Laser emission in visible spectral regions are increasingly demanded for a wide variety of domains such as coagulation in material processing in industry, fluorescence microscopy in research science, holography, a laser display [1,2,3]. In general, the most common visible laser sources is semiconductor-base Laser diode (LDs) which can deliver laser lights with high output powers. Nonetheless, LD lasers have restrictions in some visible spectral regions such as yellow and orange and higher beam divergence when compared to solid-state lasers.

A solid-state material, composed by a crystalline host and active lanthanide ions is considered as effective gain medium also. It enables laser emissions, covering a large visible spectral region with satisfying beam quality. The aim of this PhD research is to prepare and investigate solid-state gain mediums for the development of laser emissions in many visible spectral ranges.

Among lanthanide ions, Pr 3+ , Ho 3+ , Sm 3+ or Dy 3+ ions possess appropriate energy levels, allowing radiative emissions in visible regions [4,5]. Pr 3+ ions seem the most attractive one due to its strong optical cross sections [6]. Electrons in the excited states 3 P0,1 can relax into lower states, yielding lasers in these following colors: cyan ( 3 P0→ 3 H4), green ( 3 P1→ 3 H4), orange ( 3 P0→ 3 H6), red ( 3 P0→ 3 F2) and deep red ( 3 P0→ 3 F4). The corresponding emission cross sections are typically in the range between 10 -19 -10 -20 cm 2 .

In the past, the development of visible laser emissions was limited for Pr 3+ materials due to the lack of high-power pump source in the concerning spectral regions (430 nm -450 nm). The argon ion lasers, dye lasers or flash lamps utilized as pumping source were bulky system with poor efficiencies. In 1996, first laser diodes (LDs) emitting in the blue spectral region were invented by Nakamura [7]. A few years later, high-efficient blue LDs and optically pumped semiconductor lasers (2ωOPSL) pumps have finally become commercially accessible.

Regarding crystalline hosts, some Pr 3+ doped fluoride-type hosts presented excellent spectroscopic properties, including high fluorescence lifetime, strong absorption and emission cross sections [8,9]. Moreover, highly-efficient laser emissions have been reported when operating on Pr: LiYF4 single crystal [10,11]. Anyway, this Pr 3+ material had certain disadvantages in terms of poor thermomechanical properties such as low hardness and poor segregation coefficient. Furthermore, specific growth conditions are required in order to grow this fluoride single crystal free of scattering center or inclusion [12]. On the contrary, many oxide-type hosts possess superior thermomechanical properties, combined with easier fabrication process. In consequence, they could be suitable for Pr 3+ doping as well. In this work, we decided to elaborate and study Pr 3+ doped oxide-type hosts with the aim of characterizations and laser performances in the spectral range from green to deep red.

In addition, it is challenging to achieve high-power visible lasers with an indirect method. Nd 3+ ions are well-known as one of the most frequently used activator to reach high-power NIR emissions. Its channels 4 F3/2→ 4 I9/2, 4 F3/2→ 4 I11/2 and 4 F3/2→ 4 I13/2 allow laser emissions in near infrared (NIR) around 0.9 µm, 1.06 µm and 1.3 µm, respectively [13]. According to Second Harmonic Generation (SHG) process, these NIR lasers can be frequency doubled into visible lasers with the help of a non-linear crystal. Hence, the mentioned NIR lasers can be turned to blue, green and red ones, respectively [14,15,16].

This indirect method has already leaded to accomplish high-power lasers in green color because most Nd 3+ materials had branching ratio of 4 F3/2→ 4 I11/2 up to two times higher than the other channel 4 F3/2→ 4 I9/2 [17, 18,19]. At present, the efficiency of blue laser, by operating on 4 F3/2→ 4 I9/2 is still to be improved. Thus, we are interested to find potential Nd 3+ -doped oxide-based host, exhibiting favorable branching ratio for channel 4 F3/2→ 4 I9/2 to access blue indirect laser emission. For decades, the most potential oxide hosts for Nd 3+ doping have been garnet (Y3Al5O12) and vanadate (YVO4, GdVO4) families [20,21,22,23]. Recently, new oxide hosts, sesquioxide (Y2O3, Lu2O3) and tantalate (GdTaO4) have also been reported for their promising features as high thermal conductivity, long fluorescence lifetime of 4 F3/2 level and strong cross sections of absorption and emission [24,25,26]. This PhD thesis contains three main chapters. The first chapter describes the applications of visible lasers in various fields, some basics of laser emission, a state of the art relative to Pr 3+ and Nd 3+ doped oxide-based hosts. Also, the experimental techniques used in this work are introduced for the crystal growth, polishing, physical and spectroscopic characterizations.

The second chapter deals with the crystal growth of Pr 3+ doped materials and the studies for their physical properties, spectroscopy and laser performances in visible regions. This part starts with preliminary studies of Pr 3+ fluorescence lifetime to select appropriate hosts among various families of oxide based materials: hexaaluminate (Sr1-xLaxMgxAl12-xO19, ASL), mellilite (SrLaGa3O7, SLGM), perovskite (LaAlO3, LAP) as well as germanate (LaGaGe2O7, LGGO). Then, the most suitable oxide hosts are selected and grown as Pr 3+ doped single crystals. Moreover, Pr 3+ doped transparent ceramic of sesquioxide was also study as an alternative solution. All samples were thoroughly characterized for their physical and spectroscopic properties. Finally, laser properties of selected materials were studied for visible laser emissions within a simple plane-concave resonant cavity.

The last chapter involved the property characterization and laser demonstration of Nd 3+ doped hosts including selected single crystal (GdTaO4, GTO), transparent ceramic (Y2O3), and micro core composite transparent ceramic (Y3Al5O12, YAG). The micro-core Nd:YAG composite ceramics were fabricated to better manage the heat generation in the active gain medium when exposed to high-power laser pumping. Laser experiments were operated within a plane-concave or V-type resonant cavity for NIR laser emissions, around 1.06 µm and 0.95 µm under LDs pumping at 808 nm or 886 nm. Further, blue laser operations were carried out by using optimized conditions for a V-type resonant cavity.

Table of contents 1.1 Introduction

This part describes the applications based on the laser emission in visible spectral regions such as green, orange, red as well as deep red. A solid-state material is active gain medium of choice due to its compactness, ease of fabrication and minimal maintenance cost. Moreover, it can generate lasers with good beam quality. Among solid-state materials, visible semiconductor laser diodes (LDs) cover a wide spectrum of wavelengths. For instance, InGaN/GaN based LDs deliver violet-green lasers (405 -530 nm) [ 1] and InGaP/InAlGaP LDs generate red lasers at 635 -690 nm [ 2]. However, they exhibit several limitations by providing low beam quality at high power. Its monochromaticity needs to be improved as well. Moreover, the yellow-orange (600 -635 nm) lasers have not been covered by any commercial LDs until now.

On the other hand, a solid-state material consisting of dopant ions and transparent crystalline host is attractive candidate for the achievement of efficient laser emissions. By varying dopant ions, the emission can be adjusted in a wide range [ 3]. To cover visible spectral ranges as green, orange, red and deep red, in this work, we will focus on lanthanide ions doped into crystalline hosts for visible laser emissions.

Firstly, the applications of visible lasers will be described for different colors as follows: blue, green, orange, red and deep red. Then, the principals of lanthanide ions in a crystal field and the lightmatter interactions are presented to understand how to realize lasers. The selections of appropriated lanthanide ions and hosts will be introduced as bibliographic studies and summarized for both Pr 3+ and Nd 3+ ions. Moreover, several crystal growth techniques will be presented such as the Czochralski technique which is utilized in this work and also the other common-used crystallization techniques for comparison. Finally, the characterization techniques being utilized in this work will be given as well.

The applications of visible lasers 1.2.1 Blue and green lasers

Since several decades, blue and green lasers have been required for a wide variety of hightechnology applications such as high-resolution display, biomedical diagnostics and treatments, spectroscopy, data storage devices and holographic technique [ 4, 5, 6, 7, 8].

Concerning color display devices, the previous generation includes liquid crystal displays or LCD, LED/OLED (Organic Light-Emitting Diode). They are all typical RGB input devices. To form a color with RGB system, three primary color beams including blue, red and green are superimposed. The light beams at wavelengths 470+10 nm, 510+10 nm and 620+5 nm correspond to blue, green and red colors to the human eyes [ 9]. According to the chromaticity diagram in XY space (Figure .1), the visible lasers can effectively provide the most extended color zone when compared to other light sources as cathode ray tube, LCD or LED/OLED [ 10]. Additionally, laser beams are directional, thus higher brilliance sources are available. 

Orange lasers

Recently, laser emissions in yellow-orange spectral ranges have met a rotication for optical probes into flow cytometers. These instruments enable biomedical investigation. But they face to the lack of efficient yellow-orange laser source. The probe based on HeNe lasers providing the yellow excitation at 594 nm have been integrated into confocal microscopes. Nonetheless, this probe is not suitable for the cytometry due to its poor output power. At present, there are some progresses in the development of yellow laser sources [ 11]. The maximum output powers reach 100 mW which are already above the required conditions of cytometry but still quite low [ 12]. The yellow cytometer is commercially available and presented in Figure 2. For orange lasers around 620 nm. It is extremely hard to achieve with semiconductor laser diodes or any indirect method concerning the combination of nearinfrared emission and frequency doubling phenomenon.

Since the availability of blue laser diodes as pump sources, the interest of several lanthanide ions has raised. Thus, the development of orange laser emission is in progress by employing some lanthanide candidates such as Sm 3+ , Pr 3+ ions [ 13,14]. 

Red and deep red lasers

Since 1960, the first laser emission at 694 nm (deep red) in pulse mode was invented by operating on ruby as active gain medium [ 16]. Deep red lasers have attracted much attention, especially for medical domain. In 1964, the study of the effect of laser on skin have been published. The paper demonstrated the selective destruction of pigmented structure of the skin including hair follicles with the beam of ruby laser [ 17]. Interestingly, solid-state lasers have the capacities to destroy a target structure or tumor while leaving nearby tissue undamaged. Two decades later, pulse deep red lasers have been commercialized in Japan for the treatments of tattoos and pigmented lesions [ 18,19].

In addition, the red and deep red lasers emitting in 630 nm -750 nm exhibit a significant high penetration depth in a tissue without any side effects. They are frequently used nowadays for several applications in dentistry for example, laser fluorescence detection of subgingival calculus, detection of fissure caries lesions, profiling of tooth surfaces and scanning of models for orthodontics or holographic 3D imaging. Using lasers in dentistry, there are numerous advantages such as, the minimization of bleeding and swelling, no requirement of anesthesia, no contact or vibration device, fast healing of wound [ 20].

Fundamentals

This part consists of two main parts. The first one presents some basis in physics, which include the solving of Schrödinger equation by the perturbation theory, the energy level for lanthanide ions in crystalline hosts, the light-matter interactions and the laser process [ 21,22].

Moreover, the second part reports the bibliography studies of various Pr 3+ , Nd 3+ -doped oxide hosts, the Czochralski growth and the characterization techniques utilized in this thesis.

The rare earth ion

The elements of the third group scandium (atomic number Z = 21), yttrium (Z = 39), and also lanthanides including lanthanum (Z = 57) to lutetium (Z = 71) are classified into the rare earth (RE) element family. It has been found that these elements exhibit close chemical behaviors except Sc which is significantly smaller than others. Due to appropriate energy levels, the lanthanides from Ce (Z = [START_REF] Wei | High-Efficient Nd:YLF Q-Switched Laser Operating[END_REF] to Yb (Z = 70) are frequently used as dopant ions to fabricate solid-state active gain mediums which can provide laser emission in a variety of spectral regions.

Generally, lanthanides in atomic state have fully-occupied 5s, 5p and 6s orbitals. When atomic number rises, the 4f core orbital becomes filled up, leading to the lanthanide contraction, except these following elements: Lanthanum (La), Cerium (Ce), Gadolinium (Gd) and Lutetium (Lu) in which one electron is filled in the 5d orbital instead of the 4f orbital. Therefore, the electron configuration can be expressed in the given term [Xe]4f Z-56-n 5d n with n = 1 for La, Ce, Ga and Lu while n = 0 for other lanthanoids. When lanthanides are dopants into an ionic matrix, RE cations normally have trivalent state. However, the divalent (Eu, Yb) and tetravalent states (Ce, Pr, Tb) can possibly exist and exhibit the different spectroscopic property.

In the present of surrounding atoms, the crystal field interaction occurs and is considered as perturbation to the Hamiltonian of the system. For lanthanides, the 5s and 5d orbitals are fully occupied. This makes the electrons in the 4f core orbitals hardly affected by the surrounding atoms. The strong shielding of 4f orbital weakens the effect of crystal field interaction. Subsequently, the energy levels can conserve a discrete nature like the free ion and the transitions within 4f configuration can provide relatively narrow linewidths compared to transition metal ions.

In this work, the visible lasers are particularly of interest in the spectral range of 450 nm -750 nm. Lanthanide ions can generate proper laser emission. When the atomic number increases, an electron is not added to the outermost shell but rather to the inner 4f shell as presented in Figure 3. With raising atomic number, the ionic radius decreases (See Figure 4.). This phenomenon is referred as lanthanide contraction [ 23]. The extended 5𝑠𝑠5𝑝𝑝 shells which are completely filled weaken the interaction of 4f electrons with any environment due to the screening effect. Additionally, Figure 5 demonstrates the energy level diagram of lanthanide ions had been reported by Dieke and Crosswhite in 1963 Figure 5. Energy levels of 𝟒𝟒𝟒𝟒 shells of lanthanide ions [24].

Chapter 1: Introduction and overview

The free ion

The energy of an ion can be determined by solving Schrödinger equation given in equation below (Eq. 1).

Eq. 1

𝐻𝐻|𝛹𝛹 𝑛𝑛 〉 = 𝐸𝐸 𝑛𝑛 |𝛹𝛹 𝑛𝑛 〉
Considering a free lanthanide ion, the Hamiltonian (H F ) is composed by several terms [ 25] including Hamiltonian of central field (H 0 ), Hamiltonian of Coulomb field (H ee ) and Hamiltonian of spin orbit (H ls ) as given in Eq. 6.

Eq. 2

𝐻𝐻 𝐹𝐹 = 𝐻𝐻 0 + 𝐻𝐻 𝑒𝑒𝑒𝑒 + 𝐻𝐻 𝑙𝑙𝑙𝑙
The first term takes into account the kinetic energy of all electrons in the system. The second one is considered as perturbation of the interaction between electrons. The third one involves the spinorbit interaction. The expressions of these Hamiltonian terms are demonstrated as follows:

Eq. 3

𝐻𝐻 0 = - ℎ 2 2𝑚𝑚 ∑ (𝛻𝛻 𝑖𝑖 2 + 𝑁𝑁 𝑖𝑖=1 𝑉𝑉(𝑟𝑟 𝑖𝑖 ))
Where h is the Planck constant. m is the electron mass. N is the number of electrons ∇ i is Nabla operator for the i th electron. 𝑟𝑟 𝑖𝑖 is a distance of the i th electron from the nucleus. V(r i ) corresponds to a potential caused by the charged sphere, which is assumed symmetric around the ion.

H ee term is generated from the coupling interaction between nearby electrons i th and j th . Regarding the central field approximation proposed by D. Hartree et al [ 26], electrons in the system move independently in the nucleus field and have spherically averaged potential of all the other electrons.

Therefore, the fundamental equation can be solved as given in Eq. 4. The first term is the sum of the potential energies of all the electrons in the field of the nucleus. The second one is the repulsive Coulomb potential of the interactions between electrons. This perturbation Hamiltonian leads to an influence with the same order of magnitude as the electron nucleus interaction.

Eq. 4 𝐻𝐻 𝑒𝑒𝑒𝑒 = ∑ (-

𝑍𝑍𝑒𝑒 2 𝑟𝑟 𝑖𝑖 𝑁𝑁 𝑖𝑖=1 + ∑ 𝑍𝑍𝑒𝑒 2 𝑟𝑟 𝑖𝑖𝑖𝑖 𝑁𝑁 𝑖𝑖=1
-𝑉𝑉(𝑟𝑟 𝑖𝑖 ))

Where Z is the nuclear charge. r ij is a distance between the i th electron and the j th electron. Moreover the term H ls term involves the coupling between the spin angular momentum (s i ) and the orbital angular momentum (l i ).

Eq. 5 𝐻𝐻 𝑙𝑙𝑙𝑙 = ∑ Where c is the speed of light in vacuum (3.00×10 8 m/s 2 ). Finally, H F can be derived by summing Eq. 3, Eq. 4 and Eq. 5 together. Thus, we obtained Eq. 6

𝐻𝐻 𝐹𝐹 = - ℎ 2 2𝑚𝑚 ∑ 𝛻𝛻 𝑖𝑖 2 -∑ 𝑍𝑍𝑒𝑒 2 𝑟𝑟 𝑖𝑖 𝑁𝑁 𝑖𝑖=1 𝑁𝑁 𝑖𝑖=1 + ∑ 𝑍𝑍𝑒𝑒 2 𝑟𝑟 𝑖𝑖𝑖𝑖 + ∑ 𝜉𝜉(𝑟𝑟 𝑖𝑖 )(𝑙𝑙 𝑖𝑖 • 𝑠𝑠 𝑖𝑖 ) 𝑁𝑁 𝑖𝑖=1 𝑁𝑁 𝑖𝑖=1
Basically, the Coulomb interaction generates various SL terms, resulting in degeneracy of energy level which is independent of the total angular momentum J . The notation of the levels is 2S+1 L. The spin-orbit interaction causes coupling between SL states, consequently depending on 𝐽𝐽.

For all elements belonging to lanthanide family, both perturbation terms, Ĥee and Ĥls, exhibit the same order of magnitude. The energy eigenstates can be determined from the linear combinations of LSstate with the same J ⃗ values. Besides, the J ⃗ degeneracy is depicted with the values of m j : the total degeneracy is 2J+1. The notation of the levels can be written as 2S+1 LJ.

The ion in the crystal field

When a free ion is incorporated in an ionic matrix. A crystal field influences and reduces its spherical symmetry according to the point symmetry of the ion site. The interaction between the electrons and the electrostatic field leads to a new perturbation term which causes energy splitting. The degenerated energy levels are called Stark levels. Therefore, the new Hamiltonian term, H CF must be considered and added into Eq. 2. The expression of H CF as a function of the electron coordinate r ⃗ is shown in Eq. 7

Eq. 7 𝐻𝐻 𝐶𝐶𝐹𝐹 = ∑ 𝐴𝐴 𝑘𝑘 ∑ 𝑟𝑟 𝑖𝑖 𝑘𝑘 𝑌𝑌 𝑘𝑘 (𝜗𝜗 𝑖𝑖 , 𝜑𝜑 𝑖𝑖 )

𝑖𝑖 𝑘𝑘

Where A k is structural parameters in the static crystal field expansion, depending on a crystallographic and charges of the host lattice. Y k (ϑ i , φ i ) is the spherical harmonics. ϑ i and φ i are the angular coordinates of the i th atom. r i k is a surrounding atom in the crystal host. K equals to 2, 4, 6.

Generally, Stark effect removes partially or totally the (2J+1) degeneracy of 2S+1 LJ manifold. For lanthanide ions with an even number of electrons, the degeneracy can be completely removed while an odd number results in (

) sublevels, called Kramers doublets.

Interactions of light and matter

This section introduces some basis involved in the realization of a laser emission. The processes can be categorized by the number of participating ion. With a single ion in the system, the process will be considered as intra-ionic process. When there are two or more ions which participate to the process, it is called inter-ionic process.

Intra-ionic processes

In general, a single electron can absorb an exciting photon and relax by radiative or non-radiative processes. These interactions are classified as intra-ionic processes. In an ideal two-system level, it concerns a single electron and two distinct energy levels which are the ground state and the excited state. The ground state with the energy E1 has the corresponding population density (N1) whereas the excited one possesses the energy E2 and the population density (N2). For intra-ionic processes, a single ion can interact with phonons in three different ways, leading to the absorption, spontaneous and stimulated emissions as depicted in Figure 6 left, center and right, respectively. 

a. Absorption

An ion can absorb a photon with energy hv provided that its energy equals to the energy gap (ΔE) between two distinct states of the ion as given in Eq. 8.

Eq. 8

ℎ𝑣𝑣 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛 = 𝐸𝐸 2 -𝐸𝐸 1
Where vphoton is photon frequency and h is the Planck constant (6.626×10 -34 J•s). In the case that E1 is the ground state, this process is called Ground State Absorption (GSA). When ions absorb the photon energy, they will be excited from the state E1 to the upper state E2. Subsequently, the population densities, N1 and N2 change with the respect of time as expressed by Eq. 9.

Eq. 9

� 𝑑𝑑𝑁𝑁 1 𝑑𝑑𝑜𝑜 � 12 = -𝜎𝜎 12 𝐹𝐹𝑁𝑁 1 = -𝑊𝑊 12 𝑁𝑁 1
W12 is the absorption probability from the ground state E1, F the photon flux and σ12 is the corresponding absorption cross section.

b. Spontaneous Emission

An excited ion can relax back to the ground state and lost its absorbed energy, hv by emitting spontaneously as demonstrated in Figure 6 center. The characteristic decay of the excited state E2 can be expressed in the term of time constant τrad (radiative lifetime). The relaxation probability of E2 state (A) is inversely proportional to the radiative lifetime as given:

Eq. 10

𝐴𝐴 = 1 𝜏𝜏 𝑟𝑟𝑟𝑟𝑟𝑟
Further, the relaxation probability is correlated with the change of population density as written in Eq. 11.

Eq. 11

� 𝑑𝑑𝑁𝑁 2 𝑑𝑑𝑜𝑜 � 𝑙𝑙𝑝𝑝 = -𝐴𝐴𝑁𝑁 2

c. Stimulated Emission

Also, Stimulated emission occurs via the relaxation of an excited ion to lower energy state. This process creates emitted photons with all identical features to the initial photon, for instance, the same frequency, phase, polarization as well as propagation direction. The rate equation of stimulated emission is given in Eq. 12.

Eq. 12

� 𝑑𝑑𝑁𝑁 2 𝑑𝑑𝑜𝑜 � 21 = -𝜎𝜎 21 𝐹𝐹𝑁𝑁 2 = -𝑊𝑊 21 𝑁𝑁 2
In an ideal two-system, the cross sections for absorption and stimulated emission can be equal by operating on the same distinct levels, E1 and E2, as shown, in Eq. 13 below.

Eq. 13

𝜎𝜎 12 = 𝜎𝜎 21 = 𝜎𝜎
Along the Z position of a medium, the rate of photon flux (F) can be derived by calculating the difference of aforementioned Eq. 12 and Eq. 13.

Eq. 14

�

𝑑𝑑𝐹𝐹 𝑑𝑑𝑑𝑑 � = 𝜎𝜎 21 𝐹𝐹𝑁𝑁 2 -𝜎𝜎 12 𝐹𝐹𝑁𝑁 1 = 𝜎𝜎(𝑁𝑁 2 -𝑁𝑁 1 )𝐹𝐹

In conclusion, the derived Eq. 14 demonstrates that the population density of the upper level N2 must be higher than N1 in order to realize an amplification of photon flux. Nevertheless, in an ideal twolevel-system, the transition probabilities W12 and W21 are equal, also the photon flux F12 = F21. In consequence, the population inversion cannot take place and no gain can be generated. Therefore, the 3-or 4-level system is required to satisfy the condition N2 >N1.

d. Excited state absorption

Regarding the system with many energy levels, the absorption processes can occur competitively by starting on any energy states as long as the condition shown in Eq. 1 is fulfilled. For the absorption starting from an excited state, it is called the excited state absorption (ESA). For laser purpose, the ESA process is disadvantageous, especially when σESA is higher than σGSA, because it can prevent from the stimulated laser emission originating from that excited state.

e. Selection Rules

This work deals with the transitions of lanthanide ions which occur within the core orbital 4f n . The corresponding energy level diagrams spread over an extended energy range of 0 cm -1 -40,000 cm - 1 . Therefore, the states with the same parity (4f-4f) are considered. According to the Laporte selection Rule, the electric dipole interactions are forbidden in a centrosymmetric environment. Nevertheless, the forbidden transitions can possibly take place and exhibit weaker intensities than the allowed ones.

Besides, the 4f n 5d inter-configuration transition can occur. The energy states, based on a different parity of 4f-5d leads to the allowed electric dipole transitions. Subsequently, the cross sections are orders of magnitude greater than the forbidden transitions. Generally, a transition from one quantum state to another is allowed with respect of the electric-dipole selection rules as follows:

1. ∆l = ±1 2. |∆𝑆𝑆| = 0 3. |∆𝐿𝐿| ≤ 2𝑙𝑙 4. |∆𝐽𝐽| ≤ 2𝑙𝑙 except J = 0 → J' = 0

f. Multiphonon relaxation

In general, 4f electrons in a crystal host can be weakly coupled with lattice vibrations. This leads to multiphonon relaxation (MPR) as shown in Figure 7, which is non-radiative and diminishes fluorescence quantum efficiency, therefore undesirable for laser applications. The MPR process is host dependent and occurs when an energy gap between an excited state and a next lower state is greater than a maximum phonon energy of the host as expressed in Eq. 15 [ 27].

Eq. 15

𝐻𝐻 𝐶𝐶𝐹𝐹 = 𝐻𝐻 𝐶𝐶𝐹𝐹-𝑙𝑙𝑜𝑜𝑠𝑠𝑜𝑜𝑖𝑖𝑐𝑐 + ∑ 𝜕𝜕𝑑𝑑 𝜕𝜕𝑄𝑄 𝑖𝑖 𝑄𝑄 𝑖𝑖 𝑖𝑖 + ℎ𝑖𝑖𝑖𝑖ℎ𝑒𝑒𝑟𝑟 𝑜𝑜𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟 𝑡𝑡𝑒𝑒𝑟𝑟𝑡𝑡𝑠𝑠
Where V is the potential seen by the electron and the Qi are the normal mode of lattice vibration. The zero th order term, HCF-static corresponds to the breaking of f-f parity selection rule. This enables the electric dipole transitions within the 4f configuration. Furthermore, the 1 st and 2 nd terms relate to the modulation of the crystal field caused by the vibration of ions in the matrix and can be represented as term HCF-dynamic. Considering the high-order process, above 3 phonons, the MPR rate depends strongly on the phonon numbers found between the energy gap. The multiphonon transitions can be considered as the emission of quasi-particles. Each phonon has an energy Ep.

Eq. 16

𝐸𝐸 𝑝𝑝 = ħ𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒
Where ω eff is the frequency of a phonon and ħ is the reduced Planck constant. The phonon emission is considered as non-radiative transition. The relation between ΔE and the phonon energy can be written as following:

Eq. 17

∆𝐸𝐸 = 𝐸𝐸 2 -𝐸𝐸 1 = 𝑛𝑛ħ𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒
Where n is the number of phonons involved in the relaxation. The phonon energy spectrum is characteristic for a crystalline host and depends strongly on oscillation factors related to the host, which include the mass of the lattice ions, the binding strength and also the lattice structure.

In general, the Bose-Einstein (BE) distribution can be employed to calculate the population of discrete energy states. The BE distribution depends systematically on temperature and several factors as expressed in Eq. 18.

Eq. 18

𝜔𝜔 𝑃𝑃 (𝑇𝑇) = 𝑊𝑊 0 • 𝑒𝑒 -𝑠𝑠∆𝐸𝐸 (1 -𝑒𝑒 - ħ𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾𝐾𝐾 ) -𝑝𝑝
Where W0 and a are characteristic constants which are both inherent to the host. They relate to the ion-ion coupling or energy transfer to impurities. However, the level of impurity can be limited by using raw materials with high purity, at least 4N to perform the crystal growth. The ion-ion coupling is relatively weak in the case of a RE ion due to the strong shielding of 4f n levels. Moreover, p is the phonon number which is found within an energy gap between two distinct levels. According to the papers of Riseberg and Moos [ 28,29], the multiphonon transitions are important when the energy gap is bridged with less than five phonons.

Inter-ionic processes

The interionic processes occur via the interactions between two or more nearby ions. In the process, there are two types of ions, including donor (D) and acceptor (A). A donor ion absorbs an exciting photon and the energy relaxes to the initial state. This energy will transfer to another ion, socalled acceptor. This can be expressed in Eq. 19.

Eq. 19 𝐷𝐷 and D ' , A and A ' are donor and acceptors ions in initial and excited states, respectively. The term E mp corresponds to the multiphonon energy of upper manifold. As illustrated in Figure 8, the transferred energy, ∆E can be equal or less than the energy gap between 𝐷𝐷 and D ' . In the presence of multiphonon transition, the value of ∆E follows the given relation.

𝐷𝐷 ′ + 𝐴𝐴 = 𝐷𝐷 + 𝐴𝐴 ′ + 𝐸𝐸 𝑚𝑚𝑝𝑝

Eq. 20

𝐸𝐸 𝑔𝑔𝑠𝑠𝑝𝑝 = ∆𝐸𝐸 + 𝐸𝐸 𝑚𝑚𝑝𝑝 Furthermore, there are various types of inter-ionic interactions such as energy transfer upconversion, cross relaxation, energy migration and reabsorption. These processes are all illustrated in Figure 9. 

a. Energy transfer up-conversion

Initially, both donor and acceptor ions must be found in excited states as shown in Figure 9 (a) with the red and violet circles, respectively. The process begins when the donor relaxes to lower energy state. The transferred energy emitted excite the acceptor to upper state as presented in black arrows.

b. Cross Relaxation

The cross-relaxation process or self-quenching is quite similar to the energy transfer, described in the previous section A. Both acceptor and donor are identical ions: donor occupies an excited state when acceptor is in its ground state. At the end of this process, donor and acceptor ions will dissipate their energy via non radiative relaxation.

c. Energy migration

For an energy migration process, a donor and an acceptor have the same couple of the energy states. A donor ion transfers its absorbed energy to an acceptor having the same energy level as the acceptor. Therefore, this can be also called resonant interaction. Nevertheless, this energy can migrate to some impurities or defects in crystalline structure as well. This energy then dissipates into heat loss.

d. Reabsorption

A reabsorption process involves the emission of a donor ion and the successive absorption of an acceptor ion. This process is also resonant type which can repeat many times within a gain medium. It has an important effect on the measurement of optical spectroscopic properties, including fluorescence lifetime, the magnitude of emission cross section. Therefore, it is suggested to take the reabsorption process into account when performing the fluorescence measurements.

The laser principle

Laser beam, which is an intense photon flux can be realize by satisfying the requirements of the population inversion process and the stimulated emission. As shown in Eq. 14, an ideal two-level system leads to no gain of photon flux. The operating system must have at least three energy levels in order that the population inversion is possible. To generate lasers, an optical resonator, set up with mirrors coated for high reflectivity (HR) at desirable wavelengths is utilized to amplify the photon flux and to promote the stimulated emission. An active gain medium, placed between mirrors will be excited thanks to a pump source and will emit photons by spontaneous and stimulated ways. The stimulated emission will become dominant with the help of a resonator. In this work, the laser operations of Pr 3+ and Nd 3+ ions will be studied for visible and NIR spectral regions, respectively. These lasers constitute Quasi-Three and Four Level systems. Hence, both systems will be described in this section.

Four-Level System

As depicted in Figure 10, the Four-Level system consists of Stark levels E0, E1, E2 and E3 with the corresponding populations N0, N1, N2 and N3, respectively. In this system, the laser emission can be easily reached. The threshold pump power is normally lower than in Three-Level or Quasi-Three Level systems. Under pumping, the inversion population occurs between the states E3 and E1. The non-radiative relaxations correspond to the rapid transitions between successive Stark levels E3→E2 and E1→E0. According to the Boltzmann distribution, the state E1 is much less populated than the ground level E0 (N1 < N2). This leads to easy inversion of population between E2 and E1 states. In addition, the population of different energy states and the total population, Ntotal, is expressed as follows:

1. N3 = N1 = 0 2. Ntotal = N2 + N0 Since the population inversion is allowed, N2 is not null. Its temporal behavior can be expressed as:

Eq. 21

𝑑𝑑𝑁𝑁 2 𝑑𝑑𝑜𝑜 = 𝑊𝑊 𝑝𝑝 𝑁𝑁 0 - 𝑞𝑞𝑐𝑐 𝐴𝐴 𝑙𝑙 𝐿𝐿 ′ • 𝜎𝜎 𝑒𝑒𝑚𝑚 𝑁𝑁 2 - 𝑁𝑁 2 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒
Where, the factor q is the photon numbers in the pumped area Al. τ eff is effective lifetime of an energy state, which can be derived by integrating the time evolution of the corresponding fluorescence decay as given in Eq. 22.

Eq. 22

𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 = 1 𝐼𝐼 0 ∫ 𝐼𝐼(𝑡𝑡)𝑜𝑜𝑡𝑡 ∞ 0
The effective length of the resonator (L ' ) can be calculated from the length of gain medium (l) the refractive index (n) and the distance (L) between mirrors as presented in Eq. 23. The term Wp is pump rate. It can be seen that the population inversion between two distinct states (E0, E3) depends on the pump rate.

Eq. 23

𝐿𝐿 ′ = 𝐿𝐿 + (𝑛𝑛 -1) • 𝑙𝑙
Furthermore, q is the photon numbers in a pumped area Al. The temporal evolution of exciting photons can be derived by using Eq. 24. Basically, the first term involves generating photon flux by stimulated emission within a resonator whereas the second order one corresponds to photon loss processes.

Eq. 24

𝑑𝑑𝑞𝑞 𝑑𝑑𝑜𝑜 = 𝑞𝑞 • ( 𝑁𝑁 2 𝑙𝑙𝑐𝑐𝜎𝜎 𝑒𝑒𝑒𝑒 𝐿𝐿 ′ - 1 𝜏𝜏 𝑝𝑝 )
τp is the lifetime of pumping photons and can be calculated with the given Eq. 25.

Eq. 25

𝜏𝜏 𝑝𝑝 = 𝐿𝐿 ′ 𝛾𝛾𝑐𝑐
When employing optical mirrors for the resonant cavity, loss processes occur in a single pass of the cavity. The total loss (γ) consists of two different terms as transmittance (γj) and internal losses (γi) as shown in Eq. 26. Furthermore, the terms γj and γi are expressed in Eq. 27 and Eq. 28, respectively. The internal losses include the reflection at the mirror surfaces, the scattering caused when light interacts with impurities or defects of the gain medium, and the reabsorption process.

Eq. 26

𝛾𝛾 = 𝛾𝛾 𝑖𝑖 + ∑ 𝛾𝛾 𝑗𝑗 𝑗𝑗 Eq. 27 𝛾𝛾 𝑗𝑗 = -𝑙𝑙𝑛𝑛 (1 -𝑇𝑇 𝑗𝑗 )
Eq. 28

𝛾𝛾 𝑖𝑖 = -𝑙𝑙𝑛𝑛 (1 -𝐿𝐿 𝑖𝑖 )

Quasi-Three-Level System

A Quasi-Three-Level system is an intermediate system between 3-and 4-levels systems. This system is illustrated in Figure 11. The state E1 is very close to the ground state E0 and usually belongs to the same manifold. Consequently, the Stark level E1 can be thermally populated (Boltzmann distribution) although the gain medium is not optically pumped. The thermal population must be taken into account for the rate calculation of population inversion, thus Eq. 21 is corrected for the thermal population term and given as Eq. 29.

Eq. 29

𝑑𝑑𝑁𝑁 2 𝑑𝑑𝑜𝑜 = 𝑊𝑊 𝑝𝑝 𝑁𝑁 0 - 𝑞𝑞𝑐𝑐 𝐴𝐴 𝑙𝑙 𝐿𝐿 ′ • (𝜎𝜎 𝑒𝑒𝑚𝑚 𝑁𝑁 2 -𝜎𝜎 𝑠𝑠𝑎𝑎𝑙𝑙 𝑁𝑁 0 ) - 𝑁𝑁 2 𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒

How to realize the laser emission in visible regions

Based on the laser principle presented in section 1.3.3, laser emissions can be achieved in active gain medium as single crystal. Regarding the energy level diagram of Dieke and Crosswhite (Figure 5), praseodymium and neodymium ions are chosen in this work for the development of solid-state lasers in the visible spectral range of 450 nm -750 nm.

Active lanthanide ions 1.4.1.1 Trivalent praseodymium ion

Praseodymium element is classified as lanthanide ion by possessing the atomic number (Z) of 59. Its trivalent ions, Pr 3+ have two electrons filled in the 4f orbital. The corresponding electron configuration can be written as [Xe]4f 2 . According to its partial energy level diagram illustrated in Figure 12 (a), the ground state is 3 H4 and the energy levels 3 P1 and 1 I6 overlap. Although, the intra-configuration transitions of 4f 2 →4f 2 is dipole forbidden when considering Laporte selection rules, they occur with the order of absorption cross section in the range 10 -19 -10 -20 cm 2 , depending on host lattice. These transitions are beneficial to generate visible lasers. With an optical pumping in blue spectral region, the GSA absorptions of 3 H4→ 3 P0, 3 P1, 1 I6 or 3 P2 can be realized. The radiative relaxations originate from the metastable levels 3 P0 and 3 P1, can lead to laser emissions in various visible spectral ranges for instance, cyan ( 3 P0→ 3 H4), green ( 3 P1→ 3 H5), orange ( 3 P0→ 3 H6), red ( 3 P0→ 3 F2) as well as deep red ( 3 P0→ 3 F3). For this 4f 2 configuration, the highest energy level is 1 S0.

The energy gap between the 3 P0 and the 1 D2 manifold is normally about 3500 cm -1 . However, it varies according to host materials. The energy gap has an influence on the non-radiative relaxation between these two distinct manifolds, causing the rapid depopulation of the upper energy level [ 30]. In addition, Pr 3+ doping concentration causes self-quenching phenomenon through cross relaxation processes (See Figure 12 On the other hand, the 4f 1 5d 1 configuration is located at higher energy close to the energy level of 1 S0 as presented in Figure 12 (b). Its lowest lysing state depends strongly on the crystal field effect. Among hosts, most of fluoride hosts possesses a crystal field relatively weaker than oxides. Consequently, the 4f 1 5d 1 levels are all found above 47000 cm -1 as well as the highest mutliplet of 4f 2 ( 1 S0). Thus, the ESA process cannot occur under ant blue optically pumping. These result in excellent spectroscopic properties and finally in efficient visible lasers of Pr 3+ -doped fluoride hosts. In contrast, a host with strong crystal field such as some oxides has a large splitting of the 4𝑓𝑓 1 5𝑜𝑜 1 multiplets. This makes the lowest lying state of 4𝑓𝑓 1 5𝑜𝑜 1 configuration below the 1 S0 multiplet. In this condition, the ESA processes via 4𝑓𝑓 2 →4𝑓𝑓 1 5𝑜𝑜 1 transition can take place from the 3 P0, 1, 2 energy levels. It should be noted that the probability of ESA processes relates to 4𝑓𝑓 1 5𝑜𝑜 1 band. Since the intra-configurational transitions are parity allowed (see Section 1.3.2. E), the magnitude of ESA cross sections are much greater than that of intra-configurational transitions 4𝑓𝑓 2 →4𝑓𝑓 2 (GSA transitions). The presence of ESA processes is undesirable to reach high-efficient laser emissions.

Considering radiative properties, the magnitude of emission cross section depends systematically on hosts but it and is generally found in the order of 10 -19 and 10 -20 cm 2 for fluoride and oxide hosts, respectively. From the energy level diagram of Pr 3+ , the laser system can be varied between Four-or Three-Level systems. Moreover, cross relaxations can be observed as demonstrated in Figure 12 (a) (black arrows). The depopulation of the state 3 P0 via non-radiative transitions including ( 3 P0, 3 H4) → ( 1 D2, 3 H6) and ( 3 P0, 3 H4) → ( 1 G4, 1 G4) can effectively decrease the fluorescence intensity of visible emissions. Therefore, depending on host, the doping concentration has to be limited below a critical point in order to prevent the quenching phenomena when operating on Pr 3+ ions. Table 1 and Table 2 show some examples of Pr 3+ doped solid-state materials based on fluoride and oxide hosts, with their concerning features which relate to the laser efficiency in visible spectral regions. σabs at λp 10 -20 3 H4 → 3 P2 (cm 2 ) FWHM at λp (nm) λL1 3 P1 → 3 H5 (nm) σem at λL 10 -20 , 3 P0 → 3 H5 (cm 2 ) λL2 3 P0 → 3 H6 (nm) σem at λL 10 -20 , 3 P0 → 3 H6 (cm 2 ) λL3 3 P0 → 3 F2 (nm) σem at λL 10 -20 , 3 P0 → 3 F2 (cm 2 ) λL4 3 P0 → 3 F4 (nm) σem at λL 10 -20 , 4 F3/2 → 3 F4 (cm 2 ) Maximum phonon energy (cm -1 ) Thermal conductitiy (Wm -1 K - σabs at λp 10 -20 3 H4 → 3 P2 (cm 2 ) FWHM at λp (nm) λL1 3 P1 → 3 H5 (nm) σem at λL 10 -20 , 3 P0 → 3 H5 (cm 2 ) λL2 3 P0 → 3 H6 (nm) σem at λL 10 -20 , 3 P0 → 3 H6 (cm 2 ) λL3 3 P0 → 3 F2 (nm) σem at λL 10 -20 , 3 P0 → 3 F2 (cm 2 ) λL4 3 P0 → 3 F4 (nm) σem at λL 10 -20 , 4 F3/2 → 3 F4 (cm 2 ) Maximum phonon energy (cm -1 ) Thermal conductitiy (Wm -1 K - * σabs and σem -absorption and emission cross sections, respectively.

In conclusion, fluoride hosts exhibit maximum phonon energies in the range of 350 -450 cm -1 and also advantageous properties like weak crystal field, high fluorescence lifetime, low maximum phonon energy, strong cross sections (absorption and emission) [33,34,35,36]. Especially, Pr 3+ -doped LiYF4 single crystal is well-known as potential active gain medium for visible lasers. Table 3 summarizes the laser performances of Pr:YLF operated under 2ωOPSL pumping by P. W. Metz et al [ 46] in 2014.

Nevertheless, it should be noted that some oxide hosts have also maximum phonon energy comparable to that of LiYF4 such as perovskite LaAlO3 and sesquioxide Y2O3 Unfortunately, there are several limitations in term of thermomechanical features such as thermal conductivity, Mohs hardness and segregation coefficient. A fluoride host with these mentioned drawbacks will be easily damaged or cracked during laser operation. In addition, the low segregation coefficient indicates the inhomogeneous distribution of Pr 3+ ions into a single crystal. For Pr:YLF single crystal, the segregation coefficient is very low around 0.2. Moreover, it is very difficult to grow a fluoride single crystal with a large size and high optical quality. During the growth process, any traces of H2O or O2 compounds can incorporate into a fluoride and form unavoidably oxyfluoride compounds, scattering centers, and cause the internal losses when performing laser operations. To improve the crystal quality, the growth process must be controlled under some specific conditions. Further, the aggressive CF4/HF reagent can be required.

Considering oxide hosts, their spectroscopic features are typically less promising than fluorides as high or maximum phonon energies, shortening fluorescence lifetime of 3 P0 state. Moreover, in some oxide hosts, the ESA transitions are present due to the strong redshift of the 4𝑓𝑓 1 5𝑜𝑜 1 barycenter and to the higher splitting of this configuration caused by crystal field effect. Nevertheless, many oxide single crystals have superior thermomechanical properties compared to fluorides (see Table 1), like moderatehigh thermal conductivity and Mohs hardness. In particular, an oxide host with congruent melting behavior can be easily elaborated with excellent optical quality under ambient or N2 atmosphere by using Czochralski method. Furthermore, high coordination number or long distance Pr-O can be found among oxide hosts to weaken the crystal field effect [3]. Consequently, the spectroscopic and radiative properties of Pr 3+ ions can be less influenced. Hence, it is interesting to focus on Pr 3+ -doped promising oxide hosts properly selected for the development of visible laser emissions.

For several decades, a few works have revealed the spectroscopic properties and cw laser efficiencies of various Pr 3+ -doped various oxide hosts including Pr 3+ -doped perovskite (YAlO3) and Pr 3+ -doped hexaaluminate (SrAl12O19, CaAl12O19 and LaMgAl11O19). These resulting lasers are encouraging to continue the development of new Pr 3+ -doped oxide hosts. From the literature, some attractive oxides have been found. They belong to different host families as hexaaluminate, perovskite, melilite, sesquioxide and germanate. The two former ones are considered as potential hosts for Pr 3+ doping whereas the others are new materials for visible lasers. To the best of our knowledge, there was no report on the crystal growth of germanate doped with Pr 3+ ions. Hence, this work deals with Pr 3+ doped oxide-based hosts as given:

 hexaaluminate (Sr1-xLaxMgxAl12-xO19, ASL)  melilite (SrLaGa3O7, SLGM)  perovskite (LaAlO3, LAP)  sesquioxide (Y2O3)  germanate (LaGaGe2O7, LGGO)
The structure and involving physical and spectroscopic properties will be discussed for each one in the section 1.4.2.

