample. The nanocrystals are found to be smaller than 20 nm.
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6.2.1 Depth and concentration-dependence of the photoluminescence spectra

The samples’ photoluminescence spectra was measured by an Ando AQ6317B optical spectrum
analyser (OSA) and a 200 um-diameter optical fiber placed close to the sample, which is pumped
using a Ti:Sapphire laser at a wavelength of 920 nm. The spectra for all the samples, for pumping
at the surface, as well as at a depth of 1 mm from the collection surface, are shown in Figure 6-10

below.

Glass GC

intensity (lin.arb.u.)

GC

Figure 6-10: Photoluminescence spectra of the ytterbium doped CLYSiAl glasses (left side) and
glass-ceramics (right side) for different pump-collection depth and dopant concentrations. The data
corresponding to different depths for the same sample are overlapped to highlight the red-shift
introduced by re-absorption — the curves with sharper peaks corresponding to 0-mm-depth
collection. The colors represent qualitatively by how much the escaping fluorescence is red-
shifted.
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The mean fluorescence wavelength Ar of the samples is calculated from the photoluminescence
(PL) data at a 1 mm depth on the sample, where it is pumped for the calorimetric measurements.

For comparison the PL is also made at the sample surface, and the results are shown in Figure 6-11.
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Figure 6-11: Mean fluorescence wavelength of the photoluminescence as a function of the dopant

concentration and pump-collection depth.

From the graphs shown in Figure 6-10 and Figure 6-11 it can be seen that although the intrinsic
mean fluorescence wavelength in the glass and glass-ceramics is essentially the same, the external
mean fluorescence wavelength (eMFW) is consistently longer for the glass samples. The observed
red-shift on the eMFW is expected due to the inner-filter effect. For fluorophores of high efficiency,
the total observed spectra is a mixture of the filtered primary emission (from directly excited ions)
with the secondary emission (from subsequently excited ions closer to the surface). It is expected
that, the higher the quantum efficiency of the material, the higher is the contribution of these
secondary emissions, which present less filtering and thus are less red-shifted. In addition, used for
the calorimetric calculation, the measured eMFW is an indication of the higher quantum efficiency

of the glass-ceramics, compared to the glassy precursor.
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6.2.1.1 Quantum efficiency measured by integrating sphere and from the lifetime

In order to make a study of the optimal concentration for laser cooling, the quantum efficiency is
first measured using an absolute method such as the integrating sphere, which is less time
consuming than calorimetric methods. With this one can estimate which samples have the potential
for laser cooling. The integrating sphere method [127] was used as the absolute method, which was
assessed using an already optically-cooled Yb:YAG crystal [85]. The samples were pumped inside
an integrating sphere (1Sp) using 200 mW from a Ti:Sapphire laser set to a wavelength of 915 nm,
while the minute fluctuations of a fraction of the pump power, tapped by a glass plate, were
monitored by a photodetector and picoamperimeter. The diffused photoluminescence, from direct
and indirect excitation, as well as the diffused pump transmission and scatter are collected by a 200
um optical fiber and measured by an Ando AQ6317B optical spectrum analyzer. An ensemble of
50 spectra are measured for each sample, for each of the conditions: A — the integrating sphere is
empty; B — the sample is inside the I1Sp, but it is out of the pump beam path, and C — the sample is
inside the ISp, and is directly irradiated by the pump beam. The spectra measured for the

Yb008Glass are shown in Figure 6-12 as a reference.
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Figure 6-12: Spectra of the 8 mol. % Yb:CLYSiAl glass sample inside the integrating sphere while
pumped directly (C) and indirectly (B) at 915 nm, and the diffused pump (A). Left: single
measurement. Right: 50 times — averaged data, each normalized by the power tapped from the
Ti:Sapphire laser.
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The integral of the photon number in the pump wavelength region Li and the photoluminescence

wavelength band Pi, i = (A,B,C) is used to calculate the quantum efficiency with (6.1), as per
[127].
R -(1-A)R, P 6.1)
Mext LA Mo :

The results of the calculation of (6.1) to the measured spectra are summarized in Table 6-3.

Table 6-3: Quantum efficiency of the CLYSiAl samples in different forms, as measured by the

integrating sphere method.

Concentration (mol. %) Glass GC
02 0.88 0.97
02, 2nd 0.98
02, 3 0.85
05 0.46 0.60
08 0.14 0.35
12 0.06 --

16 0.02 0.03
20 0.01 0.02

From Eq. (2.5), it is straightforward to see that a minimum condition for cooling to happen is that
next > At/Ap. Since the resonant absorption is limited to Ap < 1050 nm, and As > 995 nm, the external
quantum efficiency must be at least 0.95 for an ideal sample. That implies that from the
measurements with the integrating sphere, only the Yb002GC samples have the potential for optical
cooling. It must be noticed that the integrating sphere method does not discriminate between energy
loss from background absorption of the pump photon, or multiphonon and other nonradiative losses
of an excited electron, thus it underestimate the quantum efficiency of high-background loss

samples.
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An alternative way to estimate the quantum efficiency of excited electrons is to look at the radiative
decay rate, or lifetime. A drawback of this method is the need for the knowledge of the intrinsic
radiative lifetime, as well as taking into account cavity effects, which can increase the apparent
lifetime of an excited state. These problems can be circumvented by using equivalent systems of
different dopant concentrations, and by fitting the lifetime data to a concentration-dependent model

of radiation trapping and self-quenching, which can be described by (6.2).

7,(1+0,IN )

Trmeasured — 27!
1+ i M
2w\ N,

where | is the average absorption length of the sample, oa the absorption cross-section of the

(6.2)

transition, Nvb is the Yb3* concentration, No is a critical concentration for self-quenching and 7o is
the measured lifetime at very weak concentration [222]. The last term in the numerator accounts
for radiation trapping, which delays the energy escape. The second term in the denominator

accounts for concentration quenching.

The excited state lifetimes of the samples were measured by pumping them with 20 mW of power
at a wavelength of 940 nm from a chopped beam from a Ti:Sapphire laser. The emission is filtered
using a 975 nm wavelength longpass interference edge filter, and monitored by a 4-f telescope and
asilicon photodiode of 13 mm? area (Thorlabs SMO5PD1B). The signal is amplified by a benchtop
transimpedance amplifier (Thorlabs PDA200C) and displayed on an oscilloscope (Tektronix
TDS7104). The data is fit to single exponential decays quite well, as shown in Figure 6-13 for two
samples. The calculated lifetimes for all the samples are shown in Figure 6-14, plotted together
with the best fit to (6.2).
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Figure 6-13: Measured lifetime (circles) of Yb-doped CLYSiAl glasses. The lines represent the

best fit of the data to a single exponential decay function.

25 ................. T
0.
2 5
? -nunu........ .'o.
é 1 5 o 0.“‘ o'-'.'.o
® L
E
g
- O glasses Y
0.5/ © GCs C. " '
e glasses .
......... GCs o&:’.:;--.,
0_1 P— .._._.,0 — 1 _"*-:-ﬂmu....z
10 10 10 10

concentration (at.%)
Figure 6-14: Measured lifetime of Yb-doped CLY SiAl glasses and glass-ceramics, as a function of
the Yb®* concentration. The lines represent the best fit of the data to a slow-diffusion process of

self-quenching and radiation trapping.
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Since no evident radiation-trapping was observed — which would appear as an increase in the
lifetime with concentration, one can consider only concentration-quenching, thus the measured
lifetime is a good representation of the quantum efficiency of the samples at a given concentration.
Also, the intrinsic radiative lifetime can be estimated by extrapolating the data to the very low
concentrations. Thus, from the data and fit shown in Figure 6-14 the quantum efficiency of the

samples is calculated as #e = temeasured/70 [235], and the results are presented in Table 6-4.

Table 6-4: Quantum efficiency of the CLYSIAlI samples, estimated from the lifetime

measurements, and intrinsic lifetime from fit.