Trivalent neodymium ion

Nd 3+ ion with the atomic number of 60 have the electron configuration of [Xe]4𝑓𝑓 3 . It is the most famous lanthanide ion to realize direct laser emissions in the NIR spectral region. Moreover, these NIR emissions can be turned to visible lasers by means of second harmonic generation (SHG), thanks to a non-linear optical crystal. Before the availability of commercial blue laser diodes and 2ω-OPSL in the 21 th century. Most of research has focused on the frequency doubling of NIR lasers to reach visible laser emissions instead of the direct emitting by other lanthanide ions. A partial energy level diagram of Nd 3+ ion is presented in Figure 13 (a). The ground state of Nd 3+ ion is 4 I9/2. There are several overlapped states such as ( 4 F7/2, 4 S3/2), ( 4 F5/2, 2 H9/2), ( 4 G7/2, 4 G5/2) and ( 2 K13/2, 2 G7/2, 2 G9/2). In order to excite Nd 3+ ions, the commercial LDs pump which provide the excitation at 0.81 µm and 0.89 µm are suitable to realize the GSA transitions, 4 I9/2→ 4 F7/2, 4 S3/2 and 4 I9/2→ 4 F5/2, 2 H9/2, respectively. These transitions are presented in Figure 13 a (navy arrows). The non-radiative process occurs rapidly from the multiplets 4 F7/2 or 4 F7/2 to the metastable state 4 F3/2 from which the radiative relaxations take place via the following channels: 4 F3/2→ 4 I9/2, 4 F3/2→ 4 I11/2 and 4 F3/2→ 4 I13/2. The corresponding emission lines are located around 0.95 µm, 1.06 µm and 1.34 µm, respectively. Furthermore, the cross-relaxation processes are present as following: ( 4 F3/2, 4 I9/2) → ( 4 I15/2, 4 I13/2) and ( 4 F3/2, 4 I9/2) → ( 4 I13/2, 4 I15/2). Furthermore, many upper states within 4f n configuration of Nd 3+ enable the ESA and energy transfer upconversion (ETU) processes. Figure 13 (b) illustrates ESA and ETU processes observed in Nd:GdVO4 material under optical pumping at 0.81 µm. These processes depopulate the metastable state level 4 F3/2. The efficiency of laser emission will decrease. Sometimes, the distinction between ETU and ESA processes is not evident. The ETU processes result from the interaction between two nearby Nd 3+ ions occupying the metastable state 4 F3/2. The process starts when the electrons in the 4 F3/2 state relaxes to the low-lying states 4 I11/2 or 4 I13/2. The relaxed energy is transferred to the second ion in the excited state 4 F3/2; that will be excited to several higher excited states such as ( 2 K5/2, 2 G9/2, 4 G11/2) or ( 4 G7/2, 4 G9/2, 2 K13/2). The ETU processes are depicted in Figure 13 (b) (black arrows and circles). The ESA processes can be mainly categorized into two types including ESAPR (Excited State Absorption by Pump Radiation) and ESALR (Excited State Absorption by Laser Radiation). Both ESA processes follow firstly the GSA process of a single Nd 3+ ion to the excited states ( 4 F5/2, 2 H9/2). After the non-radiative decay, the ion is found at the metastable state 4 F3/2. Here, there are two possibilities to the second excitation. Firstly, the ion will be excited again from the excited state 4 F3/2 to the final state 2 P3/2 with the help of the second pump excitation at 0.81 µm. This is so-called ESAPR process. Secondly, the ion at the energy state 4 F3/2 absorb laser emissions at 1.06 or 1.34 µm and a) b)

are excited to the upper states ( 4 G7/2, 2 G9/2, 2 K13/2) and ( 4 G9/2, 4 G11/2 and 2 K15/2), respectively. Both processes coexist and result in the population of the excited states 4 G7/2, 2 G9/2 and 2 K13/2.

Most of Nd 3+ -doped active gain medium exhibit dominant emissions through the channels 4 F3/2→ 4 I11/2 or 4 F3/2→ 4 I13/2 in the 4 levels laser scheme. As a consequence, Nd 3+ doped materials integrated with a non-linear crystal make the remarkable development of green and red lasers: single crystals of Nd:YVO4, Nd:Y3Al5O12 and Nd:LiYF4 combined with nonlinear crystal LiB3O5 (LBO) or KTiOPO4 (KTP) exhibit high powers of green and red lasers [ 50, 51, 52, 53]. Otherwise, there were several attempts to achieve orange lasers by using Nd 3+ doped solid-state materials. Only a few milliwatt of orange laser has been realized by summing the two emission lines at 1.06 and 1.34 µm [START_REF] Ma | Optics & Laser Technology Continuous-wave yellow laser generation at 578 nm by intracavity sum-frequency mixing of thin disk Yb:YAG laser and Nd : YAG laser[END_REF][START_REF] Yuan | Optik Laser diode pumped Nd:YAG crystals frequency summing 589 nm yellow laser[END_REF]. To operate sum frequency generation (SFG), the resonant cavity is more complex than that of doubling frequency by requiring two Nd 3+ doped materials combined with one nonlinear single crystal. Figure 14 (a) and (b) show the laser cavities for sum frequency in the yellow range when using Nd:YAG/LBO and Nd, Yb:YAG/LBO, respectively. Y. Yuan et al. reported that the maximum output power of yellow lasers was 100 mW with an incident pump power of 2W. Considering this low efficiency and the complexity of system, the indirect emitting might not be the most suitable method to realize lasers in yellow spectral regions. Moreover, there is no possibility to accomplish the orange laser (0.60 µm -0.62 µm) by using this approach. As previously mentioned, the orange lasers could be attainable in a simple resonant cavity when operating an appropriate lanthanide ion such as Pr 3+ instead.

In this work, we are interested to find a new promising NIR materials for the development of blue laser. Thus, the other channel 4 F3/2→ 4 I9/2, emitting at the shortest wavelength around 0.95 µm can be profitable in the framework of frequency doubling. Many years ago, few papers showed moderate output powers of 946 nm lasers when operating on Nd 3+ doped materials. The branching ratio of the involved transition 4 F3/2→ 4 I9/2 is relatively low compared to the others, and the ground state 4 I9/2 is normally the most populated. Thus, the use of Nd 3+ doped materials exhibiting large branching ratio of channel 4 F3/2→ 4 I9/2 is a very important key.

Numerous works have reported spectroscopy, physical properties and laser performances of different Nd 3+ -doped hosts (fluoride and oxide). Some characteristics of interesting materials are shown for comparison in Table 4 andTable 5. In contrast to Pr 3+ doped materials, the lasing efficiencies of Nd 3+ doped oxides are superior to fluorides as the maximum phonon energy have a small influence on NIR emission. It has been found that the single crystals of Nd 3+ -doped garnet Y3Al5O12 (YAG) [START_REF] Guo | Crystal growth, Judd-Ofelt analysis and radiative properties of Nd:YAG single crystal grown by HDS[END_REF][START_REF] Lü | Simultaneous three-wavelength continuous wave laser at 946 nm, 1319 nm and 1064 nm in Nd:YAG[END_REF], Nd 3+ -doped vanadate YVO4, (YVO) or GdVO4 (GdVO) [START_REF] Bo | Highly efficient continuous-wave 912 nm Nd:GdVO4 laser emission under direct 880 nm pumping[END_REF][START_REF] Krennrich | A comprehensive study of Nd:YAG, Nd:YAlO3, Nd:YVO4 and Nd:YGdVO4 lasers operating at wavelengths of 0.9 and 1.3 µm. Part 2: Passively mode locked-operation[END_REF] and Nd 3+ -doped sesquioxide like Lu2O3 [START_REF] Brunn | Efficient laser operation of Nd 3+ :Lu2O3 at various wavelengths between 917 nm and 1463 nm[END_REF][START_REF] Li | All-solid-state continuous-wave frequency doubling Nd:Lu2O3/LBO red laser at 679.2 nm[END_REF][START_REF] Xu | Efficient laser operation based on transparent Nd:Lu2O3 ceramic fabricated by Spark Plasma Sintering[END_REF] are remarkably efficient active gain medium for NIR emissions (See Table 3). Nevertheless, the gain mediums of Nd:YAG and Nd:YVO exhibit some drawbacks. For example, Nd:YAG has a narrow absorption line at 0.81 µm and it is very sensitive to pump wavelength. This characteristic is disadvantageous because LDs pump sources provide large emission band. Besides, it is difficult to grow a large-size of vanadate single crystal as YVO with high optical quality due to its strong volatility. Sesquioxide hosts have become attractive candidate for solid-state lasers. Nd:Y2O3 combines several advantageous features including good thermomechanical properties and high branching ratio for 4 F3/2→ 4 I9/2 transition [70]. In addition, Nd 3+ doped orthotantalate GdTaO4 (GTO) has been recently grown and studied. It could be a promising laser host by possessing high thermal conductivity, suitable segregation coefficient and congruent melting [START_REF] Yu | High-power disordered Nd:CaYAlO4 lasers at 1.08 μ m[END_REF].
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Therefore, we focus on Nd 3+ -doped promising oxide hosts as Y2O3, GdTaO4 and Y3Al5O12. Nonetheless, the crystal growth of Y2O3 have many complications. Its melting point is very high around 2400 °C and limits the choice of crucible for crystal growth Moreover a phase transition is present about 100°C below the melting point and can generate twins inside a growing single crystal [START_REF] Kumar | Spectroscopic and stimulated emission characteristics of Nd 3+ in transparent Y2O3 ceramics[END_REF]. It is thus difficult to obtain a Y2O3 boule with good optical quality by Czochralski technique. Alternatively, the ceramic preparation can be a good solution and will be utilized to synthesize the laser-grade transparent ceramic of Nd:Y2O3 in this work.

Selected oxide hosts for Pr 3+ ion

The appropriate properties for visible laser materials are described in the section 1.7.1. Some examples are gathered and shown in Table 1 as well. From the bibliographic studies, there are few oxide hosts which correspond to our selection criteria. The encouraging materials chosen to be studied in this work belong to these oxide families: hexaaluminate (Sr1-xLaxMgxAl12-xO19), melilite (SrLaAl3O9), perovskite (LaAlO3), sesquioxide (Y2O3) and germanate (LaGaGe2O7). All of them are congruent materials with the melting point below 2150 °C except Y2O3. Thus, the Czochralski technique with the use of an iridium crucible is suitable to grow these materials. This growth technique is introduced in the section 2.4.1 and compared to other techniques.

The selected Pr 3+ doped oxides present the good combination of radiative and thermomechanical properties as listed below:

 long Pr-O distance, weak crystal field strength  small maximum phonon energy in the range of 450 -900 cm -1  weak cross relaxation process of Pr 3+ ion  high fluorescence lifetime (12 -40 µs) for the emitting states 3 P0,1  good thermal conductivity (4 -11 Wm -1 K -1 )  homogenous incorporation of Pr 3+ ion (segregation coefficient close to 1)  easy crystal growth of the host material

The following part deals with the structure, the spectroscopy and some physical properties of the oxide hosts being prepared and investigated in this thesis.

Hexaaluminates Sr1-xLaxMgxAl12-xO19 a. State of the art

The hexaaluminate host is derived from magnetoplumbite structure and has a chemical formula of AB12O19. Where A = Sr 2+ , Ca 2+ or La 3+ and B = Al 3+ . Referred to recent works [39, 71 , 72], this oxide family attaches much attention for Pr 3+ ion doping by presenting several promising features, especially good thermal conductivity, fluorescence lifetime comparable to Pr:YLF and high coordination number of 12 (See Table 1). The corresponding distance Pr-O is relatively longer than other oxide hosts. Consequently, the perturbation of crystal field could be weakened.

Considering its energy level diagram, the lowest lying state of the 4f 1 5d 1 configuration is found at 46×10 3 cm -1 . The highest excited multiplet within 4f 2 configuration ( 1 S0) is around 47×10 3 cm -1 [ 73], thus above the lowest one of the 4f 1 5d 1 band. In this condition, the ESA processes are impossible under blue LDs or 2ωOPSL due to the fact that the energy gap between these involving multiplets is significantly large (24×10 3 cm -1 ). Since hexaaluminate has become attractive solid-state host for Pr 3+ ions, several single crystals have been grown as Pr: SrAl12O19 (SRA), Pr:LaMgAl11O19 (LMA) as well as Pr:CaAl12O19 (CALO) by using Czochralski method for visible-laser investigations [39,71,72]. The lasing results indicate that Pr:SRA is the most efficient active gain medium among other hexaaluminates. For Pr:LaMgAl11O19 (LMA) and Pr:CaAl12O19 (CALO), the lower laser efficiencies can be attributed to the disordered structure of LMA and the poor incorporation of Pr ions in CALO. Interestingly, Pr:SRA exhibited laser emissions as efficient as Pr: LiYF4 (YLF) which is well-known as the most efficient active gain medium for visible-laser emissions. Normally, the melting behavior of hexaaluminate depends on the element A. For example, the binary phase diagram of SrO-Al2O3 indicates a noncongruent melting behavior of SRA According to Figure 15 (b), the peritectic point is covered by an Al2O3 and liquid phase at the stoichiometric composition of SRA with 85.6 wt.% Al2O3. The crystal growth must be started with a melt with non-stoichiometric composition at approximately 84 wt.% Al2O3. M. Fechner et al [38] have successfully grow Pr:SRA crystal by adding the excess of SrO into initial for the Czocharlski growth. It has been found that an impurity phase of SrAl4O7 were incorporated in a growing crystal. Several 2.7at.%Pr:SRA crystals have been grown with different codopants Na + or Mg 2+ by means of Czochralski [START_REF] Christopher | Rare-Earth-Doped Strontium Hexaaluminate Lasers[END_REF]. Figure 16 shows the resulting crystals as listed: (a) Pr0.027:Sr0.973Mg0.054Al11.946O19, with an iridium wire (b) Pr0.027:Sr0.973Mg0.027Al11.946O19, with a seed oriented perpendicular to c-axis (c) Pr0.027:Sr0.973Mg0.027Al11.946O19, with a seed oriented parallel to c-axis (d) Pr0.027:Sr0.973 Mg0.027Al11.946O19, with an iridium wire (e) Pr0.027:Sr0.973Mg0.054Al11.946O19, with an iridium wire After several attempts, it is obvious that all the obtained boules had poor optical qualities and the use of a well-defined seed could not improve the optical quality. On the other hand, LMA which can be considered as fully La 3+ substituted SRA belongs to hexaaluminate family as well. The electron neutrality is maintained by partially replacing trivalent Al 3+ ions with divalent Mg 2+ ions. It shares the same structure as SRA but the delocalization of La 3+ ions in different directions leads to a disordered structure [START_REF] Kahn | Preparation, structure, optical, and magnetic properties of lanthanide aluminate single crystals (LnMAl11O19)[END_REF]. LMA has congruent melting behavior and can be grown with an excellent optical quality using Czochralski technique [START_REF] Christopher | Herstellung und spektroskopische Charakterisierung von Praseodym-dotiertem Hexaaluminaten[END_REF].

The paper of D. M. Marzahl et al. has reported that the laser performances of Pr:LMA were twice less efficient than Pr:SRA. It can be explained by its broadened emission lines and lower cross sections. We are intended to study a hexaaluminate solid-solution prepared by partial co-doping of La 3+ into SRA to match the spectroscopic and radiative features of SRA and the congruent melting of LMA. This solid solution will be called ASL (Sr1-xLaxMgxAl12-xO19) [START_REF] Gheorghe | Czochralski growth and characterization of neodymium-doped strontium lanthanum aluminate (ASL:Nd) single crystals[END_REF].

According to the literature, V. delacarte et al.

[ 79] have studied the melting behavior of Nd 3+doped ASL with La composition extended in the range of 0-1. It has been found that with x ≥ 0.2, the melting behavior of ASL becomes congruent. Furthermore, the La composition of 0.3 resulted in optimal crystal quality. Figure 17 Optical absorption spectroscopy showed that SRA (x=0) and LMA (x=1) have different Nd 3+ centers which are C1 and C2, respectively. Hence, Nd 3+ ASL crystal has the mix of both centers. The ratio of C1 and C2 centers is inversely proportional to La composition. The C1 center has the most influence on the fluorescence intensity. It had been concluded that the La composition should be limited in the range 0.2 -0.4 to prevent the instability and less efficiency of laser emission: a good compromise with optical crystal quality is obtained when x is fixed to 0.3. Hence, we will study on Pr: ASL (x = 0.3). With this low content in La, most of the SRA characteristic should be maintained.

b. Structure

ASL belongs to the space group P63/mmc and share the uniaxial magnetoplumbite structure with other hexaaluminates. Referred to the work of V. Delacarte et al. [79], its lattice parameters have been refined with 5at.%Nd:ASL (x = 0.5) as a, b = 5.577 Å and c = 21.987 Å, respectively. A unit cell contains two spinel blocks separated by (001) mirror plane (⊥c ⃗). There are two formula units per cell (Z). Sr 2+ or La 3+ ions are found in mirror plane (001), located in 2d Wyckoff sites. The ionic radii of Sr 2+ , La 3+ , Pr 3+ , Al 3+ and Mg 2+ are all presented in Table 6. The ionic radius of Pr 3+ ion is close to that of La 3+ . Consequently, they are substituted in La sites with several potential symmetries due to the mixing of SRA and LMA and the delocalization of La 3+ ion. However, the dominant one is D3h from SRA. Besides, the centers in disordered structure of LMA can be delocalized in five directions including three directions in 001 plane and two directions out of the plane (along c-axis), corresponding to the symmetries C2v or C3v, respectively. Anyway, Sr 2+ or La 3+ ions are located in an inter-spinel mirror planes with 12 neighboring oxygens as depicted in Figure 18. Six oxygens are found in the plane and others are placed above and below the plane (001). The crystallographic c-axis is perpendicular to the hexagon of O 2-ions. The large coordination number leads to long distance Pr-O in plane of SRA and LMA which were determined at 2.785 Å and 2.798 Å whereas those out of plane are of 2.746 Å and 2.693 Å, respectively. It is noteworthy that the disordered structure is caused by the co-doping of Mg 2+ ions, occurring in the 2 nd coordination shell as well. 

c. Physical properties

This section describes some physical properties which should be concerned for a laser material and the Sellmeier equation of ASL for the ordinary and extraordinary refractive index. The calculation of refractive index is required for the radiative lifetime prediction in the framework of Judd-Ofelt analysis. The segregation coefficient (k), thermal conductivity (κ) and Mohs hardness will be compared between SRA and LMA because ASL is expected to possess the intermediate properties. Moreover, it is interesting to compare theirs features to other materials being studied in this work for Pr 3+ doping and to the YLF host as well. As shown in Table 7, Pr:SRA exhibits a segregation coefficient very close to unity. This indicates a homogenous incorporation of Pr 3+ ions into SRA single crystal. On the contrary, the segregation coefficient of Pr:LYF is about 0.2. The thermal conductivities of Pr 3+ -doped hexaaluminates have been measured at room temperature and reported at 11 W.m -1 k -1 for 1at.%Pr:SRA [38].

Regarding undoped LMA, the κ value is significantly lower than SRA, κ⊥c = 4.9 W.m -1 k -1 , κ||c = 3.4 W.m -1 k -1 . Similarly, LMA can be seen as a partially Mg doped compostion La fully-doped SRA. Mg ions can substitute two Al 3+ sites. As previously given in Table 4, the difference of ionic radius between Al 3+ and Mg 2+ ions is about 0.19 Å, and this large difference makes also the structure of LMA disordered. As a consequence, the phonon scattering can easily occur and diminishes thermal conductivity. These factors make LMA has an inferior thermal conductivity as compared to SRA and also LYF hosts. In general, a laser gain medium generates heat during laser operations. A high thermal conductivity can prevent the stress and increase the resistance to heat damage in a laser material when operating at high pump powers. Also, an active gain medium with a non-uniform thermal expansion will be more easily cracked even at low or moderate temperature.

For materials processing, the hardness must be considered. A single crystal with small hardness is more difficult to polish due to the easy creation of scratches. The Mohs hardness of SRA and LMA have been found at 9 and 8.5, respectively. These values are as twice as that of YLF which exhibits 4. Where no and ne are refractive index for ordinary and extraordinary polarization, respectively. The unit of λ is μm.

d. Spectroscopic properties

Referred to the paper of L. D. Merkle et al. [START_REF] Merkle | Spectroscopy and laser operation of Pr, Mg:SrAl12O19[END_REF], the energy gap between the two metastable states 3 P0 and 1 D2 is approximatively 3400 cm -1 for SRA host. This large gap is favorable in order to have a low rate of multiphonon relaxation between these two distinct states. Furthermore, the maximum phonon energy (ωmax) of SRA has been measured by M. Fechner to be 761 cm -1 [ 86]. The radiative lifetimes (τrad) of 3 P0 state has been also reported for Pr:SRA and Pr:LMA at 39 µs and 32 µs, respectively. It can be concluded that the different centers C1 and C2 yield different fluorescence lifetimes. Noteworthy, the active center C1 is beneficial to reach higher fluorescence lifetime. Therefore, the x composition in ASL should be lower than 0.5 in order to make the C1 center dominant. Combined with the congruent melting, which can be obtained when x ≥ 0.2, the appropriate range of x is limited between 0.2-0.4.

Melilite SrLaGa3O7 a. State of the art

A melilite host with a general formula of ABC3O7, where A = Ca 2+ , Sr 2+ , Ba 2+, B = Y3 + , La 3+ -Gd 3+ , C = Al 3+ , Ga 3+ possesses several including melting behavior around 1600 °C, good segregation coefficient and low maximum phonon energy. When doped with lanthanide ions, the absorption and emission lines are typically broadened due to the random distribution of A 2+ and B 3+ ions. A lanthanide ion can substitute in both sites. This cause the disordered crystal field surrounding the active ion. Beneficially, a large FWHM results in a good tolerance for the wavelength shift of LDs pumping source.

Since decades ago, melilite hosts doped with various lanthanide ions (Nd 3+ , Tm 3+ , Dy 3+ , Ho 3+ and Pr 3+ ) have been investigated systematically for their spectroscopies, especially Nd 3+ doped melilites. as Nd: BaLaGa3O7 (BLGM), Nd: SrLaGa3O7 (SLGM) and Nd: SrGdGa3O7 (SGGM). Many melilite single crystals grown with traditional Czochralski technic had satisfying optical qualities. Among Nd 3+ doped melilites, the single crystal of both Nd:BLGM and Nd: SLGM exhibit strong cross sections of absorption and emission as well as the same level of fluorescence lifetime about 300 µs for the excited state 4 F3/2, thus promising materials [START_REF] Zhang | Characterization of Disordered Melilite Nd:SrLaGa3O7 Crystal[END_REF][START_REF] Zhang | Thermal and spectroscopic characteristics of disordered melilite Nd:BaLaGa3O7 crystal[END_REF]. Between two materials, Nd: SLGM has better quantum efficiency and the stronger emission cross section for the main transition 4 F3/2 → 4 I11/2. Likewise, SLGM Melilite could be one of suitable hosts for Pr 3+ doping. Only one paper reporting the spectroscopy of Pr 3+ doped melilite has been found [43]. To our best knowledge, the cw laser efficiencies of Pr 3+ -doped both melilites have not been reported yet. Both BLGM and SLGM have very similar physical properties, the same levels of hardness, segregation coefficient etc. However, the broaden emission lines should not be too large in order to prevent the instability of laser emission. In theory, the structure of BLGM could be more disordered than SLGM due to the greater difference of ionic radius between two cations A and B: Δr (Ba-La) = 0.26 Å) and Δr(Sr-La) = 0.10 Å [ 89]. Thus, SLGM host will be focused in this work. However, the energy level diagram of 4f 2 and 4f 1 5d 1 configurations have not been determined.

b. Structure

SLGM has the tetragonal melilite structure with space group of P4 � 2 1 m . The lattice constants are reported as a, b = 8.06 Å and c = 5.34 Å. There are 2 formula units per unit cell. The melilite structure contains the sheets of GaO4 5-tetrahedrons along a-b crystallographic plane. The cations Sr 2+ and La 3+ are located randomly with the ratio of 1:1 between sheets of gallium. The crystal structure of SLGO is depicted in Figure 19. Both Sr 2+ divalent and La 3+ trivalent cations are in dodecahedral polyhedra and found in the same crystallographic 4e site (Wyckoff) with the symmetry CS. Pr 3+ ions occupy La 3+ sites. The disparity of charge leads to the disordered structure of SLGM. This characteristic broadens subsequently 

c. Physical properties

According to a limited number of paper on Pr 3+ doped SLGM, its segregation coefficient has not been determined. The segregation coefficient of Er: SLGM is 1.1 [START_REF] Wang | Bulk Crystal Growth, First-Principles Calculation, and Optical Properties of Pure and Er 3+ -Doped SrLaGa3O7 Single Crystals[END_REF]. Moreover, the room temperature thermal conductivity are 1.7 W.m -1 k -1 and 1.9 W.m -1 k -1 for κ⊥c and κ||c, respectively The refractive index for ordinary and extraordinary can be derived for a wavelength in nm by using the given Sellmeier equations.

Eq. 32 [43] measured the energy gap between 3 P0 and 1 D2 states, which was around 4112 cm -1 . This energy difference is large than that of Pr: SRA. Also, the phonon relaxation, 3 P0 → 1 D2 is consequently weaken. The fluorescence lifetime was 28 μs which is relatively high compared to other Pr 3+ doped oxide hosts. The high quantum efficiency of 90% suggests low energy dissipation. Furthermore, the maximum phonon energy was reported 761 cm -1 .

𝑛𝑛 𝑜𝑜 2 = 1 + 2.2114𝜆𝜆

Perovskite type ABO3 (A = La, Y, Gd; B = Al, Gd) a. State of the art

Materials belonging to perovskite family have a general formula of ABO3. It is well-known that rare-earth perovskites have various crystallographic structures depending on the rare earth ion. For example, it can be trigonal with space group R3 � c (A = La, Pr, Nd), orthorhombic (Pbmn A = Sm-Lu, Y) or tetragonal (I 4/m cm , CeAlO3) [START_REF] Howard | Neutron powder diffraction study of rhombohedral rare-earth aluminates and the rhombohedral to cubic phase transition[END_REF][START_REF] Carpenter | Strain mechanism of order-parameter coupling through successive phase transitions in PrAlO3[END_REF][START_REF] Vasylechko | Perovskite-type aluminates and gallates[END_REF]. The most suitable perovskites for solid-state laser domain are composed of A = La, Y, Gd and B = Al. Therefore, the corresponding compounds are LaAlO3 (LAP), YAlO3 (YAP) or GdAlO3 (GAP). These three perovskites have congruent melt below 2200 °C. Perovskite hosts can be synthesized by Czochalski method. In the standard and cubic perovskite structure, A 3+ ions are coordinated with 12 atom oxygens. As shown in Table 8, La 3+ ions have very similar ionic radius to Pr 3+ ones, hence the most appropriate ion for Pr 3+ substitution. The crystallographic structure of LAP is different from YAP and GAP. At room temperature, its structure is rhombohedral with space group of R3 � c whereas YAP and GAP hosts share the orthorhombic structure, belonging to the space group of Pnma . Thus, LAP has many different properties from the other perovskites. For instance, its melting point is around 2100 °C whereas YAP and GAP have almost the same melting temperature at 1870 °C. Moreover 0.5%Pr:LAP exhibits interesting spectroscopic properties such as the fluorescence lifetime of 33 µs (see Table 2). Furthermore, the recent work [START_REF] Liu | Crystal growth, polarized spectroscopy and Judd-Ofelt analysis of Pr: YAlO3[END_REF] demonstrated that Pr:YAP possessed also several advantageous behaviors for the achievement of lasers. For instance, a 𝑚𝑚 ⃗-cut Pr:YAP single crystal showed a strong absorption as high as 5.6×10 -20 cm 2 , radiative lifetime of 20 µs and several intense emissions in visible spectral regions. Nonetheless, this Pr 3+ materials had been studied for its visible laser emissions [42,[START_REF] Fibrich | Power-scaled Pr: YAlO3 laser at 747 and 720 nm wavelengths[END_REF][START_REF] Lin | Continuous-wave laser operation at 743 and 753 nm based on a diode-pumped c-cut Pr:YAlO3 crystal[END_REF]. Therefore, we focused on LAP for Pr 3+ doping in this work. have thoroughly studied the phase and structural behavior of the PrAlO3-LaAlO3 pseudo-binary system with different Pr 3+ compositions. The number of phase transitions is largely influenced by the Pr 3+ composition. As the doping concentration will be limited at lower than 1at.%Pr in this work, we assume that the structural behavior of our single crystal is similar to undoped LaAlO3.

After several attempts, the difficulty of growing perovskite single crystal is well-known. There were reports about color centers and twins observed inside as-grown crystals. Their optical qualities are poor and need to be improved for spectroscopic and laser investigations. The color centers can be eliminated by heat treatment under reducing atmosphere as Ar/H2 [ 100]. The twin formation might be caused by two principle factors, including the phase transitions and the significant sensitivity of perovskite to thermal gradient during the cooling process [ 101, 102]. Despite these complications, Pr 3+ doped LAP single crystal will be grown for this work.

In terms of spectroscopic characteristics, the energy levels of Pr 3+ doped into LAP have been determined by M. Malinowski et al [ 103]. The multiplets of 4f 2 configuration involving visible emissions ( 3 P0,1) is located at 21×10 3 cm -1 . Otherwise, the highest excited state 1 S0 is found at 50×10 3 cm -1 . A LAP host possess an energy gap of 5.6 eV. Therefore, the state 1 S0 is not only above the lowest lying state of the 4f 1 5d 1 configuration (41×10 3 cm -1 ) but also found in the conduction band. In consequence, the ESA processes can possibly occur.

b. Structure

At room temperature, the structure of LAP is pseudo-cubic, rhombohedrally-distorted perovskite with 4 formula units per cell and the lattice constants, a = b = 5.36 Å, c = 13.11 Å and γ = 120.0°. The volume of unit cell is 324.05 Å 3 . Regarding LAP perovskite, the structure and lattice parameters systematically vary with the respect to temperature and pressure [ 104].

In the LAP structure, Al 3+ and Pr 3+ ions have the coordination numbers of 6 and 12, respectively. The structural change occurs by the reason that LaO12 polyhedrons are less compressible than the AlO6 ones. This leads to the tilting of the AlO6 octahedrons with the pressure or temperature. Consequently, a small distortion of cubic structure is caused and the 2 nd order phase transition takes place from the cubic to rhombohedral structure at 800 K [104]. It has been concluded that LAP exhibits two-phase transitions at low and high temperatures (LT, HT) as given below:

𝐼𝐼𝑡𝑡𝑡𝑡𝑎𝑎 ↔ 𝑅𝑅3 � 𝑚𝑚 (1 𝑙𝑙𝑜𝑜 𝑜𝑜𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟) ↔ 𝑃𝑃𝑡𝑡3𝑡𝑡 ���� (2 𝑛𝑛𝑑𝑑 𝑜𝑜𝑟𝑟𝑜𝑜𝑒𝑒𝑟𝑟)
The interionic distance Pr-O is quite long (2.67 Å). Thus, the crystal field effect is weakened. Also, the structure of YAP was refined by R. Diehl et al. [41]. Y 3+ ions, coordinated with 12 O 2-atoms form distorted polyhedra. There was no phase transition. The averaged distance Pr-O was about 2.44 Å, thus the crystal field is stronger than that of LAP. Furthermore, Pr 3+ and La 3+ ions are located in 6a Wykoff position with the site symmetry of D3. The densities of LAP is 6.53 g·cm -3 . A single crystal of LAP can be grown by using Czochralski method. The resulting boules are shown in Figure 21 

c. Physical properties

The segregation coefficient of Pr:LAP was up to 1 [105]. Its hardness reaches 6.5 in Mohs scale. Moreover, the thermal conductivities have been also measured to be 6 W•m -1 •k -1 at room temperature [105]. These thermomechanical characteristics make LAP host very attractive candidate for laser applications.

d. Spectroscopic properties

LAP possessed a very low value of maximum phonon energy around 488 cm -1 [ 106]. Interestingly, this value is comparable to that of YLF fluoride (450 cm -1 ) [START_REF] Walsh | Spectroscopic characterization of Nd:Y2O3: application toward a differential absorption lidar system for remote sensing of ozone[END_REF]. The crystal field effect could be as low as that fluoride. The radiative lifetimes are found to be 27 μs for LAP. According to Judd-Ofelt data, the quantum efficiency of LAP is very close to 100% [40]. Both exhibited cross sections are in the order of 10 -19 cm 2 [96], which are the strongest values compared to Pr 3+ doped other oxide hosts.

Germanate LaGaGe2O7 a. State of the art

An oxide host with the chemical formula ABGe2O7, where A = RE ions and B= Al, Ga belongs to germanate family. Since many decades, LaAlGe2O7 (LAGO) and LaGaGe2O7 (LGGO) doped by lanthanide ions have been of interest and have been utilized as excellent phosphors. They could be also adopted to generate laser emissions. Many works have studied Tb 3+ , Tm 3+ , Er 3+ , Sm 3+ and Dy 3+ doped LaAlGe2O7 phosphors [ 107,108]. The lasing results were encouraging for emissions in blue and green spectral regions. Due to the fact that germanate hosts have rather good thermal conductivity and unique crystallographic site for lanthanide ions. They are expected to be potential active gain medium as well. Only few studies have been reported for laser emissions by means of lanthanide ions doped germanate single crystal. To our best knowledge, Pr 3+ -doped germinate hosts have never been grown as single crystal and studied for laser performances. Thus, it is interesting to continue investigating this host family for Pr 3+ doping. Unfortunately, LaAlGe2O7 has disadvantage of non-congruent melting behavior. On the contrary, LaGaGe2O7 exhibits congruent melting at 1250 °C [ 108]. There is no reference picture on LaGaGe2O7 single crystal. Thus, we are interested to elaborate and study Pr: LGGO as active gain medium.

According to the literature, Pr 3+ -doped LGGO polycrystalline samples have been prepared by solid-state reaction and its energy level diagram has been theoretically determined by C. Cascales et al.

[ 109]. The excited state 1 S0 was calculated at 46×10 3 cm -1 . The lowest lying state from 4𝑓𝑓 1 5𝑜𝑜 1 configuration is energetically higher than the excited state 1 S0. Further, the energy gap between 1 S0 and 3 P0 states is large enough (26×10 3 cm -1 ) to prohibit the ESA processes.

b. Structure

LGGO has a biaxial monoclinic structure with space group of P2 1 /c . The lattice constants were refined as follows: a = 7.31 Å, b = 6.63 Å, c = 12.96 Å and β = 117.41 °. The unit cell has 4 formula units per cell. The germanate structure consists of chains of LaO9 tricapped trigonal prisms along a �⃗-axis, isolated GaO5 distorted trigonal bipyramids which connect the chains of LaO9 alternatively through an edge or a corner in the c ⃗-axis, and Ge2O7 diorthogroups along 𝑚𝑚 ⃗-axis as illustrated in Figure 22. The large and small polyhedrons represent the coordination spheres of LaO9 and GaO5 whereas the balls correspond to Ge ions. The density is about 5.60. LGGO has congruent melting behavior at 1250 °C. All the elements are in 4e Wyckoff positions. The site symmetry of La 3+ ion is Cs. Due to the limited number of papers reported on germanate crystals, there was no report on other properties such as segregation coefficient, thermal conductivity as well as the refractive index.

c. Spectroscopic properties

A. A. Kaminskii et al [START_REF] Kaminskii | Monoclinic LaGaGe2O7 :Nd 3+ -a novel SRS-and SE-active crystal with high-order Stokes and anti-Stokes picosecond χ (3) -nonlinear lasing[END_REF] recorded the Raman spectra recorded by using undoped LGGO single crystal. The maximum phonon energy was determined at 863 cm -1 . Besides, the significant energy difference between the 3 P0 and 1 D2 states is of 3924 cm -1 which is larger than LAP and SRA. Therefore, the multiphonon processes originated from the excited state 3 P0 are weakened.

Sesquioxide Y2O3 a. State of the art

Y2O3 belonging to sesquioxide host family is an attractive host to generate solid-state lasers due to its thermal conductivity of 14 W.m -1 k -1 which is slightly higher than that of YAG. Furthermore, some works reported the success of laser emission on Y2O3 doped various lanthanide ions such as Eu 3+ [ 111] or Nd 3+ [70]. Nonetheless, there was no report on laser demonstration of Pr doped Y2O3.

Due to the fact that Y2O3 has a very high melting point over 2400 °C and a phase transition at 2280°C. Thus, only µ-pulling down and heat exchanger methods are suitable to grow a sesquioxide single crystal with small size and fair optical quality 

b. Physical properties

Undoped Y2O3 exhibits a very high thermal conductivity of 13 W.m -1 k -1 at room temperature Eq. 34

𝑛𝑛 2 = 1 + 𝐴𝐴𝜆𝜆 2 𝜆𝜆 2 -𝐵𝐵 + 𝐶𝐶𝜆𝜆 2 𝜆𝜆 2 -𝐷𝐷
Where Sellmier coefficients A, B, C and D are fitted to be 2.5298, 0.0182, 0.00531 and 3.8638, respectively. The wavelength must be in µm scale. Further, the Mohs hardness is of 6.8.

Oxide hosts for Nd 3+ ion

The active gain mediums based on Pr 3+ enable direct green, orange, red and deep red laser emissions under blue optical pumping. On the other hand, the materials doped by Nd 3+ can provide blue laser emission by indirect method. This section introduces some bibliographic results on Nd 3+ doped solid-state materials for laser emissions in mid-infrared spectral region, especially around 0.95 and 1.06 µm laser. However, the former one is our main interest to reach a blue laser with the help of frequency doubling. Some specific physical and spectroscopic properties will be shown and compared in order to find new promising hosts for Nd 3+ ions. The criteria selections of hosts are quite similar to those mentioned for Pr 3+ doping, hence we regarded the segregation coefficient, thermal conductivity, hardness, ease of crystal growth, fluorescence lifetime and also branching ratio of 4 F3/2 → 4 I9/2.

According to literature, promising oxide hosts for Nd 3+ ions which could promote the laser emission at 0.95 µm include GdTaO4 (orthotantalate), Y3Al5O12 (garnet) and Y2O3 (sesquioxide). Nevertheless, some of them possess high melting point and phase transitions that lead to the difficulties of crystal growth, for instance materials belonging to sesquioxides and yttrium aluminum garnet. Alternatively, the preparation of transparent ceramic has been applied to avoid these complications in the case of Y2O3 and to obtain materials with improved optical quality. A transparent ceramic is fabricated by sintering powders. Typically, it has light scattering characteristics attributed to the pores and impurities at the boundaries of the grains as shown in Figure 24 Consequently, the ceramic preparation process has to be precisely controlled to eliminate these scattering centers as much as possible. In general, the quality of transparent ceramic is determined by the optical transparency. At present, YAG and Y2O3 transparent ceramics have high transmittance rate about 84 and 81%, including Fresnel losses respectively in the middle infrared to visible spectrum. Regarding Nd doped Y3Al5O12 (Nd:YAG), whether transparent ceramic or single crystal is high potential active gain medium which allow high-power laser emissions in NIR regions, especially at 946 nm and 1064 nm [ 122]. However, Nd:YAG has very strong absorptions, the quantum defects inside the material lead to heat the active volume of sample. The conduction cooling through the surface of sample cannot prevent entirely the heat damages. The thermal gradient and stress generated can restricted importantly output power and beam quality of laser emissions. Thus, it is desirable to control the heat propagation in active solid-state YAG by limiting the zone doped with lanthanide ions.

Nd:YAG with complex structures could be an appropriate solution for the development of their NIR laser efficiencies. Nowadays, there are three main composite-type structures of Nd:YAG transparent ceramics, designed in order to reduce thermal gradients during laser operation as follows: a. Two-Layer b. Three-Layer or Sandwich c. Clad-core In recent literature, Nd:YAG ceramics synthesized in sandwich and clad-core structures yielded high laser efficiencies at 1064 nm [ 123, 124]. Obviously, the latter structure contains relatively small Nd 3+ ion doped zone because the core size can be decreased until few hundred µm.

In this work, we intend to grow a single crystal of Nd doped GTO and study its laser emissions in near infrared regions. In collaboration with Dr. A. Ikesue from World Lab Co. Ltd., transparent ceramics of Nd:Y2O3 and Nd core-doped YAG were supplied to investigate there NIR laser performances as well.

Orthotantalate GdTaO4 a. State of the art

Since the first undoped and Tb 3+ -doped GdTaO4 bulk single crystals were grown in 2010 by W. Liu et al., GdTaO4 (GTO) host has attracted much attention for laser applications by possessing high Mohs hardness, congruent melting behavior and good thermal conductivity [ 125]. Various lanthanide ions doped orthotantalate have been grown with Czochralski technique by using Tb 3+ , Eu 3+ and Nd 3+ . Even if only scintillator properties have been particularly studied due to its high density, CW laser emissions have been revealed for Nd 3+ -doped GTO at 1.06 μm 

b. Structure

From the literature [ 126], lanthanide orthotantalate with a chemical formula of RETaO4 exists when RE is rare-earth ion from La 3+ to Lu 3+ . The structure of RETaO4 depends on the radius of rareearth ion or processing conditions as pressure or temperature. For GdTaO4 (GTO), it has two monoclinic structures, which are fergusonite M (I2/a, Z = 4) and M ' (P2/a, Z = 2) types Despite of the presence of phase transitions, a GTO single crystal grown by Czochralski technique is free of twin, color center, crack and inclusion when starting the growth from an oriented seed. As shown in Figure 27, the as-grown crystal has excellent optical quality.

c. Physical properties

The segregation coefficient of Nd: GTO was around 0. 

d. Spectroscopic properties

In literature [126], the raman spectra of undoped GTO ceramic indicates a maximum phonon energy of 821 cm -1 . Regarding measured absorption spectra of Nd:GTO, the absorption cross section at 808 nm reaches 5.1×10 -20 cm 2 . The corresponding FHWW is around 6.0 nm. This value is significantly larger than those of Nd:YVO4 (4.4 nm) and Nd:YAG (1.5 nm). The fluorescence lifetime of 4 F3/2 was measured at 178 µs which is as twice as that of Nd:YVO4 (96 µs). Otherwise, the branching ratios of transition 4 F3/2 → 4 I9/2 and 4 F3/2 → 4 I11/2 are calculated at 44% and 46%, respectively. For Nd:GTO, the crystal structure, physical and spectroscopic properties are given in Table 9 in comparison with other Nd 3+ materials being studied in this work and Nd:YVO4. 

Sesquioxide Y2O3 a. State of the art

For many decades, Nd 3+ -doped Sesquioxide hosts have been widely studied for NIR emissions, for instance Nd:Y2O3, Nd:Lu2O3. According to the work of P.V. Brun et al [START_REF] Brunn | Efficient laser operation of Nd 3+ :Lu2O3 at various wavelengths between 917 nm and 1463 nm[END_REF], when employing Nd:Lu2O3 single crystal, the 0.95 µm laser has been realized with the slope efficiency of 22% and 0.41 W of output laser at 2.3 W of absorbed power. Anyway, there is no result of laser emission at this wavelength for Nd:Y2O3 transparent ceramic which also belongs to sesquioxide family host. Thus, we decided to investigate Nd:Y2O3 transparent ceramics for 0.95 µm emissions and also its frequency doubling to 0.47 µm with the help of a commercial non-linear crystal. The Nd:Y2O3 transparent ceramics studied in this work were supplied by World-Lab Co., Ltd. from Japan.

The structure and physical behaviors of Y2O3 were previously described in the section 1.4.2.5. In this part, we introduced the optical spectroscopies of Nd: Y2O3.

b. Spectroscopic properties

Recent works reported the spectroscopic behaviors and 1.07 µm laser efficiencies of Nd:Y2O3 transparent ceramics. From the research of X. Hou et al. 

Garnet Y3Al5O12 a. State of the art

Yttrium aluminium garnet with the chemical formula of Y3Al5O12 (YAG) is well-known as one of the most efficient host for solid-state laser due to its good mechanical properties and high thermal conductivity (13 W.m -1 k -1 ). In addition, the reabsorption losses are relatively low because the Stark splitting of the ground manifold is large in this host (875 cm -1 ). When doped with Nd 3+ ions, the active gain medium exhibits favorable spectroscopic properties which lead to excellent laser efficiencies in NIR spectral regions. Besides, YAG has congruent melting behavior and can be grown by using Czochralski technique. It NIR laser emissions can be converted into visible ones by means of a nonlinear single crystal as LiB3O5 (LBO).

There are a large number of papers reporting on the frequency doubling conversion of 0.95 μm emission to blue laser (0.47 μs). Nonetheless, the corresponding laser efficiencies are still quite low. Referred to the work of C. Czeranowsky et al. [ 132], 1.1at% Nd:YAG single crystal was employed with LBO, β-BaB2O4 (BBO) and BiB3O6 (BiBO) to perform cw-blue laser emission at 0.47 μm. When using Nd:YAG/LBO, the blue lasers were realized at 4.3 W of output laser with an incident power of 19 W [ 133]. However, the blue laser efficiency could be improved. Due to the large difference of ionic radius between Nd 3+ in Y 3+ ions (11%), its segregation coefficient is very low at 0.2. Since the incorporation of Nd 3+ in Y 3+ sites is poor. Nd:YAG transparent ceramics become of interest to avoid this problem. In this work, we performed laser operations at 0.95 µm by using Nd:YAG transparent ceramics, synthesized in Nd 3+ core doped structure to compare their laser efficiencies with Nd:YAG single crystals.

b. Structure

The structure of YAG is cubic with space group of 𝐼𝐼𝑎𝑎3𝑜𝑜. The unit cell has the formula unit of 8. The lattice constant is a = 12.01 Å. There are three cation sites. Y 3+ ions are found in dodecahedral sites with 24c Wyckoff position and symmetry of 𝐷𝐷 2 , while Al 3+ ions occupy octahedral (𝐶𝐶 3𝑖𝑖 ) and tetrahedral sites (𝑆𝑆 4 ) which are situated in Wyckoff positions of 16a and 24d, respectively. Additionally, its congruent melting point is about 1940 °C. In the YAG structure shown in Figure 28, AlO6 octahedrons (green) are connected to six AlO4 tetrahedrons (navy) by sharing the corners. Y 3+ ions (red balls), located between AlO6 and AlO4 frameworks, have the coordination number of 8. The density of YAG is 4.6.

c. Physical properties

For a YAG host, the thermal conductivity reaches 13 W.m -1 k -1 at room temperature. The Mohs hardness is high in the range 8-9. According to the paper of A. A. Kaminskii [START_REF] Kaminskii | Refractive Indices of Laser Nanocrystalline Ceramics Based on Y3Al5O12[END_REF], the Sellmier equation and coefficients were given as follows:

Eq. 36

𝑛𝑛 2 = 1 + 𝐴𝐴𝜆𝜆 2 𝜆𝜆 2 -𝐵𝐵 + 𝐶𝐶𝜆𝜆 2 𝜆𝜆 2 -𝐷𝐷
The Sellmier coefficients are A = 2.282, B = (0.108858) 2 , C = 3.27644 and D = (16.81470) 2 . A wavelength is in µm. Krennrich et al. [65] summarized all spectroscopic behaviors of 1at%Nd:YAG. The paper reported that the fluorescence lifetime was 220 µs. The Stark splitting of 4 I11/2 and 4 F3/2 are 857 cm -1 and 85 cm -1 , respectively. Regarding transition 4 F3/2→ 4 I9/2, the population of lower laser level is 0.7% which is the lowest value among other oxide hosts. The corresponding cross section of emission is 0.5×10 -19 cm 2 . Furthermore, Judd-Ofelt analysis showed that the branching ratios of 4 F3/2→ 4 I9/2 and 4 F3/2→ 4 I11/2 are 52% and 37%, respectively [START_REF] Guo | Crystal growth, Judd-Ofelt analysis and radiative properties of Nd:YAG single crystal grown by HDS[END_REF]. The maximum phonon energy is about 700 cm -1 .

d. Spectroscopic properties

D.

Crystal growth

Czochralski method is commonly utilized to prepare optical single crystals with congruent melting behavior. Therefore, this part deals with the historical development of the Czochralski method, the equipment, the general setup and the growth parameters.

The historical development of the Czochralski method

In 1916, Jan Czochralski invented a technique for growing single crystals from melts [ 136] and published the description of this technique two years later, entitled "Ein neues Verfahren zur Messung der Kristallisationsgeschwindigkeit der Metalle". Figure 29 In 1964, the Radar Research Establishment in UK was the first company which performed the Czochralski growth of laser single crystals as CaMoO4, SrMoO4, SrWO4 and BaWO4 [ 137]. Since 1970, the Czochralski method had been developed to a high technical level and degree of process automation. At present, it is a well-known technique of choice to fabricate high-quality bulk single crystals, for example silicon or a variety of oxide and fluoride at both laboratory and industry scales. However, this method is only suitable for materials with congruent melting behavior.

The description of growth furnace

Figure 30 presents the diagram of Czochralski furnace (left) and the standard equipment of crystal growth used in our laboratory (right) including a crystal puller and control system. The puller consists of a Czochralski furnace and a pulling-rotation mechanism connected to a digital scale. In addition, a carrier is required to start the growth process. Specifically, the carrier can be a wire with the same material as utilized crucible or a seed with defined orientation and same chemical composition as the melt. The use of an oriented seed is much desirable to elaborate a boule with high optical quality. Besides, there are several types of metallic crucible. According to our studied materials in this work, the appropriate crucibles could be Pt or Ir depending on their melting points. A Pt crucible has a melting point around 1768°C. Normally, the temperature of the crucible will be slightly higher than that of the melting point of the material in order to ensure a complete melting. Therefore, a Pt crucible should be used to grow only materials with the melting point below 1400 °C. On the other hand, an Ir crucible is suitable for a material with higher melting point due to its melting point around 2446 °C. Interestingly, the price of Ir raw material (14€/g) is cheaper than that of Pt (27€/g). Nevertheless, when using an Ir crucible the crystal growth must be performed under an inert atmosphere as N2 or Ar to prevent the crucible from the oxidation process. In the Czochralski furnace, a crucible filled by polycrystalline sample is surrounded by copper coils which can effectively provide up to several ten kW through induction heating. A radio-frequency (RF) generator used in our laboratory reaches the maximum frequency of 15 KHz. Once the powder mixture is melted, the crystal growth can be started by dipping a wire or an oriented seed into the melt. In contact with the carrier, the melt is pulled by the capillary force and the melt can solidify on the carrier to initiate the crystal growth. The carrier is then pulled and rotated with constant rates. In the case that a seed is employed, the growth will be promoted along the same orientation as the seed and the as-grown crystal have much better optical quality.

There are other crucial factors, which can influence the crystal growth as axial and radial temperature gradients. The thermal gradients above and below the melt are controlled by surrounding thermal insulators like quartz tube, zirconia tube, cone, zirconia grains as well as alumina wool as illustrated in Figure 30. In addition, the position of the crucible, in the copper coils has an important effect on the thermal gradient.

The parameters of growth processing

In general, the growth parameters include geometric and pulling parameters. The former ones concern the geometric shape of a single crystal, which is depicted in Figure 31. During the growth process, the growing crystal is weighted with few milligrams accuracy. The actual weight will be compared to the target weight in order to allow the growth software to regulate the electric power of the generator. If the actual growth rate of mass crystal is higher than the target one, it means that the melt is a bit too cool. Thus, the software will increase the electric power of the generator. In contrast, when the actual weight is lower than expected, the electric power will be slightly decreased. In a single crystal, there are four zones defined by their different diameters. These include neck, top, middle and bottom zones. The first one has a small diameter and helps to start the crystal growth with the same well-defined orientation as the seed. In the top zone, the diameter of the neck is increased with a growth angle (Ɵtop) until it reaches the body zone, which has the largest constant diameter. Normally, a sample with good optical quality can be extracted from the body zone to perform spectroscopic investigations and laser operation. For the bottom zone, the diameter of the single crystal is progressively decreased with an angle (Ɵbottom). Finally, the single crystal will be separated from the melt by means of manual pulling with the rate of 0.8 mm/h. After the separation of single crystal and melt, the cooling down process will take place for a duration of 48 h -72 h.

The other parameters involve the translation and rotation rates. The translation rate can be expressed in the equation given below: Eq. 37

𝑣𝑣 𝑐𝑐𝑟𝑟𝑐𝑐𝑙𝑙𝑜𝑜𝑠𝑠𝑙𝑙𝑙𝑙𝑖𝑖𝑑𝑑𝑠𝑠𝑜𝑜𝑖𝑖𝑜𝑜𝑛𝑛 = 𝑣𝑣 𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑙𝑙𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡 �1- 𝜌𝜌 𝑡𝑡𝑡𝑡𝑙𝑙𝑖𝑖𝑟𝑟𝑒𝑒 𝜌𝜌 𝑙𝑙𝑖𝑖𝑙𝑙𝑙𝑙𝑖𝑖𝑟𝑟 ( 𝜙𝜙 𝑐𝑐𝑟𝑟𝑐𝑐𝑡𝑡𝑡𝑡𝑟𝑟𝑙𝑙 𝜙𝜙 𝑐𝑐𝑟𝑟𝑙𝑙𝑐𝑐𝑖𝑖𝑐𝑐𝑙𝑙𝑒𝑒 ) 2 �
Where ρ solid and ρ liquid are the solid and liquid densities of a grown material, respectively. ϕ crystal is the actual diameter of the single crystal and ϕ crucible is the crucible diameter. The crystallization rate has to be appropriate for the growing material. Furthermore, for the same material, when doped with lanthanide ions, the crystallization rate should be reduced from the rate of undoped one to enable a uniform incorporation of dopant ions [ 138].

In addition, the crystal interface transfers its rotational movement to the melt region below the interface. In consequence, the rotation rate affects the nature of the crystal-melt interface and the heat transfer in the melt volume. A forced convection is induced with a certain rate of rotation. This can lead to three convection regimes as shown in Figure 32. Firstly, with the absence or a very low rate of rotation, the natural convection occurs. The melt from the bottom ascends along the crucible walls and migrate to the cooler zone which is at the center of crucible. The melt is slightly cooled and become denser, thus fall into the bottom as shown in Figure 32 left. Therefore, the shape of the growing crystal-melt interface is convex [ 139]. With raising rotation rate, a small forced convection is observed flowing in the opposite direction as presented in Figure 32 middle. For a critical rotation rate, the forced convection results in a plane shape of the crystal-melt interface. This condition is favorable for the growth of single crystals with an excellent optical quality [139]. Hence, it is very important to find a critical rotation rate by simulation [ 140, 141, 142] or experimental studies. In the case that the rotation rate is too high, the forced convection become stronger than the natural one and subsequently causes the concave interface (see Figure 32 right). This phenomenon leads to the formation of bubbles and impurities in the growing crystal.

The Czochralski method

At present, there are several growth methods with their advantages and drawbacks. It is necessary to choose an appropriate one that can be adapted to our studied materials. This part will introduce the most common used techniques as Czochralski which is suitable to grow our selected Pr 3+ and Nd 3+ materials.

As described in the previous section 4.1, the Czochralski method is frequently utilized to elaborate a bulk crystal with the diameter of a few inches [ 143]. The growth process takes normally a couple of weeks, therefore much faster than the TSSG method (See the section 4.4.2). In general, the crystallization rate is suitable in the order of 1 mm/h to grow many oxides. As it is a pulling from melt, the variation of melt volume has no influence on the solidification of crystal. This technique will be used in this work.

Nevertheless, Czochralski technique is not appropriate for all materials. Some oxides cannot be grown by using this technique for example the sesquioxides with a chemical formula of M2O3 when M represents Rare earth ions due to their very high melting points (around 2500 °C). Only a Rhenium crucible can be used to contain a sesquioxide melt. Furthermore, these oxides exhibit a phase transition which deteriorates their optical quality. Impurities from the crucible can also be found as the process occurs at very high temperature: the growth must be performed under a precisely-controlled atmosphere [ 144]. To avoid these complications, the sesquioxide materials studied in this work (Y2O3) will be prepared as transparent ceramics instead of single crystals.

Crystallographic orientation and polishing technique

For the studies of physical and spectroscopic properties, a uniaxial or biaxial single crystal must be oriented perpendicular or parallel its crystallographic axis. The optical orientation can be realized with different methods such as Laue or X-ray diffraction methods. In this work, we selected the latter one because of its quick scan and very high precision (below 1° of angle deviation).

We consider its XRD pattern and choose a characteristic peak, corresponding to c ⃗-, a �⃗ crystallographic lattice axes and b �⃗ -crystallographic lattice plane for uniaxial and biaxial crystals, respectively. Its diffraction intensity is required above 10%. To measure a deviation of angle, a specimen of single crystal must be placed in a sample holder.

The manual mode is used to scan in a narrow specific range where the considering peak is located. The sample holder can be rotated in four different positions defined as ψ=90°, 180°, 270° and 360°. Therefore, a deviation of angle is measured for each side of the sample. A peak shift is related to the deviation of angle. The crystallographic orientation can be manually performed by using a polishing machine MetaServ 3000 from Buehler as presented in Figure 33 (a) and a silicon carbide grinding disc with diameter of 200 mm and Grit size of 320. At once, the sample is optically oriented, it will be polished by using an automatic polishing machine from Logitech (Model PM5) as shown in Figure 33 (b). The sample is fixed on a glass side using thermosetting resin. After that, this glass is fixed on a support plate of the Logitech machine. The support plate can be screwed to adjust its tilt. The parallelism of the glass slide can be realized by means of auto-collimation. There are two steps of polishing, a rough processing and a finish processing. For the first one, the polishing solution is prepared by mixing alumina polishing abrasive with grain of 3-15 µm and diluted water. With a lapping plate, the polishing is carried out to reduce the roughness of the sample's surface. For the finish processing step, we used colloidal silica solution with particle size around 0.04µm (pH = 9.8) and a polishing plate coated with NaClO resistant.

a) b)

Besides, the quality of polished surface depends on other factors including pressure, the quantity and grain size of alumina abrasives and processing duration. These factors should be appropriate for a material.

Physical characterization 1.7.1 X-ray diffraction (XRD)

The wavelengths of X-rays are in the order of Angstroms and X-ray diffraction technique allows to determine crystalline phases and parameters of materials. In this work, we used a X'pert3 Powder from PANalytical for structural characterization of our laser solid-state materials.

The measurement is performed at 2𝜃𝜃, 2θ-ω and 𝜔𝜔. Basically, 2𝜃𝜃 is defined as diffracted angle between an incident beam and a detector angle. 𝜔𝜔 is an incident angle between an X-ray source and a specimen. The incident beam and the detector are at adjustable angles to the sample. A scan adjusting both 2𝜃𝜃 and 𝜔𝜔 simultaneously to detect a diffraction signal which can verify a crystalline phase of the powder sample. Otherwise, a scan with adjustment of 𝜔𝜔 (rocking curve) can be employed to study the deviation of crystallographic axis of a single crystal. This technique is based on the Bragg's law as expressed in Eq. 38.

Eq. 38

𝑛𝑛𝜆𝜆 = 2𝑜𝑜𝑠𝑠𝑖𝑖𝑛𝑛𝜃𝜃

𝑛𝑛 is a positive integer. 𝜆𝜆 is the wavelength of the incident X-ray beam. 𝜃𝜃 is an incident angle of the beam. d is defined as distance between two successive crystallographic planes in a lattice. The recorded XRD pattern can be interpreted with HighScore software, equipped with the instrument to identify crystallographic planes. Besides, lattice parameters are derived with a combination of Rietveld method and XRD powder diffraction via WinPlotr FullProf software.

An intensity of diffracted peak, proportional to the square of structure factor (F hkl ) can be used to derive atomic positions with the following relation.

Eq. 39

𝐹𝐹 ℎ𝑘𝑘𝑙𝑙 = ∑ 𝑓𝑓 𝑗𝑗 𝑒𝑒𝑒𝑒𝑝𝑝 �-𝐵𝐵 𝑗𝑗 𝑙𝑙𝑖𝑖𝑛𝑛 2 𝜃𝜃 ℎ𝑘𝑘𝑙𝑙 𝜆𝜆 2 � • 𝑒𝑒𝑒𝑒𝑝𝑝�2𝑖𝑖𝑖𝑖(ℎ𝑒𝑒 𝑗𝑗 + 𝑘𝑘𝑘𝑘 𝑗𝑗 + 𝑙𝑙𝑙𝑙 𝑗𝑗 )� 𝑢𝑢𝑛𝑛𝑖𝑖𝑜𝑜 𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 𝑗𝑗=1
Where F hkl is the structure factor of the diffracted peak. x j , y j and z j are fractional coordinates of an atom j in an unit cell. h, k and l are Miller indices. f j is atomic scattering factor at the relevant wavelength. B j is an isotropic displacement factor of the atom.

In this work, the structure refinements are performed with Winplotr-Fullprof software with Rietveld method. With this software, the residual function (M) is minimized by using Eq. 40 and Eq. 41.

Eq. 40

𝑀𝑀 = ∑ 𝜔𝜔 𝑖𝑖 ( 𝑖𝑖 𝑘𝑘 𝑒𝑒𝑖𝑖 -𝑘𝑘 𝑐𝑐𝑖𝑖 ) 2
Eq. 41

𝜔𝜔 𝑖𝑖 = � 1 𝜎𝜎 𝑒𝑒𝑖𝑖 � 2
Where y ei and y ci is observed and calculated intensity at the i th step, respectively. σ ei is a variance, associated to 𝑘𝑘 𝑒𝑒𝑖𝑖 .

There are several standards of refinement process which is generally used to adjust degree of convergence and the refinement quality, represented by R factor as presented below:

Eq. 42 𝑅𝑅 𝐵𝐵 = ∑ |𝐼𝐼 𝑘𝑘 (obs)-𝐼𝐼 𝑘𝑘 (𝑐𝑐𝑠𝑠𝑙𝑙𝑐𝑐)| 𝐾𝐾 ∑ 𝐼𝐼 𝑘𝑘 (𝑜𝑜𝑎𝑎𝑙𝑙) 𝐾𝐾 R -Bragg's factor
Eq. 43

𝑅𝑅 F = ∑ ��𝐼𝐼 𝑘𝑘 (obs)-�𝐼𝐼 𝑘𝑘 (𝑐𝑐𝑠𝑠𝑙𝑙𝑐𝑐)� 𝐾𝐾 ∑ �𝐼𝐼 𝑘𝑘 (𝑜𝑜𝑎𝑎𝑙𝑙) 𝐾𝐾 R -structure factor
Eq. 44

𝑅𝑅 𝑃𝑃 = ∑ |𝑐𝑐 𝑒𝑒𝑖𝑖 -𝑐𝑐 𝑐𝑐𝑖𝑖 | 𝑖𝑖 ∑ 𝑐𝑐 𝑒𝑒𝑖𝑖 𝑖𝑖 R-Profile
Eq. 45

𝑅𝑅 𝑤𝑤𝑝𝑝 = � ∑ 𝜔𝜔 𝑖𝑖 ( 𝑖𝑖 𝑐𝑐 𝑒𝑒𝑖𝑖 -𝑐𝑐 𝑐𝑐𝑖𝑖 ) 2 ∑ 𝜔𝜔 𝑖𝑖 𝑐𝑐 𝑒𝑒𝑖𝑖 𝑖𝑖 2

R-Weighted Profile

Eq.46

𝑅𝑅 𝑤𝑤𝑝𝑝 = 𝑁𝑁-𝑃𝑃+𝐶𝐶 ∑ 𝜔𝜔 𝑖𝑖 𝑐𝑐 𝑒𝑒𝑖𝑖 𝑖𝑖 2

R-Expected Profile

I k (obs) is observed intensity of the k th reflection at the end of the refinement cycles.

N is number of points.

P is number of refinement parameters. C is number of constraints, introduced in the refinement.

From a mathematic point of view, three main profile factors R p , R wp and R exp are responsible for the quality of structure refinement. In particular, the weight factor R wp affect the most on the refinement due to its direct relation to the residual function M. With weight-corrected data, the R exp factor is expected to improve the refinement quality. Besides, the role of continuous background has an influence on these factors as the intensity of background is often included in the observed intensity, y i .

The other factors, R B and R F , are generally employed to evaluate the quality of structural model. The continuous background is not taken into account. Both factors are based on observed Bragg's intensity and appropriate for the structure refinement of single crystal.

Electron Probe Microanalysis (EPMA)

The EPMA analysis is a powerful X-ray technique utilized to identify an elemental composition of materials. This technique is non-destructive and in conjunction with Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM). This instrument can be used for a diverse range of materials such as semiconductors, ceramic, textiles, minerals as well as single crystals. Since a single crystal is dielectric, it must be coated with a thin layer of carbon in order to prevent the electrical charging which can occur in some areas of the material.

Principally, an accelerated electron beam with typical energy in range 10 -20 eV bombards the surface of a conducting material. The incident electron beam with sufficient energy liberates both matter and energy from the specimen. The electron-matter interactions yield consequently heat, derivative electrons and X-rays. Especially, X-rays are of most interest for chemical composition analysis, the inner-shell electrons are ejected by the bombarding electrons, causing vacancies and the higher-shell electrons relax to these vacancies and secondly emit energies in X-ray range as depicted in Figure 34. These generated X-rays are characteristics for an element.

Figure 34. Secondary emission in the X-ray region.

The EPMA instrument was shown in Figure 34 In general, the instrument contains spectrometers with different sensitivities as EDX (Energy-Dispersive X-ray) and WDX (Wavelength Dispersive X-ray). EDX has importantly lower sensitivity, therefore suitable for quick scan to determine unknown chemical composition of a specimen. On the other hand, WDX providing superior spectral resolution and enhanced quantitative potential can be used for precise composition analysis of selected elements. 

Raman spectroscopy 1.7.3.1 Raman effect

The Raman spectroscopy is a light-scattering technique. It is based on Raman effect and can be used to provide a vibrational fingerprint of the molecule being investigated. The interaction of monochromatic incident radiation and the material can generate two types of scattering phenomena.

a. Elastic scattering

When the incident light is scattered by a material, most photons are elastically scattered. It means that the scattered photons have the same energy, wavelengths as the incident photons. This is known as the Rayleigh scattering. The amount of elastically-scattered photons is generally around 0.01% of the total scattered photons.

b. Inelastic scattering

The inelastic scattering occurs with a small fraction of light, approximately 10 -6 % of the total scattered photons. The scattered photons have different optical frequencies, usually lower than the incident ones. The energy change relates to the Raman scattering, which is profitable to characterize materials. The difference in energy between the incident and scattered photons can be attributed to the energy of a vibration of the material. Due to the small probability of inelastic scattering, it is necessary to boost the sensitivity of this technique. Therefore, the laser pumps have been integrated into the instrument as excitation source.

The scattering processes

The Raman effect arises when an incident photon interacts with the electric dipole of a molecule, leading to vibrational movements of the molecule. In classical terms, the interaction is considered as a perturbation of the molecule's electric field. In quantum mechanical terms, this scattering can be described as an excitation to a virtual state as depicted in Figure 36. This allows scattering phenomena including Rayleigh, Stokes and Anti-Stokes scattering.

Initially, a molecule can be excited by absorbing an incident photon with resonant frequency 𝑣𝑣 0 to the virtual excited state. Spontaneously, it decays back to a lower level which can be the vibrational ground level 𝐸𝐸 0 or the upper vibrational state 𝐸𝐸 0 + ℎ𝑣𝑣 𝑚𝑚 . The corresponding phenomena are Rayleigh and Stokes inelastic scattering, which generate emitting photons with frequencies of ℎ𝑣𝑣 0 or ℎ𝑣𝑣 0 -ℎ𝑣𝑣 𝑚𝑚 , respectively. Otherwise, the upper state 𝐸𝐸 0 + ℎ𝑣𝑣 𝑚𝑚 can absorb the incident radiation and be excited to the upper virtual state (Figure 33 right), before to relax back to the ground state 𝐸𝐸 0 . The emitting energy is ℎ𝑣𝑣 0 + ℎ𝑣𝑣 𝑚𝑚 . This phenomenon is called Anti-Stokes inelastic scattering.

From the point of view of quantum physics, the inelastic scattering is the scattering of a photon by a phonon. In the case of the Stokes process, a photon transfers a part of its energy to generate phonon. This leads to a decrease in the light frequency. For the Anti-Stokes process, a phonon is absorbed by a photon, resulting in an increase of its radiation frequency. Obviously, the relative probability of the Anti-Stokes process increases with temperature. In quantum mechanics, a phonon (particle-like) is describes as an elementary vibrational motion of the lattice. In general, phonons can be categorized into two main groups by considering their radiation frequencies: optical and acoustic phonons. The optical phonons involve out-of-phase movements of the atoms in the lattice. They have a non-zero frequency at the Brillouin zone center. Under Raman excitation by visible lasers sources, optical phonons are active and can be detected through inelastic light scattering. Moreover, optical phonons are often abbreviated as LO and TO phonons, corresponding to the longitudinal and transverse modes, respectively. For the transverse mode, the direction of polarization is perpendicular to the direction of the incident light propagation. The vibrational mode will be considered as longitudinal when the direction of polarization is parallel to the direction of an incident light propagation. In this work, the Raman spectroscopy will be used to determine a maximum phonon energy of a crystalline host.

Refractive index measurement by minimum deviation method 1.7.4.1 Prism

A transparent prism, considered as dispersive element contains two interfaces that are cut perpendicularly to the apex edge of prism (A). The angle between two interfaces is called prism angle (φ). An incident light is refracted when entering the first and second interfaces of the prism. The schema of light dispersion is depicted in Figure 37. Where N and '𝑁𝑁′ are normal of 1 st and 2 nd interfaces, respectively. With respect to the normal, 𝑟𝑟 and 𝑟𝑟′ are defined as angles of refractions (r and 𝑟𝑟′) whereas 𝑖𝑖 and i' are d angles of incidences. A deviation angle (D) is the angle between the original incident light and the transmitted beam. From the schema of light dispersion, we can derive the equations as bellows:

Eq. 47

𝑠𝑠𝑖𝑖𝑛𝑛(𝑖𝑖) = 𝑛𝑛 • 𝑠𝑠𝑖𝑖𝑛𝑛(𝑟𝑟)
Eq. 48

𝑠𝑠𝑖𝑖𝑛𝑛(𝑖𝑖 ′ ) = 𝑛𝑛 • 𝑠𝑠𝑖𝑖𝑛𝑛 (𝑟𝑟 ′ )
Eq. 49

𝐴𝐴 = 𝑟𝑟 + 𝑟𝑟 ′ Eq. 50 𝐷𝐷 = 𝑖𝑖 + 𝑖𝑖 ′ -𝐴𝐴
Light dispersion in a prism can occur on the condition that A ≤ 2λ . For a travelling beam in a prism, the angle of incidence is between π 2 and i 2 which is defined as given:

Eq. 51

𝑠𝑠𝑖𝑖𝑛𝑛(𝑖𝑖 2 ) = 𝑛𝑛 • 𝑠𝑠𝑖𝑖𝑛𝑛 (𝐴𝐴 • 𝜆𝜆)

Minimum deviation method

When an incident light enters in a prism with angle i , the light emerges, and the transmitted ray form a deviation angle (𝐷𝐷) with the direction of the incident one. The rotation of the prism, perpendicularly to the incidence plane leads to the variation of deviation angle, allowing to determine a minimum value of deviation angle (D min ). D min , related to the refractive index of the prism becomes minimum in the case below.

Eq. 52

𝑑𝑑𝐷𝐷 𝑑𝑑𝑖𝑖 = 𝑂𝑂 = 1 + 𝑑𝑑𝑖𝑖 ′ 𝑑𝑑𝑖𝑖
By differentiating Eq. 47 and Eq. 48, we obtain following equations Eq. 53

𝑜𝑜𝑖𝑖 • 𝑚𝑚𝑜𝑜𝑠𝑠(𝑖𝑖) = 𝑛𝑛 • 𝑜𝑜𝑟𝑟 • 𝑚𝑚𝑜𝑜𝑠𝑠 (𝑟𝑟) Eq. 54 𝑜𝑜𝑖𝑖 • 𝑚𝑚𝑜𝑜𝑠𝑠(𝑖𝑖 ′ ) = 𝑛𝑛 • 𝑜𝑜𝑟𝑟 ′ • 𝑚𝑚𝑜𝑜𝑠𝑠 (𝑟𝑟 ′ ) Eq. 55 d𝑟𝑟+d𝑟𝑟 ′ =0
The terms 𝑜𝑜𝑟𝑟 and 𝑜𝑜𝑟𝑟 ′ , derived from Eq. 53 and Eq. 54 are put into Eq. 55.

Eq. 56

𝑐𝑐𝑜𝑜𝑙𝑙 (𝑟𝑟 ′ ) 𝑐𝑐𝑜𝑜𝑙𝑙 (𝑟𝑟) • 𝑐𝑐𝑜𝑜𝑙𝑙(𝑖𝑖) 𝑐𝑐𝑜𝑜𝑙𝑙(𝑖𝑖 ′ ) = 1
Applying the relation, 𝑚𝑚𝑜𝑜𝑠𝑠 2 (𝛼𝛼) = 1 -𝑠𝑠𝑖𝑖𝑛𝑛 2 (𝛼𝛼) into Eq. 47 and Eq. 48, Eq. 57 can be derived as:

Eq. 57

(1 -𝑛𝑛 2 )[𝑠𝑠𝑖𝑖𝑛𝑛 2 (𝑟𝑟 ′ ) -𝑠𝑠𝑖𝑖𝑛𝑛 2 (𝑟𝑟)] = 0
With 𝑛𝑛 ≠ 1, the angles are between 0 -𝜋𝜋 2 and the term sin 2 �r ' �-sin 2 (r) equals to 0. Therefore r = r ' results in i = i ' or I and i ' are proportionally to r and r ′ . As A is constant, only one deviation angle can be found for a wavelength. Finally, the deviation angle and a refractive index can be calculated from Eq. 58 and Eq. 59, respectively.

Eq. 58

𝐷𝐷 𝑚𝑚 = 2 • 𝑖𝑖 𝑚𝑚 -𝐴𝐴 = -𝐴𝐴 + 2 • 𝑠𝑠𝑖𝑖𝑛𝑛 -1 �𝑛𝑛 • 𝑠𝑠𝑖𝑖𝑛𝑛 ( 𝐴𝐴 2 )� Eq. 59 n = sin ( [A+D m ] 2 ) sin ( A 2
)

Spectroscopic characterization

All lanthanide doped solid-state materials elaborated in this work will be characterized for their spectroscopic properties. The investigation includes ground-state absorption, fluorescence dynamic, stimulated emission as well as Judd-Ofelt analysis. Furthermore, the energy levels diagram of the 4𝑓𝑓 𝑛𝑛 configuration can be determined by performing high-resolution absorption measurements at cryogenic temperature. The measurement principles and apparatus will be presented in this part.

Regarding Pr 3+ materials, the ground absorption spectra are presented in cross section (cm 2 ) as a function of wavelength in nm. The spectra acquisition is performed in the extended range of 400 nm -1700 nm. The emission spectra will be recorded in visible regions (400 nm -750 nm). The emission cross section is calculated by using Fuchtbauer-Ladenburg (FL) method. For Nd 3+ materials, there are two types of solid-state materials: single crystal and laser-grade transparent ceramics.

Basically, an optical quality of a single crystal or a transparent ceramic can be checked by a polarized light microscopy. This technique allows visualizing polished samples and measuring size of some defects such as scattering centers. Moreover, the transparency of the sample represent its optical quality as well. The ground absorption spectra are recorded in absorbance and transmittance modes. The spectra measurements are performed in the extended range of 300 nm -1000 nm and of 900 nm -1100 nm for GSA and NIR emissions for Pr 3+ and Nd 3+ materials, respectively.

There are isotropic, uniaxial and biaxial materials being investigated in this work. For an isotropic or cubic material, the same spectroscopic behaviors are expected for any light polarization. On the contrary, an anisotropic material has polarization-dependent properties. Thus, the measurement must be performed in all states of light polarization. For uniaxial crystal, there are two light polarizations including σ (𝐸𝐸 �⃗ ⊥ 𝑚𝑚 ⃗) and π (𝐸𝐸 �⃗ ∕∕ 𝑚𝑚 ⃗). Considering a biaxial material, the measurements must be carried out along three principle polarizations.

Ground State Absorption (GSA)

When an incident light or photon with intensity I0 passes through a solid matter, the absorption process can occur within the matter. The transmitted light I can be measured behind the matter and follows the Beer-Lambert Law as given in Eq. 60.

Eq. 60

I = I 0 e -αd
Where, α is the absorption coefficient in cm -1 and d the thickness of sample in cm. In order to calculate α at a wavelength. Then, the absorption cross section can be determined by dividing the absorption coefficient with the dopant concentration N in ions/cm 3 as given in Eq. 61.

Eq. 61

𝜎𝜎 𝑠𝑠𝑎𝑎𝑙𝑙 = 𝛼𝛼 𝑁𝑁 = 𝑙𝑙𝑛𝑛 ( 𝐼𝐼 0 𝐼𝐼 ) 𝑁𝑁•𝑑𝑑
A Varian Cary 5000i UV-VIS-IR spectrometer was used in this work for the measurement of absorption spectrum. Since spectroscopic properties depend importantly on the light polarization, the samples therefore must be oriented along 𝑎𝑎 ⃗-, 𝑏𝑏 �⃗ -and 𝑚𝑚 ⃗-crystallophysic axis and optical polished. During the absorption measurement, a Glan-Thomson polarizer was placed in front of the polished sample. It is better to limit the absorption efficiency below 99% to prevent the saturation of absorption signal. Thus, a sample must be cut to have an appropriate thickness. Additionally, the measurement resolution must be adjusted for each spectral region with respect to the linewidth.

Judd-Ofelt analysis

The Judd-Ofelt theory is the most famous method to calculate 4f transition intensities of rare earth ions doped into various host materials. Since the publication of Judd and Ofelt theory about the intensities of optical transitions in rare-earth ions [ 145, 146, 147], the theory has been applied to investigate rare earth spectroscopy. The number of papers focusing on Judd-Ofelt computation has reached over 3000. Principally, the Judd-Ofelt approach can be utilized to predict oscillator strength absorptions, branching ratios, excited-state radiative lifetimes and emission probabilities by using only three spectroscopic intensity parameters Ωt (t = 2, 4, 6). The Judd-Ofelt computation requires the reduced matrix element of the single electron U (k) , (k = 2, 4, 6) and L + gS tensor operations. The tensor U (k) , (k = 2, 4, 6) characterizes the electric-dipole induced 4f ↔ 4f transition intensities. Two assumptions have been proposed to allow the expansion of oscillator strengths as the sum of three even-ranked tensors.

 All crystal-field levels of the perturbing odd-parity state (primarily 4f n-1 5d ) are assumed to be degenerated.  The energy difference between any 4f n multiplet and the degenerated perturbing odd-parity states is the same.

The GSA absorption data including the doping concentration, integrated area under transitions and energy level are required to derive oscillator strengths. The numerical refinement leads to determine Judd-Ofelt parameters, spontaneous emission probability, radiative lifetime as well as branching ratio. Since the absorption transitions are intra-configurational 𝑓𝑓 -𝑓𝑓 transition, thus they are mainly induced electric dipole transition. Only a few magnetic dipole transitions are present. The oscillator strength, f exp for a transition can be obtained with the equation below:

Eq. 62 𝑓𝑓 𝑒𝑒𝑒𝑒𝑝𝑝 = 2.303𝑚𝑚𝑐𝑐 2 𝑑𝑑𝑁𝑁𝜋𝜋𝑒𝑒 2 × ∫ 𝛼𝛼(𝑣𝑣)𝑜𝑜𝑣𝑣
Where m is the electron mass. e is the electron charge. N is doping concentration in ions/cm 3 . d is sample's thickness in cm. α(v) is the absorption coefficient as a function of frequency in cm -1 . ∫ α(v)dv is the integrated area over the frequency range of a transition.

On the other hand, the oscillator strength from an initial state J , to a final state J ' , can also be expressed in terms of the electric dipole line strength S exp , for the multiplet transtions.

Eq. 63

𝑆𝑆 𝑒𝑒𝑒𝑒𝑝𝑝 (𝐽𝐽 → 𝐽𝐽 ′ ) = 3ℎ(2𝐽𝐽+1)𝑒𝑒 2 𝑛𝑛 2 8𝜋𝜋𝑚𝑚𝑣𝑣 • 𝜒𝜒 𝑒𝑒𝑟𝑟 • 𝑓𝑓 𝑒𝑒𝑒𝑒𝑝𝑝 (𝐽𝐽 → 𝐽𝐽 ′ )
Where n is the refractive index and the term χ ed represents the field correction for the rare earth:

Eq. 64

𝜒𝜒 𝑒𝑒𝑑𝑑 = 𝑛𝑛(𝑛𝑛 2 +2) 2 9
In principle, the line strength is proportional to the square of the matrix element as expressed in Eq. 65.

Eq. 65

𝑆𝑆 𝑐𝑐𝑠𝑠𝑙𝑙 (𝐽𝐽 → 𝐽𝐽 ′ ) = 𝑒𝑒 2 ∑ 𝛺𝛺 𝑜𝑜 |˂𝛹𝛹𝐽𝐽||𝑈𝑈 𝑜𝑜 ||𝛹𝛹′𝐽𝐽′˃| 2 𝑜𝑜=2,4,6
Where U t is tensor operator of rank t = 2, 4 and 6. The term |<ΨJ||U t ||Ψ'J'>| 2 represents the reduced matrix element of the tensor U t which is independent of an environment or host. The Judd-Ofelt parameters Ωt with t = 2, 4 and 6 can be fitted from the experimental oscillator strength, once these parameters are calculated by assuming an equivalence of experimental and calculated line strengths, 𝑆𝑆 𝑒𝑒𝑒𝑒𝑝𝑝 = 𝑆𝑆 𝑐𝑐𝑠𝑠𝑙𝑙 . The Judd-Ofelt intensity parameters provide the emission oscillator strengths. The corresponding emission line strengths S em , are deduced with the help of Eq. 63. Furthermore, the relaxation rate between two distinct states A j→j ' , is related to the calculated emission strength as expressed in Eq. 66.

Eq. 66

𝐴𝐴(𝐽𝐽 → 𝐽𝐽

′ ) = 64𝜋𝜋 4 𝑒𝑒 2 𝑛𝑛�𝑛𝑛 2 +2� 2 27ℎ(2𝐽𝐽+1)ƛ 3 𝑆𝑆 𝑒𝑒𝑚𝑚 (𝐽𝐽 → 𝐽𝐽 ′ )
Where h is the Planck's constant, λ � is a centered wavelength in cm. Furthermore, the radiative lifetime of a multiplet τ rad , can be derived from the summation of relaxation rates over all lower energy states than the concerning multiplet by using Eq. 67.

Eq. 67

𝜏𝜏 𝑟𝑟𝑠𝑠𝑑𝑑 = 1 ∑ 𝐴𝐴(𝐽𝐽→𝐽𝐽 ′ )
On the other hand, the fluorescence branching ratios (β) is defined as the ratio of the relaxation rate of interest to the total relaxation rate of all transitions originating from a given multiplet as shown in the given Eq. 68.

Eq. 68

𝛽𝛽 �𝐽𝐽→𝐽𝐽 ′ � = 𝐴𝐴(𝐽𝐽→𝐽𝐽 ′ ) ∑ 𝐴𝐴(𝐽𝐽→𝐽𝐽 ′ )
Additionally, the accuracy of the Judd-Ofelt refinement, can be expressed by a root mean square deviation ∆rms , with the usual equation:

Eq. 69 ∆𝑟𝑟𝑡𝑡𝑠𝑠 = � ∑(𝑆𝑆 𝑒𝑒𝑒𝑒𝑝𝑝 -𝑆𝑆 𝑐𝑐𝑟𝑟𝑙𝑙 ) 2 𝑝𝑝-𝑞𝑞 � 1/2
Where p is the number of absorption bands included in the Judd-Ofelt fit and q is the number of spectroscopic intensity parameters Ω. For non-cubic or anisotropic materials, the absorption data must be averaged over all polarizations.

In general, the Judd-Ofelt analysis can be solved by running on a computational tool such as Mathcad, MatLab and Relic 1.0. The last one has been recently invented by M. P. Hehlen et al. [START_REF] Hehlen | 50th Anniversary of the Judd-Ofelt Theory : An experimentalist's view of the formalism and its application[END_REF] in 2013. With Relic 1.0, the matrix elements of all lanthanide ions are provided. In this work, we used Relic 1.0 to solve the Judd-Ofelt computation of Pr 3+ and Nd 3+ doped various oxides.

Usually, Pr 3+ ions suffer from several problems when applying Judd-Ofelt computation, for instance, large deviations between calculated and experimental values, negative Ω2. This can be attributed to the small gap between the ground configuration 4f n and the first excited configuration 4𝑓𝑓 𝑛𝑛-1 5𝑜𝑜 (~50,000 cm -1 ). The Judd-Ofelt theory assumes a degenerate 4f n-1 5d and a constant energy difference between this configuration and the 4𝑓𝑓 𝑛𝑛 energy states. To overcome this problem, many works reported that the exclusion of transition 3 H4→ 3 P2 can improve the accuracy and the reliability of the refinement, although the reasons for its peculiar behavior are not clearly established.

Fluorescence Decays

For a luminescent material, one of the spectroscopic characteristics is the fluorescence decay of a given excited level, which can lead to the determination of the fluorescence lifetime. There are three different types of fluorescence lifetime as the effective τ eff , experimental τ exp and radiative τ rad lifetimes. The effective and experimental ones can be calculated directly from the fluorescence decay, whereas the radiative one is generally estimated by using Judd-Ofelt approach. In the simplest case, the temporal evolution of the fluorescence intensity is a single experiential decay: 

)

When plotting fluorescence decay in logarithm scale with respect to measured time, τ eff can be derived by calculating the slope of the linear curve. In the case of non-single exponential decay, the integration method is more appropriate to average fluorescence lifetime. Then, τ eff can be obtained by using the given expression.

Eq. 71

𝜏𝜏 𝑒𝑒𝑒𝑒𝑒𝑒 = ∫ 𝑜𝑜𝐼𝐼(𝑜𝑜)𝑑𝑑𝑜𝑜 ∞ 0 ∫ 𝐼𝐼(𝑜𝑜)𝑑𝑑𝑜𝑜 ∞ 0

Stimulated emission

To calculate the stimulated emission cross sections (cm -1 ), there are two common methods, which are the reciprocity and Fuchtbauer-Ladenburg (FL) methods. The reciprocity one concerns the calculation of emission cross section from the recorded absorption spectra but it is only suitable for the shortest wavelength. Whereas, the latter one is more appropriate for our work because the emission cross section can be directly derived from the experimental emission spectra combined with the Judd-Ofelt data.

Using Fuchtbauer-Ladenburg method [ 149, 150], the emission cross section can be directly derived from Eq. 72.

Eq. 72

𝜎𝜎 𝑒𝑒𝑚𝑚 (𝜆𝜆) = 𝛽𝛽𝜆𝜆 5 8𝜋𝜋𝑐𝑐𝑛𝑛 2 𝜏𝜏 𝑟𝑟𝑟𝑟𝑟𝑟 • 𝐼𝐼(𝜆𝜆) ∫ 𝜆𝜆𝐼𝐼(𝜆𝜆) ������ 𝑑𝑑𝜆𝜆
Where 𝛽𝛽 is branching ratio of a single transition, 𝜏𝜏 𝑟𝑟𝑠𝑠𝑑𝑑 radiative lifetime. These two terms can be obtained by means of Judd-Ofelt approach. n is the refractive index for a given wavelength, 𝐼𝐼 the fluorescence intensity and I(λ) ����� the averaged fluorescence intensity for all polarizations, which is integrated over the concerned transition and which can be calculated by using Eq. 73 or Eq. 74 for a uniaxial or biaxial materials, respectively. 

Conclusions of chapter 1

Several applications of visible lasers are currently in great demand for various domains. We are interested to study on an active gain medium type solid-state that can provide high power lasers and good beam quality. Appropriated ions chosen for this work are Praseodymium and Neodymium ions. The former one can be employed to generate directly green, orange, red and deep red lasers by operating on channels 3 P1→ 3 H5, 3 P0→ 3 F4, 3 P0→ 3 F2 and 3 P0→ 3 H4, respectively. For Neodymium ions, the channel 4 F3/2→ 4 I9/2 could be exploitable by emitting 0.95 µm. The frequency doubling can be performed by using a nonlinear single crystal to convert the 0.95 µm laser into the blue one at 0.47 µm. These cover overall lasers in visible spectral region.

This chapter 1 contains mainly three parts. The first one deals with the fundamental principles of rare earth ions and light-matter interactions, leading to understand how to realize laser emissions. The second one is about the choice of active lanthanide ions and oxide hosts. We described and summarized some concerning physical and spectroscopic properties of a promising oxide host when doped with Pr 3+ or Nd 3+ ions. The final part provides the comparison of crystal growth methods and the characterization techniques utilized in this work.