Concentration (mol. %) Glass GC

02 0.84 0.93
05 0.78 0.66
08 0.28 0.57
12 0.15 --

16 0.08 0.09
20 0.06 0.05

As observed from the measurements with the integrating sphere, the samples with higher quantum
efficiency are the doped at a concentration of 2 mol. % Yb. The results from the lifetimes differ by
less than 5 % from the values obtained with the integrating sphere for the Yb002Glass and
Yb002GC. As the concentration increases, the quantum efficiency decreases but the results from
the different methods differ. It is indeed expected that the integrating sphere method underestimate
the #e for samples with high background absorption, since it leads to a total photonic energy loss
which includes the non-resonantly absorbed photons. On the other hand, the calculated quantum
efficiency from lifetime measurements depends on the precise knowledge of the intrinsic radiative
lifetime. That can lead to large errors, especially for systems in the early stage of investigation,
where data from the literature is scarce. The result indicates that the addition of the dopant increases
the background absorption. Both methods show than the samples with more than 5 mol. % Yb, in

the present form, cannot lead to optical cooling. Thus the calorimetric investigation are limited to
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the Yb005Glass and YbOO5GC, in order to compare them to those previously measured,
Yb002Glass and Yb002GC.

6.2.2 Calorimetry of the glasses and glass-ceramics

The samples were placed in a sample holder consisting of eight 1-mm-thick vertical steel rods,
which holds four 125 um optical fibers to clamp the sample to minimize conduction heat loads and
clamp heating due to the pump and fluorescence. A fiber Bragg grating (FBG) is placed on the top
of the sample to measure the sample’s temperature continuously during the experiment, including
during the pumping. The FBG temperature is interrogated by a narrow wavelength probe and an

optical fiber power meter, as shown in Figure 6-15.
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Figure 6-15: Diagram of the setup for optical calorimetry experiments with the glass and glass-
ceramics. The output power from a Ti:Sapphire laser or an optical parametric oscillator is
controlled by a half-wave-plate (HWP) and Glan-Thompson polarizer (GTLp) and interrogated by
a free-space optical power meter (FSPM). A servo controller (SRV) drives the thermocouple (TC)
and the shutter mirror position. An electronic cold junction compensator (CJ) and a multimeter
interrogate the TC. The laser beam is recollimated into the sample and the transmitted power is
dumped in a beam dump (BD). The temperature of the sample is monitored by a fiber Bragg
grating (FBG), which is interrogated by a tunable laser, optical circulator (CIR) and power meter

which measure the reflection and transmitted power and send the data to a computer.
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6.2.2.1 Samples with different crystallization levels

Initially the work concentrated in the more promising samples, Yb002Glass and the corresponding
glass-ceramic annealed at different temperatures. The samples exhibited heating rather than
cooling for the pump wavelengths used here, and their heating spectra is shown in Figure 6-16.
The best fit of (5.5) is shown in the figure as the green solid curve, while the curves corresponding
to 95% confidence interval of the fitted #c and a» are shown in dashed curves. The absorption

coefficient is also plotted as a function of wavelength for a reference.
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Figure 6-16: Heating spectra of the samples, i.e. the temperature rise divided by the pump power,
as a function of the pump wavelength. The experimental data is shown in blue circles and the
absorption profile is shown as the pink thin line. The best fit to the data is given by the green curve.
The two adjacent dashed curves correspond to the confidence intervals of the fitted parameters,

whose values are shown next to the curves.
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From the data in Figure 6-16, it can be observed that the glass-ceramics presented higher quantum
efficiency and smaller background absorption than their glass precursor. In the long wavelength
tail of the spectra, where the resonant absorption is weak, Yb002G showed the highest temperature,
which is due to background absorption. At the same time, a temperature rise of 40 K/W is observed
in the glass when pumped at 1020 nm, a level which is not observed in the Yb002GC1 even at the
1000 nm wavelength, where the resonant absorption is much higher. The same is observed in
Yb002GC2 and to a lesser extent in the Yb002GC3. That indicates a better ratio of anti-Stokes
emission to non-radiative decay in the GCs when compared to the glass. Table 6-5 summarizes the
findings and fitted data. This impact on the quantum efficiency was expected, since a fraction of
the ions are within a lower phonon-energy host than the ions hosted in a glassy matrix. An
explanation for the decrease in the background absorption is less trivial. In a first instance, the
annealing may relief some stresses or inhomogeneities which are partially responsible for
background absorption. The material structure data at the present is insufficient to determine the
exact mechanism responsible for the reduction in a». With further annealing, the size of the
crystallites increases, and so does the scattering increase, leading to an indirect increase in the

background absorption.