To be concluded, we will focus on Pr 3+ doped hexaaluminate, melilite, perovskite and germinate hosts for the achievement of visible laser emissions. The crystal growth will be performed by using Czochralski method. Furthermore, Nd 3+ doped sesquioxide, tantalate and garnet will be prepared also in single crystal or transparent ceramic. These materials will be thoroughly investigated for their physical properties and spectroscopies with many techniques including X-Ray diffraction, Electron Probe Microanalysis, thermal conductivity measurement, dynamic decay measurement, absorption and emission measurements. Finally, the elaborated materials will be employed for the laser operations. At a lasing wavelength, we investigated laser performances on our single crystals or transparent ceramics within a single-path resonator and the V-type configuration for Pr 3+ and Nd 3+ ions, respectively. The studies of Pr 3+ and Nd 3+ doped oxides hosts will be separated demonstrated in chapter 2 and chapter 3, respectively.

Introduction

The chapter 2 contains three main parts. The first part deals with the selection of oxide hosts for Pr 3+ ions by preliminary study of various Pr 3+ doped polycrystalline samples. The solid-state reaction was used to prepare a polycrystalline sample doped by Pr 3+ ions with concentration of 10 20 ions•cm -3 . The optical spectroscopic characterization including fluorescence lifetime and emission spectrum measurement was performed. The Pr 3+ doped polycrystalline hosts exhibiting high fluorescence lifetime of the metastable state 3 P0 could be considered as promising and effective hosts.

For the second part, oxide type single crystals, doped by Pr 3+ ions with concentration of 10 20 ions·cm -3 , were grown for the chosen family hosts: hexaaluminate (Sr0.7La0.3Mg0.3Al11.7O19, ASL), mellilite (SrLaGa3O7, SLGM), perovskite (LaAlO3), sesquioxide (Y2O3) and germanate (LaGaGe2O7, LGGO). Furthermore, this part also concerns several characterizations of as-grown Pr 3+ materials for their structure, physic and optical spectroscopies. The characterization techniques are all introduced in Chapter 1 as follows: X-Ray Diffraction or XRD (Section 1.7.1), Electron Probe Micro-Analysis or EPMA (Section 1.7.2), Raman spectroscopy (Section 1.7.3), Thermal conductivity measurement, Ground-state absorption measurement (Section 1.8.1), Judd-Ofelt analysis (Section 1.8.2), fluorescence decay dynamic (Section 1.8.3) and emission spectrum measurement (Section 1.8.4). Finally, Pr 3+ doped uniaxial crystals, including ASL, SLGM and LGGO were oriented perpendicularly to their 𝑐𝑐 ⃗ crystallographic axis to reach optimized spectroscopic properties. Biaxial crystal of Pr:LGGO were oriented perpendicularly to its 𝑏𝑏 �⃗ crystallographic axis.

Finally, in a third part, oriented and polished Pr doped oxide host crystals are used to perform laser experiments in extended visible range from 500 nm to 750 nm.

Preliminary studies for the selection of Pr 3+ doped oxides.

A crucial factor for successful laser operation is the choice of a suitable host materials. The complicated energy level schemes of Pr 3+ ions, shown in chapter 1 (Section 1.4.1.1, Fig. 12) bear the risk of detrimental non-radiative multi-phonon relaxation, cross relaxation, and/or up-conversion as well as undesirable radiative processes such as excited state absorption (ESA) into higher lying 4f or 4f 5d levels. Most of these processes can be suppressed by the use of host materials with suitable phonon energies and weak crystal field strength. In the past, often fluoride materials have been regarded suitable for this purpose. However, fluorides typically exhibit inferior material properties such as thermalconductivity and hardness. Moreover, fluoride-based materials are often difficult to grow since they are extremely sensitive towards residual oxygen in the growth atmosphere.

The suitability of oxide hosts for visible lasers has been demonstrated in the past in very few Pr 3+ doped oxides like Pr 3+ :SrAl12O19 [ 1]and the perovskite Pr 3+ :YAlO3 [ 2]. The growth of large size, high optical quality oxide crystals is often much less demanding compared to fluorides. Preliminary studies of Pr 3+ doped polycrystalline materials were performed with the aim of selecting the best hosts among various families of oxide materials. Four main criteria have to be considered for these oxide hosts selection as presented in chapter 1 (section 1.4.2).

Synthesis by solid-state reactions

This section reports the preparation of various Pr 3+ doped oxide hosts by mean of solid-state reaction. The oxide hosts, being synthesized in this work have congruent melting behaviors in order to satisfy the requirement of Czochralski growth process. First of all, we decided to select and focus on Chapter 2: Selected Pr 3+ doped oxide hosts.
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several interesting oxide family hosts by regarding their melting point, physical and spectroscopic properties as follows: hexaluminate, mellilite, aluminate, perovskite, borate, tungstate, orthosilicate, germanate, oxyapatite and tungsten hosts. Pr 3+ doped oxide hosts to be synthesized are listed in Table 1. Only 15g polycrystalline sample of each studied compound, with a doping concentration of Pr 3+ fixed at 1.0×10 20 ions/cm 3 , was prepared. To perform the solid-state reaction, commercial raw materials were mixed in stoichiometric proportion for each compound. The powder mixture was pressed into pellets. A calcination process was carried out at appropriate temperature, in order to obtain the desirable crystalline phase. All raw materials used in this work are presented in the Table 2, with their corresponding purity. It should be noted that Lanthanum oxide (La2O3) is very reactive to ambient atmosphere. In the presence of H2O molecules, the hydrolysis of La2O3 occurs rapidly. The chemical reaction generates La(OH)3 compounds as shown in Eq. 1.

Eq. 1

𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 3𝐻𝐻 2 𝑂𝑂 → 𝐿𝐿𝐿𝐿(𝑂𝑂𝐻𝐻) 3
Therefore, La2O3 commercial powders must be preheated at 1000 °C for 20 hours or overnight. The solid-state reactions of Pr 3+ -doped oxide-based polycrystalline samples are given in the equations below. 

Eq.3 6(1 -𝑥𝑥)𝐶𝐶𝐿𝐿𝐶𝐶𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3(1 + 𝑥𝑥)𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 + 3(1 -2𝑥𝑥)𝑆𝑆𝑆𝑆𝑂𝑂 3 → 3𝐶𝐶𝐿𝐿 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 𝐴𝐴𝐴𝐴 2(1+𝑥𝑥) 𝑆𝑆𝑆𝑆 1-2𝑥𝑥 𝑂𝑂 7

C. The melilite type compounds: SLGM, SMGM and SZGM

Eq.4

6𝑆𝑆𝑆𝑆𝐶𝐶𝑂𝑂 3 + 3(1 -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 9𝐺𝐺𝐿𝐿 2 𝑂𝑂 3 → 6𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐺𝐺𝐿𝐿 3 𝑂𝑂 7 (𝑆𝑆𝐿𝐿𝐺𝐺𝑥𝑥) Eq.5 3(2 -2𝑥𝑥)𝑆𝑆𝑆𝑆𝐶𝐶𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝑥𝑥𝑥𝑥𝐶𝐶𝑂𝑂 3 + 3(2 -2𝑥𝑥)𝐺𝐺𝐺𝐺𝑂𝑂 2 + 3𝑥𝑥𝐺𝐺𝐿𝐿 2 𝑂𝑂 3 → 3𝑆𝑆𝑆𝑆 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 𝑥𝑥𝑥𝑥𝐺𝐺𝐺𝐺 2(1-𝑥𝑥) 𝐺𝐺𝐿𝐿 2𝑥𝑥 𝑂𝑂 7 (𝑆𝑆𝑥𝑥𝐺𝐺𝑥𝑥) Eq.6 3(2 -2𝑥𝑥)𝑆𝑆𝑆𝑆𝐶𝐶𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝑍𝑍𝑍𝑍𝑂𝑂 + 3(2 -2𝑥𝑥)𝐺𝐺𝐺𝐺𝑂𝑂 2 + 𝑥𝑥𝐺𝐺𝐿𝐿 2 𝑂𝑂 3 → 3𝑆𝑆𝑆𝑆 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 𝑍𝑍𝑍𝑍𝐺𝐺𝐺𝐺 2(1-𝑥𝑥) 𝐺𝐺𝐿𝐿 2𝑥𝑥 𝑂𝑂 7 (𝑆𝑆𝑍𝑍𝐺𝐺𝑥𝑥)
D. The aluminate type compounds: SLA and CYA Eq.7

6𝑆𝑆𝑆𝑆𝐶𝐶𝑂𝑂 3 + 3(1 -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 → 6𝑆𝑆𝑆𝑆𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐴𝐴𝐴𝐴𝑂𝑂 4 (𝑆𝑆𝐿𝐿𝐴𝐴)
Eq.8

6𝐶𝐶𝐿𝐿𝐶𝐶𝑂𝑂 3 + 3(1 -𝑥𝑥)𝑌𝑌 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 → 6𝐶𝐶𝐿𝐿𝑌𝑌 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐴𝐴𝐴𝐴𝑂𝑂 4 (𝐶𝐶𝑌𝑌𝐴𝐴)
Chapter 2: Selected Pr 3+ doped oxide hosts. 
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Structural characterization

X-ray diffraction method was used to verify that each sintering pellets lead to the formation of the desired crystalline phase. After the calcination process, a prepared pellet sample is ground into fine powders for structural characterization by X-ray diffraction. The X-ray diffractometer, from Panalytical, is equipped with a copper anticathode and a monochromator set to select for the Kα1 line and eliminate Kβ and K α2 lines of copper. A XRD pattern is recorded in the 2𝜃𝜃 range between 10° -62°.

A. The Hexaluminate type compound: ASL

According to the XRD pattern of ASL, a single phase similar to SrAl12O19 structure was obtained as demonstrated in Figure 1. 

B. The gehlenite type compound: CAS

For CAS sample, there were two crystalline phases as shown in Figure 2. The quantitative analysis can be performed with the help of Reference Intensity Ratio method (RIR) in order to estimate the proportions of different phases that were formed. The main phase is Ca2Al2SiO7 (98%) whereas the impurity phase of raw material SiO2 is found around 2%. Regarding the result of Pr:SMGM, three crystalline phases were observed, corresponding to Sr2MgGe2O7 (98%), GeO2 (1%) and SrO (1%). The XRD pattern of Pr:SZGM indicated two phases of Sr2ZnGe2O7 (92%) and Sr3ZnGe5O14 (8%). Chapter 2: Selected Pr 3+ doped oxide hosts. 
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E. The perovskite type compounds: LAP, LLP, YAP and GAP

The XRD results revealed that the perovskite synthesis required at least two-three times of sintering steps to get the desirable phases. The obtained crystalline phases for perovskite samples are shown in Figure 6 Chapter 2: Selected Pr 3+ doped oxide hosts.
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F. The tantalate compound: GTO

As presented in Figure 7, the XRD pattern of Pr:GTO sample corresponds to a single phase of GdTaO4. 

G. The orthosilicate compounds: YSO and GSO

The XRD patterns of orthosilicate samples demonstrated a single phase of Y2SiO5 in Pr:YSO pellets whereas the GSO sample contained two crystalline phases corresponding to Gd2SiO5 (98%) and Gd2O3 (2%) structures. Chapter 2: Selected Pr 3+ doped oxide hosts.
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H. The germanate compound: LGGO

The XRD pattern (see Figure 9) confirmed that a single phase of LaGaGe2O7 was obtained. In conclusion, all samples prepared by solid-state reaction can be used for the fluorescence decay measurements because the desirable crystalline phases were formed with a very high semiquantitative ratio in the level of 98-100%, except Pr:SLGM and Pr:SZGM with a purity around 80 and 92%, respectively.

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Fluorescence decay of the metastable state 3 P0

For Pr 3+ ions, the emission channels for visible lasers are principally based on the 3 P1 and 3 P0 emitting states. For instance, the transitions 3 P0→ 3 H4, 3 P1→ 3 H5, 3 P0→ 3 H6, 3 P0→ 3 F2 and 3 P0→ 3 F4 generate blue, green, orange, red and deep red lasers, respectively. Thus, the fluorescence lifetime of the 3 P0 state was measured for all Pr 3+ doped polycrystalline samples.

The fluorescence decay measurements were performed under a laser excitation of 444 nm, which enables the ground state absorption 3 H4 → 3 P2. The excitation source was delivered by a nanosecond Nd:YAG laser associated with an optical parametric oscillator (OPO) from EKSPLA. The pulse duration of the OPO pump was 5 ns. With a set of collimating lens, the fluorescence decay was focused directly into a monochromator Acton SP2300 from Princeton Instrument. To select the fluorescence decay of the 3 P0 energy level, the monochromator was set at the wavelength of 486 nm, corresponding to the radiative relaxation from the state 3 P0 state to the ground state 3 H4. The fluorescence signal of a sample was detected by using a photomultiplier RCA-8850 from Hamamatsu. Moreover, an oscilloscope was utilized to display the detected fluorescence signal, which was averaged over 250 excitation pulses to improve the signal to noise ratio.

In the absence of parasitic relaxation process, the fluorescence intensity as a function of time can be expressed in single exponential curve with respect of Eq. 70 as given in chapter 1 (section 1.8.3).

With our polycrystalline samples, a single or near-single exponential behavior was generally observed. The fluorescence lifetimes were determined from a linear fit of decays in logarithm scale. The measured fluorescence lifetime of Pr 3+ (10 20 ions/cm 3 ) doped polycrystalline hosts were found in the range of 1 -38 µs as shown in Table 3 and Figure 11. 

Conclusions

In general, an active gain medium with high fluorescence lifetime is more suitable for efficient laser emissions. Therefore, we categorized our studied Pr 3+ polycrystalline samples into three main classes by regarding their measured fluorescence lifetime of the emitting state 3 P0. Considering these fluorescence lifetime results, we selected on Pr 3+ doped ASL, SLGM, LAP and LGGO hosts, exhibiting moderate to high level of lifetime to be grown as single crystal with the Pr 3+ doping concentration fixed at 10 20 ions/cm 3 . Then, their optical spectroscopy and laser performances were thoroughly investigated for laser emissions in visible spectral region.

Composition tuning of Pr 3+ doped hexaaluminate host 2.3.1 State of the art

According to recent papers, single crystals of Pr:SRA and Pr:LMA have been grown and studied for their laser capabilities in visible spectral region [1, 3, 4]. Employing a 3at.%Pr:SRA single crystal, efficient visible laser emissions have been reached under cw-blue laser excitations. For instance, under an excitation at 486 nm, delivered by a 2ω-OPSL pump, red laser at 644 nm has been achieved with a maximum output power of 1.2 W at the absorbed power of 2.3 W. The corresponding slope efficiency was up to 59% [3]. However, with the same configuration and pump source, a Pr:LMA sample yielded the maximum output power of 10 mW with an absorbed power of 500 mW. The slope efficiency was as low as 2. 0% [4]. This inefficient laser can be attributed to the delocalization of the RE 3+ ions in three directions of the mirror planes of LMA crystal structure. This leads to the typical disordered structure of LMA [ 5]. Even though a LMA host is hexaaluminate end-member, it is inappropriate for Pr 3+ doping. Nevertheless, LMA possesses an advantageous congruent melting behavior and can be easily grown by using Czochralski method, whereas SRA hosts have disadvantage of non-congruent melting behavior, referred to the binary phase diagram of SrO and Al2O3 ASL (Sr1-xLaxMgxAl12-xO19) is a solid solution, between SRA and LMA compounds, developed with the challenge to overcome the difficulty of SRA crystal growth. Pr:ASL active gain mediums are expected to combine the advantages of both hexaaluminates end-member SRA and LMA such as congruent melting behavior, good spectroscopic properties and efficient laser performances. Similarly, ASL crystallises in the hexagonal magnetoplumbite structure with the space group of P63/mmc. Its structure was drawn with Ball and Sticks software by using XRD data of a 2at.%Pr:ASL polycrystalline sample. As depicted in Figure 12, its unit cell contains spinel blocs and mirror planes (001) which are perpendicular to the 𝑐𝑐 ⃗ optical axis, where the Sr 2+ /La 3+ cation sites are located. These two cation sites have the symmetries D3h and C2v, originated from the components SRA and LMA, respectively. Sr 2+ or La 3+ ions are coordinated with 12 oxygen atoms. The high coordination number can weaken the crystal field effect and therefore moderates the crystal field effect on Pr 3+ active ions [ 8]. The hexagonal axis a is 5.573 Å, the c axis is 22.005 Å. The spinel blocks consist of Al 3+ cations in different polyhedrons as follows:

 tetrahedrons AlO4 (orange)  trigonal bipyramid AlO5 (red)  regular octahedral AlO6 (yellow)  distorted octahedral AlO6 (blue) In other words, the LMA host can be considered as fully-substituted La:SRA material. According to the Shannon radii database [ 9], trivalent La 3+ (1.36 Å) can be incorporated in the divalent Sr 2+ (1.44 Å) sites. For ASL hosts, La 3+ ions occupy partially Sr 2+ sites with a ratio x. When x is low, the site symmetry is dominated by SRA, thus D3h. A. Lupei et al [ 10] reported that the distribution of La 3+ ions is random in that sites. The charge neutrality must be preserved, and this requirement can be fulfilled by substituting Al 3+ ions with Mg 2+ ions [ 11,12]. The structure refinement of a 2at.%Pr:ASL (x = 0.3) indicated that the average bond distance between Pr 3+ and O 2-ions is 2.773 Å as shown in Table 4. The minimum distance between two Pr 3+ -ions in ASL is 5.6 Å [ 13], which is more longer compared to Pr:LiYF4 (3.7 Å) [ 14]. Consequently, detrimental effects due to dipole-dipole exchange interaction are strongly reduced in Pr:ASL. 

Synthesis by solid state reactions

In this section, two series of Pr:ASL polycrystalline samples were prepared by using solid-state reaction. The first one consists of ASL samples with the fixed composition x of 0.3, doped with Pr 3+ from 1at.% to 6 at.%. For the second set, Pr:ASL samples with different composition x between 0.0 (SRA) -1.0 (LMA) were synthesized with the same doping concentration of 2at.%Pr. The calcination was carried out in an oxygen atmosphere at two different temperatures as presented in Figure 13. The decarbonization occurs at 950 °C while the formation of ASL phase takes place at 1550 °C.

Figure 13. The schema of solid-state reaction of ASL.

The annealed pellets were white and compact (see Figure 14). 

Structural characterization

For all samples, only characteristic peaks of hexaaluminate phase were observed by XRD. No impurity phase was found. The XRD pattern of a 2at.%Pr:ASL sample was identical to that shown in Figure 1. Moreover, the lattice parameters were determined for all Pr:ASL polycrystalline samples. By using Fullprof Suite. The calculated lattice constants and unit cell volumes were presented for both first and second sets of Pr:ASL samples in Table 5 andTable 6, respectively. 
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Pr 3+ ions have slightly larger than La 3+ ions, that is the reason why the unit cell parameters increase with higher Pr doping rate until 4at.%Pr. Considering Pr:ASL samples with different composition of x, the lattice parameters including a, c and unit cell volume were plotted as function of x in Figure 15 The unit cell volume increases with the rare-earth composition as well as the lattice parameters a, b (see Figure 16). However, this evolution of the volume shows two different slopes with the x value below and above 0. According to the work of L. Gheorghe et al. [ 15], an ASL has a quasi-congruent melting behavior when the composition x is between 0.2 -0.4. Several ASL single crystals have been successfully grown by using Czochralski method. Furthermore, it was reported that the best crystal optical quality was obtained for ASL with the composition x of 0.3.

Emission spectra measurements

We investigated the effect of x and Pr 3+ doping level (y) on the spectroscopic characteristics of the two sets of ASL (Sr1-xLax-yPryAl12-xO19) polycrystalline samples, prepared in the previous section. The emission spectra were recorded in randomly-polarized light at room temperature in the visible region, from 450 nm to 750 nm. The measurement setup consisted of a nanosecond Nd:YAG laser and optical parametric oscillator (OPO) tuned at 444 nm as excitation source, an Acton SP2300 monochromator from Princeton Instrument and an gated ICCD (PI-MAX4) camera from Hamamatsu.

The emission spectra of 2at.%Pr:ASL samples with x from 0.0 (SRA) to 1.0 (LMA) are presented in Figure 17 The emission line characteristics of Pr:SRA and Pr:LMA were not identical. From the zoom spectra in the range 470 nm -505 nm in Figure 17 (b), the emission lines of Pr:LMA were shifted approximately 2 nm to longer wavelengths. This might be attributed to the different crystal field effect from SRA to LMA hosts. Referred to the literature [ 16], LMA has a disordered structure. Due to the smaller ionic radius of La 3+ ions, they can be delocalized in three different directions in the mirror planes (001) and above or beneath the plan [ 17]. The site symmetries are C3V and C2V for La 3+ in the mirror planes and out of planes, respectively. This generates probably a disordered structure for LMA resulting in broadened absorption or emission lines. For example, at wavelength 486 nm, the full width at half maximum (FWHM) of ASL varied from 3 nm (x = 0.0) to 4 nm (x = 1.0). The intense emission peaks were observed for the following transitions: 3 P1 → 3 H5 (525 nm), 3 P0 → 3 H6 (620 nm), 3 P0 → 3 F2 (643 nm) as well as 3 P0 → 3 F4 (725 nm).

a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts. In addition, emission spectra were also collected for ASL (x = 0.3) with various doping concentration (from 1at.%Pr to 6at.%Pr). From Figure 18, an increasing of the fluorescence intensity was observed when the doping concentration is below 2at.%. Above this concentration, the fluorescence intensity decreases significantly. This might indicate the quenching effect of neighboring Pr 3+ ions. The strongest emission was obtained with 2at.%Pr:ASL and 4at.%Pr:ASL samples.
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Fluorescence decay of the state 3 P0

For lanthanide ions, the lifetime can be measured in order to provide information about interand intra-ionic processes of relaxation. In this part, we focused on the excited state 3 P0 which is responsible for the achievement of visible lasers. A lifetime can be calculated from the linear fit of experimental fluorescence decay in logarithm scale. Thus, the term "fluorescence lifetime" is applied.

For all ASL polycrystalline samples, the dynamic decay of the state 3 P0 had a nearly-single exponential behavior. For Pr 3+ ions, there are several cross-relaxation channels from the state 3 P0 (see Figure 11 in chapter 1), including ( 3 P0, 3 H4) → ( 1 D2, 3 H6), ( 3 P0, 3 H4) → ( 1 G4, 1 G4) and ( 3 P0, 3 H4) → ( 3 H6, 1 D2). The cross relaxations is responsible for the departure of the decay from a single exponential curve at short times. As the cross relaxation was weak, its effect on the shape of curves was neglected for the analysis of the data. Thus, Eq 70. from chapter 1 was used for our Pr:ASL samples.

Pr:ASL samples with x = 0.3 were employed for the lifetime measurement in order to investigate the Pr concentration effect on the lifetime of the state 3 P0. The logarithm of fluorescence decay was plotted as a function of time in Figure 19 (a). The lifetime values are shown in Figure 19 (b) as function of Pr 3+ concentration.

Chapter 2: Selected Pr 3+ doped oxide hosts. The fluorescence lifetimes of ASL samples at room temperature were found in the range between 33 µs -37 µs. The fluorescence lifetime decreased systematically with the doping concentration. This can be explained by the quenching of Pr 3+ ions that is strengthen by the doping concentration. Nevertheless, the fluorescence lifetimes seem very close for 1at.%, 2at.% and 3at.%Pr:ASL samples. On the other hand, the fluorescence lifetimes were investigated for different composition of x for 2at.%Pr:ASL samples. Figure 23 shows that the composition x has the same effect on experimental lifetime of 3 P0 level as the doping concentration. Samples with the compositions x = 0.0 and x = 1.0, yielded the lifetimes of 39 µs and 35 µs, respectively. These are in good agreement with the references [3,18]. It is noteworthy that the lifetimes have two different regimes, depending on the dominating component, SRA or LMA, (Figure 20). Nonetheless, the decrease of the lifetime is not very strong when modifying the composition x.
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a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Conclusions

The fluorescence lifetime ( 3 P0 state) behavior as function of rare earth amount was investigated for Pr (2at.%) doped ASL polycrystalline samples. As a result, Pr:ASL samples had decreasing lifetime with raising rare earth composition exposed by x parameter. Regarding the sample with composition x = 0.3; its fluorescence lifetime was 37 µs, very close to Pr(2at%):SRA (39 µs). It seems that the spectroscopic features of SRA are remained dominant in an ASL host with x = 0.3. Therefore, the x composition of 0.3 can be appropriate for a Pr:ASL material.

The fluorescence lifetime behavior was also investigated with respect to the Pr 3+ doping level for the chosen ASL composition of x = 0.3. Fluorescence lifetimes of Pr:ASL samples were found in the range 38 µs -33 µs for the Pr 3+ doping level from 1at.% to 6at.%. A slight quenching effect was noticed with a doping level above 3at.%Pr. 2at.%Pr:ASL and 4at.%Pr:ASL exhibited fluorescence lifetimes of 37 µs and 34 µs, respectively. These values still remain high and comparable to that of the best current laser material, Pr:LiYF4 (36 µs) [ 19].

In summary, we chose the Pr 3+ doping rate of 2at.% and 4at.% for ASL host with x composition of 0.3 as well as the other selected Pr doped oxide hosts, including Pr:SLGM, Pr:LAP, Pr:Y2O3 and Pr:LGGO to be grown as single crystal with Czochralski method. The structural, physical and spectroscopic properties will be thoroughly studied with the grown Pr 3+ doped single crystals in the next sections 2.4 and 2.5. Samples will be oriented and polished for their optimal radiative properties in order to achieve laser operations in visible spectral regions (See section 2.6).

Crystal growth and physical properties 2.4.1 Pr 3+ doped Y2O3

Basically, sesquioxides of interest for solid-state lasers have a chemical formula of Re2O3 (Re = Lu, Sc or Y). Considering Y2O3, it exhibits low phonon energy around 560 cm -1 , very high thermal conductivity of 13 W·m -1 ·K -1 , comparable to Y3Al5O12 (YAG) garnet and suitable Mohs hardness of 6.8 [ 20]. These characteristics are advantageous and we studied in this work Pr:Y2O3 materials for laser emissions in visible spectral ranges. As Y2O3 has a cubic structure, it can be easily prepared as transparent ceramic with laser-grade quality. A sample of 0.5at.%Pr:Y2O3 was supplied by Dr. R. YASUHARA from the National Institute for Fusion Sciences (NIFS) in Japan. It were used for Raman and optical spectroscopy, and laser investigations.

A. Raman spectroscopy study

The transparent ceramic of Pr:Y2O3 was employed to collect a Raman spectrum. Under a laser excitation at 532 nm, the Raman shift spectra were collected in the range between 300 cm -1 and 1000 cm -1 by using a Renishaw In-via Raman spectrometer equipped with an optical microscope. According to Figure 21, the spectrum demonstrated a maximum phonon energy of 613 cm -1 .

Chapter 2: Selected Pr 3+ doped oxide hosts. 
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Pr 3+ doped LaAlO3 (Pr:LAP)

A material with the formula unit of ABO3 can be classified as perovskite type. There are several perovskite related structures depending on the mixing of cations A and B. In this work, we focused on perovskite single crystal LaAlO3 (LAP) due to its promising optical spectroscopies features for solidstate lasers as described in chapter 1. Regarding LAP hosts, the structure is trigonal with space group 𝑅𝑅3 � 𝐶𝐶 (No 167) at room temperature. The lattice constants are taken from the literature [ 21] and given in Table 7.

Table 7. Unit cell parameters of a LaAlO3 single crystal [21]

Lattice constants and unit cell volume a (Å) b (Å) c (Å) α V (Å 3 ) 5.365 5.365 13.150 90°4´ 217.60

The pseudo-cubic structure of LaAlO3 consists of AlO6 octahedrons and LaO12 polyhedrons. as depicted in Figure 22Table 7.

Chapter 2: Selected Pr 3+ doped oxide hosts. There are three different La-O bond lengths as shown in Table 8. The mean bond length between La 3+ -O 2-ions is 2.683 Å. The melting point of LaAlO3 is as high as 2150 °C. This might lead to a difficult crystal growth. Its solid density is 6.53. Moreover, LAP hosts exhibit typically a phase transitions [ 22]. Referred to [ 23,24], at 800 K, the phase transition occurs from trigonal structure to cubic structure with space group of 𝑃𝑃𝑃𝑃3 � 𝑃𝑃.
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A. Crystal growth

To synthesize polycrystalline sample of LaAlO3 doped with 0.5at.%Pr (1.0×10 20 ions/cm 3 ), the raw oxide powders of La2O3, Pr6O11 and Al2O3 were weighed for the total mass of 265 g. The mixed powders were pressed and sintered under air atmosphere at 1550 °C for 24 hours to form a single phase of LAP. The sintering process is depicted in Figure 23.

a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts. 9. Unfortunately, the crucible used was partially damaged during the growth process due to the high melting point of LAP. Consequently, the melt liquid leaked from the crucible since the beginning of pulling process. The growth could not be finished. The obtained boule was much smaller than expected as presented in Figure 24. The weight of the obtained LAP boule was only 25 g instead of 94 g. The diameter and length of the boule were 0.9 cm and 5.5 cm, respectively. Furthermore, the crystal has red color which is related to color centers, caused by La vacancies [ 25]. The annealing in Ar/H2 reducing atmosphere was carried out at 1000 °C for 12 hours with 1°C/min of cooling down rate for three times in order to eliminate the color centers. After the first annealing, the dark red boule became orange red as shown in Figure 25 (a). However, under ultraviolet light (UV), the red color was again regenerated. A repetition of the annealing process leads to yellow clear color in the boule. Color centers were still remained. Therefore, the annealing process was repeated for the third time. The body part boule turned colorless permanently as presented in Figure 25 (c). 
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B. Crystal optical quality

A small sample of Pr:LAP was cut from the colorless part and polished on two parallel sides for optical quality checking with optical microscope. Chapter 2: Selected Pr 3+ doped oxide hosts.
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Subsequently, the orientation of the crystal could not be identified, and it was difficult to prepare a sample with a well-defined orientation for optical spectroscopic investigations and laser experiments.

C. Structural characterization

The XRD pattern of the LAP single crystal showed a single phase of LaAlO3. 

D. Crystal chemical composition analysis

The elemental compositions of La 3+ , Al 3+ and Pr 3+ ions were measured with samples cut from top, middle and bottom. As the crucible was broken, there was no result from residual melt sample. All the measured results, compared with the expected composition are shown in Table 10. The measured Pr composition was the same for all along small boule and twice lower than that expected. Despite of the poor optical quality of 0.5at.%Pr:LAP, the sample was used to determine its maximum phonon energy. As it is impossible to cut the boule for any given orientation, the spectrum was recorded for a randomly-polarized light in the extended Raman shift of 0 cm -1 -1000 cm -1 . The Raman spectrum is shown in Figure 28.

Chapter 2: Selected Pr 3+ doped oxide hosts. In general, perovskite hosts have low vibration energies. Our result confirms that the maximum phonon energy of a 0.5at.%Pr:LAP sample is as low as 487 cm -1 .
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Pr 3+ doped LaGaGe2O7 (Pr:LGGO)

In this work, we studied LaGaGe2O7 (LGGO) germanate host, which is appropriate for Pr 3+ doping. It has monoclinic structure with space group of P21/c (No 14). In the LGGO structure, there are three types of polyhedra as follows Chapter 2: Selected Pr 3+ doped oxide hosts. The germanate LGGO has a high coordination number of 9. Its structure, depicted in Figure 29 and Figure 30, was done by using unit cell parameters taken from the literature [26]. The bond lengths of La 3+ -O 2-atoms are presented in Table 11. Normally, Pr 3+ ions occupy La 3+ sites. The Pr 3+ -O 2-ions distances of a material could be investigated by assuming that it is similar to a length of La 3+ -O 2-.
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A. Crystal growth and structural characterization

To prepare the polycrystalline charge of LaGaGe2O7 doped with 1at.%Pr (1.0×10 20 ions/cm 3 ), the mixed powders were weighted in stoichiometric proportion by using corresponding raw materials.

(a) (b)

Chapter 2: Selected Pr 3+ doped oxide hosts.
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An excess of 2.at%Ga2O3 was added into starting powders. The temperature profile for solid-state reaction is given in Eq.19 . Next, LGGO rod was sintered under ambient atmosphere at 1150 °C for the duration of 24 hours. LGGO is congruent melting material with melting point around 1250 °C. The sintered powder rod was filled and melted in a platinum crucible with dimensions of ϕ =40 mm and h = 40 mm. The solid density of LGGO is 5.55 g•cm -3 . We performed two growth for Pr:LGGO. The first crystal growths was started with a platinum wire and carried out under nitrogen atmosphere with the same flux rate as used for the previous growths. The growth parameters are shown in Table 12. The as-grown boule was transparent and free of color centers and inclusions as shown in Figure 32 (a). However, the optical quality is not good. There were many cracks inside the boule. Only the top part can be cut and used as a seed. The same growth parameters were kept for the second growth, but the process started for a nonoriented seed of LGGO. The second single crystal LGGO is shown in Figure 32 Chapter 2: Selected Pr 3+ doped oxide hosts. The second crystal is greenish transparent and still have fractures and cracks inside but less than the first one. For both crystals, rough surfaces were observed. A sample was cut perpendicularly to the 𝑏𝑏 �⃗ -axis from a zone with good optical quality. Both sides of the sample were optically polished (Figure 32 c).
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The XRD pattern of grounded LGGO crystal was recorded. Single phase of LGGO was verified as presented in Figure 33. Moreover, a polished disk from the 1 st LGGO crystal was used to characterize the growth direction by XRD method. The presence of peak corresponding to its [010] plane at 2𝜃𝜃 =55.32° indicated that the crystal growth naturally occurred by following its 𝑏𝑏 �⃗ -crystallographic axis.

a) b) c)

Chapter 2: Selected Pr 3+ doped oxide hosts. 
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B. Crystal optical quality and chemical composition analysis

A 𝑏𝑏 �⃗ -cut sample, from the second-grown Pr:LGGO was visualized with the Keyence microscope under transmission mode. Its microscopic images revealed several crystal defects including cracks and bubbles as shown in Figure 34. Despite of some defects, the single crystal Pr:LGGO was greenish transparent and had acceptable optical crystal quality. Therefore, we used this sample for the further characterizations. The EPMA technique showed that the incorporation of Pr 3+ ions was effective and homogeneous in this oxide host. The elemental compositions are presented in Table 13. The segregation coefficient was found 1.1.

Chapter 2: Selected Pr 3+ doped oxide hosts. 
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C. Thermal conductivity measurement

In addition, a measured thermal conductivity of Pr:LGGO crystal with 𝑏𝑏 �⃗ cut was found to be around 4.1 W·m -1 ·K -1 .

D. Raman spectroscopy

Raman spectrum of polished samples of Pr:LGGO single crystal, was collected in the range between 300 cm -1 -1000 cm -1 as presented in Figure 35. The maximum phonon energy was 880 cm -1 for a LGGO host. This phonon energy is as high as those of hexaaluminate crystals as LMA and ASL. The work of A. A. Kaminskii et al [ 27] reported two intense bands at Raman shifts 863 cm -1 and 883 cm -1 Raman shift, which were attributed to the vibration modes of Ge2O7 unit in LGGO structure.

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Pr 3+ doped SrLaGa3O7 (Pr:SLGM)

A SrLaGa3O7 host belongs to the melilite family with a chemical composition of ABAl3O7 and a space group of P-421m. This material shows congruent melting behavior. The structure of SLGM host is tetragonal and composed of GaO4 tetrahedra layers as depicted in Figure 36 (a). The divalent Sr 2+ or trivalent La 3+ cations are located between GaO4 layers, with coordination number of 8. The distorted polyhedron of (Sr/La)O8 is shown in Figure 36 (b). The XRD pattern of SLGM polycrystalline sample was recorded and analyzed to draw the SLGM. As shown in Table 14, there are eight different Pr -O bond lengths, leading to the average value of 2.592 Å. 

A. Crystal growth

Pr:SLGM polycrystalline sample was prepared by solid state reaction for the initial concentration of Pr 3+ 1.0×10 20 cm 3 (2at.%). The raw materials were mixed in stoichiometric proportions. Due to the strong evaporation of Ga2O3, 2at.% excess of Ga2O3 was added into the mixed powder in order to compensate the Ga2O3 loss which can occur during heating [ 28]. The mixed powders were pressed into a big rod. The calcination process was carried out under air atmosphere at 950 °C for 12 hours and finally at 1400 °C for 24 hours as presented in Figure 37. From Figure 38 (a), a Pr:SLGM boule was obtained with diameter and length of 2.0 cm and 10 cm, respectively. The polished samples are greenish transparent and free of crack or inclusion as presented in Figure 38 (b). Although the growth was started with an iridium wire, the crystal quality is good. There is no scattering center observed by using the Keyence numerical microscope.

B. Structural characterization

A calcinated rod of SLGM was used to record a XRD pattern. Figure 39 shows two crystalline phases, which are a major phase of SLGM and a parasite phase of LaGaO3. Nevertheless, the XRD pattern of the single crystal demonstrated only a single phase of SLGM and the impurity phase (LaGaO3) presented in the XRD pattern of the prepared rod was limited in the residual melt.

Figure 39. X-ray diffraction pattern of SrLaGa3O7 sample.

The refinement of the XRD pattern was performed to determine the lattice constants and unit cell volume as given in Table 16.

a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts. 
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C. Crystal chemical composition analysis

For Pr:SLGM samples, the elemental quantities in at% have been measured. The results of EPMA are presented in Table 17. The segregation coefficient of Pr 3+ ions was found to be 0.7. This value is moderate compared to other Pr 3+ doped hexaaluminate hosts but is twice as that of Pr:YLF [20]. Therefore, the Pr 3+ concentration corresponds to 0.7 × 10 20 ions/cm 3 from the top to the bottom parts of the single crystal. 

D. Thermal conductivity measurement

Additionally, the room temperature thermal conductivity of 1.7at.%Pr:SLGM was found to be 4.0 W·m -1 ·K -1 for the 𝑐𝑐 ⃗-cut sample. This value is similar to those of 2at.%Pr and 4at.%Pr:ASL samples.

E. Raman spectroscopy studies

A c-axis cut 2at.%Pr:SLGM was used for the Raman spectrum measurement at room temperature for 𝐸𝐸 ⊥ 𝑐𝑐 ⃗ with the Renishaw In-via Raman spectrometer and a laser excitation at 532 nm, previously utilized for ASL crystals. Figure 40 indicates that the Raman peak with the longest shift was observed at 761 cm -1 , corresponding to the maximum phonon energy of 2at.%PrSLGM. This experimental result is relatively lower than that of hexaaluminate hosts (869 cm -1 ).

Pr 3+ doped Sr0.7La0.3Mg0.3Al11.7O19 (Pr:ASL) A. Crystal growth

Pr doped Sr0.7La0.3Mg0.3Al11.7O19 crystals were grown by using Czochralski method. The starting materials of SrCO3, La2O3, MgCO3, Pr6O11 and Al2O3 with 4N purity were mixed with respect to stoichiometric composition for the total mass of 326 g. The mixing powders were grounded and pressed to prepare polycrystalline materials. To perform the solid-state reaction, the materials were sintered at 950 °C for 12 hours and finally at 1550 °C for 24 hours. The melting point of ASL, around 1900°C, allows the use of an Iridium crucible for the crystal growth. The initial doping concentrations were 2at.% and 4at.%Pr in the melts. The density of the ASL (x =0.3) is 4.09. The growths were performed in an Ir crucible with dimension of 50 mm in diameter and 50 mm in height. A 𝑐𝑐 ⃗-cut seed of 4at.%Pr:ASL, previously elaborated in our laboratory, was used for an initial growth. The growth processes were carried out under nitrogen atmosphere with a flux rate of 3-4 L·min -1 in order to avoid the oxidization of the iridium crucible. The first growth was started for 2at%Pr:ASL single crystal whereas the second one was performed for 4at.%Pr:ASL. The growth parameters, cooling duration and total mass of both Pr:ASL single crystals are given in Table 18. Chapter 2: Selected Pr 3+ doped oxide hosts.
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112 the crystal surface. This indicates a slight evaporation of the iridium crucible during the growth process. Furthermore, when looking along the 𝑐𝑐 ⃗ direction of the boule, where top, neck and bottom parts were removed, at the center of the boule, a small circle of 3 mm diameter is clearly visible. The small circle was related to a core effect in Pr:ASL crystal that we were not able to eliminate by changing the rotation rate from 20 to 10 rpm. It had excellent optical quality also. The color greenish is more intense than 2at.%Pr:ASL crystal due to higher Pr 3+ doping concentration. There were some inclusions in the bottom part.

B. Crystal optical quality

A 2at.%Pr:ASL sample with core zone was polished on both two sides and examined by optical microscopy using a Keyence VHX 5000 digital microscope. The transmission mode under polarized light was used to check an optical quality of the sample. As shown in Figure 43, the core zone was evidently observed in hexagonal form. It should be noted that the diameter of hexagonal-core zone varied with the cut position of the single crystal. Its diameter was measured about 7.5 mm for this sample, cut form the bottom part of Pr:ASL. For both samples, the optical qualities were excellent. A very small amount of scattering centers were found in some regions with the averaged size of 2 μm. These samples were used for the further characterizations.

C. Crystal chemical composition analysis

Electron Probe Micro-Analysis (EPMA) was utilized to determine the elemental composition of materials. For this purpose, we cut several pieces from the single crystal 2at.%Pr:ASL. There were two types of elements as major (Sr and La) and minor (Pr). The samples were chosen from different positions of the boule including top, neck, bottom and residual melt. All samples were coated with graphite on the polished surface. The elementary compositions were measured for at least five spots for each sample and reported in an averaged value, as shown in Table 19. The segregation coefficient (k) defined by the ratio of Pr 3+ concentrations in the bottom part on the residual melt was approximately 0.9. This value is high and approach the unity. Thus, the incorporation of Pr 3+ into a ASL host is efficient and rather homogeneous. As a comparison, the segregation coefficients were found at 0.9 [1] and 0.5 [ 29] in Pr:SRA and Pr:LMA, respectively.

D. Thermal conductivity measurement

Furthermore, the thermal conductivity was measured at room temperature with TCi Thermal Conductivity Analyzer from C-Therm. The 2at.%Pr and 4at.%Pr doped ASL crystals, cut a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts.
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perpendicularly to 𝑐𝑐 ⃗-axis were used for the measurement. The thermal conductivity was found to be 4.6 W·m -1 ·K -1 for both samples. In addition, an undoped ASL sample with x = 0.2, previously elaborated in our laboratory was measured for comparison. The thermal conductivity of ASL crystal was about 7.0 W·m -1 ·K -1 . These results indicate the conductivity dependency on Pr 3+ doping level or x parameter. However, the chosen Pr 3+ doping concentration lead to keep an acceptable value of thermal conductivity for laser tests.

E. Raman spectroscopy studies

We also investigated the maximum phonon energy of the hexa-aluminate crystals ASL and LMA. The room temperature Raman spectra were recorded for Pr (2at.%) and Pr (4at.%): ASL and compared with those of undoped ASL and LMA. As presented in Figure 45, all investigated hexa-aluminate materials exhibit the same Raman features, i.e. the same number of peaks and similar peak positions. The Raman spectrum of LMA shows slightly broadened linewidths compared to undoped and Pr 3+ -doped ASL. This is related to the disordered structure of LMA hosts. La 3+ ions have significantly smaller ionic radius (1.36 Å) than Sr 2+ ions (1.44 Å) with the same coordination number The maximum phonon energies were found at the same Raman shift of 869 cm -1 for all investigated samples. It should be noted that this value is somewhat higher than in the previous reports (600 cm -1 ) [ 30]. However, it is still more than 4 times lower than the typical energy gap below the upper emitting level of Pr 3+ : the non-radiative decay 3 PJ  1 D2 is thus very unlikely [ 31] and a high radiative quantum efficiency can be expected for the emitting state 3 P0.

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Conclusions

We performed the crystal growth for various Pr doped promising oxide hosts including Pr(2at.%):ASL, Pr(4at.%):ASL, Pr(1.7at.%):SLGM, Pr(0.5at.%):LAP and Pr(1.4at.%):LGGO. Owing to the collaboration with National Institute for Fusion Sciences (NIFS) in Japan, Dr Ryo Yasuhara provided a polished sample Pr(0.5at.%):Y2O3 transparent ceramic.

The structural and physical properties were characterized for most of Pr 3+ doped materials by utilizing several techniques such as X-ray diffraction (XRD), Electron Probe Micro-analysis (EPMA), thermal conductivity measurement and Raman spectroscopy. These techniques allowed to determine segregation coefficient, thermal conductivity and maximum phonon energy as summarized in comparison with samples provided by Dr. Yasuhara in Table 1 (see annex). All the studied Pr 3+ materials exhibit good thermo-mechanical features.