Table 6-5: Samples’ photophysical properties

Sample i Hext, Hext, ob

(nm) int. sphere  calorimetric (m?)

3%Yb:YAG  1010(1) [34] 1.02(12) 0.991(1) [34]  0.029(1) [34]

Yb002G 1003(1) 0.88(9) 0.897(6) 1.27(10)

Yb002GC1 1000(1) 0.97(4) 0.955(3) 0.790(11)
Yb002GC2 999.4(10) 0.98(12)  0.940(2) 0.569(47)
Yb002GC3 999.3(10) 0.85(12)  0.917(2) 0.734(33)

The same fitted exponential used to calculate the equilibrium temperature can be used to obtain the
thermal equilibrium time z» which together with the thermal capacity of the sample, can be used to

deduce the sample-environment thermal coupling coefficient x. This allows us to better evaluate
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the material rather than the physical sample, by calculating the materials cooling figure of merit
(CFOM), shown in Figure 6-17Figure .
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Figure 6-17: Cooling figure-of-merit spectra of the samples. In red: theoretical ®c based on the

experimental data with an improvement Azext = 0.03 and ab,new = an/50.

The cooling figures-of-merit shown in Figure 6-17 reproduces the same qualitative behavior as
seen in Figure 6-16, but without the ambiguity that the samples’ dimensions and thermal coupling
with the environment could influence if they were dissimilar. Evidently, the quantitative behavior,
thus the cooling parameters are the same as before, since the model already takes the thermal
coupling into account. From the present results, it is obvious that the samples need improvement

before showing a positive cooling figure-of-merit. The red curve on Figure 6-17 shows what would
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be the CFOM if the quantum efficiencies were higher by 0.03 and the background absorption lower
by a factor 50, which would lead GCL1 to cool by 1.75 K/W. If #c were as high as in the Yb:YAG,
GC1 could cool by -3.1 K/W, which corresponds to a final temperature difference of -13.0 K, for
the same 4.2 W of pump power which drove the Yb:YAG sample 8.8 K below the chamber
temperature. While the glass sample would still heat, it is clear that the Yb002GC1 and Yb002GC2
would cool, showing that the low-temperature glass-ceramic performs better than the glass. Given
the present exploratory preparation conditions, these factors are feasible with further purification
of the precursors. For instance purification methods developed for cooling have achieved better
than 1000-fold reduction in transition metal contamination in ZBLAI glass [236], and intense
research has achieved similar results in crystal purification as well [226]. On the other hand, glass-
ceramics are much easier to manufacture on a large scale than are single crystals. The optimal
cooling wavelength for Yb002GC1 is 1025 nm, and for 7ext < 0.975 no cooling is possible at this
pump wavelength, independently of the value of the background absorption. Due to this specifity,
it is worth mentioning that, in addition to optical refrigeration, these samples are strong candidates
for quantum efficiency references at the near-infrared region, if indeed optical refrigeration

becomes a reality with them.

6.2.2.2 Samples with higher dopant concentration

From the results of the spectroscopy section, no cooling is expected for the samples with ytterbium
concentrations of 5 mol. % or higher, since the heating due to low QE and background absorption
will be much higher than anti-Stokes cooling. However, while Yb005Glass and Yb005GC show
relatively low quantum efficiency, it is interesting to make an independent measurement of their
cooling performance, and verify which form is better, as well as how they compare with the
Yb002Glass and YB002GC. Using the same procedure used in the last section for different
crystallization, the figure of merit of the samples with concentration 5 mol% Yb is calculated. The
results are shown in Figure 6-18. It is also estimated what would be the cooling figure of merit, if
the samples quantum efficiency where improved by 0.03 and the background absorption reduced

by a factor 50.
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Figure 6-18: Cooling figure-of-merit spectra of the samples. In red: theoretical ®c based on the

experimental data with an improvement Azext = 0.03 and ab,new = an/50.

The results from the calorimetry confirm the results expected from the spectroscopic

characterization. The data is summarized in the Table 6-6.