Regarding the refinement results, the mean lengths Pr-O were calculated as shown in the order below:

Y2O3 (2.28Å) < LGGO (2.55 Å)< SLGM (2.59 Å)< LAP (2.68 Å)< ASL (2.77 Å)
The long distance of Pr 3+ -O 2-weakens the crystal field. In this case, the 4𝑓𝑓5𝐺𝐺 energy levels could be located above the 4𝑓𝑓 configuration manifold. The excited state absorption processes could be limited or even absent. Consequently, optical spectroscopic and laser efficiency, based on the emitting state 3 P0 could be superior with Pr 3+ doped materials with a longer Pr 3+ -O 2-distance. Among our Pr 3+ doped single crystals, Pr:ASL host seems to be the most promising one for laser emissions in visible spectral region.

According to thermal conductivities, we observed three groups of Pr 3+ materials, possessing low, moderate and high measured thermal conductivities at room temperature as follows:

 Moderate thermal conductivity: Pr:ASL (4.6 W·m -1 ·K -1 ), Pr:SLGM (4.0 W·m -1 ·K -1 ), and Pr:LGGO (4.1 W·m -1 ·K -1 ) and Pr:LAP (3.2 W·m -1 ·K -1 ), twice lower than that referred in [ 32].

 High thermal conductivity: undoped Y2O3 transparent ceramic (9.5 W·m -1 ·K -1 )

A high conductivity is advantageous to prevent a laser active gain medium from thermal shock when exposed to high-power pump excitation. The Pr 3+ materials with high thermal conductivity can be expected to have good thermal and resistance for high-power laser operation.

The low thermal conductivity of Pr:LAP can be partially assigned to its poor crystal quality which was confirmed from Keyence microscopic visualization by using numerical microscope. The grown Pr:LAP contains many twinning zones, color centers and crystal defects. An exploitable zone could not be found. Therefore, the sample Pr:LAP was excluded for further spectroscopic and laser performance investigations.

Besides, a maximum phonon energy is another important factor, affecting on laser emission efficiency. High maximum phonon energy can provoke strong heat dissipation via lattice vibrations in an active gain medium. Considering Raman spectra, maximum phonon energies were found as follows:

 High maximum phonon energy: ASL (869 cm -1 ), SLGM (761 cm -1 ) and LGGO (884 cm -1 )  Moderate-Low maximum phonon energy: Pr:LAP (487 cm -1 ) and Pr:Y2O3 (613 cm -1 ).

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Among the studied Pr 3+ doped oxide host, Perovskite and sesquioxide hosts exhibited low maximum phonon energy. Therefore, these Pr 3+ materials could generate heat losses via host lattice vibration less than the other ones during laser tests and could be expected as promising laser gain medium.

For the next section, all the samples, except Pr:LAP, will be investigated for their optical spectroscopy including GSA, emission spectra and fluorescence decay dynamic of the metastable states 3 P0 and 1 D2.

Optical spectroscopic properties of the selected Pr 3+ doped oxides

In this section, the optical spectroscopic properties of our Pr 3+ single crystals were investigated and reported for their ground-state absorption spectra, Judd-Ofelt analysis, fluorescence decay and emission spectra. Considering uniaxial crystals as ASL and SLGM, the samples were cut perpendicularly and parallelly to 𝑐𝑐 ⃗ axis. The faces were optically polished in order to study the dependency of spectroscopic characteristics in σ (𝐸𝐸 ⊥ 𝑐𝑐 ⃗) and π (𝐸𝐸 ∥ 𝑐𝑐 ⃗) polarizations of light. Whereas LGGO has monoclinic structure, the spectroscopic investigation was performed for propagation of light along 𝑏𝑏 �⃗ -crystallographic axis.

Pr:Y2O3

A. Transmission spectra

The transmission spectrum measurement of 0.5%Pr:Y2O3 transparent ceramic sample was done with a spectral resolution of 0.1 nm. Also, the transmittance in the relevant region was calculated by using the given expressions:

Eq. 24 𝐑𝐑 = � 𝐧𝐧-𝟏𝟏 𝐧𝐧+𝟏𝟏 � 𝟐𝟐 Eq. 25 𝐓𝐓 = (𝟏𝟏 -𝐑𝐑) 𝟐𝟐
Where R is reflectance, n is refractive index and T corresponds to transmittance. The spectrum in randomly-polarized is shown in Figure 46 (black line) in comparison with the theoretical one plotted in red line.

Chapter 2: Selected Pr 3+ doped oxide hosts. The measured transmittance was approximately 80%, very close to that the theoretical transmission spectrum. The high transmittance indicates low scattering losses and good optical quality of our sample. The strong absorption lines were found in the blue spectral region from 400 nm to 550 nm.
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B. Ground state absorption (GSA)

The GSA spectra of all samples were recorded in the range of 420 nm -1800 nm at room temperature by using a Varian Cary 5000i UV-VIS-IR spectrophotometer. The spectral resolution was 0.2 nm. The absorption spectra were derived from the Beer-Lambert relation given in Eq. 60 (chapter 1, section 1.8.1). Figure 47 shows the absorption spectra in the spectral range 400 nm -1700 nm, recorded at room temperature with a 5 mm long Pr:Y2O3 sample. The Pr 3+ concentration in Y2O3 is estimated around 1.0×10 -20 ions·cm -3 . Considering Figure 47 (a), in the blue spectral region the strongest absorption line reached 5.9×10 -20 cm 2 at 492 nm. Moreover, the absorption cross sections at 486 nm was 0.5×10 -20 cm 2 , slightly higher than the 2at.%Pr:ASL one. Therefore, a 2ω-OPSL can be used as pumping source to excite the Pr:Y2O3 transparent ceramic sample as well. 

C. Judd-Ofelt analysis

The RELIC1.0 software recently developed by M. P. Hehlen [ 33] is a very interesting computational tool for Judd-Ofelt analysis by providing self-consistent databases including U (k) and 𝐿𝐿 + 𝑥𝑥𝑆𝑆 operators. The software can be downloaded directly from the referred website [ 34]. Thus, we used this software to analyze the spectroscopic and radiative properties of our Pr doped solid-state materials.

The experimental data derived from absorption spectra shown in Figure 47 (a)-(d) were used for Judd-Ofelt analysis. Six intense transitions were chosen for the computation as shown in Table 20. The refractive index of Y2O3 was measured at different wavelengths to derive the Briot's equation as reported in chapter 3.

a) b) c) d)

Chapter 2: Selected Pr 3+ doped oxide hosts.
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Absorption bands, corresponding refractive indices, experimental and calculated

oscillator strengths of 0.5at.%Pr:Y2O3 sample.

Transition ƛ (nm) n ʃα(λ)dλ ƒexp (10 -6 ) ƒcal (10 -6 ) Ѕexp (10 -20 cm 2 ) Ѕcal (10 -20 cm 2 ) 3 H4 → 3 P1 When the ground state transition 3 H4 → 3 F3 was included for the Judd-Ofelt analysis, a negative value Ω2 of -1.70×10 -19 cm 2 was obtained. Unfortunately, this is in opposition with theoretical Judd-Ofelt definition, suggesting that the computation results were unreliable and inaccurate. In consequence, the electric dipole oscillator strengths between any states and radiative properties could not be determined. The exclusion of this transition was done in order to improve the computation reliability. Finally, the best results were acquired by using only five ground state transitions with acceptable reliability. As a result, the intensity spectroscopic parameters were determined: Ω2 = 9.72×10 -20 cm 2 , Ω4 = 2.43×10 -20 cm 2 and Ω6 = 2.39×10 -20 cm 2 with the Δrms deviation of 0.96×10 -20 cm 2 . The deviation Δrms is quite high, compared other Pr 3+ samples. This might be due to the limited number of transitions. However, the Δrms deviation, below 1.0×10 -20 cm 2 is acceptable. For 0.5at.%Pr:Y2O3, the stimulated emission features are shown for the multiplets 3 P1, 3 P0 and 1 D2 in Table 21.

3 H4 → 3 P0 3 H4 → 1 D2 3 H4 → 1 G4 3 H4 → 3 F4 3 H4 → 3 F3
Chapter 2: Selected Pr 3+ doped oxide hosts. 21. Emission oscillator strengths ƒems, radiative lifetimes τr, and fluorescence branching ratios β(J→J') of 3 P0 and 1 D2 multiplets for 0.5at.%Pr:Y2O3 sample.
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Transition ƛ (nm) ƒems (10 -6 cm 2 ) A(J→J') (s -1 ) β(J→J') (%) τr (μs) For the multiplets 3 P1, 3 P0 and 1 D2, the radiative lifetimes were 13 μs, 12 μs and 107 μs, respectively. Pr:Y2O3 exhibits different emission features to other Pr 3+ doped oxide hosts: the strongest emission originated from the channel 3 P0 → 3 F2 at 636 nm, corresponding to a red emission and not a green emission as observed for other Pr 3+ doped oxides. The corresponding oscillator strength and branching ratio were up to 90.7×10 -6 cm 2 and 68% respectively. Regarding other transitions emitting in the blue ( 3 P0→ 3 H4), green ( 3 P1 → 3 H5), orange ( 3 P0 → 3 H6), red ( 3 P0 → 3 F2), and deep red ( 3 P0 → 3 F4), oscillator strengths are 17.2×10 -6 cm 2 , 11.6×10 -6 cm 2 , 5.7×10 -6 cm 2 , and 7.7×10 -6 cm 2 , corresponding to branching ratio of 22%, 14%, 4%, 68% and 4%, respectively.

3 P1→ 3 H4 3 P1 → 3 H5 3 P1→ 3 H6 3 P1 → 3 F2 3 P1 → 3 F3 3 P1 → 3 F4 3 P1 → 1 G4 3 P1 → 1 D2
P0 → 3 H4 3 P0 → 3 H5 3 P0 → 3 H6 3 P0 → 3 F2 3 P0 → 3 F3 3 P0 → 3 F4 3 P0 → 1 G4 3 P0 → 1 D2
1 D2 → 3 H4 1 D2 → 3 H5 1 D2 → 3 H6 1 D2 → 3 F2 1 D2 → 3 F3 1 D2 → 3 F4 1 D2 → 1 G4

D. Emission spectra and fluorescence decay

We recorded at room temperature emission spectra in the visible range from 450 nm -750 nm by using the Pr:Y2O3 transparent ceramic sample. The experimental setup was the same as already described in section 2.3.4. In addition, a polarizer was placed in front of the spectrometer entrance slit to obtain polarization dependent fluorescence spectra. The measured fluorescence intensity I was calibrated by means of halogen lamp from ORIEL Instrument. The stimulated emission cross sections σem were calculated with the Füchtbauer Ladenburg formula using the radiative lifetime of 12.5 µs.

Chapter 2: Selected Pr 3+ doped oxide hosts.
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The emission cross sections, derived from the Judd-Ofelt results, are shown in Figure 48. The blue emission, generally located around 490 nm for other Pr 3+ doped oxides, was shifted to 511 nm with the cross section of 4.2×10 -20 cm 2 . For other emission lines at 551 nm, 620 nm, 636 nm and 718 nm, the cross sections were found around 0.5×10 -20 , 5.1×10 -20 , 10.6×10 -20 and 1.4×10 -20 cm 2 , respectively. Obviously, the strongest emission is located in red spectral region. The fluorescence decays of Pr:Y2O3 transparent ceramic from 3 P0 and 1 D2 multiplets were expressed as single exponential curve and the intensity in logarithmic scale were presented in Figure 49. The linear fit suggests the slopes of 6 µs and 61 µs for 3 P0 and 1 D2 multiplets, respectively. Chapter 2: Selected Pr 3+ doped oxide hosts.
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Regarding the radiative lifetimes from Judd-Ofelt analysis, the quantum efficiencies were found 50% and 57% for the states 3 P0 and 1 D2, respectively. The low quantum efficiencies means high rate of non-radiative emission in our Pr:Y2O3 transparent ceramic. Therefore, our samples seem not promising for visible lasers. The weak 3 PJ fluorescence associated with a too short 3 P0 lifetime make this material inappropriate for visible laser. Such weak luminescence from the energy level 3 P0 was already observed for Pr 3+ doped sesquioxide hosts in previous work [ 35,36,37,38]. Only strong emission line from the state 1 D2 was found in red spectral region. This typical radiative behavior was attributed to the strong crystal field of the Y2O3 host. According to the work of A. M. Srivastava et al. [ 39], the lowest energy level of 4𝑓𝑓5𝐺𝐺 configuration is found at 31000 cm -1 . The energy gap between this lowest state and the 3 P2 state was approximately 10000 cm -1 . Subsequently, the ESA processes can readily occur under blue pumping excitation. This leads to the depopulation of electrons in the emitting state 3 P0.

Pr:LGGO A. Ground state absorption (GSA)

A 1.4at.%Pr: LGGO sample was oriented perpendicularly to 𝑏𝑏 �⃗ crystallographic axis and was 5mm in length to perform the absorption measurements. The absorption cross section was calculated with the doping concentration measured from EPMA technique and Eq. 61 (chapter 1, section 1.8.1). The strongest peaks are located at 449 nm and 473 nm as shown in Figure 50 (a). At 449 nm, the absorption cross section σabs 5.4×10 -20 cm 2 is quite stronger than other Pr 3+ -doped oxide hosts. Besides, the peak at 2ω-OPSL wavelength (486 nm) has the strongest cross section of 2.9×10 -20 cm 2 as compared to Pr:ASL and Pr:SLGM. 

B. Emission spectra

With the sample oriented perpendicularly to 𝑏𝑏 �⃗ crystallographic axis, the spectrum measurement of Pr:LGGO was performed at room temperature in the range of 450 nm -750 nm. According to Figure 51, the strongest emission lines are centered at 488 nm, 533 nm, 618 nm, 646 nm, and 727 nm. Chapter 2: Selected Pr 3+ doped oxide hosts.
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Fluorescence decay

From the decay measurement of 3 P0 multiplet, Pr:LGGO sample exhibited a single exponential decay curve as shown in Figure 52 (a). The experimental lifetime was 13 µs. Further, Figure 52 (b) shows a non-single exponential decay of the 1 D2 multiplet, resulting in the mean fluorescence lifetime of 96 µs. 

Pr:SLGM A. Ground state absorption (GSA)

The GSA results of 2at.%Pr:SLGM sample presented in Figure 53 (a) show the optimal absorption behaviors in σ polarization, similarly to Pr:ASL. With the Pr 3+ concentration of 0.6×10 20 ions/cm 3 , the absorption cross sections at 442 nm and 486 nm are 1.5×10 -20 cm 2 and 2.5×10 -20 cm 2 respectively. Regarding the peak at 486 nm, the cross section of Pr:SLGM is as twice as that of Pr:ASL. Therefore, a 2ω-OPSL pumping source is also suitable for Pr:SLGM material.

a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts. 
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B. Judd-Ofelt analysis

The experimental data from GSA spectra, shown in Figure 53 (a) -(d) are summarized in Table 22. The spectroscopic intensity parameters Ω2, 4, 6 of 2at.%Pr:SLGM were fitted at 2.32×10 -20 cm 2 , 2.54×10 -20 cm 2 and 1.60×10 -20 cm 2 , respectively with Δrms deviation of 0.26×10 -20 cm 2 .

Table 22. Absorption bands, corresponding refractive indices, experimental and calculated

oscillator strengths of 1.7%at.%Pr:SLGM.

Transition ƛ (nm) n ʃα(λ)dλ ƒexp (10 -6 ) ƒcal (10 -6 ) Ѕexp (10 -20 cm 2 ) Ѕcal (10 -20 cm 2 ) Chapter 2: Selected Pr 3+ doped oxide hosts.

3 H4 → 3 P1 3 H4 → 3 P0 3 H4 → 1 D2 3 H4 → 1 G4 3 H4 → 3 F4 3 H4 → 3 F3 3 H4 → 3 F2
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The spectroscopic intensity parameters Ω2,4,6 were used to determine the radiative properties including radiative lifetime, probability, branching ratio and emission oscillator strength. These calculated results are given in Table 23.

Table 23. Emission oscillator strength ƒems, radiative lifetimes τr, and fluorescence branching ratios βJ→J' of the 3 P0 and 1 D2 multiplets for Pr:SLGM.

Transition ƛ (nm) ƒems (10 -6 cm 2 ) A(J→J') (s -1 ) β(J→J') (%) τr (μs) With 2at.%Pr:SLGM, the radiative lifetimes were 30 μs, 28 μs and 335 μs for 3 P1, 3 P0 and 1 D2 multiplets, respectively. Like Pr:ASL, the visible emissions can be realized by operating on the following transitions: 3 P1 → 3 H5, 3 P0 → 3 H6, 3 P0 → 3 F2, and 3 P0 → 3 F4 with oscillator strengths of 10.58×10 -6 cm 2 , 3.59×10 -6 cm 2 , 20.91×10 -6 cm 2 , and 6.55×10 -6 cm 2 , respectively. The corresponding branching ratios were found at 27%, 16%, 19%, and 9%. It can be seen that the fluorescence lifetimes of Pr:SLGM are lower than those of Pr:ASL but relatively higher than other Pr doped oxide hosts.

3 P1 → 3 H4 3 P1 → 3 H5 3 P1→ 3 H6 3 P1 → 3 F2 3 P1 → 3 F3 3 P1 → 3 F4 3 P1 → 1 G4 3 P1 → 1 D2
P0 → 3 H4 3 P0 → 3 H5 3 P0 → 3 H6 3 P0 → 3 F2 3 P0 → 3 F3 3 P0 → 3 F4 3 P0 → 1 G4 3 P0 → 1 D2
1 D2 → 3 H4 1 D2 → 3 H5 1 D2 → 3 H6 1 D2 → 3 F2 1 D2 → 3 F3 1 D2 → 3 F4 1 D2 → 1 G4

C. Emission spectra

The emission spectra of Pr:SLGM were measured at room temperature in the range of 450 nm -800 nm. The strongest emission lines are observed in σ polarization as shown in Figure 54. At 488 nm, 548 nm, 616 nm, 646 nm, and 730 nm, the emission cross sections are 2.5×10 -20 cm 2 , 0.3×10 -20 cm 2 , 2.8×10 -20 cm 2 , 7.6×10 -20 and 8.9×10 -20 cm 2 respectively. The emission cross sections of Pr:SLGM are Chapter 2: Selected Pr 3+ doped oxide hosts.
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significantly weaker than those of Pr:ASL. The strongest emission, corresponding to transition 3 P0 → 3 F4, is also found in deep red region. 

D. Fluorescence decay

The fluorescence decay curve of Pr:SLGM sample exhibited single exponential behavior as shown in Figure 55 (a): the experimental lifetime is found to be 24 µs for the metastable state 3 P0. On the contrary, the dynamic decay of 1 D2 multiplet is not a single exponential curve, indicating the strong cross relaxation. Chapter 2: Selected Pr 3+ doped oxide hosts.

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 128
The mean fluorescence lifetime of 1 D2 was calculated to be 117 µs. Based on the radiative lifetime calculated in Judd-Ofelt analysis section, the quantum efficiencies η of 3 P0 and 1 D2 states were found at 89% and 35%, respectively. The quantum efficiency of 3 P0 level is very high and thus indicates promising radiative properties of Pr:SLGM.

E. Persistent luminescence

We observed that Pr:SLGM had persistent luminescence by using UV excitation lamp at 254 nm. The sample emitted green luminescence as shown in Figure 56 In general, this phenomenon occurs with a solid-state material containing emitters and electron traps. The traps generated by intrinsic defects can storage excitation energy and transfer gradually to emitters as Pr 3+ active ions. Unfortunately, the persistent luminescence is unfavorable for the achievement of lasers by dissipating significantly excitation energies.

Pr:ASL

A. Ground state absorption (GSA)

A 2at.%Pr:ASL sample with the length of 6.2 mm was used to record GSA spectra in the extended spectra region. The EPMA results suggested the concentration of Pr 3+ of 0.7×10 20 ions/cm 3 .

a) b)

Chapter 2: Selected Pr 3+ doped oxide hosts. In the overall spectral range, Pr:ASL has stronger GSA cross sections in σ-polarization as shown in Figure 57. Such characteristics are not only observed for the GSA spectra of Pr 3+ -doped hexaaluminates [1, 4], but also for other rare earth ions doped in hexaaluminates, e.g. Nd:ASL [17,40] or Sm:SRA [ 41]. In σ-polarization, the highest GSA cross sections are located at 444 nm, 464 nm and 486 nm, which correspond to the transitions 3 H4 → 3 P2, 3 H4 → ( 3 P1, 1 I6) and 3 H4 → 3 P0, respectively. The peaks located at 444 nm and 486 nm are suitable for commercially available pump sources such as InGaN laser diodes and frequency-doubled optically pumped semiconductor lasers (2ω-OPSLs), respectively. Both peaks exhibit the same GSA cross sections of 1.3 × 10 -20 cm 2 . The GSA cross section spectra of Pr:ASL are similar to those reported for other end-member hexaaluminates as Pr:SRA 
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B. High-resolution GSA

The crystal field has an influence on the energy levels of Pr 3+ ions and their degeneracy, which is implied by the irreducible representations. All the Stark levels in a given multiplet manifolds can be determined by the technique of high-resolution absorption spectroscopy at very low temperature around 5 K, with the help of a Cryostat setup. In collaboration with S. Klimin, we studied on the energy levels and the degeneracy of 2at.%Pr:ASL by collecting the absorption spectra in the wide range from 2000 cm -1 to 23000 cm -1 . The set of absorption spectra in various spectral ranges is shown in Figure 58.

a) b) c) d)
Chapter 2: Selected Pr 3+ doped oxide hosts. The experimental energy levels are determined in scale cm -1 and shown for all the Stark levels in Table 24. In comparison, the theoretical and experimental values of Pr:SRA single crystal reported by L. D. Merkle et al. in 1996 [ 43] are given in the same table as well as the irreducible representation Γ of the symmetry D3h.
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In addition, the absorption spectra of the same sample were recorded at two different temperature, 17 K and 300 K as shown in Figure 59, in order to determine the position of the 2 levels of lowest energy originating from ground manifold 3 H4. At room temperature, the thermal population is present. Consequently, broaden peaks are observed. Considering the 17 K absorption spectra, the peaks from thermally-populated levels became disappear and this allowed to determine the energy difference between the two lowest energy levels around 195 cm -1 . This value is similar to that of Pr:SRA. Moreover, high-resolution transmission spectra were collected in the extended range from 400 nm -5400 nm in order to determine thoroughly 4𝑓𝑓 𝑛𝑛 energy levels of Pr:ASL. The equipment utilized was Bruker UFS 125 HR Fourier-spectrometer equipped with optical closed-cycle helium cryostat based on CRYOMECH PT403 pulse-tube cryo-refrigerator. The measurement was performed by Dr. S. KLIMIN at the Institute of spectroscopy RAS in Moscow. The observed energy levels were all shown in Table 24 and Table 25. As a result, the number of observed absorption peaks is different between Pr:ASL and Pr:SRA. For some transitions, Pr:ASL even exhibits a higher peak number than the theoretical one of Pr:SRA such as 3 H4 → 3 F2 and 3 H4 → 1 D2. One possible hypothesis can be the mixing of different site symmetries in the ASL structure. The symmetries could be D3h or C2v.

C. Judd-Ofelt analysis

Since ASL is uniaxial host, the mean absorption data as well as refractive index over two polarizations must be derived in order to satisfy the required conditions of Judd-Ofelt approach. The mean absorption data can be calculated by summing the two-thirds of experimental values in σpolarization and one-thirds of values in π-polarization. As described in chapter 1 (section 1.8.2), Pr 3+ ions exhibit some limitations when applying Judd-Ofelt theory ions. Thus, the involving transition 3 H4 → 3 P2 will be excluded for the computational process in order to obtain radiative results with better reliability.

All required data related to GSA transitions include centered wavelengths, refractive index, integrated area under a GSA transition and oscillator strength as presented in Table 26.

Table 26. Absorption bands, corresponding refractive indices, experimental and calculated

oscillator strength of 2at.%Pr:ASL sample.

Transition ƛ (nm) n ʃα(λ)dλ ƒexp (10 -6 ) ƒcal (10 -6 ) Ѕexp (10 -20 cm 2 ) Ѕcal (10 -20 cm 2 ) With summarized GSA data, the spectroscopic intensity parameters Ω2, 4, 6 were found at 1.06×10 -20 cm 2 , 2.31×10 -20 cm 2 and 3.43×10 -20 cm 2 , respectively with the Δrms deviation of 0.19×10 - 20 cm 2 . The low deviation of Δrms and reasonable Ω2, 4, 6 values indicated a high accuracy of Judd-Ofelt analysis. The transition probabilities, branching ratio, emission line strength and radiative lifetime of different excited state were determined from those intensity parameters Ω2, 4, 6 and listed in Table 27.

3 H4 → 3 P1 3 H4 → 3 P0 3 H4 → 1 D2 3 H4 → 1 G4 3 H4 → 3 F4 3 H4 → 3 F3 3 H4 → 3 F2
Table 27. Emission oscillator strength ƒems, radiative lifetimes τr, and fluorescence branching ratios β(J→J') of 3 P0 and 1 D2 multiplets for 2at.%Pr:ASL sample Transition ƛ (nm) ƒems (10 -6 cm 2 ) A(J→J') (s -1 ) β(J→J') (%) τr (μs) The radiative lifetime (τr) of 3 P1, 3 P0 and 1 D2 multiplets were calculated to be 39 μs, 38 μs and 469 μs, respectively. For the excited state 3 P0, the strongest oscillator strength was determined with the transition 3 P0 → 3 H4, emitting in cyan spectral region at 481 nm with the branching ratio of 53%. For the transitions emitting in the green ( 3 P1 → 3 H5), orange ( 3 P0 → 3 H6), red ( 3 P0 → 3 F2), and deep red ( 3 P0 → 3 F4), oscillator strength are 11.21×10 -6 cm 2 , 7.37×10 -6 cm 2 , 9.11×10 -6 cm 2 , and 5.90×10 -6 cm 2 respectively. The corresponding calculated branching ratios are 34%, 16%, 19%, and 9%, respectively.

3 P1→ 3 H4 3 P1 → 3 H5 3 P1→ 3 H6 3 P1 → 3 F2 3 P1 → 3 F3 3 P1 → 3 F4 3 P1 → 1 G4 3 P1 → 1 D2
P0 → 3 H4 3 P0 → 3 H5 3 P0 → 3 H6 3 P0 → 3 F2 3 P0 → 3 F3 3 P0 → 3 F4 3 P0 → 1 G4 3 P0 → 1 D2
1 D2 → 3 H4 1 D2 → 3 H5 1 D2 → 3 H6 1 D2 → 3 F2 1 D2 → 3 F3 1 D2 → 3 F4 1 D2 → 1 G4

D. Emission spectra

With the same 2at.%Pr:ASL sample, emission spectra were recorded at room temperature in the visible spectral range between 450 nm and 760 nm in σ-and π-polarization. The stimulated emission cross sections σem were calculated with the Füchtbauer Ladenburg formula using the radiative lifetime of 38 µs. The stimulated emission cross section spectra are shown in Figure 60. The highest emission cross sections in the green, orange, red, and deep red spectral range were found in σ-polarization at 542 nm, 620 nm, 643 nm, and 725 nm with values of 2.0×10 -20 cm 2 , 3.0×10 - 20 cm 2 , 8.5×10 -20 and, 11.0×10 -20 cm 2 , respectively. In Table 28, these values are compared with those of isostructural hosts in the same orientation σem (10 -20 cm 2 ) Pr(1at.%):SRA Pr(1at.%):LMA Pr(2at.%):ASL Pr(0.5at.%):YLF 3 P0→ 3 H4 3 P1→ 3 H5 3 P0→ 3 H6 3 P0→ 3 F2 3 P0→ 3 F4 489 528 620 643 725 9.8 0.5 3.9 9.9 10.0 5.2 0.9 2.7 5.0 6.1 4.9 2.0 2.9 8.5 11.0 19.0 2.9 13.0 22.0 7.0 Chapter 2: Selected Pr 3+ doped oxide hosts.
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Fluorescence decay

The 2at.%Pr and 4at.%Pr:ASL samples were used to record the room temperature decays of the multiplets 3 P0 and 1 D2. The OPO pump with a pulse duration of 5 ns was utilized as excitation source for both samples at 444 nm and 588 nm, respectively. A monochromator was installed in front of the detector to separate the fluorescence signal from the two multiplets at 486 nm and 615 nm, corresponding to the transitions 3 P0 → 3 H4 and 1 D2 → 3 H4, respectively. Figure 61 shows the room temperature fluorescence decay curves of both Pr:ASL samples in a semi-logarithmic scale as a function of time. The decay dynamics of the 3 P0 manifold can be expressed by a quasi-single exponential curve for both doping concentrations. A corresponding fit in the temporal range between 0 µs and 150 µs, after the excitation pulse gave fluorescence lifetimes of the 3 P0 manifold of 38 µs and 33 μs for the lower and higher doped Pr:ASL samples, respectively. This room temperature lifetime of 2at.%Pr:ASL is higher than that of 0.6at.%Pr:LiYF4 (36 μs) [19]. The weak lifetime quenching observed at a doping concentration of 4at.% can be attributed to cross relaxation processes. However, it should be noted that even at high doping concentration, promoting interionic processes, the lifetime remains as high as 32 µs. the radiative lifetime of the 3 P0 multiplet can be experimentally determined as well by using Pr:ASL polycrystalline samples, prepared by solid state reaction. The measured lifetimes at 77 K and 300 K are shown in Table 29. At cryogenic temperatures (77 K), multiphonon relaxation and interionic processes between neighboring Pr ions become negligible. In this case, the experimental lifetime approached 38.3 µs for low doped Pr:ASL samples (1at.% and 2at.%Pr). The experimental value is identical to that of calculated one and confirmed the good reliability of Judd-Ofelt analysis.

Chapter 2: Selected Pr 3+ doped oxide hosts. Quenching was only observed when the doping concentration exceeded 3at.%. For example, 4at.% and 6at.%-doped Pr:ASL exhibited fluorescence lifetimes of 32 and 32.7 µs at room temperature, respectively, which shows that the quenching effect is not very strong for Pr:ASL samples. The ratio of the experimental and radiative lifetime lead to a quantum efficiency η of 99% and 83% for 2at.%Pr:ASL and 4at.%Pr:ASL, respectively, at room temperature. So that low rates of non-radiative processes are expected.
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The fluorescence dynamics of the 1 D2 multiplet emitting at 615 nm shows a non-single exponential behavior for both investigated doping concentrations as shown in Figure 61 (b). This is related to the strong cross relaxation of 1 D2 multiplet as compared to 3 P0. This phenomenon can be attributed to more resonant cross relaxation processes of neighboring Pr 3+ ions for this transition ( 1 D2, 3 H4) → ( 1 G4, 3 F4) (see Figure 12 in chapter 1). The fluorescence lifetimes of 1 D2 multiplet, averaged from the time-integrated fluorescence signal in the time interval 0 -1000 μs, were 214 µs and 116 μs when employing 2at.%Pr and 4at.%Pr:ASL samples, respectively. These values are somewhat longer than the lifetime of the 3 P0 due to the spin forbidden nature of the transition from the 1 D2 state. 

This work [4] [19]

Table 30 shows the radiative lifetimes of the 3 P0 manifold of different Pr 3+ doped hosts. As ASL is a solid solution of SRA and LMA with a La composition of 0.3, its spectroscopic properties including the fluorescence lifetime are found to be very close to Pr:SRA.

Conclusions

This part reported optical characterizations for Pr:ASL, Pr:SLGM, Pr:LGGO single crystals and Pr:Y2O3 transparent ceramic. All the samples can be classified into three groups.

 Optically isotropic material: Pr:Y2O3 Chapter 2: Selected Pr 3+ doped oxide hosts.
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 Optically uniaxial material: Pr:ASL and Pr:SLGM  Optically biaxial material: Pr:LGGO For isotropic material, refractive indices are independent of the polarization of light. In uniaxial materials as Pr:ASL and Pr:SLGM, there is one optical axis in uniaxial materials as Pr:ASL and Pr:SLGM. Refractive indices can be different in σ and π polarizations, leading to a dependency of spectroscopic characteristics. So that samples were oriented parallel and perpendicular to their 𝑐𝑐 ⃗-axis. Pr:LGGO is biaxial material. Their optical properties should be studied along all the dielectric axis. Therefore, we initially used 𝑏𝑏 �⃗ -axis oriented Pr:LGGO sample for spectroscopic investigations, which is along one dielectric axis.

We recorded GSA spectra, fluorescence decay dynamic and emission spectra at room temperature. It should be noted that both uniaxial crystals, Pr:ASL and Pr:SLGM exhibited optimized spectroscopic properties in the σ-polarization of light.

Table 2 in annex demonstrates the absorption cross sections at pump wavelengths, 445 nm (LDs) and 486 nm (2ωOPSL), fluorescence lifetime as well as other resulting spectroscopic properties for all the samples.

The absorption results can be summarized for all the samples as given below:

 Pr:LGGO has very strong absorption cross sections around 5×10 20 cm -2 at LDs pump wavelength. Therefore, it is suitable to use LDs as laser excitation pumps for both solid-state materials. However, their absorption cross sections are also high (2-3×10 20 cm -2 ) at the other 2ωOPSL wavelength.

 Pr:ASL and Pr:SLGM showed the same absorption cross sections level, around 1 -2 ×10 -20 cm 2 at both pumping wavelengths. 2ωOPSL seems to be the most suitable pump source for these sample as it provides a laser beam with better quality and lower divergence than LDs.

 Pr:Y2O3 transparent ceramic exhibits the absorption cross section is limited at 0.5×10 20 cm -2 for both wavelengths. Among all the samples, Pr:Y2O3 does not seem very promising for visible laser.

Among our samples, the measured fluorescence lifetimes of the state 3 P0 are placed in the order as given below.

PrASL (38 µs) > Pr:SLGM (25 µs) > Pr:LGGO (13 µs) > Pr :Y2O3 (6 µs) Pr:ASL and Pr:SLGM have high fluorescence lifetimes. Thus, efficient radiative emissions are expected. Additionally, these two materials show several intense emission lines, corresponding to laser emissions in green, orange, red and deep red. All these data are summarized, in term of cross section emission or fluorescence intensities in Table 2 (annex).

All investigated Pr doped crystalline hosts were utilized to carry out laser experiments in visible spectral region. A plane-concave resonant cavity is presented in the next section to study their visible laser efficiencies under LDs or 2ωOPSL pumping, providing cw-laser excitations at 445 nm and 486 nm with maximum output powers of 10 W and 4 W, respectively.

Laser performances

In this work, laser experiments were performed with an optical excitation from 2ω-OPSL or Laser diode pumping. The pump sources provided a maximum output power of 4 W at 486 nm ( 3 H4→ 3 P0) or 10 W at 445 nm ( 3 H4→ 3 P2), respectively. We collaborated with Dr. C. Kränkel from Institut Für Laserphysik for the facility of laser operations by using 2ω-OPSL pump.

The pump beam of 2ω-OPSL source was focused in a Pr 3+ sample with a lens of 50 mm in focal length. The hemispheric laser cavity consisted of two optical mirrors M1 and M2 as shown in Figure 62. The input coupling mirror M1 was plane and coated highly reflective for the requested laser wavelength and highly transmitting for the pump beam. In contrast, various mirrors with transmission ratios between 0.8 % and 13 % were utilized as output coupling mirror M2. However, all M2 mirrors exhibited 100 mm radius of curvature. Pr 3+ samples tested in this resonant cavity included Pr:ASL and Pr:SLGM. During laser operations, the crystals were placed on a water cooled copper holder set at 15 °C. Furthermore, LD pumping at 445 nm was employed for laser experiments with Pr:ASL, Pr:SLGM, Pr:YAP, Pr:LGGO and Pr:Y2O3 samples at 445 nm. A plane-concave resonant cavity was set up as shown in Figure 63. The hemispheric lens f1 and f2 had focal lengths of 100 mm and 50 mm, respectively. According to the calculation, the pump beam diameter was collimated around 60 µm. The optical mirror M1 was coated for highly transmission at pump wavelength 445 nm and high refraction in the relevant visible range, 520 nm -725 nm. We remained the same set of output coupling M2 as employed in the experiments with 2ω-OPSL. Chapter 2: Selected Pr 3+ doped oxide hosts.
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Pr:Y2O3

According to the GSA spectrum of Pr:Y2O3, its intense peaks are found at 458 nm ( 3 H4→ 3 P2) and 492 nm ( 3 H4→ 3 P0) which are significantly shifted from our pumping wavelengths. A polished transparent ceramic Pr(0.5at.%):Y2O3 with length of 5 mm had limited absorption cross section about 0.5×10 -20 cm 2 at both LD and 2ωOPSL wavelengths. The absorption efficiency was only 25% as shown in Table 31. The resonant cavity was set up in the plane-concave configuration under LDs pumping at 445 nm. The sample was wrapped in an indium foil and maintained at 10°C. Using this sample, there was no laser emission in visible spectral region. This can be assigned to the insufficient absorption efficiency of the sample. The higher doping concentration or an appropriate pump source is necessary to reach at least 70% absorption efficiency which could enable visible laser emissions.

Pr:LGGO

A sample Pr:LGGO was cut perpendicularly to 𝑏𝑏 �⃗ axis and polished. The sample with length of 5 mm showed 65% absorption efficiency at 445 nm. The Pr 3+ doping concentration, length of sample, absorption cross section σabs and absorption efficiency were summarized in Table 32. We used the same set-up as the previous one. As Pr:LGGO has good thermal conductivity, the sample was cooled at 5°C. However, the sample was cracked when performing laser experiments. We could not have any laser oscillation of Pr:LGGO. The improvement of crystal quality is required to decrease the amount of scattering centers and defects and to have a better resistance to pump power.

Pr:SLGM

Since Pr:SLGM exhibited optimized spectroscopic properties for 𝐸𝐸 ⊥ 𝑐𝑐 ⃗, samples were prepared for 𝑐𝑐 ⃗-cut orientation and polished on both sides for laser operations. In order to achieve laser emissions, Pr:SLGM samples were cut to reach the absorption efficiency around 70-80% at LD or 2ω-OPSL wavelength. Table 33 shows the doping concentration, length of sample, absorption cross section σabs and absorption efficiency for both pumping wavelengths. With an absorbed pump power of 1.2W, 1.5 W and 1.7 W, the maximum output powers of the 2%Pr: ASL samples with length of 8 mm, 10 mm, and 12 mm were 234 mW, 139 mW and 132 mW, with corresponding slope efficiencies ƞS of 24 %, 14 % and 19 %, respectively. The laser threshold is 0.2 W for 8 mm long sample. For the 12 mm long Pr:ASL crystal, a deviation from the linear slope was observed for absorbed pump powers of more than 1 W. This effect might be due to thermal issues. In order to optimize the performances of the red laser, the output coupling rates were varied between 0.8% and 5.7%. The highest slope efficiency, obtained from the 8 mm long sample was realized with an output coupling ratio of 5.7%. The corresponding slope was 27% and a maximum output power of 269 mW was achieved as shown in Figure 65 Chapter 2: Selected Pr 3+ doped oxide hosts.
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The maximum slope efficiency was 19% and the maximum output power was measured to be 160 mW with the absorbed pump power of 1.5 W. According to the work of F. Reichert et al. [ 45], the red laser efficiency of Pr (2.7%at.):SRA crystal, with a length of 5.9 mm at 644 nm reached 59 %. The maximum output was 1.18 W with the absorbed power of 2.2 W. Therefore, the laser efficiency of Pr:SRA is as twice as that of Pr (2%at.):ASL under the 486 nm excitation of 2ωOPSL . Although the spectroscopic properties of Pr: ASL are very similar to Pr:SRA in terms of radiative lifetime and absorption cross section at 486 nm, the visible-cw laser efficiencies obtained with Pr:ASL lower than expected.

There are two possible hypothesis for the modest laser efficiencies of Pr:ASL crystals. The first one could involve the La doping into SRA host which diminishes the radiative efficiencies of SRA component as Pr:LMA provided significantly lower laser efficiencies than Pr:SRA. The second one might be due to the non-optimized optical quality of grown crystals as we observed a core defect in asgrown Pr:ASL. Several crystal growth of Pr:ASL should be attempted to optimize crystal quality under different growth conditions (rotation rate; pulling rate or refractory set-up).

B. Orange laser performances (620 nm)

The input-output curves of orange laser were measured at 620 nm and presented in Figure 66. With the same 8 mm long sample, a maximum slope efficiency of 11% was obtained. The maximum output power was 50 mW at an absorbed power of 1.1 W. From the recent works [3,4], The orange laser slope efficiencies of Pr:SRA and Pr:LMA were reported 44% and 2%, respectively. It can be seen that Pr:ASL exhibited laser performances between these end-member hexaaluminates. 

C. Deep red laser performances (725 nm)

Further, we achieved efficient laser operation in the deep red spectral region. The best results were achieved with an output-coupling rate of 2.8%. The maximum output power was approaching Chapter 2: Selected Pr 3+ doped oxide hosts.
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144 322 mW at an absorbed pump power of 1.0 W. The corresponding slope efficiency is 37% whereas those of Pr:SRA and Pr:LMA amounted to 59% and 12%, respectively. 

Conclusions of chapter 2

Crystal growth, Optical, Raman spectroscopy investigation and laser property studies were performed on the selected Pr doped oxide hosts with the aim to evaluate their potentialities as visible solid-state lasers. Results of these studies could be summarized as follows:

A. Optical spectroscopy of various Pr 3+ doped oxide polycrystalline hosts

The measured spectroscopic properties allowed to select the most promising materials, possessing moderate-to-high fluorescence lifetime of the metastable state 3 P0. The selected materials were Pr 3+ : Sr0.7La0.3Mg0.3Al11.7O19 (Pr:ASL), Pr 3+ :SrLaGa3O7 (Pr:SLGM), Pr 3+ :LaAlO3 (Pr:LAP), Pr 3+ :LaGaGe2O7 (Pr:LGGO) and Pr:Y2O3. These materials were thus grown as single crystals by Czochralski method.

The resulting boules have different optical crystal qualities. Pr:ASL and Pr:SLGM crystals were grown with good optical quality. Both were free of crack, inclusion and opaque zone. Nevertheless, Pr:ASL crystals presented a core effect observable in the center of the grown boule. To the best of our knowledge, Pr:LGGO single crystals were grown for the first time. They contained some cracks and bubbles but had exploitable zone, allowing the optical spectroscopic characterization and laser experiments. On the other hand, Pr 3+ doped LAP had typical red brown. This anomaly is due to color centers, attributed to antisite defects. Also, large twinning zones were observed in the entire as-grown Pr:LAP. Due to its poor crystal quality, we excluded Pr:LAP crystal from further spectroscopic investigations and laser experiments.

B. The measurements of Raman spectroscopy and thermal conductivity

According to recorded Raman spectra, the maximum phonon energies of our selected oxides Chapter 2: Selected Pr 3+ doped oxide hosts.
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hosts were determined and presented in the order below: Y2O3 (613 cm -1 ) < SLGM (761 cm -1 ) < ASL (869 cm -1 ) < Pr:LGGO (884 cm -1 ) Moreover, the good thermo-mechanical properties of the studied oxide hosts were confirmed by the thermal conductivity measurements, corresponding to values of Pr:Y2O3 (9.5 W.m -1 k -1 ) > Pr:ASL (4.6 W.m -1 k -1 ) > Pr:LGGO (4.1 W.m -1 k -1 ) > Pr:SLGM (4.0 W.m -1 k -1 ). This physical property is in agreement with the use of high power pump sources.

The ground-state absorption spectra were recorded at room temperature in the bleu spectral regions showed that all selected Pr doped oxide hosts suitable for blue diode laser (445 nm) or 2ωOPSL (486 nm) pumping source except Pr:Y2O3. The absorption cross sections at both pumping wavelengths were taken into account as given:

 Strong absorption at 445 nm: Pr:LGGO (1.4×10 -20 cm 2 ), Pr:ASL (1.3×10 -20 cm 2 ), Pr:SLGM(1.3×10 -20 cm 2 )

 Strong absorption at 486 nm: Pr:LGGO (2.9×10 -20 cm 2 ), Pr:ASL (1.3×10 -20 cm 2 ), Pr:SLGM (2.0×10 -20 cm 2 )

 Weak absorption at both 445 nm and 486 nm: Pr:Y2O3 (0.5×10 -20 cm 2 )

As a results, blue diode laser (445 nm) and 2ωOPSL can be used as pumping source to excite our Pr:LGGO, Pr:ASL crystals and Pr:SLGM for laser tests.