Table 6-6: Photo-physical properties of the glass and glass-ceramic samples, as measured by

different techniques.

QE QE QE from ap (M) from
Sample from I1Sp  from lifetime calorimetry  calorimetry
Yb002G 0.88 0.84 0.897 1.27
Yb002GC1 (best) 0.97 0.93 0.955 0.79
Yb005G 0.46 0.78 0.571 1.64
Yb005GC 0.60 0.66 0.581 1.17
Yb008G 0.14 0.28 -- -
Yb008GC 0.35 0.57 -- --
Yb012G 0.06 0.15 -- -
Yb016G 0.02 0.08 - -
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Table 6-6: Photo-physical properties of the glass and glass-ceramic samples, as measured by

different techniques (cont’d)

Yb016GC 0.03 0.09 - --
Yb020G 0.01 0.06 - -
020GC 0.02 0.05 - --

There is a good agreement between the calorimetric results and the integrating sphere method,
although the latter shows smaller quantum efficiencies. This is expected, since the integrating
sphere accounts for all the losses including non-resonant absorbed photons. The lifetime method
gives different values from the other techniques, since it relies on more assumptions about the
samples, compromising the accuracy of the calculations. However the same concentration
guenching trend is observed. The general trend is that, as the concentration of the dopant is
increased, the quantum efficiency decreases and the background absorption increases. However,
after the precursor glass is heat treated in order to form the glass-ceramic, an improvement in the
quantum efficiency is observed for all the samples, and a decrease in the background absorption of
the four samples investigated by calorimetry. The enhancement in the quantum efficiency is already
expected, since the nanocrystals present in the glass-ceramics have lower maximum phonon energy
than the glassy counterpart. However the mechanism responsible for the decrease in the
background absorption is not obvious and requires further investigation. The background
absorption can be measured by a complementary and independent measurement, using a pump
source out of the resonance used for cooling, e.g. using an optical parametric oscillator as shown

in Figure 6-15. The experimental setup is set and the measurements are under way.

The quantum efficiency of this first batch of glass-ceramics, prepared at ambient air, is comparable
to the most efficient laser materials. A list of some of the results on the quantum efficiency reported

in the literature is shown in the Table 6-7.
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Table 6-7: Quantum efficiency of typical laser materials, and the method utilized.

Material QE Method, reference
8% Yb:YAG 0.7 Thermal lens, [237].
1% Yb:YAG 0.93,0.90 ISp and calorimetric*, [238].
5-100% Yb:YAG 0.94-0.97 Calorimetric, intrinsic QE, [205].
2.3% Yb:YAG 0.988 Calorimetric, thermal camera, [122]. Cooled.
5.6% Yb:YAB 0.88 Interferometric, [239].
1-2% Yb:ZBLANI  0.991,0.994 Calorimetric, thermal camera, [137]. Cooled.
5.7% Yb:GGG 0.9 Thermal lens, [237]
15% Ybh:GdCOB 0.71 Thermal lens, [237]
15% Yb:YCOB 0.90 Thermal lens, [237]
5% Yb:KGW 0.96 Thermal lens, [237]
5% Yb:YSO 0.89 Thermal lens, [237]

*does not mention the sensor

The external quantum efficiency is not a general property of a material, but a parameter that
describes a given sample [237], and depends on its history: the dopant concentration, growth
technique and growth environmental conditions, as well as the purity of the starting materials. This
can be readily verified from the Table 6-7, as well as from the results obtained for my samples.
From the global results one can see that in glass-ceramics all cooling-relevant parameters are
enhanced in comparison to their glassy counterparts. Cooling was not observed in any of the present
samples. An evident next step is to prepare new samples at various concentrations below 5 mol. %,
reduce the impurities of the starting materials, and to prepare the samples in a controlled, clean and

dry atmosphere.