C. Fluorescence decay of the metastable state 3 P0 and emission spectra

The measured fluorescence lifetimes allowed to rank the materials as: PrASL (38 µs) > Pr:SLGM (25 µs) > Pr:LGGO (13 µs) > Pr :Y2O3 (6 µs). Experimental data were in good accordance with the radiative lifetime, calculated with Judd-Ofelt analysis for Pr:ASL, Pr:SLGM and Pr:Y2O3 materials. In addition, the Judd-Ofelt intensity parameters Ω2, Ω4, Ω6 and radiative features, including radiative lifetime, transition probability and line strength of relevant emissions were determined and reported in Table 2 (see annex).

Regarding the emission spectra, we observed several intense emission lines, corresponding to potential laser emissions in green, orange, red and deep red spectral regions for all the investigated Pr 3+ materials. Pr:ASL, Pr:SLGM and Pr:Y2O3 crystals showed emission cross sections in the level of 10 -19 -10 -20 cm 2 .

D. Laser performances in visible spectral regions

Under LDs or 2ωOPSL laser pumping at 445 nm and 486 nm, laser tests were performed with all selected Pr 3+ doped oxide hosts in visible regions by operating on several channels: 3 P0→ 3 H6, 3 P1→ 3 H5, 3 P0→ 3 F4 and 3 P0→ 3 F2. Their laser results were summarized as follows:

 Pr:SLGM, Pr:LGGO and Pr:Y2O3

We could not demonstrate any evidence of laser performances with Pr:SLGM, Pr:LGGO crystals and Pr:Y2O3 transparent ceramic. Despite of their good thermal conductivities, both Pr:SLGM and Pr:LGGO crystals were broken when exposed to high power pumping laser. As they possess good thermal conductivity, the low heat resistance could be attributed to another factors. The persistence

Introduction

The chapter 3 presents the crystal growth, spectroscopic investigations and laser efficiencies of various Nd 3+ -doped oxide hosts prepared as polycrystalline transparent ceramics or single crystals. The solid-state hosts being studied include Y2O3 sesquioxide, Y3Al5O12 (YAG) garnet and GdTaO4 (GTO) orthotantalate. The two former ones were synthesized as laser-grade transparent ceramics by Dr. A. Ikesue from World-Lab Co., Ltd. in Japan. The last one, possessing congruent melting at 2000°C can be grown as a single crystal.

The experimental investigations of our Nd doped solid-state materials were revealed in terms of physical and optical spectroscopic characteristics. The physical characterizations include Raman spectroscopy, chemical composition analysis and thermal conductivity with the same techniques as previously utilized for the studied Pr 3+ materials in Chapter 2. The spectroscopic studies involve Groundstate absorption (GSA), emission, fluorescence lifetime measurement and Judd-Ofelt analysis as well.

Finally, we reported their CW lasing performances in the near infrared (NIR) spectral region by operating particularly on both channels 4 F3/2→ 4 I9/2 and 4 F3/2→ 4 I11/2. The former one enables laser emission around 0.9 μm, being of our interest to reach blue-visible laser emission at 473 nm by means of Second Harmonic Generation (SHG).

Various Nd 3+ -doped oxide hosts

Nd 3+ doped GdTaO4 (Nd:GTO) A. State of the art

A GdTaO4 (GTO) host, belonging to orthotantanlate family possesses congruent melting behavior, good thermal conductivity and very high density (8.9 g/cm 3 ). Moreover, there is no volatile component. In 2010, this host family was grown as single crystal with Czochralski method. As other materials with high melting point and phase transition, the first boules were quite opaque and contained clivages. After several attempts and the use of well-oriented seeds, single crystals of GTO with good optical quality have been obtained [1].

Only one paper reported on spectroscopic properties and CW laser emission at 1066 nm of Nd: GTO. According to the Judd-Oeflt results, the branching ratio of transition 4 F3/2→ 4 I9/2 was 44%. This is relatively higher than other Nd solid-state materials and close to that of 4 F3/2 → 4 I11/2 (46%). Hence, we performed the crystal growth of Nd 3+ doped GTO to investigate its physical, spectroscopic characterizations as well as laser emissions at 946 nm.

GTO host has two crystalline structures which are abbreviated as 𝑀𝑀 and 𝑀𝑀' types. These two structures can be differentiated by the coordination number of Ta 5+ ions [2]. Referred to the literature [1], single crystals of Tb: GTO have been grown with the 𝑀𝑀 and 𝑀𝑀' type structure. They revealed that the 𝑀𝑀-type structure results in better spectroscopic features for lanthanide doping. The lattices constants were taken from the work of F. Peng et al. [3] and used to draw the 𝑀𝑀-type structure of GTO, that crystallizes in 𝐼𝐼2/𝑎𝑎 space group. As shown in Figure 1, Gd and Ta atoms are both located in octahedral sites. The mean distances of Gd-O is approximately 2.243 Å. GTO has congruent melting point around 2100 °C and a phase transition at 1450 °C. At this point, the crystalline phase changes from tetragonal system into monoclinic. 

B. Crystal growth

Nd (2at.%): GTO polycrystalline rods were prepared by solid-state reactio. The raw materials with high purity of 4N including Gd2O3, Nd2O3 and Ta2O5 were mixed in stoichiometric proportion. The powder mixture was mixed and grinded into fine powders by using a ball mill machine. The initial concentration of 2.0at.% Nd corresponds to Nd 3+ ions density of 1.0×10 20 ions/cm 3 . The chemical reaction is given in Eq. 1.

Eq. 1 0.98𝐺𝐺𝐺𝐺 2 𝑂𝑂 3 + 𝑇𝑇𝑎𝑎 2 𝑂𝑂 5 + 0.02𝑁𝑁𝐺𝐺 2 𝑂𝑂 3 → 2𝐺𝐺𝐺𝐺 0.98 𝑁𝑁𝐺𝐺 0.02 𝑇𝑇𝑎𝑎𝑂𝑂 4

A big rod, prepared by pressing fine powders was calcined at 1250 °C for 24 hours in order to form a crystalline phase of GTO. The schema of sintering step is shown in Figure 2. The calcined rod of Nd:GTO was melted in an iridium crucible with dimensions of ϕ50×50 mm 2 . The Czochralski growths were carried out under nitrogen atmosphere with rate of 4.00 L min -1 . The first growth was started with an iridium wire whereas the second one was performed by using [100]oriented seed of undoped GTO, provided by Professor W. Liu from Hefei Institute of Physical Science, China. The solid density of GTO is about 8.9. The crystal growth parameters were presented in Table 1. Both 1 st and 2 nd as-grown GTO crystals are presented in Figure 3 (a) and (b). The first one was opaque. Many defects and clivages were found all along crystal. The optical quality is obviously poor. There was no transparent zone. For spectroscopic characterization, it was necessary to improve the optical quality of Nd:GTO single crystal. Owing to the collaboration with Dr W. Liu, a seed of undoped GTO, oriented along a-axis, was supplied. Therefore, second growth was performed by using the [100]oriented seed. The resulting boule is presented in Figure 3 There is neither inclusion nor crack observed under naked eyes. However, its shape seems unusual and found in spiral form after the middle part. This might be caused by the effect of smaller thermal gradient at the bottom part of crucible. Nevertheless, the top part of the 2 nd boule can be used for the characterization and laser experiments

C. Crystal chemical composition analysis

Samples were cut from different parts of the second boule such as top, middle, bottom and residual melt. The EPMA technique was employed to measure the chemical composition of our samples. The starting composition was Gd0.98Nd0.02TaO4. The EPMA measurements were carried out for five spots for each sample to find an average value.

The starting and measured compositions of Nd 3+ and Gd 3+ elements are presented in Table 2. The measured compositions of Nd 3+ ions varies between 0.012 -0.020 from the top part to the bottom part and the residual melt. This indicates a moderate homogeneity of Nd 3+ substitution. The segregation coefficient was calculated to be 0.9. 

D. Structural characterization and crystal quality checked

A small piece was cut from the Nd:GTO single crystal and grounded into powder for the XRD characterization. XRD pattern shown in Figure 4, confirms that a single phase of GdTaO4 was formed. A GTO single crystal is biaxial. Therefore, the spectroscopic properties depends on polarization of light. Thus, we orientated, cut and polished. Small samples were prepared perpendicularly to its 𝑏𝑏 �⃗crystallophysic axis. Moreover, the optical quality of Nd: GTO sample was checked by using an optical microscope under polarized light. As shown in Figure 5, the selected crystal was homogeneous in the entire observed sample. Nevertheless, some isolated scattering centers with mean size of 15 μm were visible. 

E. Thermal conductivity analysis

The thermal conductivity of 2at.%Nd:GTO crystal was around 6.0 W·m -1 ·K -1 (𝐸𝐸 ⊥ 𝑏𝑏 �⃗ )at room temperature. Considering an undoped GTO crystal, its thermal conductivities were recently reported by [4] as follows: 7.3, 6.2 and 8.2 W·m -1 ·K -1 for 𝐸𝐸 ∥ 𝑎𝑎 ⃗, 𝐸𝐸 ∥ 𝑏𝑏 �⃗ and 𝐸𝐸 ∥ 𝑐𝑐 ⃗, respectively. Our doped Nd:GTO exhibited slightly lower thermal conductivity. This might be caused by intrinsic defects from the Nd 3+ substitution.

F. Raman spectroscopy

Nd:GTO was excited by laser at 532 nm to record the Raman spectrum at room temperature in the Raman shift range of 0 -1000 cm -1 . The spectrum is presented in Figure 6. It suggested a maximum phonon energy of 818 cm -1 . From Judd-Ofetl analysis, the spectroscopic intensity parameters were determined: Ω2 = 4.24×10 -20 cm 2 , Ω4 = 1.69×10 -20 cm 2 and Ω6 = 2.11×10 -20 cm 2 . With these spectroscopic factors, the absorption line strengths, Sca were theoretically calculated and presented in Table 10 for the comparison. The root means square deviation (Δrms) is about 0.2×10 -20 cm 2 , indicating that the Judd-Ofelt fit had reliable quality.

Basically, the Ω2 parameter depends significantly on the environment of lanthanide ions involving the host structure, coordination and site symmetry [6,7,8]. A large value of Ω2 is related to a strong covalency in the host crystal whereas a small value is caused by a strong iconicity. The emissions from the excited state 4 F3/2 rely on the parameters Ω2 and Ω4. Consequently, they are usually applied to predict the competition between stimulated emissions from 4 F3/2→ 4 I9/2 and 4 F3/2→ 4 I11/2 channels in terms of χ= Ω4/Ω6 [9]. Regarding the parameter Ω4, it is principally related to the emission probability along the channel 4 F3/2→ 4 I9/2, allowing laser emission at wavelength 0.95 µm. On the contrary, the Ω6 parameter involves other transition channel 4 F3/2→ 4 I11/2 which can generate laser emission around 1.06 µm. The calculated χ value of 2% Nd: GTO was 0.8 whereas the paper of F. Peng reported the value of 1.1 for 2at.%Nd:GTO. Table 4 shows the comparison of Judd-Ofelt and χ parameters of Nd:GTO in this work with the literature 

This work

In addition, Table 5 summarizes all calculated results of radiative properties, which concern emission line strengths, transition probabilities, branching ratio and the radiative lifetime of the level 4 F3/2. The branching ratios of 4 F3/2→ 4 I9/2 and 4 F3/2→ 4 I11/2 transitions are dominant and found to be 27% and 58%, respectively. On the contrary, the branching ratio of transitions 4 F3/2→ 4 I13/2 and 4 F3/2→ 4 I15/2 are both below 1%. Thus, laser emissions around 1341 and 1840 nm should be very difficult to realize when employing our samples. For this excited state 4 F3/2, the radiative lifetime was 286 μs. 

I. Emission spectra and fluorescence decay

The emission spectrum of Nd: GTO, oriented perpendicularly to 𝑏𝑏 �⃗ -axis was recorded in the range 900 -1500 nm. The radiative lifetime and branching ratios, obtained in the previous section were used for the calculation of emission cross section with Fuchtbauer-Ladenburg formula. The emission spectrum is shown in Figure 8. At 1066 nm, the strongest peak with cross section of 5.6×10 -20 cm 2 was attributed to the transition 4 F3/2 → 4 I11/2. Anyway, the transition 4 F3/2 → 4 I9/2 yields weak emission line at 928 nm. Its cross section was limited at 0.4×10 -20 cm 2 . There was no emission peak around 950 nm. From the linear fit, the fluorescence lifetime was determined to be 137 μs. According to the radiative lifetime of 286 μs, the quantum efficiency was 50%. This moderate value suggests significant non-radiative processes and quantum defects in the as-grown Nd:GTO crystal.

Nd 3+ -doped Y2O3 transparent ceramic A. State of the art

The materials belonging to sesquioxide family, Lu2O3, Sc2O3 and Y2O3 are attractive for laser applications due to high thermal conductivity, cubic structure and feasibility of ceramic processing methods [10,11,12,13].Y2O3 is the most suitable for Nd 3+ ion substitution by possessing appropriate ionic radius.

When doped with lanthanide ions Nd 3+ the spectroscopic properties of Y2O3 are excellent and comparable to Nd:Y3Al5O12 (YAG). Nevertheless, it is extremely difficult to grow Y2O3 single crystal with good optical quality due to its high meting point above 2300 °C. In this case, an expensive rhenium crucible must be required. Moreover, there is a phase transition which occurs from cubic phase to hexagonal phase at high temperature around 2280°C [14,15]. Unavoidably, the phase transition causes stress, twinning and crystal defects [16]. Besides, the incorporation of Nd 3+ in Y 3+ sites is limited and barely homogeneous because the ionic radius of trivalent Nd 3+ (0.98 Å) is larger than Y 3+ (0.90 Å). Hence, it is motivating to study the laser performances of Nd: Y2O3 transparent ceramics with optical quality equivalent to single crystals.

Basically, the ceramic processing methods can present numerous advantages such as its low cost, feasibility of shape controlling, uniform distribution of dopant, large scale production and low processing temperature which is generally two-third of the single crystal growth temperature [17]. Nonetheless, transparent ceramics are polycrystalline specimens. They contain more scattering centers than single crystals. The scattering centers are generally caused by several factors for instance inhomogeneous grain boundaries, pore residues, irregular shape and size of nanoparticles. The amount of scattering centers has critical influence on transparency, optical quality and laser performances. In most cases, a transparent ceramic can be utilized to achieve laser emissions when its transmittance reaches 80%. It is so-called a laser-grade ceramic. Since many years, a number of preparation methods has been invented and developed to reach laser-grade Y2O3 ceramics with enhanced laser efficiencies.

At present, there are various methods for transparent ceramic preparation such as coprecipitation of nanoparticles Yttrium oxide belongs to cubic system with 𝐼𝐼𝑎𝑎3 � space group, thus isotropic. Its bixbyite structure is drawn in Figure 11 from the structure reported in [25]. Y 3+ ions are coordinated with 6 oxygen atoms and locate in two inequivalent sites with following symmetries: C2 (24 sites) and C3i (8 sites). The C2 sites can be described as a distorted cube with two oxygen vacancies on a body diagonal, whereas the C3i sites have two oxygen vacancies on a face diagonal of a cube. Both cationic sites are depicted in Figure 11 

B. Chemical composition analysis

To measure the chemical composition, a sample of 0.4% Nd: Y2O3 was employed with the EPMA technique. Initially, the doping concentration of Nd 3+ ions in starting raw material was fixed at 0.4at.%. Accordingly, its composition formula is expected to be Y1.992Nd0.008O3. The EPMA measurement was performed for 5 different spots on the polished and graphite-coated surface of the sample. Table 6 reports the comparison of measured and initial composition formula. 

C. Thermal conductivity analysis

0.4at.% Nd: Y2O3, undoped Y2O3 and undoped YAG transparent ceramics were used for the thermal conductivity measurement at 300K. These ceramics exhibited the thermal conductivities at 8.3 ,9.5 and 10.0 Wm -1 K -1 , respectively. The comparison of measured thermal conductivities between our ceramic specimens and the references taken from the paper [27] are shown in Table 7. Although our transparent ceramics, Y2O3 and YAG have excellent optical, their measured thermal conductivities are significantly below those of single crystals, revealed in the literature. This could be attributed to the phonon scattering caused by grain boundaries in their polycrystalline structure [28]. Additionally, the thermal conductivity decreases when doping Nd 3+ ions into Y2O3 structure. The thermal conductivity of Y2O3 is comparable to YAG (10 Wm -1 K -1 ) as cited in several papers. Among fluoride and oxide hosts, Y2O3 hosts possess a high thermal conductivity and can resist to thermal shock. Thus, we can expect laser performances at high power inputs.

D. Optical quality

The optical quality and homogeneity thorough the sample 0.4at.%Nd:Y2O3 with dimensions of 5×5×3 mm 3 was checked by optical microscope. These results are summarized in Figure 12. There was no stress in the whole sample and no scattering due to grain boundary phases or secondary phases or voids inside the sample. With Schlieren imaging system, shadows graphs were measured by using 0.4at.%Nd:Y2O3 (5×5×3 mm 3 ) and the commercial single crystal of 1at.% Nd: YAG. The latter sample with same dimensions was employed as a reference with excellent optical quality. The results were compared in Figure 13 (a) and (b). For both samples, the optical homogeneity seems very good. 

E. Transmission spectrum measurement

In order to check the optical quality of our transparent ceramics, a transmission spectrum was recorded in the wide range of 200 -2500 nm and shown in Figure 14. The theoretical transmission taking into account, the Fresnel loss was approximatively 81.9% by using the set of experimental refractive index measured in this work (see section F). At 946 nm, the transmittance of 0.4at.%Nd:Y2O3 was 80.6%. A small difference between the measured and theoretical values indicates a nice optical quality of Y2O3 ceramic. Subsequently, Nd: Y2O3 transparent ceramics prepared by World Lab Co. Ltd. Company could realize laser emission at 946 nm and eventually at 473 nm when combined with a commercial nonlinear crystal. To the best of our knowledge, there was no report on laser demonstration along the transition 4 F3/2→ 4 I9/2 with any Nd 3+doped Y2O3 transparent ceramics. According to recent papers [23,29,30], several processing methods provided Nd:Y2O3 ceramics with transmittance below 80%. Thus, 946 nm laser emission with moderate cross section could not be achieved.

The experimental transmittance of our Nd: Y2O3 sample near laser oscillation wavelength was very close to the theoretical value and it can be judged that the optical loss of the prepared sample is very low. The theoretically calculated transmission at 500 nm is approximately 80%, nevertheless the actual measured transmittance was around 78%. This suggested that the optical quality of the sample is influenced by Rayleigh's scattering.

F. Refractive index measurement

The prism goniometer is the standard apparatus to measure the refractive index. It consists here of a prism of undoped Y2O3, gas-discharge lamps, an OPO laser pump source and rotating platform. The technique used is the minimum deviation measurement, described in Chapter 1 (section 1.7.4).

For the spectral range from 0.4 μm to 1.0 μm, the maximum apex angle (A) of Y2O3 is calculated at 60°. Thus, an undoped prism Y2O3 was cut to have the apex angle of 52 ° and polished. The prepared prism was presented in Figure 15. The empirical relationship between refractive index and wavelength was expressed with Briot equation Eq. 2

Eq. 2

n 2 = A + B λ 2 -Cλ 2
Where, n is refractive index, A, B and C represent Briot coefficients and λ is wavelength in μm. The dispersion measurement is carried out for eleven wavelengths. The refractive index of Y2O3 crystal were studied and reported by Y. Nigara in 1968 [31]. The measured refractive index values are presented in comparison with the literature in Table 8. To calculate Briot coefficients, the experimental refractive index is plotted with respect to wavelength in μm scale (Figure 16). 9. From the derived equation, the refractive index was calculated at the measured wavelength to compare with the experimental ones. A good agreement between the experimental and calculated values is obtained. Also, our resulting refractive index are slightly different from the literature. This might be explained by the use of different measurement techniques and different types of sample which were transparent ceramic (in this work) and polycrystal (Y. [START_REF] Nigara | Measurement of the optical constants of yttrium oxide[END_REF]). 

G. Ground state absorption (GSA)

The GSA measurement was performed with 0.4at.%Nd: Y2O3 sample with length of 3.2 mm at room temperature. According to EPMA results, the measured concentration of Nd 3+ is 0.9×10 20 ions/cm 3 . The room temperature GSA spectra were collected with a Cary 6000i UV-Vis-NIR spectrophotometer. Considering the cubic structure of Y2O3, the material is isotropic, the absorption was acquired in randomly-polarized light. In general, high power commercial LDs at 808 nm and 886 nm are both suitable to excite Nd 3+ ions. Therefore, we focused particularly on GSA absorptions in the range 700 -975 nm. The obtained GSA spectrum is shown in Figure 17 with labelled excited states in black. In this spectral range, there are several absorption bands, which correspond to transitions 4 I9/2→ 4 F3/2, 4 I9/2→ 4 H9/2+ 4 F5/2 and 4 I9/2→ 4 F7/2+ 4 S3/2. The most intense line was located at 821 nm with cross section of 3.8×10 -20 cm 2 and FWHM of 2 nm. At pumping wavelength 806 nm, the absorption cross section was 2.2×10 -20 cm 2 with FWHM of 3 nm. However, the absorption cross section is limited at 0.1×10 -20 cm 2 at 886 nm. Concerning the transition 4 I9/2→ 4 F3/2, the strongest peak was located at 892 nm with cross section of 1.8×10 -20 cm 2 .

Consequently, LDs pump at 806 nm can be suitable excitation source for laser operation of our Nd: Y2O3 samples. Noteworthy, the FWHM of peak centered at wavelength 806 nm is greater than a Nd: YAG (2nm) [32]. In consequence, Nd: Y2O3 could exhibit higher tolerance to the typical wavelength shift of LD pump and the absorption efficiency could be high as well. Otherwise, a weak absorption band was observed at wavelength 946 nm. Its absorption cross section is about 0.1×10 -20 cm 2 . Subsequently, the reabsorption processes can occur and influence on the laser efficiency at this desirable wavelength.

Moreover, we have identified the number of Nd sites in Y2O3 structure by recording absorption spectra in the particular region of 434 nm -439 nm at various temperatures from 25 K to 300 K. There is only one absorption channel, 4 I9/2 → 2 P1/2, for which 2 P1/2 multiplet presents only one Kramers doublet. Thus, the number of cation sites for Nd 3+ can be determined from the peak intensity and the evolution of peak strength with following acquisition temperatures: 300 K, 150 K, 77 K, 44 K and 25 K. The sample cooling was proceeded by using Cyostat apparatus. All measured GSA spectra are presented in Figure 18. From these results, the absorption spectra recorded at room temperature (green spectrum) showed four absorption bands. From the Boltzmann distribution, the thermal population increases with respect to temperature. The ratio of Boltzmann distribution between two distinct states is expressed in Eq. 3. Consequently, the absorption peaks due to thermally populated 4 I9/2 Kramers doublets disappear at very low temperature, whereas the population becomes higher for the lowest energy Kramers doublet.

Eq. 3

N 2 N 1 = e E 1 -E 2 kT
From the absorption spectra at 25 K, we observed four absorption bands as well. However, there were only two bands gaining absorption coefficients with decreasing temperature at 22909 cm -1 and 22934 cm -1 . On the contrary, the others had the inverse evolution of absorption strength. As a result, these two bands were originated from two different lowest energy levels. This indicated two inequivalent sites of Nd 3+ ions in the cubic structure of Y2O3 as marked Nd(1) and Nd(2) in Figure 18. The result is in good agreement with the literature of Y2O3 [25] and Lu2O3 [33]. It was reported that Y 3+ sites had different symmetries as C2 and C3i. The latter symmetry is less active for lanthanide ions by the reason that a center of symmetry is present. In this case, the dipole electric transitions are parity forbidden.

H. Judd-Ofelt analysis

The GSA spectra of 0.4at.%Nd:Y2O3 were collected in the large spectral range 300 nm -1600 nm. We calculated absorption line strength, refractive index and other necessary data for Judd-Ofelt analysis as presented in Table 10. According to the Judd-Ofelt analysis, the spectroscopic intensity parameters were fit: Ω2 = 7.59×10 -20 cm 2 , Ω4 = 4.04×10 -20 cm 2 , Ω6 = 1.40×10 -20 cm 2 and Δrms = 0.1×10 -20 cm 2 . Interestingly, χ was around 2.9, a high probability of transition 4 F3/2→ 4 I9/2 could be expected.

In addition, Table 11 summarizes all calculated results of radiative properties, which concern emission line strengths, transition probabilities, branching ratio and the radiative lifetime of the level 4 F3/2. The branching ratios of 4 F3/2→ 4 I9/2 and 4 F3/2→ 4 I11/2 transitions are dominant and found to be 57% and 38%, respectively. On the contrary, the branching ratio of transitions 4 F3/2→ 4 I13/2 and 4 F3/2→ 4 I15/2 are both below 1%. Thus, laser emissions around 1341 and 1840 nm should be very difficult to realize when employing our samples. Besides, the radiative lifetime was of 328 μs which is close to the experimental value (283 μs). The ratio of the experimental to the radiative lifetime yields the quantum efficiency (ƞ) of 86%. 

I. Emission spectra measurement

By recording the emission spectra at two different temperatures, the energy level diagram of the ground state 4 I9/2 was investigated. With excitation at wavelength 808 nm, emission spectra in the range of 860-960 nm were collected at 77 k and 300 K by using the sample 0.4%Nd:Y2O3. To maintain the low temperature at 77 K, the sample was merged into liquid nitrogen during the spectrum acquisition. The emission spectra are shown in Figure 19. The splitting energy of 4 I9/2 manifold is approximatively 641 cm -1 , which is the same as the value reported in the literature Further, the emission spectrum in the range 850 -1200 nm was collected at room temperature and shown in Figure 20. 4 F3/2 → 4 I11/2 channel resulted in the strongest emission line at wavelength 1074 nm. Using Fuchtbauer-Ladenburg method, its cross section was determined about 3.5×10 -20 cm 2 . For 4 F3/2 → 4 I9/2 channel, the emission cross sections of 1.5×10 -20 cm 2 was measured at wavelength 946 nm. 

J. Fluorescence decay of the metastable state 4 F3/2

In this part, fluorescence lifetimes of 4 F3/2 state were measured using Nd: Y2O3 with following doping concentrations: 0.4%, 0.8% and 1.0% in order to observe the quenching effect of Nd 3+ ions. The measurements were carried out at room temperature for wavelength 1074 nm. All three samples exhibited almost single exponential decay behaviors. The logarithm of fluorescence intensity was plotted as a function of time in microsecond (μs) as presented in Figure 21 From these results, one can point out that the fluorescence lifetime depends strongly on the doping concentrations: 283 μs for 0.4at.%Nd, 249 μs for 0.8at.%Nd and 217 μs for 1.0at.%Nd. The decreasing lifetime can be attributed to cross-relaxation of neighboring Nd 3+ ions and becomes more important with higher Nd 3+ concentration For instance, the work of X. Hou et al. [29] reported the decreasing lifetimes from 321 μs (0.1at.%Nd) to 258 μs (1.0at.%Nd) for Nd doped Y2O3 transparent ceramics.

a) b)

Since the quenching effect can be significant, it is important to choose samples with an appropriate concentration of Nd 3+ to operate laser experiments in order to accomplish the best lasing performances. In the present work, we decided to continue the laser experiments by employing samples with doping concentrations of 0.4at.% and 0.8at.%Nd.

K. Laser performances

To study the NIR laser efficiencies of our samples, the laser experiments were carried out within a plano-concave resonator as depicted in Figure 22. A fiber-coupled Laser diode (LDs) from LIMO was employed as cw pumping source at wavelength 808 nm. It delivered the maximum output power of 30 W. The laser diode fiber core diameter is 100 µm with a 0.22 of numerical aperture. The pumping laser beam was collimated through two lenses f1 and f2 corresponding to focal lengths of 75 mm and 150 mm, respectively. The beam spot diameter inside the crystal was calculated around 180 µm by using the common Lasers optics calculators [36,37]. The hemispheric cavity consisted of two mirrors M1 and M2 as shown in Figure 22.

A Nd: Y2O3 sample with an aperture of 5×5 mm 2 was polished and anti-reflection (AR) coated at 808 and 946 nm or 1074 nm on both two faces. It was wrapped in indium foil and placed in a watercooled petlier copper block. The cooling temperature was set at 5 °C. M1 is a plane mirror coated for high-reflection (HR) at lasing wavelength 946 or 1074 nm and high-transmission (HT) at pump wavelength 808 nm. The M2 output coupler is a concave mirror with a radius of curvature R = 50 mm. M2 mirrors with various output coupling transmissions were used for laser experiments: 3 or 5%TOC at 946 nm and 2, 6 or 10% TOC at 1074 nm. Furthermore, laser emission spectra were recorded using a spectrometer HR4000 from Ocean Optics. 

1) Near infrared Laser emission at 1074 nm

For laser operations at 1074 nm, three Nd: Y2O3 samples were used as active gain medium. These transparent ceramic samples have different doping concentrations of Nd 3+ ions and lengths, thus various absorption efficiencies as summarized in the table given below. Usually, laser emissions can be achieved when the absorption efficiency of active gain medium is high than 50%. In this work, we prepared samples with various absorption efificiencies in order to find the optimal conditions to reach high power output of NIR laser emissions. Furthermore, we were interested to study the effect of doping concentration on laser performance. Thus, 0.4 % and 0.8% Nd: Y2O3 samples with dimensions of 5×5×8.3 mm 3 and 5×5×4.3 mm 3 were prepared, refered as N876_1 and N876_2, respectively. Both samples exhibited the same level of absorbtion efficiency around 73-75%. Their laser performances were investigated in NIR spectral regions within the plane-concave resonant cavity.

The experimental results showed that laser emission was successfully generated at 1074 nm with all Nd Y2O3 samples. Considering samples doped with 0.4%Nd, 1074 nm laser emissions were obtained with high output powers. The laser thresholds were found at absorbed pump powers 0.8 W, 1.7 W and 2.0 W by using M2 with 2 %TOC, 6 %TOC and 10% TOC respectively. The thresholds increase with the transmission of output coupler. For both 0.4at.%Nd: Y2O3 samples, the most efficient emissions were obtained when using M2 with 10%TOC (Figure 23). For the sample with length of 4.5 mm, the maximum output power reached 2.0 W at the absorbed power of 10.0 W, resulting in the slope efficiency of 22.5%. With 8.3 mm-long sample, at maximum absorbed power of 13.0 W, the output power was up to 3.5 W. Correspondingly, the slope efficiency was found 31.1%. It can be concluded that N876_2 provided better laser performances at this wavelength, therefore more potential than N876_1. Furthermore, laser experiments at 1074 nm were performed in the same cavity configuration by using the sample with higher doping concentration (N877). This sample has 73% of absorption efficiency which is very close to N876_2. According to lasing results shown in Figure 24, the laser performances of 0.8% Nd: Y2O3 sample at 1074 nm were found significantly less efficient than both 0.4at.%Nd: Y2O3 samples with lengths of 4.5 mm and 8.0 mm. The maximum output power of N877 sample was limited at 1.3 W for absorbed power of 11.6 W by using 10% TOC of output coupler mirror. The optical-optical efficiency and slope efficiency were around 11.2% and 14.2%, respectively. From decay dynamic behaviors (cf the section J), the fluorescence lifetime of 4 F3/2 state was decreased from 283 µs (0.4at.%Nd) to 249 µs (0.8at.%Nd). Thus, the concentration quenching effect becomes stronger. As a result, 0.4%Nd:Y2O3 with dimensions of 5×5×8.3 mm 3 yielded the most efficient laser performance at 1074 nm. The samples doped 0.4at.%Nd are utilised to study laser emissions at 946 nm and 473 nm.

2) Near infrared laser emission at 946 nm

Laser experiments were also carried out at the shorter wavelength 946 nm by using the same 0.4%Nd: Y2O3 samples with lengths of 4.5 and 8.3 mm. Successfully, laser emissions at 946 nm were realized when employing 0.4at.%Nd: Y2O3 samples as shown in Figure 25. Using 4 mm-long sample, the laser threshold was found to be 3.5 W with M2 mirror of 3% in transmission. The maximum output was 0.4 W with absorbed power of 7.7 W. The optical-optical conversion efficiency and slope efficiency were 5.3% and 9.6%, respectively. On the other hand, the 8 mm-long sample exhibited more efficient laser performances at this wavelength. With the same output coupling of 3%, the optical-optical and slope efficiencies were 6.9 and 9.3%, respectively. The maximum output power was found to be 0.9 W with absorbed power of 10.0 W. As a result, 8 mm-long sample yielded twice higher output power than 4 mm-long sample. Therefore, it is noteworthy that 53% of absorption efficiency was too low to achieve 946 nm optimal laser efficiencies with Nd: Y2O3 transparent ceramic.

Moreover, 8 mm-long sample was used to perform laser experiments at 946 nm with higher output coupling rate (5%). The maximum output power of 1 W was reached. The optical-optical conversion and slope efficiencies were 7.8% and 12.4%, respectively. Even though the calculated χ value derived from Judd-Ofelt computation is quite high (2.7) and very encouraging to achieve the strong emission at 946 nm, laser performances of 0.4% Nd: Y2O3 at 946 nm are significantly less efficient than that at 1074 nm. There might be two possible hypotheses. Firstly, the transmission rate at 1074 nm (81.4%) is higher than at 946 nm (80.9%). Consequently, the optical loss at 946 nm is slightly higher and could reduce laser efficiency, suggesting that the role of ceramic transmittance is crucial on the laser performances. The second reason is that the weak absorption band observed at the 946 nm lasing wavelength (see Figure 17) could generate a reabsorption, which can unfortunately decrease laser emission at this wavelength. The laser efficiencies at both 946 and 1074 nm of our Nd:Y2O3 transparent ceramic were compared with Nd:Y2O3 single crystals or transparent ceramics, recently reported in the literature as shown in Table 14. 

a) b)

To the best of our knowledge, laser operation at 946 nm had never been revealed yet with Nd: Y2O3 transparent ceramic or single crystal. For a transparent ceramic, this might be due to the insufficient transmittance of a transparent ceramic (<80%T) at the relevant wavelength. Furthermore, it is difficult to grow a large size Nd:Y2O3 single crystal with acceptable crystal quality. As reported in [27], the largest single crystal of Nd:Y2O3 single crystal was grown with diameter and length of 25-30 mm and 25 mm, respectively. However, this single crystal contained optical defects and fractures, and showed only laser emission when operating on channel 4 F3/2→ 4 I11/2 with poor efficiency.

Our Nd:Y2O3 transparent ceramic enabled laser emissions not only at 1076 nm but also at 946 nm with 1.0 W maximum output power and 10% slope efficiency. Anyway, the maximum output laser must to be improved in order to generate 473 nm blue laser with a Second Harmonic Generation. Therefore, we suggest further studies by using Nd:Y2O3 with different composite structure as well as using LDs pumping source at 886 nm, allowing to suppress non-radiative relaxation from the excited state 4 F5/2→ 4 F3/2. Besides, 0.4at%Nd:Y2O3 transparent ceramics were prepared in layered composite with the aim to restrict heated zone by high-power pumping as shown in Figure 27. The laser tests of this composite are suggested for future experiments. 

Nd 3+ -doped Y3Al5O12 micro-core composite transparent ceramic A. State of the art

Since many decades, transparent ceramics of Nd doped Y3Al5O19 (Nd:YAG) have demonstrated as high potential active gain medium for laser emissions in NIR regions. Nevertheless, the quantum defects lead to heat the active volume of sample. The heat management through the surface of the sample cannot prevent entirely the damages. Subsequently, this induces thermal gradient and stress, which limit the output power and beam quality. It can be interesting to control the heat propagation in active solidstate materials by limiting the zone doped with lanthanide ions.

Recently, composite polycrystalline ceramics have been synthesized and designed in different geometries such as layered and core doped transparent ceramics. Several works have focused on the preparation and laser demonstration of composite YAG gain mediums [39,40] where the improvement of laser performances was noticed [41].

In the present work, we studied Nd micro-core doped transparent ceramics of YAG, supplied by A. IKESUE and Y. L. AUNG from the World Lab Co., Ltd., Japan. The samples contain two distinct zones including undoped YAG cladding and Nd 3+ doped-core YAG. The Nd 3+ doped core diameter is 0.3 mm. For all composite samples, Table 15 presents their abbreviated names, concentrations and dimensions. Further, the samples doped with 0.3at.% and 0.6at.%Nd are shown in top and side views in Figure 27. These micro-core composites were used for laser tests whereas the physical and spectroscopic characterizations were all performed with a sample of 1at.%Nd:YAG transparent ceramic type classic. 

B. Optical quality

The composite samples, abbreviated NYAG1 and NYAG2, were visualized by optical microscopy to observe the optical quality and homogeneity. The observation in top and side views suggest no optical and mechanical stress inside both samples as demonstrated in Figure 28. Hence, our samples have good optical quality and homogeneity as expected. 

C. Raman spectroscopy

We recorded a Raman spectrum of Nd:YAG in the shift range 200 cm -1 -900 cm -1 . The result suggests a maximum phonon energy of 855 cm -1 as shown in Figure 29. 

D. Thermal conductivity measurement

The 1at%Nd:YAG transparent ceramic showed a thermal conductivity of 10.2 W·m -1 ·K -1 at room temperature. The value is lower than 14 W·m -1 ·K -1 that reported in the paper [27]. The work of J. Sarthou et al. [28] reported that a transparent ceramic has usually lower thermal conductivity than a single crystal due to the presence of gain boundaries. Moreover, the doping concentration has a significant impact on the thermal conductivity as well because the incorporation of lanthanide ions causes unavoidably intrinsic defects.

E. Ground state absorption (GSA)

The 1.0at.%Nd: YAG same with length of 3.2 mm was used to record the absorption spectrum at room temperature in the range 775 nm -950 nm. According to its isotropic structure, the spectra measurement was performed in random polarization of light. The doping concentration is approximately 1.0×10 20 ions/cm 3 . The measured GSA spectra is presented with corresponding transitions in Figure 30. The GSA spectra of Nd:YAG shows that the absorption cross sections at 808 nm and 886 nm are 9.2×10 -20 cm 2 and 2.9×10 -20 cm 2 , respectively. Correspondingly, the full width at half maximums (FWHM) of the two peaks are 5 nm and 2 nm. As a result, the absorption band at 808 nm exhibits three times absorption strength and twice larger FWHM, thus more tolerant to the conventional wavelength shift of LDs pumps. The most suitable wavelength is at 808 nm for being pumped by LDs. Nonetheless, the absorption cross section at 886 nm is strong enough and can be effectively pumped by LDs as well. Interestingly, the excitation at 886 nm corresponds to the direct transition from ground state to the excited state 4 F3/2. Therefore, this can avoid non-radiative losses through multiphonon relaxation. In this work, we were interested to investigate laser performances by using two different pumping wavelengths, 808 nm and 886 nm.

Besides, the absorption peak located at 946 nm has the cross section of 0.2×10 -20 cm 2 , twice higher than that observed with Nd: Y2O3 transparent ceramic, this might depress the laser emission at 946 nm through reabsorption processes.

F. Laser performances

For laser experiments, the parameters which include collimating lens, focusing length and focal length were remains as previously set for the tests of Nd:Y2O3 transparent ceramics (see page 173). Otherwise, the input plane mirror M1 has high-reflection (HR) coating for the lasing wavelength and high-transmission (HT) at pumping wavelength 808. M2 output couplers are concave with a radius of curvature R = 50 mm. The transmission of 2%TOC and 10%TOC were tested.

1) Near infrared laser emission at 1064 nm

The laser experiments were performed under pumping at 808 and 885 nm by using 0.6at.%Nd and 2.0at.%Nd doped YAG samples. The lengths and absorption efficiencies of samples were given in Table 16. 10, the sample exhibited the absorption efficiencies of 59% and 32% at pumping wavelengths 808 nm and 886 nm, respectively. Under excitation at 886 nm, its absorption efficiency seemed quite low.

For 808 nm and 886 nm LDs, f1:f2 collimating lens were setup as 100:150 mm and 150:75 mm, respectively. In both cases, the pumping beam diameter was collimated around 150 mm. As a result, laser emissions were successfully achieved at 1064 nm by using both 808 nm and 886 nm LDs. The input-output power curves are presented in Figure 31 Figure 31 (a) shows 1064 nm laser performances of 0.6at.%Nd micro core doped YAG ceramic under 808 and 886 nm pumping. When using an ouput coupler of T= 2% the highest laser performance is obtained with the 886 nm pumping source, corresponding to an IR output power of 2.8W with an absorbed power of 9.3 W, resulting in 30.7% slope efficiency.

Furthermore, the experiments were repeated with the same sample but output mirror with 10%TOC. As shown in Figure 31 (b), the best laser performances were yielded for 1064 nm emission. The threshold lasers were found 3.2 W and 0.5 W with pumping excitations at 808 nm and 886 nm, respectively. Under pumping at 886 nm, the maximum output power reached 4.9 W, leading to slope efficiency of 59.8. On the other hand, we obtained 4.5 W of maximum output power with absorbed power at 13.4 W by employing 808 nm LDs. The corresponding slope efficiency was 42.6%. This confirmed that the micro core tansparent ceramic structure keeps all the beneficial effect of the pumping at 885 nm, corrresponding to 4 I9/2 → 4 F3/2 transition . More efficient laser emission is obtained by suppressing the multiphonon relaxation, generated from the upper state 4 F5/2. According to the work of Y. F. Lü et al. [42], the same behavior was also reported for 912 nm laser emissions of Nd doped GdVO4 crystal. For direct pumping at 880 nm, the heat losses was twice less than the case of 808 nm pumping.

In addition, the micro core transparent ceramic sample doped with higher concentration 2.0at.%Nd was prepared to reach 69% of absorption efficiency for 886 nm pumping in order to optimize the efficiency of laser emission when pumping directly to the excited state 4 F3/2. The same resonator was remained as before was used. The laser operation was performed by using the mirror M2 with 10%TOC. The output powers at 1064 nm with respect to absorbed powers were presented in Figure 33. Under 886 nm excitation, the maximum laser output power at 1064 nm was 3.6 W at absorbed power of 11.6 W, corresponding to 35.1% of slope efficiency. Although, 0.6at.%Nd:YAG had only 39% absorption efficiency, it yielded more efficient laser emission at the same wavelength. It seems that the laser performances might be restricted by the quenching effect when the doping concentration is too high. Hence, this 2at.%Nd:YAG was excluded from further laser experiments. The Nd 3+ concentration should be 1at.% for YAG as revealed in several works Laser performance of 0.6at.%Nd:YAG was more efficient with 10%TOC mirror. The maximum output power of 9.5 W was obtained with 10% TOC at 1064 nm with an absorbed pump power of 15.1 W. The corresponding slope efficiency reached 67.3%. Subsequently, this configuration was also chosen for laser operation at 946 nm.

2) Near infrared laser emission at 946 nm

Firstly, the laser experiments were carried out within the plane-concave cavity. The transmission rates of M2 were varied as 1%, 3%, 5% and 12%. The laser emission at 946 nm were realized when employing both 0.3%Nd and 0.6%Nd micro core YAG ceramic. The recorded laser spectrum line is shown in Figure 35. The input-output curves of 0.3at.%Nd and 0.6at.%Nd: YAG micro core ceramics are shown in Figure 36 (a) and (b), respectively. Using the 0.3at%Nd doped sample, the results at 946 nm were optimal with an output coupler of 5%. The threshold laser was found at 2.3W and the maximum output power reached 8.2 W with an absorbed power of 16.3 W for a slope efficiency of 56.3%. With higher doping concentration, the highest output power was obtained by using an M2 output coupler of 12%. The laser threshold was 3.0 W and the maximum output power was 7.0 W with an absorbed pump power of 15.9 W. The resulting slope efficiency was 53.9%.

It can be seen that 0.3at.%Nd: YAG composite ceramic sample provided more efficient laser emissions at 946 nm than the 0.6at.%Nd doping composite ceramic one. Otherwise, the 0.6at.%Nd:YAG, exhibiting the same level of absorption efficiency as 0.3at.%Nd:YAG was used for the laser experiments at 946 nm with various output coupling transmissions as 3%, 5% and 12%.