6.2.3 Conclusion, oxyfluoride glasses and glass-ceramics

Ytterbium-doped transparent glass and glass ceramics were fabricated by collaborators at Laval

University, and their thermal and spectroscopic properties were measured in this Thesis. The results
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above correspond to the first time one has measured cooling figure-of-merits of glass-ceramic. The
calorimetric results on the quantum efficiency of the samples are in line with the results obtained
using an integrating sphere, showing an above 0.9 quantum efficiency for all the samples with
concentration of 2 mol % of Yb. It has also been shown for the first time, the use of an optically-
cooled sample as an accurate reference for quantum efficiency measurements. It is estimated that
the use of a glass-ceramic could lead to an accuracy in the measurement of QE to better than 2.5
%. As expected, nonradiative decays are considerably reduced in the glass-ceramics when
compared to those seen in glass. Hence, rare earth doped glass-ceramics offer a promising path
towards samples with higher efficiency for use in optical refrigeration and metrology, with a much
more scalable production method than crystals. Also shown here is, that further precursor

purification will ultimately lead to samples which may exhibit laser induced cooling

The quantum efficiency of samples with various concentrations of ytterbium-doped oxyfluoride
glasses and glass-ceramics is investigated, using three different techniques, and measured the
background absorption of the most prominent ones by an optical calorimetry technique. The depth-
dependence of the mean fluorescence wavelength of all the samples are measured, showing that
reabsorption is less pronounced in the glass-ceramics, which can be attributed to their higher

quantum efficiency.

It is shown that the crystallization of the samples leads to and enhancement in the optical cooling-
relevant parameters, for all the investigated concentrations. Preparation of samples in better
controlled conditions, and with precursor materials of higher purity could reduce the impurities
responsible for the background absorption and for part of the quantum efficiency quenching. Also,
a lower range of sample concentrations should be investigated in order to find the optimal
concentration and growth parameters which could ultimately lead to optical cooling. A successful
outcome would translate to samples which are easier to fabricate and handle than current optically-

cooled materials, thus allowing a wider range of applications for optical cooling technology.
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CHAPTER 7 CONCLUSION

Summary

The work presented in this thesis is directed towards the realization of optical refrigeration in a
solid, in environmental conditions close to that found in everyday devices. Although the technology
has shown to be promising for cryogenic applications, few reports can be found on the
implementation of optical cooling in a relatively simple and scalable way. This Thesis presents the
first realization of optical cooling in air at atmospheric pressure. Also presented for the first time
is a fiber Bragg grating used for temperature measurements in laser cooling. The potential for laser
cooling of two new materials: glass-ceramics and ytterbium-doped nanocrystals was also studied
experimentally for the first time.

The first part of this thesis concentrated in the design of the scientific tools used to conduct the
main optical cooling experiment. The first innovation presented was a simple technique which
allows photoluminescence measurements of highly scattering samples under high power any-
wavelength pumping, with no need of a set of filters. The second is to use optically-cooled materials
as quantum efficiency standards. The main tool developed here concerns thermometry. Several
works in the field were plagued with disputable results, mainly due to the non-triviality of
temperature measurements in laser cooling of condensed media. It is shown in this thesis that one
can obtain the main advantages of the use of a contact sensor which is reliable and easy to use, at
the same time avoiding heating from the intense fluorescence present in optical refrigeration. This
is achieved through the use of fiber Bragg gratings (FBGs), which in addition to the aforementioned
advantages, can be directly integrated in an all-optical device as well as to be interrogated remotely.
The last step in order to show that FBGs are applicable to most optical cooling experiments was to
show that they can be used in a cryogenic environment. Most of the divergences found on the
literature concerning the employability of FBGs at cryogenic temperatures were solved first, by
the careful modeling of the fibers thermo-optical and mechanical properties. In addition, the issues
were solved by the experimental demonstration of these sensors sensing 0.25 K changes or less in
the whole temperature range when interrogated using a simple spectral method. The sensitivity of

FBG has also shown to be able to measure optical cooling with low pump powers.



121

The implementation of optical cooling in a relatively simple way translates initially to the first
demonstration of laser induced cooling of solids (LICOS) at atmospheric pressure, which was
demonstrated here using an ytterbium-doped YAG crystal, an ubiquitous laser material. This work
also presents the cooling of a solid external heat load of mass comparable to the refrigerator itself,
as a proof-of-concept that emphasises the macroscopic nature of optical refrigeration applications.
It was also shown that the reduction of the dimensions of the optically-cooled sample implies in a
reduction on the heat load posed by the surrounding environment, thus it allows the solid to reach
lower temperatures than a larger sample would achieve. Concomitantly to the reduction of the
thermal load, the cooling efficiency is reduced with the size-reduction, due to absorption saturation
effects which although small, can counteract cooling. Thus, there is an optimal dimension so that
one achieves maximum temperature drop for a given sample, pumped at a fixed optical power.
With these effects on mind, but limiting to fabrication constraints, it was possible to show optical
cooling to similar temperatures achieved before in vacuum for the same material and pump power,
this time in air at atmospheric pressure. This achievement shows that one can use optical cooling
in conventional devices, and that one can study optical cooling without cumbersome equipment. It
also simplifies the experiment, and therefore accelerates the search for new materials for optical
cooling.

While the primary investigations help with the advancement of laser cooling science, another main
issue which could prevent the widespread use the technology is the relatively small and exclusive
pool of materials available for optical refrigeration. Previous breakthroughs in laser cooling were
achieved using expensive and hard to fabricate and to use, fluoride crystals and glasses. In this
thesis it is investigated the cooling potential of ytterbium-doped-oxyfluoride glasses and glass-
ceramics, which have showed promising properties such as high quantum efficiencies. With further

improvement on the preparation of these materials, they are expected to show optical refrigeration.

Therefore the main contributions of this thesis are the demonstration of optical cooling of a solid
at atmospheric pressure, and unambiguous interpretation of the cooling signal at a broad
temperature range. The design recipes given here simplify the study and open the possibility for
other researchers to join the efforts on the advancement of laser cooling science, without the need

of vacuum chambers, powerful lasers, and without complex and error-prone thermometric setups.
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Sequels

As with any research, its progress affects an intangible number of other fields. When it involves
lasers, predictions of the full impact of the research become even more complex to make, due to
the ubiquity of lasers in current science and technology. This section will therefore be restricted to

the description of a few, direct sequels from the studies presented in this thesis.

The investigation of the fiber Bragg grating sensors in harsh environments, such as under intense
optical fields, inspired their use in the measurement of the temperature of gases in atmospheric
pressure plasmas, where intense electromagnetic fields and high voltage prevent the use of
conventional sensors. The same temperature measurement approach used in this thesis was directly

applicable to temperature measurements in low temperature and pressure plasmas.

The need of cryogenic-grade sensors in optical cooling motivated the in-depth investigations of the
FBGs properties at cryogenic temperatures. Although several approaches had been implemented
in the past to increase the sensitivity of FBGs at low temperatures, none had included the thermal
expansion coefficient in the prediction of the Bragg wavelength temperature coefficient, therefore
theory and experiments did not match. The studies aimed at laser cooling resolved this modeling
problem by including the thermal expansion contribution, and also demonstrated the usefulness of

bare FBG sensors at low temperature.

A restriction in optical refrigeration by anti-Stokes photoluminescence is the need of materials
which present very high quantum efficiency. While this limits the chance of success of a given
sample, it conversely impedes that a successful optically-cooled sample have the quantum
efficiency outside these strict limits. This thesis uses an optically-cooled sample to assess the
accuracy of setup for the measurement of the absolute quantum efficiency setup, where many

factors could induce to a measurement error and no reliable reference is available commercially.

Directions for future work

In order to incorporate optical cooling in a complete device, one has to be able to thermally couple
the optically-cooled sample to the thermal load. Although other researchers have studied this
concept in depth, no simple solution was put forth. Once cooling with glass-ceramics is realized,
one should take advantage of its capability of free-geometry formation to test experimentally

different monolithic thermal links, which can reject fluorescence but transmit the cooling power,
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thus could cool an opaque load. The same flexibility can be used to test different non-resonant

cavity shapes to improve pump absorption.

Since the use of FBGs for temperature measurement in laser cooling is demonstrated, there is no
fundamental need to use the flexible research-grade interrogators. A dedicated commercial
interrogator should be able to perform the same functions, with less training necessary at the user
side. Tailored fabrication of FBGs could however still find a niche in optically-cooled fibers, both

for increasing pump absorption and to measure the temperature.
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