3) Beam quality of 946 nm laser beam

Basically, the transverse intensity distribution of a Gaussian beam is expressed as below:

Eq. 4

𝐼𝐼 ≈ 𝐴𝐴 0 𝑒𝑒𝑒𝑒𝑒𝑒 � -2𝑟𝑟 2 𝑤𝑤 2 �
Where 𝐴𝐴 0 is an amplitude of beam intensity. 𝑟𝑟 is a radial coordinate. 𝑤𝑤 is the waist of the beam where the intensity decreases to 13.5% of its maximum (𝐴𝐴 0 ). Along the propagation of electromagnetic light, the beam size w changes. The beam along the z axis is depicted in Figure 37. The smallest waist 𝑤𝑤 0 is found at the distance 𝑧𝑧 0 . Normally, a waist can be calculated for any relevant distance from the given formula. Where 𝑀𝑀 2 is a parameter, defining the laser beam quality. 𝑀𝑀 2 =1 represents an ideal Gaussian beam. However, 𝑀𝑀 2 is generally greater than 1 for a laser beam due to the presence of scattering losses. 𝑍𝑍 𝑅𝑅 is Rayleigh's range, which is the distance from 𝑍𝑍 0 where the beam size expands by a factor of √2. In this range, the laser beam is collimated nearly plane.

In this work, we report the measurement of laser beam size for 946 nm lasers, generated by using the 0.6at.%Nd:YAG composite ceramic within the plane-concave cavity under both excitations at 806 nm and 886 nm. The beam quality 𝑀𝑀 2 and the waist were measured for horizontal (𝑒𝑒) and vertical (𝑦𝑦) directions with the Knife Edge method [46] by using a lens of 150 mm in focal length.

The measurements were carried out at maximum output power of 7.0 W. The corresponding laser beams were captured and presented in Figure 36. 946 nm laser beam was obviously circular and Gaussian. As presented in Figure 38, horizontal and vertical beam qualities 𝑀𝑀 𝑥𝑥 2 and 𝑀𝑀 𝑦𝑦 2 were fit to be 1.54 and 1.81, respectively, under 808 nm LD pumping. This value is very close to 1, suggesting the good beam quality of 946 nm laser. It can be seen that by using the 808 nm LDs, Nd:YAG transparent ceramic enabled laser emissions with better beam quality and efficiency. Consequently, it was chosen as pumping source to 946 nm and 473 nm laser experiments in a V-type cavity.

For V-type cavity (Figure 39), the M3 concave mirror had the following characteristics: AR coating at 808 nm, HR coating at 946 and 473 nm, curvature radius of 50 mm. Furthermore, the output coupler M2 is also a concave mirror with various %TOC and a curvature radius of 100 mm. The cavity lengths between M1-M2 and M2-M3 were 38 and 55 mm, respectively. Further, 0.3%Nd: YAG sample was used for laser experiment in V-type cavity. The threshold lasers were found at 1.4 and 2.1 W when using M2 with 3%TOC and 5%TOC, respectively. The outputcoupling rate of 5% yielded the maximum output power of 8.0 W at the absorbed power of 16.2 W, as presented in Figure 40. In this V-type resonant cavity, the input-output curve shows that the slope efficiency is comparable to that achieved within plane-concave cavity by operating on the same sample and output coupling rate. Consequently, second harmonic generation process was setup using this cavity with a nonlinear single crystal placed in a second arm of the cavity.

4) Visible laser emission at 473 nm

In this part, the V-type cavity configuration was kept. To realize the frequency doubling of 946 nm emission, a nonlinear crystal is required. In this work, we used a BiB3O6 crystal cut for type-I critical phase matching in the principal plane XZ (𝜃𝜃 = 158.7°, ∅ = 90°). The effective nonlinear coefficient is 2.51 pm/V. The nonlinear crystal has dimensions of 2×2×10 mm 3 and AR coating for both faces at 473 and 946 nm to prevent from reflection losses. It was placed between M2 and M3 as depicted in Figure 40. The concave mirror M3 was coated for HR at 946 and 473 nm. The curvature radius of M3 is 100 mm. The output coupler M2 was HR coated at 946 nm and AR coated at pumping wavelength 808 nm and laser wavelength 473 nm, with curvature radius of 50 mm and coupling rate of 3%TOC. The cavity lengths of M1-M2 and M2-M3 were the same as previously set up for 946 nm emitting wavelength. Under these conditions, the frequency doubling of 946 nm emission was accomplished with threshold laser of 2.0 W. The blue output laser characteristics are shown in Figure 42. It can be seen that the beam profile of 473 laser is less circular than the 946 nm one shown in Figure 36 (a). The maximum blue output power was 1.0 W with an absorbed pump power of 14.6 W. According to all our results, micro-core Nd:YAG composites can be one of potential materials for high output power lasers at 1064 and 946 nm. Furthermore, its strong laser emission at 946 nm can be frequency doubled into the blue emission at 473 nm by mean of the nonlinear crystal BiBO. We compared blue laser performances at 473 in our Micro-core Nd: YAG with other papers under the same pumping by LDs at 808 nm as shown in Table 17. * Pth and P2ω-max with respect to an incident input power, MC, TC and SC represent micro core, transparent ceramic and single crystal, respectively.

It can be seen that Nd:YAG transparent ceramic can be used to generate blue laser at 473 nm with the help of a nonlinear crystal as well as Nd:YAG single crystal. Our Nd:YAG composite exhibited laser efficiencies, comparable to those of Nd:YAG transparent ceramic and single crystal in the literature [45,44]. As a transparent ceramic possesses several advantages, especially easy fabrication and feasibility of composite design, these laser results, studied in this work showed that micro-core Nd:YAG composite is certainly potential materials to generate blue laser at 473 nm with Second Harmonic Generation.

Anyway, blue laser performances of the micro-core Nd:YAG composite ceramic could be more enhanced, there are several suggestions here:  Prepare a micro-core 1at.%Nd:YAG composite for further laser experiments under a direct pumping at 886 nm  Vary nonlinear crystal such as LiB3O5 or BaB3O6 in order to optimize laser performances of micro-core Nd:YAG composites.

This work was done with the aim to develop efficient visible solid-state lasers by using praseodymium or neodymium doped oxide-based hosts as gain medium. Among lanthanide ions, Pr 3+ and Nd 3+ ions were selected according to their appropriate energy level diagrams. The former ones enable direct laser emissions in green, orange, red and deep red spectral regions under blue-optical pumping. Nd 3+ ions, well-known and frequently used to generate highly-efficient near infrared (NIR) lasers, are also suitable for blue laser emission by means of Second Harmonic Generation (SHG) from typically 946 nm to 473 nm. Promising Pr 3+ and Nd 3+ materials were elaborated and thoroughly studied within the context of visible laser emissions.

Pr 3+ doped oxide-based hosts can contribute to the generation of visible solid-state lasers

Firstly, various oxide hosts were prepared as Pr 3+ doped polycrystalline samples by solid-state reaction. The measured lifetime of the metastable state 3 P0 allowed to select oxide hosts, which belong to the following families: Sr1-xLaxAl12-xMgxO19 (ASL) hexaaluminate, SrLaGa3O7 (SLGM) melilite, LaAlO3 (LAP) perovskite, LaGaGe2O7 (LGGO) germanate and Y2O3 sesquioxide. For the particular case of ASL, we studied the effect of La composition and doping concentration on fluorescence lifetime with the objective to determine an appropriate chemical composition for ASL.

The melilite-type Pr:SLGM single crystal, grown with good optical quality, exhibited good thermal conductivity of 4.0 W·m -1 ·K -1 along 𝑐𝑐 ⃗-axis and a segregation coefficient of 0.7. From its roomtemperature absorption spectra, the absorption peaks at 442 and 486 nm had high cross sections of 1.5×10 -20 cm 2 and 2.5×10 -20 cm 2 respectively. In addition, we observed long lifetime of 25 μs and several strong emission peaks in visible spectral regions with cross sections in the level of 10 -20 cm 2 . Despite of these promising features, we could not achieve laser emissions in any visible spectral regions by using Pr:SLGM. The sample could not resist to high input powers, and was fractured when performing the laser tests.

Germanate-type single crystals of 1.4at.%Pr:LGGO were grown from an iridium wire and a seed. There were many fractures and defects inside. This material possessed good physical properties for solid-state lasers. With 𝑏𝑏 �⃗ -axis oriented crystal, GSA absorption peaks were observed, particularly at 449 nm and 486 nm with strong absorption cross sections. Pr:LGGO possessed moderate fluorescence lifetime (14 μs) and strong fluorescence, centered at 533 nm, 618 nm, 646 nm and 727 nm. Unfortunately, we could not generate visible laser emission with Pr:LGGO under LD pumping, and it was cracked during the laser experiments. The obtained crystal quality was probably too poor and this might cause low heat resistance, restricting laser operations at high input power.

Pr:Y2O3 sesquioxide transparent ceramic had good thermo-mechanical characteristics such as low maximum phonon energy (613 cm -1 ) and a very high thermal conductivity of 9.5 W·m -1 ·K -1 . Also, the material showed promising spectroscopic properties including strong absorption for blue LD pumping and intense emission lines in visible range, for example at 551 nm, 620 nm, 636 nm and 718 nm. Nevertheless, there was no evidence of laser emissions with Pr:Y2O3 transparent ceramic neither. Y2O3 has a strong crystal field effect, leading to the presence of ESA processes. The emitting level 3 P0 is steadily depopulated, thus visible lasers are extremely hard to achieve with Pr:Y2O3.

The hexaaluminate-type host led to the best laser results. From the measured lifetimes of Pr:ASL polycrystalline samples, it was observed that high lifetime was kept for x<0.5 in Sr1-xLaxAl12-xMgxO19. We fixed the composition x = 0.3 for the ASL crystal growth. 2at.%Pr and 4at.%Pr:ASL were grown as single crystals by using 𝑐𝑐 ⃗-cut seeds. A core effect, observed in the middle of boules remains a breakthrough to overcome. The segregation coefficient of Pr 3+ ions was 0.9. The thermal conductivity was around 4.6 W·m -1 ·K -1 . Pr:ASL exhibited strong absorption lines in σ polarization at 445 nm and 486 with the identical cross section of 1.3×10 -20 cm 2 , therefore suitable for LD and 2ωOPSL pumping. The fluorescence lifetime of 2at.%Pr:ASL was 37 µs, comparable to that of Pr:LiYF4. The quantum efficiency reached 97%. 
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 1 Figure.1 The chromaticity diagram in XY space published in 1931 by the international commission on Illumination (CIE) [10].
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 2 Figure 2. Cytometric analysis using the yellow probe delivering the excitation at 594 nm [ 15].
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 3 Figure 3. Radial electron probabilities as the function of distance from the nucleus for the 𝟒𝟒𝟒𝟒, 𝟓𝟓𝟓𝟓, 𝟓𝟓𝟓𝟓, 𝟓𝟓𝟓𝟓 and 𝟔𝟔𝟓𝟓 shells.
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 4 Figure 4. The decreasing of atomic radius in pm with raising atomic number of lanthanide ions [23].
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 6 Figure 6. Intra-ionic processes in an ideal two-level-system including absorption (left), spontaneous emission (center) and stimulated emission (right).
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 7 Figure 7. Two level system showing the multiphonon decay processes.
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 8 Figure 8. Interionic process between two nearby ions in the presence of multiphonon transition.
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 9 Figure 9. Interionic processes: energy transfer up-conversion (a), cross relaxation (b), energy migration (c) and reabsorption (d).

Figure 10 .

 10 Figure 10. Schematic of four-level system.

Figure 11 .

 11 Figure 11. Schematic of quasi-three-level system.

  b) [ 31, 32].

Figure 12 .

 12 Figure 12. Energy level diagram of Pr 3+ within the 𝟒𝟒𝟒𝟒 𝒏𝒏 configuration (a) and the interconfiguration 𝟒𝟒𝟒𝟒 𝟏𝟏 𝟓𝟓𝒅𝒅 𝟏𝟏 bands (b).

Figure 13 .

 13 Figure 13. Energy level diagram of Nd:Lu2O3 crystal configuration (a) and the ESA absorptions and up-conversion processes of Nd:GdVO4 crystal under continuous excitation at 0.81 µm (b) [ 48, 49].

Figure 14 .

 14 Figure 14. Schema of the intracavity frequency summed 589 nm and 578 nm using Nd:YAG/LBO (a) and Nd, Yb:YAG/LBO crystals (b) [54, 55].

Figure 15 .

 15 Figure 15. Binary phase diagram of SrO-Al2O3 and close-up on the SRA + liquid phase (a) and the phases of SrAl4O7 and A are abbreviated as SA2 and Al2O3 + liquid (b) [69].

Figure 16 .

 16 Figure 16. Pr(2.7at.%):SRA with various Mg-codoping concentrations [75].

  presents the single crystal of 5%Nd:ASL (x = 0.3) grown by Czochralski method [80].

Figure 17 .

 17 Figure 17. The single crystal of Sr0.7La0.25Nd0.05Mg0.3Al11.7O19 with diameter of 40 mm [ 80].

Figure 18 .

 18 Figure 18. Coordination sphere of Sr 2+ ion in SrAl12O19 [ 83].

Figure 19 .

 19 Figure 19. The crystal structure of SrLaGa3O7 [ 90].

  absorption and emission lines. The density of SLGM is 5.25. SLGM has congruent melting point at 1650 °C. Figure 20 shows single crystals of undoped SLGM [91].

Figure 20 .

 20 Figure 20. As-grown SLGM (a) single crystal [91].

  [ 91]. Both values are quite low. In addition, the refractive index have been studied by Z. Burshtein et al. [ 92].

Figure 21 .

 21 Figure 21. As-grown LaAlO3 single crystal [105].

Figure 22 .

 22 Figure 22. The crystal structure of LaGaGe2O7 in the plane (010) [109].

  [ 112, 113]. Alternatively, much research has focused on Nd 3+ -doped sesquioxide in transparent ceramic which can be synthesized below 2000°C in large dimensions [ 114]. Many preparation methods have been used to optimize the transparency of ceramics. For instance, a laser-grade ceramic of YAG has many similarities with single crystal as spectroscopic features, thermal properties and optical homogeneity [ 115]. a. Structure Yttrium oxide (Y2O3) belongs to cubic system with 𝐼𝐼𝑎𝑎3 � space group and has bixbyite structure. Its structure has 16 formula units per cell with lattice constant of 10.61 Å. There are two inequivalent Y 3+ sites in 24e and 8a Wyckoff positions with symmetries C2 and C3i, respectively. Although, both inequivalent Y 3+ ions have the same coordination number of 6, but different bond lengths and local environment. Y(C3i)-O6 octahedra are distorted and has 3 pairs of bond length whereas, Y(C2)-O6 octahedra are symmetric with equal bond lengths. The most active center has the symmetry C2. Besides, the density is of 5.04. Y2O3 has congruent melting point around 2400 °C.

Figure 23 .

 23 Figure 23. The crystal structure of Y2O3 [ 116].

[ 47 ]

 47 . The refractive index was determined by G. Singh et al. [ 117] and the obtained Sellmier equation is given below:

  (a) and (b) [ 118,119].

Figure 24 .

 24 Figure 24. The causes of light scattering phenomena in transparent ceramic (a) and the microstructure of Nd(0.1at.%):Y2O3 transparent ceramics (b) [115, 118].

Figure 25 (Figure 25 .

 2525 Figure 25. Commercial transparent ceramics of undoped YAG, Nd:YAG and undoped Y2O3 (a) and their transmission spectra (b).

  [67]. The other NIR emission and the a) b)frequency doubling of NIR laser have not been demonstrated yet. It is thus interesting to continue studying this material.

  [ 127]. In general, GTO single crystal with M -type single phase has appeared of great interest for solid state lasers due to its suitable properties [ 128, 129, 130]. GTO has congruent melting and transition phase points around 2000 °C and 1300 °C [126], respectively. At low temperature, the structure is M ' type. Above the temperature of phase transition, the M ' -type structure becomes M . For the M -type structure, Gd 3+ and Ta 5+ ions are both coordinated with 4 O 2-atoms as depicted in Figure 26 (a). Otherwise, the coordination number of Ta 5+ ions is 6 and TaO6 are formed in distorted octahedrons for M ' type structure (See Figure 26 b).

Figure 26 .

 26 Figure 26. M-type (left) and M'-type (right) crystal structures of GdTaO4 [126].

Figure 27 .

 27 Figure 27. The single crystal of undoped GdTaO4 [ 131].

2

 2 7 [127]. The experimental refractive index and derived Sellmier equation (Eq. 35) were determined by W. Liu et al. with wavelength in μm scale Besides, the room temperature thermal conductivities along a, b and c-axis are 7.3, 6.2 and 8.2 W.m -1 k -1 , respectively [131].

  [114], the fluorescence lifetimes are varied in the range of 258 µs (1.0 at.%Nd) -308 µs (0.4 at.%Nd). The calculated branching ratio of 4 I11/2, 4 I9/2 reach 50% and 40%, respectively. Moreover, B. M. Walsh et al. have presented a low maximum phonon energy of 560 cm -1 [47].

Figure 28 .

 28 Figure 28. Crystal structure of Y3Al5O12 [ 134].

  (a) illustrates the first Czochralski apparatus mainly containing a support, a pulley and two slots for a silk thread. The growth could be started by dropping a carrier, shown in Figure 29 (b) to the melt's surface. The solid-liquid interface is shown in Figure 29 (c).

Figure 29 .

 29 Figure 29. Diagram of the first Czochralski's setup in 1916 [136].

Figure 30 .

 30 Figure 30. The schema and the equipment of Czochralski furnace.

Figure 31 .

 31 Figure 31. A typical geometric shape of a single crystal elaborated with the Czochralski method.

Figure 32 .

 32 Figure 32. Convection flows in the melt during the Czochralski growth for the different rotation rates: very slow (left), optimal (middle) and very fast (right).

Figure 33 .

 33 Figure 33. A manual polishing machine MetaServ 3000 from Buehler (a) and an automatic polishing machine from Logitech (b).

Figure 35 .

 35 Figure 35. The structure of EPMA instrument.

Figure 36 .

 36 Figure 36. Jablonski's energy level diagram of Rayleigh and Raman scattering.

Figure 37 .

 37 Figure 37. Schema of light dispersion in a prism with apex A and prism angle φ.
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Eq. 73 𝐼𝐼
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Figure 1 .

 1 Figure 1. X-ray diffraction pattern of Pr:Sr0.7La0.3Mg0.3Al11.7O19 sample.

Figure 2 .

 2 Figure 2. X-ray diffraction pattern of Pr:Ca2Al2SiO7 sample.

Figure 3 .

 3 Figure 3. X-ray diffraction pattern of SrLaGa3O7 sample.

Figure 4 .

 4 Figure 4. X-ray diffraction patterns of Pr:Sr2MgGe2O7 (a) and Pr:Sr2ZnGe2O7 (b) samples.

Figure 5 .

 5 Figure 5. X-ray diffraction patterns of Pr:CaYAlO4 (a) and Pr:SrLaAlO4 (b) samples.

  (a), (b), (c) and (d) as belows.

Figure 6 .

 6 Figure 6. X-ray diffraction patterns of Pr:LaAlO3 (a), Pr:LuLaO3 (b), Pr:YAlO3 (c) and Pr:GdAlO3 (d) samples.

Figure 7 .

 7 Figure 7. X-ray diffraction pattern of Pr: GdTaO4 sample.

Figure 8 .

 8 Figure 8. X-ray diffraction pattern of Pr:Y2SiO5 (a) and Pr:Gd2SiO5 (b) samples.

Figure 9 .

 9 Figure 9. X-ray diffraction pattern of Pr:LaGaGe2O7 sample.

Figure 10 .

 10 Figure 10. X-ray diffraction pattern of Pr:Ca8La2O2(PO4)6.

Figure 11 .

 11 Figure 11. Measured fluorescence lifetime of various Pr 3+ -doped oxide polycrystalline hosts.



  High fluorescence lifetime (>19 µs): Pr:SRA (38 µs), Pr:ASL (37 µs), Pr:SLGM (25 µs) and Pr:LAP (20 µs). Moderate lifetime (10 µs-19 µs): Pr:LGGO (14 µs), Pr:GAP (13 µs), Pr:YAP (12 µs) and LLP (9 µs).  Low fluorescence lifetime (<10 µs): Pr:CYA, Pr:SLA, Pr:CAS, Pr:YSO, Pr:GSO, Pr:CAS and Pr:CLPA

  [ 6]. According to the PhD dissertation of Daniel-Timo Christopher Marzahl [ 7], the excess of SrO is required for the Czochralski growth in order to obtain a single phase of SRA. Nevertheless, an impurity phase of SrAlO4 was unavoidably included in a SRA boule.

Figure 12 .

 12 Figure 12. Magnetoplumbite structure of ASL hexaaluminate (left), and the coordination sphere of (Sr 2+ /La 3+ )O12 polyhedron (right).

Figure 14 .

 14 Figure 14. ASL polycrystalline samples after the sintering process.

  (a), (b) and Figure 16, respectively.

Figure 15 .Figure 16 .

 1516 Figure 15. Lattice constants (Å) a,b and c of Pr:ASL samples with respect to a composition x.

  5. The linear equations of the lattice constants a, b and the unit cell volume were determined as given below: Eq.21 𝐿𝐿, 𝑏𝑏 (Å) = 5.5672 + 0.02433𝑥𝑥 Eq.22 𝑉𝑉 𝑥𝑥<0.5 (Å) = 590.67 + 5.22𝑥𝑥 Eq.23 𝑉𝑉 𝑥𝑥>0.5 (Å) = 591.95 + 2.59𝑥𝑥

  (a) and (b).

Figure 17 .

 17 Figure 17. Emission spectra of 2at.%Pr : ASL with different composition x in the spectral regions of 450 nm -700 nm (a) and of 470 nm -505 nm [ 3 P0→ 3 H4] (b).

Figure 18 .

 18 Figure 18. Emission spectra of ASL doped with 1at.%, 2at.%, 4at.% and 6at.%Pr.

Figure 19 .

 19 Figure 19. Logarithm of fluorescence decay of ASL samples (x = 0.3) doped with 1at.% -6at.%Pr (a) and the lifetime values of 3 P0 multiplet of the polycrystalline samples (b).

Figure 20 .

 20 Figure 20. Room temperature experimental lifetime of 3 P0 multiplet of ASL polycrystalline samples with 2at.%Pr and the x value extended from 0.0 to 1.0.

Figure 21 .

 21 Figure 21. Raman spectrum of Pr:Y2O3 transparent ceramic.

Figure 22 .

 22 Figure 22. Perovskite structure of LaAlO3 (a) and a LaO12 coordination sphere (b).

Figure 23 .

 23 Figure 23. Temperature profile for solid-state reaction of LaAlO3.

Figure 24 .

 24 Figure 24. 0.5at.%Pr:LaAlO3 single crystal.

Figure 25 .

 25 Figure 25. The boule of LAP single crystal after the 1 st , 2 nd and 3 rd annealing under reducing atmosphere (Ar/H2).

Figure 26 .

 26 Figure 26. Microscopic image under polarized light of a Pr:LAP single crystal.

Figure 27 .

 27 Figure 27. X-ray diffraction pattern of LaAlO3.

Figure 28 .

 28 Figure 28. Room temperature Raman spectrum of a 0.5at.%Pr:LAP sample.

Figure 29 .

 29 Figure 29. The structure of LaGaGe2O7 and chains of Ge2O7 diorthogroups (yellow tetrahedral) [26].

Figure 30 .

 30 Figure 30. GaO5 trigonal bipyramids (a) and LaO9 tricapped trigonal prisms (b) [26].

Figure 31 .

 31 Figure 31. Temperature profile for solid-state reaction of LGGO.

  (b).

Figure 32 .

 32 Figure 32. The 1 st (a) and 2 nd (b) single crystals of 1at.%Pr:LaGaGe2O7 and polished samples with 𝒃𝒃 � �⃗ -axis orientation (c).

Figure 33 .

 33 Figure 33. X-ray diffraction pattern of a Pr:LaGaGe2O7 single crystal.

Figure 34

 34 Figure 34 Microscopic images of a 𝒃𝒃 � �⃗ -cut Pr:LGGO single crystal.

Figure 35 .

 35 Figure 35. Raman spectra recorded at room temperature of a Pr:LGGO crystal.

Figure 36 .

 36 Figure 36. Structure of SrLaGa3O7 (a) and a (Sr/La)O8 polyhedron sphere (b).

Figure 38 . 1 .

 381 Figure 38. 1.7at.%Pr:SrLaAl3O7 crystal (a) and polished samples with c-cut orientation (b).

Figure 40 .

 40 Figure 40. Room temperature Raman spectrum of a 2at.%Pr:SLGM sample.

Figure 41 .

 41 Figure 41. Left: Single crystal and Right: polished samples (𝒄𝒄 �⃗-axis cut) of 2at.%Pr:ASL (a) and 4at.%Pr:ASL (b).

Figure 42 .

 42 Figure 42. A core effect zone observed in 4at%.Pr:ASL single crystal.

Figure 43 .

 43 Figure 43. Microscopic image of 2at.%Pr:ASL single crystal containing core zone under polarized light.

Figure 44 .

 44 Figure 44. Microscopic images of 2at.% and 4at.%Pr:ASL single crystals under transmission mode.

Figure 45 .

 45 Figure 45. Room temperature Raman spectra of undoped ASL (green line), undoped LMA (blue line), Pr (2at.%):ASL (red line), and Pr (4at.%):ASL (black line) single crystals.

[ 9 ]

 9 . The work of A. Kahn et al. demonstrated that La 3+ ions can be delocalized in three directions in the mirror plane (001) [5], leading to inhomogeneous broadening of transmission lines. Considering that the composition of ASL with x = 0.3 is dominated by the SRA component, it is expected to find the characteristics of ASL, including Raman linewidths, more similar to those of SRA.

Figure 46 .

 46 Figure 46. Room-temperature transmission spectrum of Pr:Y2O3 in the spectral range 300 nm -1000 nm.

Figure 47 .

 47 Figure 47. GSA spectra of Pr:Y2O3 in randomly-polarized light in the range of 400 -1700 nm.

Figure 48 .

 48 Figure 48. Room temperature emission spectrum of 0.5.at%Pr:Y2O3 in the range from 450 nm to 750 nm.

Figure 49 .

 49 Figure 49. Fluorescence dynamics of the 3 P0 (a) and 1 D2 (b) multiplets of Pr:Y2O3 at room temperature.

Figure 50 .

 50 Figure 50. GSA spectra of Pr:LGGO in σ and π polarizations in the range of 400 nm -1700 nm.

Figure 51 .

 51 Figure 51. Room temperature emission spectra of Pr:LGGO in the range from 450 nm to750 nm recorded for 𝐄𝐄 ⊥ 𝐛𝐛 ⃗ .

Figure 52 .

 52 Figure 52. Fluorescence dynamics of the 3 P0 (a) and 1 D2 (b) multiplets of Pr:LGGO at room temperature.

Figure 53 .

 53 Figure 53. GSA spectra of Pr:SLGM in σ and π polarizations in the range of 400 nm -1700 nm.

Figure 54 .

 54 Figure 54. Room temperature emission spectra of Pr:SLGM in the range from 450 nm to 800 nm in σ-and π-polarizations.

Figure 55 .

 55 Figure 55. Fluorescence decays of the 3 P0 (a) and 1 D2 (b) multiplets of 2at.%Pr:SLGM at room temperature.

Figure 56

 56 Figure 56 Polished Pr: SLGM under (a) and after (b) UV excitation at 254 nm.

Figure 57 .

 57 Figure 57. GSA spectra of 2at.%Pr:ASL in σ and π polarizations.

  [1] and Pr:LMA [4]. Nonetheless, the cross sections of Pr doped hexaaluminates are considerably lower compared with fluoride host materials like LiYF4 and BaY2F8 approaching 10×10 -20 cm 2 and 6×10 -20 cm 2 , respectively [19, 42].

Figure 58 .

 58 Figure 58. High-resolution absorption spectra of 2%Pr:ASL single crystal for σ and π polarization at 5 K.

Figure 59 .

 59 Figure 59. Absorption spectra of 2at.%Pr:ASL at 17 K (black) and 300 K (red).

Figure 60 .

 60 Figure 60. Room temperature stimulated emission cross sections of 2at.%Pr:ASL in the range from 450 nm to 760 nm in σ-and π-polarization.

[ 1 , 4 ]

 14 as well as YLF (E||c)[ 44].

Figure 61 Fluorescence

 61 Figure 61 Fluorescence dynamics of the 3 P0 (a) and 1 D2 (b) multiplets of 2at.% and 4at.%Pr:ASL samples.

Figure 62 .

 62 Figure 62. Schema of the hemispheric resonant cavity with 2ωOPSL pump source for laser experiments in the visible spectral range 520 nm -725 nm.

Figure 63 .

 63 Figure 63. Schema of the hemispheric resonant cavity with LD pump source for laser experiments in the visible spectral range 520 nm -725 nm.

Figure 64 .

 64 Figure 64. Output power of laser in red visible region with respect to absorbed power for 2at.%Pr:ASL with lengths of 8 mm, 10 mm and 12 mm.

  (a). Same experiments were also performed with 4at.%Pr:ASL crystal. The measured absorption efficiency reached 59%. The resulting laser curves are shown in Figure 65 (b).

Figure 65 .

 65 Figure 65. Laser output power in red region with respect of absorbed power for 2at.%Pr:ASL (a) and 4at.%Pr:ASL (b) with various %TOC.

Figure 66 .

 66 Figure 66. Input-output laser characteristics of 8 mm long 2at.%Pr:ASL in the orange spectral region.

Figure 67 .

 67 Figure 67. Input-output laser characteristics of 8 mm long 2at.%Pr:ASL in the deep red spectral region.

Figure 1 .

 1 Figure 1. Structure of GdTaO4 consisting of polyhedra GdO6 (violet) and TaO6 (blue).

Figure 2 .

 2 Figure 2. The schema of calcination step of Nd: GdTaO4.

Figure 3 .

 3 Figure 3. Single crystals and polished samples of 2at.%Nd:GTO grown with an iridium wire (a) and a (100)-oriented seed (b).

  (b): it has enhanced quality and transparency.

Figure 4 .

 4 Figure 4. X-ray diffraction pattern of GdTaO4 single crystal.

Figure 5 .

 5 Figure 5. Microscope image of Nd: GTO single crystal.

Figure 6 .

 6 Figure 6. Raman spectrum of GdTaO4 single crystal at room temperature.

Figure 8 .

 8 Figure 8. Emission spectrum of 2.0at.%Nd: GdTaO4 in the range 900 nm -1200 nm.

Figure 9 .

 9 Figure 9. Room temperature fluorescence decay in a logarithmic scale for 2at.% Nd: GdTaO4.

  [18, 19], vacuum sintering[17,20], hot isostatic pressing sintering (HIP)[21,22] or spark plasma sintering method (SPS)[12,13,23]. The World Lab Co., Ltd., Japan is one of specialized companies in transparent ceramics. Owing to the collaboration with Dr. A. IKESUE and Y. L. AUNG, 0.4at.%, 0.8at.% and 1.0at.%Nd 3+ doped Y2O3 were supplied to be investigated in this work. The preparation technique utilized was a simple solid-state reaction, combined with Cold Isostatic Press and Vacuum Sintering[24]. The fabricated transparent ceramics Nd: Y2O3 are shown in Figure10.

Figure 10 .

 10 Figure 10. 0.4%, 0.8% and 1 at.% Nd 3+ doped Y2O3 transparent ceramics.

  (right). The bond length of Y 3+ -O 2-is approximately 2.28 Å. The lattice parameter and cell volume are 10.692 Å and 1222.3 Å 3 , respectively [26].

Figure 11 .

 11 Figure 11. Crystal structure of Y2O3 showing the YO6 unit (left) and the two inequivalent Y ions in C2 and C3i symmetries (right).

Figure 12 .

 12 Figure 12. Observation under micro-polarizer (upper) and polarized optical microscope in transmission mode (lower) of the 0.4at.%Nd:Y2O3 with dimensions of 5×5×3 mm 3 .

Figure 13 .

 13 Figure 13. Shadow graph of the commercial 1.0at.%Nd:YAG single crystal (a) and the 0.4at.%Nd:Y2O3 transparent ceramic (b).

Figure 14 .

 14 Figure 14. Transmittance curve of the 0.4at.%Nd:Y2O3 transparent ceramics with length of 3.2 mm and polished surfaces.

Figure 15 .

 15 Figure 15. The polished prism of undoped Y2O3 with the apex angle of 52°.

Figure 16 .

 16 Figure 16. Measured refractive index of the Y2O3 prism in the range from 0.4 to 1.0 µm.

Figure 17 .

 17 Figure 17. The room-temperature GSA spectra of 0.4at.%Nd:Y2O3 in the spectral region 700 -970 nm.

Figure 18 .

 18 Figure 18. Absorption spectra of 0.4% Nd: Y2O3, corresponding to transition 4 I9/2→ 2 P1/2 from at various temperatures.

  [27].

Figure 19 .

 19 Figure 19. Emission spectra at room temperature of 0.4% Nd: Y2O3 in the range of 10000 -12000 cm -1 at 77 K (red) and 300 K (black).

Figure 20 .

 20 Figure 20. Emission spectrum at room temperature of 0.4%Nd: Y2O3 in the range 850 nm -1200 nm.

  (a). After linear fitting, the fluorescence lifetimes were determined as shown in Figure 21 (b).

Figure 21 .

 21 Figure 21. Room temperature fluorescence decay in a logarithmic scale for 0.4, 0.8 and 1.0at.% Nd: Y2O3 (a) and the decreasing lifetime as a function of at% Nd (b).

Figure 22 .

 22 Figure 22. Schema of the hemispheric cavity applied for laser experiments at 946 and 1074 nm.

Figure 23 .

 23 Figure 23. Output power of 0.4% Y2O3 with lengths of 4.5 mm (a) and 8.3 mm (b) at 1074 nm versus absorbed power at 808 nm.

Figure 24 .

 24 Figure 24. Output power of 0.8%Nd (b): Y2O3 at 1074 nm versus absorbed power at 808 nm.

Figure 25 . 4 F3/2→ 4 I9/ 2 .

 25442 Figure 25. The laser line spectrum of Nd:Y2O3 transparent ceramic by operating along channel 4 F3/2→ 4 I9/2.

Figure 26 .

 26 Figure 26. Output power of 0.4% Nd: Y2O3 with lengths of 8.3 mm (a) and 4.5 mm (b) at 946 nm versus absorbed power at 808 nm.

Figure 27 .

 27 Figure 27. Layered 0.4at.%Nd :Y2O3 transparent ceramics.

Table 15 .Figure 28 .

 1528 Figure 28. Nd doped-core transparent ceramics, NYAG1 and NYAG2, from top (left) and side views (center and right).

Figure 29 .

 29 Figure 29. Optical microscopy observation under polarized light of the 0.3at.% and 0.6at.%Nd:YAG composites.

Figure 30 .

 30 Figure 30. Raman spectrum of Nd:YAG transparent ceramic.

Figure 31 .

 31 Figure 31. The room-temperature GSA spectra of 1.0at.%Nd:Y3Al5O12 in the region 775 nm -950 nm.

  (a) and (b).

Figure 32 .

 32 Figure 32. Output power of 0.6at.%Nd micro core YAG at 1064 nm versus absorbed power at 808 nm (a) and 886 nm (b).

Figure 33 .

 33 Figure 33. Output power of 2.0at.%Nd micro core ceramic YAG at 1064 nm versus absorbed power at 885 nm.

  [43,44,45]. Thus, laser operations at 946 nm were performed by using micro core ceramic Nd:YAG samples with low doping concentrations as 0.3at.% and 0.6at.%Nd.Likewise, laser experiments were repeated under 808 nm pumping LDs by replacing the focusing lens f1:f2 (100:150) with f1:f2 (75:150). The collimating configurations resulted in the beam diameters of 140 µm and 180 µm, respectively.

Figure 34

 34 Figure 34 Output powers of 0.6at.%Nd YAG micro core ceramic at 1064 nm versus absorbed power at 808 nm with the beam diameter of 140 µm (a) and 180 µm (b).

Figure 35 .

 35 Figure 35. The laser spectrum line of 946 nm laser.

Figure 36 .

 36 Figure 36. Output power of 0.3%Nd (a) and 0.6%Nd doped YAG composite ceramics (b) at 946 nm versus absorbed power at 808 nm realized within plane-concave cavity.

Figure 37

 37 Figure 37 Propagation of a Gaussian beam.

Eq. 5

 5 𝑤𝑤(𝑧𝑧) = 𝑤𝑤 0 �1 + � 𝑀𝑀 2 𝜆𝜆(𝑧𝑧-𝑧𝑧 0 )

Figure 38 .

 38 Figure 38. Laser beam size w at 946 nm under excitations at 808 nm.

Figure 39 .

 39 Figure 39. Schema of the V-type cavity applied for laser experiments at 946nm.

Figure 40 .

 40 Figure 40. Output power of 0.3%Nd doped YAG at 946 nm versus absorbed power at 808 nm realized within V-type cavity.

Figure 41 .

 41 Figure 41. Schema of the V-type cavity applied for laser doubling frequency of 943 nm emission into 473 nm.

Figure 42 .

 42 Figure 42. Beam profile distribution at 473 nm (a) and output power of 0.3%Nd: YAG (b) at 473 nm versus absorbed power at 808 nm realized within V-type cavity.

  

  

  

  

Table 1 . Comparison of physical and spectroscopic parameters and laser characteristics of various Pr 3+ doped fluoride hosts type single crystal.

 1 

	Properties	LiYF4	KYF4	LaF3
	Symmetry			
	Pr 3+ concentration (at.%)			
	Segregation coefficient			
	τf of the enegy level 3 P0 (µs)			
	λp (nm)			

Table 2 . Comparison of physical and spectroscopic parameters and laser characteristics of various Pr 3+ doped oxide hosts type single crystal.

 2 

	1 )
	Melting point (°C)
	Reference

[40, 47].

  

Table 3 . Laser parameters of the 2ωOPSL pumped Pr 3+ : LiYF4 lasers [42].

 3 

	λem (nm) σem (10 -20 cm 2 )	TOC (%)	Pthr (mW) Pmax (W)	ηsl (%)
	523	2.6	1.4	52	2.9	72
	546	0.8	2.4	120	2.0	60
	604	9.8	11.1	114	1.5	44
	607	13.6	14.8	185	1.4	60
	640	21.8	2.3	17	2.8	68
	698	5.2	5.8	65	1.5	50
	720	8.8	2.7	16	1.0	53

Table 4 . Comparison of several spectroscopic parameters and laser characteristics of various Nd 3+ doped fluoride single crystals.

 4 

	Properties	LiLuF4	LiYF4	BaY2F8
	Symmetry			
	Nd 3+ concentration (at.%)			
	τf of the enegy level 4 F3/2 (µs)			
	λp (nm)			
	σabs at λp 10 -20 (cm 2 )			
	FWHM at λp (nm)			

Table 5 . Comparison of several spectroscopic parameters and laser characteristics of various Nd 3+ doped oxide single crystals.

 5 

	)
	Reference

68, 69]

  

		Cubic	Tetragonal	Cubic	Monoclinic	Tetragonal
		1.0	0.5	0.6	1.3	1.0
		230	84	260	178	129
		808	808	808	808	807
		12	26 (π)	3.9	5.1 (E||a)	10.9 (σ)
		1.0	1.6	6.1	6.0	5.0
		946	912	952	-	-
		5.0	6.6 (π)	1.5	-	-
		1064	1063 (π)	1076	1066	1080
		28	103 (π)	5.0	39 (E||a)	10.4 (σ)
		0.8	1.0	-	-	12.0
		2.5	2.7	0.3	-	-
		3.4	5.5	0.4	-	-
		30	40	24	-	-
		0.07	25	0.1	-	-
		2.9	83	1.4	2.5	1.3 (σ)
		58.0	39.4	63.6	36.0	16.8
	)	13.0	11.7 (π)	11.0	7.3 (E||a)	6.0 (σ)
	Reference	[ 61, 62, 63]	[ 64, 65]	[48, 66]	[ 67]	[

Table 6 . Ionic radius of containing elements in ASL referred to Shannon database [ 81, 82].

 6 

	ion	Sr 2+	La 3+	Pr 3+	Al 3+	Mg 2+
	coordination number	12	12	12	6	6
	ionic radius (Å)	1.58	1.50	1.46	0.67	0.86

Table 7 . Crystal properties of hosts being doped with Pr 3+ ions in this work and LiYF4.

 7 

		SrAl12O19 LaMgAl11O19 SrLaGa3O7	LaAlO3 LaGaGe2O7	LiYF4
	abbreviation	SRA	LMA	SLGM	LAP	LGGO	LYF
	space group	𝑃𝑃6 3 /𝑡𝑡𝑡𝑡𝑚𝑚	𝑃𝑃6 3 /𝑡𝑡𝑡𝑡𝑚𝑚	𝑃𝑃4 � 2 1 𝑡𝑡	𝑅𝑅3 � 𝑚𝑚	𝑃𝑃2 1 𝑚𝑚	𝐼𝐼42 1 /𝑎𝑎
	coordination number	12	12	8	12	9	8
	formula units	2	2	2	4	4	4
	unit cell volume (Å 3 )	590.43	594.49	346.91	325.84	557.87	302.68
	segregation coefficient	0.9	0.6	0.5	1.0	-	0.2
	Thermal conductivity	10.5 (κ⊥c)	4.9 (κ⊥c)	2.7 (κ⊥c)	6.0 (κav)	-	5.3 (κ⊥c)
	(Wm -1 K -1 )	5.6 (κ||c)	3.4 (κ||c)	2.5 (κ||c)	-	-	7.2 (κ||c)
	phonon energy (cm -1 )	600	600	700	707	863	490
	melting point (°C)	1790	1790	1760	2110	1225	1083
	congruent melting	no	yes	yes	yes	Yes	No
	Reference	[38]	[71]	[43,44]	[40]	[ 84]	[

56,57,58]

  

d. Spectroscopic properties M. Malinowki et al.

  

			2
			𝜆𝜆 2 -0.019947
	Eq. 33	𝑛𝑛 𝑒𝑒 2 = 1 +	2.2548𝜆𝜆 2 𝜆𝜆 2 -0.018790

Table 8 . Ionic radius of La 3+ , Y 3+ , Gd 3+ and Pr 3+ trivalent ions with the coordination number of 9 [81,82].
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	ion	La 3+	Y 3+	Gd 2+	Pr 3+
	ionic radius (Å)	1.35	1.21	1.25	1.30
	Regarding Pr:LAP, T. Basyuk et al. [ 99]			

Table 9 . Crystal, physical and spectroscopic properties of Nd 3+ doped various oxides being studied in comparison with Nd:YVO4.

 9 

		GdTaO4	Y2O3	Y3Al5O12	YVO4
	abbreviation	GTO	Y2O3	YAG	YVO
	space group	𝐼𝐼2/𝑎𝑎	𝐼𝐼𝑎𝑎3 �	𝐼𝐼𝑎𝑎3𝑜𝑜	𝐼𝐼4 1 /𝑎𝑎𝑡𝑡𝑜𝑜
	La 3+ site symmetry	C2	C2 and C3i	D2	D2d
	coordination number	6	6	8	8
	formula units per unit cell	4	16	8	4
	unit cell volume (Å 3 )	302.14	1187.65	1732.32	318.68
	Nd 3+ concentration (at%)	1	1	1	1
	segregation coefficient	0.7	-	0.2	0.6
	σabs at 808 nm 10 -20 (cm 2 )	5.1 (E//a)	2.2	8.3	58
	FWHM (nm)	6.0	0.7	2.0	5.0
	fluorescence lifetime of 4 F3/2 (μs)	178	258 (1%Nd)	230	96 (1%Nd)
	λL1 4 F3/2 → 4 I9/2 (nm)	-	947	946	914
	σem at λL 10 -20 , 4 F3/2 → 4 I9/2 (cm 2 )	-	1.8	3.8	-
	λL2 4 F3/2 → 4 I11/2 (nm)	1066	1074	1064	1066
	σem at λL 10 -20 , 4 F3/2 → 4 I11/2 (cm 2 )	39	7	28	12.0
	Ω4/Ω6	1.0	1.2	0.6	0.7
	Mohs hardness	5.0-6.4	6.8	8-9	5
	Thermal conductivity	7.3 (κ||a)	13	14	5.1 (σ)
	(Wm -1 K -1 ) at 300K	6.2 (κ||b)			5.2 (π)
	phonon energy (cm -1 )	821	560	700	899
	melting point (°C)	2000	2410	2273	1810
	congruent melting	yes	yes	yes	yes
	Reference	[67,125 ,127]	[47,70]	[62,63]	[66]

Table 1 . Oxide hosts, unit cell volumes, doping concentrations of Pr 3+ (at.%) and sintering temperatures.
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	Family	Oxide host	Cell volume (Å 3 )	At.%Pr	Sintering temperature (°C)
	Hexaaluminate	Sr1-xLaxMgxAl12-xO19 (ASL)	591.93	4.0	1550
	Gehlenite	Ca2Al2SiO7 (CAS)	299.00	1.5	1400
	Melilite	SrLaGa3O7 (SLGM)	346.91	1.7	1400
		Sr2ZnGe2O7 (SZGM)	352.84	1.8	1400
		Sr2MgGe2O7 (SMGM)	354.99	1.8	1400
	Aluminate	SrLaAlO4 (SLA)	177.99	0.9	1500
		CaYAlO4 (CYA)	158.23	0.8	1500
	Pervoskite	LaAlO3 (LAP)	217.60	0.5	1550
		YAlO3 (YAP)	203.48	0.5	1550
		GdAlO3 (GAP)	207.25	0.5	1550
		LaLuO3 (LLP)	290.88	0.7	1550
	Borate	LaB3O6 (LaBO)	420.90	1.1	1100
		YCa4GdO(BO3)3 (YCOB)	290.60	1.5	1100
		GdCa4GdO(BO3)3 (GdCOB)	305.45	1.5	1200
	Tantalate	GdTaO4 (GTO)	302.14	0.8	1250
	Orthosilicate	GdSi2O5 (GSO)	221.24	0.6	1400
		YSi2O5 (YSO)	209.45	0.5	1400
	Germanate	LaGaGe2O7 (LGGO)	557.87	1.4	1150
	Oxyapatite	Ca8La2(PO4)6O2 (CLPO)	534.88	5.3	1400

Table 2 . Commercial raw materials used for solid-state reactions and the purity levels.

 2 

	Raw material	Purity (%)	Raw material	Purity (%)
	CaCO3	99.95	La2O3	99.99
	SrCO3	99.95	Lu2O3	99.5
	MgCO3	99.5	Y2O3	99.5
	B2O3	99.95	Gd2O3	99.95
	Ga2O3	99.98	Pr6O11	99.999
	GeO2	99.5	SiO2	99.98
	Al2O3	99.995	ZnO	99.5
	Ta2O5	99.5	CaHPO4	99.0

The perovskite type compounds: LAP, LLP, YAP and GAP

  -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 → 6𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐴𝐴𝐴𝐴𝑂𝑂 3 (𝐿𝐿𝐴𝐴𝑃𝑃) -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 → 6𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐿𝐿𝐿𝐿𝑂𝑂 3 (𝐿𝐿𝐿𝐿𝑃𝑃) -𝑥𝑥)𝑌𝑌 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 → 6𝑌𝑌 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐿𝐿𝐿𝐿𝑂𝑂 3 -𝑥𝑥)𝐺𝐺𝐺𝐺 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐴𝐴𝐴𝐴 2 𝑂𝑂 3 → 6𝐺𝐺𝐺𝐺 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐿𝐿𝐿𝐿𝑂𝑂 3 (𝐺𝐺𝐴𝐴𝑃𝑃) -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 9𝐵𝐵 2 𝑂𝑂 3 → 6𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐵𝐵 3 𝑂𝑂 6 -𝑥𝑥)𝑌𝑌 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 9𝐵𝐵 2 𝑂𝑂 3 + 24𝐶𝐶𝐿𝐿𝐶𝐶𝑂𝑂 3 → 6𝑌𝑌 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐶𝐶𝐿𝐿 4 𝑂𝑂(𝐵𝐵𝑂𝑂 3 ) 3 (𝑌𝑌𝐶𝐶𝑂𝑂𝐵𝐵) -𝑥𝑥)𝐺𝐺𝐺𝐺 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 9𝐵𝐵 2 𝑂𝑂 3 + 24𝐶𝐶𝐿𝐿𝐶𝐶𝑂𝑂 3 → 6𝐺𝐺𝐺𝐺 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐶𝐶𝐿𝐿 4 𝑂𝑂(𝐵𝐵𝑂𝑂 3 ) 3 (𝐺𝐺𝐺𝐺𝐶𝐶𝑂𝑂𝐵𝐵) -𝑥𝑥)𝐺𝐺𝐺𝐺 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝑇𝑇𝐿𝐿 2 𝑂𝑂 5 → 6𝐺𝐺𝐺𝐺1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝑇𝑇𝐿𝐿𝑂𝑂 4 (𝐺𝐺𝑇𝑇𝑂𝑂) -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝐺𝐺𝐿𝐿 2 𝑂𝑂 3 + 12𝐺𝐺𝐺𝐺𝑂𝑂 2 → 6𝐿𝐿𝐿𝐿 1-𝑥𝑥 𝑃𝑃𝑆𝑆 𝑥𝑥 𝐺𝐺𝐿𝐿𝐺𝐺𝐺𝐺 2 𝑂𝑂 7 -𝑥𝑥)𝐿𝐿𝐿𝐿 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 18𝑁𝑁𝐻𝐻 4 𝐻𝐻 2 𝑃𝑃𝑂𝑂 4 → 3𝐶𝐶𝐿𝐿 8 𝐿𝐿𝐿𝐿 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 (𝑃𝑃𝑂𝑂 4 ) 6 𝑂𝑂 2

	Eq. 9 3(1 Eq. 10 3(1 Eq.11 3(1 (𝑌𝑌𝐴𝐴𝑃𝑃)
	Eq.12 3(1 F. The borate compounds: LBO, YCOB and GdCOB
	Eq.13	3(1 (𝐿𝐿𝐵𝐵𝑂𝑂)
	Eq.14 3(1 Eq.15 3(1 G. The tantalate compound: GTO
	Eq.16 3(1 Eq.19 3(1 Eq.20 24𝐶𝐶𝐿𝐿𝐶𝐶𝑂𝑂 2 + 3(1

H. The orthosilicate compounds: YSO and GSO

Eq.17

6(1 -𝑥𝑥)𝑌𝑌 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝑆𝑆𝑆𝑆𝑂𝑂 2 → 3𝑌𝑌 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 𝑆𝑆𝑆𝑆𝑂𝑂 5 (𝑌𝑌𝑆𝑆𝑂𝑂) Eq.18 6(1 -𝑥𝑥)𝐺𝐺𝐺𝐺 2 𝑂𝑂 3 + 𝑥𝑥𝑃𝑃𝑆𝑆 6 𝑂𝑂 11 + 3𝑆𝑆𝑆𝑆𝑂𝑂 2 → 3𝑌𝑌 2(1-𝑥𝑥) 𝑃𝑃𝑆𝑆 2𝑥𝑥 𝑆𝑆𝑆𝑆𝑂𝑂 5 (𝐺𝐺𝑆𝑆𝑂𝑂)

I. The germanate compound: LGGO J. The oxyapatite compound: CLPA

Table 3 . Fluorescence lifetimes of various Pr doped polycrystalline hosts.
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	Hosts	Fluorescence lifetime (µs)
	SRA	38
	ASL	37
	LMA	35
	SLGM	24
	SZGM	23
	LAP	19
	SMGM	15
	LGGO	14
	GAP	13
	YAP	12
	GTO	10
	LLP	9
	SLA	4
	CYA	5
	CAS	5
	GSO	3
	YSO	3
	LWO	2
	CLPA	1

Table 4 . The bond lengths between Pr 3+ and O 2-ions estimated from XRD pattern of a 2at.%Pr:ASL sample.
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	bond number	bond length (Å)
	6	2.755
	6	2.791
	Mean	2.773

Table 5 . Unit cell parameters of Pr:ASL polycrystalline samples (x = 0.3) with doping concentrations between 1at.% and 6 at.%Pr.
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	Doping level		Lattice constants and unit cell volume	
	(Pr 3+ )	a (Å)	b (Å)	c (Å)	V (Å 3 )
	1at.%	5.5729+0.0002	5.5729+0.0002	22.0031+0.0012	591.81+0.04
	2at.%	5.5731+0.0002	5.5731+0.0002	22.0051+0.0007	591.90+0.03
	4at.%	5.5739+0.0002	5.5739+0.0002	22.0087+0.0004	592.16+0.02
	6at.%	5.5727+0.0002	5.5727+0.0002	22.0003+0.0008	591.69+0.03

Selected Pr 3+ doped oxide hosts.

  

Table 6 . Unit cell parameters of 2.at%Pr:ASL samples with various composition x.
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	composition x		Lattice constants and volume of unit cell	
		a (Å)	b (Å)	c (Å)	V (Å 3 )
	0.0	5.5674+0.0001	5.5674+0.0001	22.0048+0.0005	590.68+0.02
	0.1	5.5679+0.0001	5.5679+0.0001	22.0076+0.0005	591.17+0.02
	0.2	5.5703+0.0001	5.5703+0.0001	22.0054+0.0006	591.61+0.03
	0.3	5.5731+0.0002	5.5731+0.0002	22.0051+0.0007	591.90+0.03
	0.4	5.5770+0.0002	5.5770+0.0002	22.0091+0.0006	592.84+0.03
	0.5	5.5803+0.0002	5.5803+0.0002	22.0067+0.0007	593.47+0.03
	0.7	5.5848+0.0002	5.5848+0.0002	21.9794+0.0010	593.69+0.04
	1.0	5.5910+0.0001	5.5910+0.0001	21.9611+0.0006	594.52+0.02

Table 8 . The bond lengths of Pr -O derived from XRD pattern of 0.5at.%Pr:LAP sample.
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	bond number	bond length (Å)
	3	2.541
	6	2.682
	3	2.825
	Mean	2.683

Table 9 . Growth parameters of La0.995Pr0.005AlO3 (0.5%Pr:LAP).
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	Crystal	Parameters	0.5%Pr: LAP
		Length (mm)	21
	Head	Diameter (mm) Rotation rate (rpm)	6 20
		Pulling rate (mm/h)	0.7
		½ angle (°)	20
	Shoulder	Rotation rate (rpm)	20
		Pulling rate (mm/h)	0.6
		Length (mm)	32
	Body	Diameter (mm) Rotation rate (rpm)	20 20
		Pulling rate (mm/h)	0.5
		½ angle (°)	45
	Bottom	Rotation rate (rpm)	20
		Pulling rate (mm/h)	0.6
	Seed	Orientation Nature	--
	Cooling duration (h)	30
		Total weight (g)	94

Table 10 . Stoichiometric composition of the 0.5at.%Pr:LAP samples at different positions in the boule and in the residual melt.
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	crystal part	La/(La+Pr) Pr/(La+Pr)
	starting	0.995	0.005
	top	0.998	0.002
	middle	0.998	0.002
	bottom	0.998	0.002
	E. Raman spectroscopy study.		

Table 11 . The bond lengths between La 3+ -O 2-ions [26].
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	bond number	bond length (Å)
	1	2.393
	1	2.394
	1	2.470
	1	2.522
	1	2.562
	1	2.569
	1	2.617
	1	2.688
	1	2.713
	Mean	2.548

Table 12 . Growth parameters of 1at.%Pr:LaGaGe2O7 (Pr:LGGO).
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	Crystal	Parameters	1 st Pr: LGGO 2 nd Pr: LGGO
		Length (mm)	30	30
	Head	Diameter (mm) Rotation rate (rpm)	6 15	6 15
		Pulling rate (mm/h)	0.6	0.6
		½ angle (°)	15	15
	Shoulder	Rotation rate (rpm)	15	15
		Pulling rate (mm/h)	0.5	0.5
		Length (mm)	48	48
	Body	Diameter (mm) Rotation rate (rpm)	17 15	17 15
		Pulling rate (mm/h)	0.4	0.4
		½ angle (°)	30	30
	Bottom	Rotation rate (rpm)	15	15
		Pulling rate (mm/h)	0.5	0.5
	Seed	Orientation Nature	--	b-axis cut 1%Pr:LGGO
	Cooling duration (h)	60	60
		Total weight (g)	82	82

Table 13 . Chemical compositions of 1at.%Pr:LGGO samples at different positions in the boule and in the residual melt.
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	crystal part	La/(La+Pr) Pr/(La+Pr)
	starting	0.986	0.014
	top	0.987	0.013
	middle	0.987	0.013
	bottom	0.987	0.013
	residual melt	0.988	0.012

Table 14 . The bond lengths of Pr -O derived from XRD pattern of 1.7at.%Pr:SLGM sample.
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	bond number	bond length (Å)
	1	2.345
	2	2.554
	2	2.564
	1	2.565
	2	2.797
	mean	2.592

Table 16 . Unit cell parameters of 1.7at.%Pr:SLGM single crystal.
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		Lattice constants and unit cell volume	
	a (Å)	b (Å)	c (Å)	V (Å 3 )
	8.060	8.060	5.340	346.91

Table 17 . Stoichiometric composition of the 1.7at.%Pr:SLGM samples at different positions in the boule and in the residual melt.
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	crystal part	La/(La+Pr)	Pr/(La+Pr)
	starting	0.983	0.017
	top	0.992	0.008
	middle	0.991	0.009
	bottom	0.990	0.010
	residal melt	0.985	0.015

Table 18 . Growth parameters of Sr0.7La0.3Mg0.3Al11.7O19 doped with 2at.% and 4at.%Pr.
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		Sr0.7La0.3-yPryMg0.3Al11.7O19	
		Parameters	y = 0.02	y = 0.04
		Length (mm)	35	21
	Top	Diameter (mm) Rotation rate (rpm)	6 20	6 10
		Pulling rate (mm/h)	0.7	0.6
		½ angle (°)	20	20
	Neck	Rotation rate (rpm)	20	10
		Pulling rate (mm/h)	0.6	0.5
		Length (mm)	60	40
	Body	Diameter (mm) Rotation rate (rpm)	25 20	25 10
		Pulling rate (mm/h)	0.5	0.4
		½ angle (°)	45	45
	Bottom	Rotation rate (rpm)	20	10
		Pulling rate (mm/h)	0.6	0.5
	Seed	Orientation Nature	c axis 4%Pr : ASL 2%Pr : ASL c axis
	Cooling duration (h)	96	60
		Total weight (g)	154	112

Table 19 . Stoichiometric composition of the 2at.%Pr:ASL sample at different positions in the boule and in the remaining melt.
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	crystal part	Sr/(Sr+La+Pr) La/(Sr+La+Pr) Pr/(Sr+La+Pr)
	starting	0.700	0.280	0.020
	top	0.655	0.329	0.016
	middle	0.677	0.314	0.015
	bottom	0.760	0.219	0.020
	residual melt	0.795	0.184	0.021

Table 24 . Comparison of experimental energy levels of Pr:ASL, Pr:SRA and theoretical ones reported from the literature [43]
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	Multiplet	Γ	Theoretical value	Experimental energy level
			of Pr:SRA	Pr:SRA	Pr:ASL
		5	2240.8	-	2167
		6	2261.8	2270	-
		4	2266.1	2286	2290
	3 H5	2	2277.3	2332	2379
		3	2319.6	-	2492
		6	2523.8	2540	2507
		6	2564.8	-	2611
		3	4194.2	-	4204
		1	4221	4208	4233
		6	4280.5	4270	4267
		2	4290.6	-	4320
	3 H6	5	4428.2	-	4351
		1	4480.3	-	4365
		4	4602.8	4610	-
		6	4689.9	4709	-
		5	4760.3	-	-
		6	5173.2	5212	5221
	3 F2	1	5266.8	5259	5242
		5	5280.1	5246	5265
			-	-	5285
		3	6355.4	-	6443
		2	6437	6437	6541
	3 F3	6	6491.4	-	6636
		4	6573.2	-	6683
		5	6612.4	-	6784
		1	6875.6	-	-
		6	6916	6923	6947
		5	6973.6	6987	6971
		4	7012.9	-	7007
	3 F4	6	7110.9	7090	7090
		3	7127.4	-	7098
					7116
					7196
		1	9735.7	9718	9657
		4	9816.6	0	9722
		6	9880.2	9886	9747
		5	9972.3	0	9891
	1 G4	3	10279	0	10004
		6	10380.1	10392	10104
					10379
					10438

Table 25 . Comparison of experimental energy levels of Pr:ASL, Pr:SRA and theoretical ones reported from the literature [43].
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	Multiplet	Γ	Theoretical value	Experimental energy level
			of Pr:SRA	Pr:SRA	Pr:ASL
		5	16788.8	-	
		6	16877.2	16878	
		1	16992.8	16992	-
	1 D2				
	3 P0	1	20781	20781	
		6	21322.3	-	-
		5	21323.1	21331	
		4	21356.4	-	
		2	21450	21450	
		5	21480.9	21482	
	3 P1 + 1 I6	3	21516.3	-	-
		1	21555.1	-	-
		5	21557.6	-	-
		6	21569.2	21556	-
		2	21772.7	21777	-
		1	21814.6	-	-
		5	22570.3	-	-
	3 P2	6	22571.4	22558	
		1	22666.9	22681	

Table 28 . Emission cross sections of Pr 3+ doped SRA, LMA, ASL and YLF in the visible spectral range.
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		Wavelength
	Transition	(nm)

Table 29 . Fluorescence lifetime of 3 P0 manifolds of ASL polycrystalline sample with various doping concentration
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	doping	fluorescence lifetime (μs)
	concentration	77 K	300 K
	1at.%	38.3	37.3
	2at.%	38.3	36.7
	3at.%	37.4	36.1
	4at.%	37.8	32.0
	6at.%	36.1	32.7

Table 30 . Radiative lifetime of 3 P0 manifolds of various Pr doped solid-state hosts.
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		doping concentration		
	host material	at.%	ions/cm 3	radiative lifetime (μs)	literature
	SRA	1.0	3×10 19	39	[1]
	ASL	1.6	7×10 19	38	
	LMA	1.0	3×10 19	34	
	YLF	0.6	9×10 19	36	

Table 31 . Doping concentration, lengths of Pr:Y2O3 sample, absorption cross section and absorption efficiency at LDs pumping wavelength.
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		[Pr 3+ ] (ions·cm -3 )	length (mm)	σabs (cm 2 )	absorption efficiency (%)
	0.5at.%Pr:Y2O3	1.0×10 20	5	0.5×10 -20	25

Table 32 . Doping concentration, lengths of Pr:LGGO sample, absorption cross section and absorption efficiency at LD pumping wavelength.
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		[Pr 3+ ] (ions·cm -3 )	length (mm)	σabs (cm 2 )	absorption efficiency (%)
	1at.%Pr:LGGO	1.0×10 20	5	1.2×10 -20	65

Table 1 . Growth parameters of GdTaO4 doped with 2at.%Nd.
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		Gd0.98Nd0.02TaO4	
		Parameters	1 st growth	2 nd growth
		Length (mm)	4.9	4.9
	Head	Diameter (mm) Rotation rate (rpm)	6.0 8.0	6.0 8.0
		Pulling rate (mm/h)	0.7	0.7
		½ angle (°)	15	15
	Shoulder	Rotation rate (rpm)	8.0	8.0
		Pulling rate (mm/h)	0.6	0.6
		Length (mm)	75	75
	Body	Diameter (mm) Rotation rate (rpm)	22 8.0	22 8.0
		Pulling rate (mm/h)	0.5	0.5
		½ angle (°)	40	40
	Bottom	Rotation rate (rpm)	8.0	8.0
		Pulling rate (mm/h)	0.6	0.6
	Seed	Orientation Nature	--	a axis GTO
	Cooling duration (h)	48	50
		Total weight (g)	326	320

Table 2 : Initial and measured compositions of 2at.%Nd: GdTaO4 samples.
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	Composition	Nd/(Nd+Gd) Gd/(Nd+Gd)
	Starting	0.020	0.980
	top	0.011	0.989
	middle	0.012	0.988
	bottom	0.018	0.982
	residue melt	0.020	0.980

Table 3 . Absorption bands, experimental and calculated line strength of 2at.%Nd: GdTaO4 single
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			crystal (𝑬𝑬 ⊥ 𝒃𝒃 � �⃗ ).		
	Transition from 4 I9/2 ground state	ƛ (nm)	n [5]	ʃA(λ)dλ	Sexp (10 -20 cm 2 )	Scal (10 -20 cm 2 )
	4 D1/2 + 4 D3/2 + 4 D5/2 + 2 I11/2	354	2.266	6.95	0.33	0.15
	2 P1/2 + 2 D5/2	435	2.231	0.36	0.26	0.15
	2 G11/2+ 2 K15/2+ 2 D(1)3/2+ 2 G(1)9/2	480	2.214	1.58	0.31	0.31
	4 G9/2 + 2 K13/2 + 4 G7/2	530	2.195	7.19	2.20	2.03
	2 G(1)7/2 + 4 G5/2	592	2.174	28.33	8.98	9.34
	4 F9/2+ 2 H(2)11/2	689	2.145	0.93	0.30	0.22
	4 F7/2 + 4 S3/2	749	2.130	11.96	1.61	1.10
	4 F5/2 + 2 H(2)9/2	809	2.117	13.31	2.47	2.24
	4 F3/2	882	2.104	4.69	0.84	1.02
	4 I15/2	1581	2.052	0.41	0.11	0.06

Table 4 . Spectroscopic parameters Ωt (t=2, 4, 6) and χ of as-grown Nd 3+ doped GTO in this work compared with the literature.
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	Material	Ω2 (10 -20 cm 2 )	Ω4 (10 -20 cm 2 ) Ω6 (10 -20 cm 2 )	χ (Ω4/Ω6)	Reference
	Nd : GTO	4.05	2.82	2.67	1.1	[7]
	Nd : GTO	4.24	1.69	2.11	0.8	

Table 5 . Calculated emission cross section, transition probabilities, fluorescence branching ratio and radiative lifetime of 2at.%Nd: GdTaO4 single crystal in polarization

 5 𝑬𝑬 ⊥ 𝒃𝒃 � �⃗ .

	Transition	ƛ (nm)	Sems (10 -20 cm 2 )	A(J→J') (s -1 )	β(J→J')	τr (μs)
	4 F3/2 → 4 I9/2	898	0.54	1384	27%	
	4 F3/2 → 4 I11/2 4 F3/2 → 4 I13/2	1076 1363	1.19 0.49	1744 346	58% 0.2%	286
	4 F3/2 → 4 I15/2	1887	0.06	17	0%	

Table 6 : Initial and measured compositions of 0.4 %Nd: Y2O3 samples.

 6 From these results, the measured composition of Nd is very close to the expected one.

	Composition	Nd/(Nd+Y) Y/(Nd+Y)
	Initial	0.008	1.992
	Measured	0.007	1.993

Table 7 . Thermal conductivities of Y2O3, Nd: Y2O3 and Y3Al5O12 transparent ceramics and single crystals at 300K.
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		Thermal conductivity (Wm -1 K -1 )
		Transparent ceramic (this work)	Single crystal [27]
	Y2O3	9.5	13
	0.4at.% Y2O3	8.3	-
	Y3Al5O12	10.0	14

Table 8 : Measured and calculated refractive index from the fit Briot equation in the range of 0.405-1.020 μm
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	Wavelength (μm)	Measured	Refractive index Calculated	Ref [31]
	0.405	1.9549	1.9556	1.9797
	0.408	1.9541	1.9545	1.9783
	0.468	1.9379	1.9368	1.9557
	0.480	1.9348	1.9339	1.9522
	0.509	1.9283	1.9280	1.9450
	0.546	1.9216	1.9216	1.9374
	0.577	1.9171	1.9172	1.9323
	0.579	1.9165	1.9170	1.9320
	0.589	1.9153	1.9157	1.9305
	0.644	1.9092	1.9097	1.9236
	0.980	1.8914	1.8911	1.9035
	1.000	1.8904	1.8904	1.9029
	1.020	1.8897	1.8898	1.9023

Table 9 . The fitted values with standard deviations of Briot's coefficients of Y2O3 transparent ceramic in the visible-near infrared range 0.405-1.020 μm.
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	Briot's coefficients	Fit value	Standard deviation
	A	3.537	+0.004
	B	0.0473	+0.0008
	C	0.011	+0.004

Table 10 . Absorption bands, experimental and calculated line strength of 0.4at.%Nd: Y2O3 transparent ceramics.
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	Transition from 4 I9/2 ground state	ƛ (nm)	n	ʃA(λ)dλ	Sexp (10 -20 cm 2 )	Scal (10 -20 cm 2 )
	4 D1/2 + 4 D3/2 + 4 D5/2 + 2 I11/2	357	1.981	4.149	0.3272	0.1522
	2 P1/2 + 2 D5/2	437	1.945	0.292	0.2624	0.1535
	2 G11/2+ 2 K15/2+ 2 D(1)3/2+ 2 G(1)9/2	480	1.933	0.369	0.3094	0.3132
	4 G9/2 + 2 K13/2 + 4 G7/2	534	1.923	2.882	2.1986	2.0264
	2 G(1)7/2 + 4 G5/2	592	1.914	13.171	8.9838	9.3398
	4 F9/2+ 2 H(2)11/2	689	1.905	0.471	0.3005	0.2161
	4 F7/2 + 4 S3/2	752	1.901	3.324	1.6090	1.1023
	4 F5/2 + 2 H(2)9/2	812	1.898	4.854	2.4677	2.2376
	4 F3/2	892	1.895	1.836	0.8413	1.0168
	4 I15/2	1581	1.885	0.410	0.1078	0.0640

Table 11 . Calculated emission cross section, transition probabilities, fluorescence branching ratio and radiative lifetime of 0.4at.%Nd: Y2O3 transparent ceramics.

 11 We compared the parameter χ of the Nd 3+ doped materials studied with various Nd 3+ materials reported in other papers as shown in Table12. As our Nd: Y2O3 sample exhibited high χ, it could be expected as promising materials for the achievement of laser emission at 946 nm.

	Transition	ƛ (nm)	Sems (10 -20 cm 2 )	A(J→J') (s -1 )	β(J→J')	τr (μs)
	4 F3/2 → 4 I9/2	889	1.0211	1740.61	57%	
	4 F3/2 → 4 I11/2 4 F3/2 → 4 I13/2	1062 1341	1.1565 0.2983	1150.97 147.17	38% 0.5%	328
	4 F3/2 → 4 I15/2	1840	0.0408	7.77	0.2%	

Table 12 . Spectroscopic parameters Ωt (t=2, 4, 6) of various Nd 3+ doped oxide-based hosts (SC = single crystal).
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	Material	Type	Ω2 10 20 cm 2	Ω4 10 20 cm 2	Ω6 10 20 cm 2	χ (Ω4/Ω6)	Reference
	Nd : GdTaO4	S.C	4.05	2.82	2.67	1.1	[7]
	Nd : Y3Al5O12	S.C	0.50	3.35	5.16	0.6	[32]
	Nd : CaYAlO4	S.C	2.19	8.16	8.57	0.9	[34]
	Nd : ASL	S.C	1.30	2.29	2.42	0.9	[35]
	Nd : Y2O3	ceramic	4.36	3.61	2.92	1.2	[30]
	Nd : Y2O3	ceramic	7.59	4.04	1.40	2.9	This work

Table 13 . Doping concentration, lengths and absorption efficiencies of Nd:Y2O3 samples used for the laser operation at 1074 nm.
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	Sample	Doping concentration (at.%)	Length (mm)	Absorption efficiency (%)
	N876_1	0.4	4.5	56
	N876_2	0.4	8.3	75
	N877	0.8	4.3	73

Table 14 . Comparison of threshold lasers Pth, maximum output powers Pmax, slope efficiencies ηS of laser emission at 946 and 1074 nm achieved by using Nd:Y2O3.
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	Sample	Type	λL (nm)	Pth (W)	Pmax (W)	ηS (%)	Ref
	0.4%Nd:Y2O3	T.C.	946	4.9	1.0	12	This work
	0.4%Nd:Y2O3*	T.C.	1074	1.6	3.5	31	This work
	1.5%Nd:Y2O3*	T.C.	1079	0.2	0.16	32	[38]
	Nd:Y2O3*	S.C.	1074	2.6 J	0.02J	0.2	[27]

* Flash-lamp pumped resonant configuration, T.C. and S.C. represent transparent ceramic and single crystal, respectively.

Table 16 . The absorption efficiencies of 0.3, 0.6 and 2.0at.%Nd:YAG samples with lengths of 12 mm and 10 mm when pumped with 808 and 886 nm LDs.

 16 YAG composite sample was used for first laser experiments at 1064 nm. From the Table

	Sample	Pumping wavelength (nm)	Length (mm)	Absorption efficiency (%)
	0.3at.%Nd:YAG	808	12	29
		886	12	17
	0.6at.%Nd:YAG	808	12	59
		886	12	32
	2.0at.%Nd:YAG	886	10	69
	0.6at.%Nd:			

Table 17 . Comparison of threshold lasers Pth, maximum output powers P2ω-max, of blue laser emission at 473 nm, achieved by using micro-core Nd:YAG composite/BaB2O4 (BBO) with the literature.
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	Sample	Typ	Non-linear crystal Pth (W)	P2ω-max (W)	Ref
	0.3%Nd:YAG	MC-TC	BiB3O6	2.0	1.0	This work
	0.6%Nd:YAG	TC	BaB2O4	3.0	0.9	[45]
	1.1%Nd:YAG	SC	BiB3O6	8.0	2.8	[43]*
	1.0%Nd:YAG	SC	LiB3O5	2.0	1.2	[44]

Table 19 . The structural, physical and spectroscopic properties of Pr:ASL, Pr:SLGM, Pr:LAP, Pr:YAP, Pr:LGGO and Pr:Y2O3.
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		ASL	SLGM	YAP	LGGO	Y2O3
	%Pr	2.0	1.7	0.5	1.4	0.5
	Optimizing polarization	σ	σ	𝐸𝐸 ⊥ 𝑏𝑏 �⃗	𝐸𝐸 ⊥ 𝑏𝑏 �⃗	-
	λ1 ( 3 H4→ 3 P2) (nm)	444	442	449	449	456
	σabs1 (10 20 cm 2 )	1.3	1.5	5.1	5.4	2.9
	FWHM1 (nm)	4	12	14	3.2	1
	λ2 ( 3 H4→ 3 P0) (nm)	486	484	493	486	492
	σabs2 (10 20 cm 2 )	1.3	2.5	3.4	2.9	5.8
	FWHM2 (nm)	2	3	1	1	1
	τexp of the state 3 P0 (µs)	38.3	25	11	13	6
	Ω2 (10 20 cm 2 )	1.06	2.32	-	-	9.72
	Ω4 (10 20 cm 2 )	2.31	2.54	-	-	2.43
	Ω6 (10 20 cm 2 )	3.43	1.60	-	-	2.39
	Δrms (cm 2 )	0.19	0.26	-	-	0.96
	τrad of the state 3 P0 (µs)	38	28	-	-	12
	quantum efficiency ( 3 P0)	100	89	-	-	50
	λ em1 ( 3 P0→ 3 H4) (nm)	489	488	493	488	-
	σem1 (10 20 cm 2 )	4.9	2.5	5.0 (a.u.)	6.1 (a.u.)	-
	λ em2 ( 3 P1→ 3 H5) (nm)	528	548	535	533	551
	σem2 (10 20 cm 2 )	2.0	0.3	1.1 (a.u.)	2.3 (a.u.)	5.1
	λ em3 ( 3 P0→ 3 H6) (nm)	620	616	622	618	620
	σem3 (10 20 cm 2 )	2.9	2.8	4.0 (a.u.)	6.4 (a.u.)	5.1
	λ em4 ( 3 P0→ 3 F2) (nm)	643	646	662	646	636
	σem4 (10 20 cm 2 )	8.5	7.6	1.9 (a.u.)	4.1 (a.u.)	10.6
	λ em4 ( 3 P0→ 3 F4) (nm)	725	730	730	727	718
	σem4 (10 20 cm 2 )	11.0	8.9	2.7 (a.u.)	1.8 (a.u.)	1.4

K 205 K

K. Ning, J. Wang, D. Luo, J. Ma, J. Zhang, Z. Li, and L. Bing, "Fabrication and characterization of highly transparent Yb 3+ : Y2O3 ceramics", Opt. Mater. (Amst)., 43, 2-5 (2015).

Czochralski method was utilized to grow 1.7at.%Pr: SLGM single crystal from the melt. SLGM is congruent melting material with melting point around 1600°C. The growth was carried out in an iridium crucible with dimensions of ϕ= 40 mm, h= 40 mm. An iridium wire was used for the growth. The nitrogen flux rate was set around 4.25 L min -1 . Table 15 presents the growth parameters for Pr:SLGM. Total weight (g) Table 33. Doping concentration, lengths of Pr:SLGM sample, absorption cross section and absorption efficiency at LD and 2ω-OPSL pumping wavelengths.

[Pr 3+ ] (ions·cm -3 ) length (mm) σabs (×10 -20 cm 2 ) Absorption efficiency (%) 2at.%Pr:SLGM 0.6×10 20 A sample Pr:SLGM with length of 6 mm was placed in the same cavity configurations with LDs and 2ω-OPSL pumps, set as demonstrated in Figure 62 and Figure 63, respectively. Although the temperature of the sample was maintained at 5 °C, the sample cracked in both cases when operating laser experiments at high pump powers. Therefore, we could not show any evidence of Pr:SLGM laser emission in the both cases.

Pr:ASL

To investigate laser performance in visible spectral regions, Pr:ASL crystals with two doping concentrations, 2at.% and 4at.% were cut perpendicularly to 𝑐𝑐 ⃗ crystallographic axis. For 2at.%Pr:ASL, the dimensions of samples were 5×5×8 mm 3 , 5×5×10 mm 3 , and 5×5×12 mm 3 whereas 4at.%Pr:ASL has dimensions of 5×5×5 mm 3 . Pr:ASL exhibited the same value of absorption cross section at both wavelengths 445 nm and 486 nm. The specifications and absorption efficiencies of Pr:ASL samples were summarized in Table 34. For all the samples, the plane and parallel faces were polished and AR coated in the wavelength range of 520 nm -725 nm in order to avoid the Fresnel loss and subsequently optimize laser performances. Finally, we achieved laser emissions in different visible ranges by using the resonant configuration with 2ωOPSL. The laser performances of Pr:ASL were reported for orange, red and deep red emissions as follows:

A. Red laser performances (643 nm)

Laser experiments, operating on transition 3 P0 → 3 F2 at wavelength 643 nm (red) were carried out by employing 2at.%Pr:ASL samples with various lengths of 8 mm, 10 mm and 12 mm. The output coupling rate of M2 is 3.6%. The measured absorption efficiencies of the utilized samples were 40%, 49% and 56% for the three increasing lengths. The output laser performances of the investigated samples are presented in Figure 64. luminescence was exceptionally observed in Pr:SLGM crystal for few minutes after the UV excitation at 254 nm. It means that there were electron traps, originated by intrinsic defects, enabling the energy storage. This phenomenon has a negative effect on laser performance and might also heat the material.

For Pr:LGGO, its crystal quality is too poor. This might decrease heat resistance and made the sample easily fractured during laser experiments. Thus, it is required to vary growth conditions or a chemical composition to improve a crystal quality of an as-grown Pr:LGGO.

Pr:Y 2O3 transparent ceramic does not seem suitable for visible laser emission because its strong crystal field. The lowest energy level of the 4𝑓𝑓 1 5𝐺𝐺 1 configuration was split and found at 30000 cm -1 , whereas the excited state of 3 P0,1 were generally located between 20000-22000 cm -1 . Subsequently, the ESA processes can take place under blue optically pumping and depopulate steadily the excited electrons in the emitting state 3 P0. Another possible hypothesis could be the low absorption cross section at pumping wavelength 445 nm. Pumping at 456 nm or 492 nm could be more appropriate for Pr:Y2O3.

 Pr:ASL Succesfully, we achieved efficient laser emissions in orange, red and deep red spectral regions by operating Pr:ASL samples within a single-path cavity under 2ω-OPSL pumping. The best laser performances were reached in deep red color by using 2at.%Pr:ASL with dimensions of 5×5×8 mm 3 . The maximum output power was 322 mW at absorbed power of 1.2 W, resulting in 37% slope efficiency. Furthermore, the orange and red lasers were demonstrated as well at 620 nm and 643 nm with the maximum powers of 52 mW and 267 mW at the same absorbed power of 1.2 W. Nonetheless, the laser performances of Pr:ASL were not improved with rising absorption efficiency. This could be assigned to non-optimized optical qualities of Pr:ASL single crystals as a hexagonal core defect was observed in the middle of both as-grown. The defect can perturb and diminish laser efficiencies of the materials. Therefore, laser performances of Pr:ASL can be definitely enhanced by growing a single crystal with improved optical quality. The crystal quality can be optimized by adjusting growth parameters, crystallographic orientation of a seed or stoichiometric composition of La. In consequence, visible laser performances of Pr:ASL could be enhanced.

G. Ground state absorption (GSA)

The polished sample with length of 5.0 mm was used to acquire the ground-state absorption spectrum in the range of 700 -950 nm at room temperature. Previously, the EPMA measurements reported the composition of Nd 3+ ions at 1.3at.%. Thus, the corresponding concentration of Nd 3+ ions is around 0.6×10 20 ions/cm 3 . The polarization of light was perpendicular to 𝑏𝑏 �⃗ -crystallophysic axis. From GSA spectra shown in Figure 7, absorption lines originating from 4 I9/2→ 4 F3/2, 4 I9/2→ 4 H9/2+ 4 F3/2 and 4 I9/2→ 4 F7/2+ 4 S3/2 channels were observed. Considering pumping wavelengths 808 nm and 885 nm, the absorption cross sections are 1.6×10 -20 and 0.7×10 -20 cm 2 with the full widths at half maximum (FWHM) of 14 nm and 3 nm, respectively. As a result, LDs pumping at 808 nm seems very suitable to excite Nd:GTO samples. Moreover, absorption peaks located at 921 nm and 927 nm were also observed with cross section of 0.07×10 -20 cm 2 and 0.04×10 -20 cm 2 , respectively. These values are small but not negligible. Hence, the laser reabsorption processes could take place and diminish the laser efficiencies when operating on the emission channel 4 F3/2→ 4 I9/2.

H. Judd-Ofelt analysis

The absorption spectrum was recorded at room temperature in the extended spectral range 300 nm -1600 nm to provide experimental data for Judd-Ofelt computation. For a concerning transition, the necessary data include refractive index, mean wavelength and integrated area. Usually, a minimum of absorption transition are included into Judd-Ofelt to obtain accurate and precise results. In this work, ten GSA transitions found in the recorded spectra were selected for an investigated Nd 3+ doped oxide host. For 𝑏𝑏 �⃗ -cut Nd:GTO sample, the experimental GSA data in polarization 𝐸𝐸 ⊥ 𝑏𝑏 �⃗ with their derived oscillator strengths are given in Table 6. The refractive indexes were taken from the literature [5].

Conclusions of chapter 3

The optical spectroscopic behaviors were investigated and reported for various Nd 3+ doped oxide-type hosts: Nd: Y2O3 (transparent ceramic) Nd: YAG (micro-core composite ceramic) and Nd: GTO (single crystal). We summarized optical qualities, physical properties, optical properties and laser efficiencies. Finally, NIR laser experiments were operated with all Nd samples for channels 4 F3/2→ 4 I11/2 and 4 F3/2→ 4 I9/2, emitting around 1.06 µm and 0.9 µm, respectively. The lasing results were also reported as below:

Nd :GTO single crystal

The 1 st as-grown crystal of 2at.%Nd:GTO is opaque and contains many defects such as inclusions and cracks. The use of seed improved significantly optical quality of GTO. However, the 2 nd boule was crystallized in spiral geometry and had polycrystalline zones. Both had fair crystal qualities. However, Nd:GTO had 6.0 W·m -1 ·K -1 of thermal conductivity.

For 2.0at.%Nd:GTO crystal, at pumping wavelength 808 nm and 886 nm, the absorption cross sections are 1.6×10 -20 and 0.7×10 -20 cm 2 with the full width at half maximums (FWHM) of 14 nm and 3 nm, respectively. The fluorescence lifetime of the excited state 4 F3/2 was 137 µs. The quantum efficiency was 50%. With Nd:GTO single crystal, we could not achieve NIR laser emission. This might be due to its poor optical quality. Therefore, a Nd:GTO single crystal with improved optical quality is required for the realization of NIR lasers.

Nd:Y2O3 transparent ceramic

We studied and reported the spectroscopic properties and laser performance of 0.4at.%Nd doped Y2O3 transparent ceramic host, especially for laser operation at 946 nm along the 4 F3/2→ 4 I9/2 channel, which is reported for the first time in this work. This success relies on a good optical quality of Nd: Y2O3 transparent ceramic. Owing to Judd-Ofelt analysis, the spectroscopic parameters Ωt were determined to be 7.59×10 -20 , 4.04×10 -20 and 1.40×10 -20 cm 2 for t = 2, 4 and 6, respectively. The absorption cross section at 808 nm is 2.2×10 -20 cm 2 with FWHM of 1.8 nm. The fluorescence decay lifetime of 4 F3/2 manifold is 283 µs at room temperature for 0.4% Nd doping level. The laser operation at 1074 nm exhibits the maximum output power of 3.5 W with an optical-optical conversion efficiency of 27.0% and slope efficiency of 31.1%. To the best of our knowledge, we demonstrated for the first laser demonstrations of Nd:Y2O3 transparent ceramic at 946 nm. The maximum output power is around 1 W with an absorbed power of 13 W. An optical-optical conversion efficiency and slope efficiency are respectively 7.8% and 12.5%.

From these results, Nd:Y2O3 transparent ceramic can be an excellent gain medium for NIR laser at 1074 mm and it laser performances at 946 nm is encouraging to develop a new LD pumped solid state laser. It should be noted that the optimization of 946 nm laser performance of Nd:Y2O3 transparent ceramic strongly depends on the improvement of the optical quality of the transparent ceramic material.

Nd:YAG micro-core transparent ceramic

Nd:YAG core ceramics composites with Nd dopant level of 0.3, 0.6 and 2 at.% were fabricated by micro-composite technology. The core was approximately with diameter of 300 μm and cladded with undoped transparent YAG ceramics. The distribution of Nd ions was designed to be close to a Gaussian profile. No mechanical stress due to clad-core design was observed. Two type of cavity resonators were set up to evaluate the 4 F3/2→ 4 I11/2 and 4 F3/2→ 4 I9/2 NIR laser performances of Nd:YAG core ceramic composite and its conversion frequency by second harmonic generation at 473 nm. The first cavity was a Plano-concave type and the second cavity resonator was a V-type one.

With Nd:YAG micro-core composites, higher efficiencies of laser emissions were observed at both wavelengths 1064 and 946 nm than Nd:Y2O3 transparent ceramic. Under LDs pumping at 808 nm, the maximum output power of 946 nm lasers was 7.5 W and the slope efficiency reached 53.6% in the V-type cavity. The laser beam quality was excellent between 1.54 and 1.81. By means of a nonlinear crystal BiBO, blue laser emission was successfully realized within the same V-type cavity with the maximum output power of 1.0 W. Nd:YAG core ceramics composites with favorable thermal conductivity and physical chemical properties were promising for blue laser. TEM00 mode can be easily achieved by using a micro cladcore composite, suggesting that the beam mode can be readily controlled by designing the core profile of the micro composite. The slightly distorted Gaussian profile and blue laser output power can be improved by using a non-linear crystal with lower Walk off like LiB3O5. High beam quality and high output power can be further expected by this technology in the near future.

In conclusion, among all the investigated Nd materials, micro-core transparent ceramic Nd:YAG is the most potential active gain medium for the achievement of NIR and blue laser emissions.

Laser emissions were achieved within a single-path resonant cavity under 2ω-OPSL pumping at 486 nm by using both 2at.% and 4at.%Pr:ASL. The latter one enabled the highest laser performances in the visible regions at 620 nm, 643 nm and 725 nm. Among these obtained lasers, the most efficient one was generated in deep red region at 725 nm. Its maximum output power exceeded 318 mW with absorbed power of 1.2 W, resulting in 37% slope efficiency. Additionally, at the same absorbed power of 1.2 W, the maximum output powers of orange and red lasers were 267 mW and 52 mW, respectively. Interestingly, it enables orange-laser emission which is extremely hard to access with any indirect emission. Therefore, Pr:ASL can be potential active gain medium for visiblelaser applications due to its nice laser performances and good heat resistance.

Nd 3+ doped oxide-based single crystal or transparent ceramic for the development of blue solid-state laser

We aimed to reach visible emissions particularly in blue spectral region by frequency doubling of 946 nm laser. Three different Nd 3+ doped oxide-based hosts were chosen and studied in this work as Y2O3 transparent ceramic, Y3Al5O12 (YAG) micro-core transparent ceramic and GdTaO4 (GTO) single crystal. We characterized their physical properties and optical spectroscopy. Finally, laser experiments were performed by focusing on the channel 4 F3/2→ 4 I9/2 and its frequency doubling by Second Harmonic Generation (SHG).

Gadolinum Tantalate (2at.%Nd:GTO) were grown with cracks and many opaque zones. This material have interesting thermal conductivity around 6.0 W·m -1 ·K -1 . Anyway, its spectroscopic features were moderate, compared to the other Nd 3+ materials studied in this work. We could not achieved any laser emission in NIR region by using Nd:GTO. This might be due to its optical quality. Nd:GTO single crystals with improved optical quality, free of cracks or other defects are strongly required in order to obtain laser emissions.

Regarding Nd:Y2O3 transparent ceramic studies, laser emission at both 1074 nm and 946 nm were successfully achieved using 0.4at.%Nd:Y2O3, within a plane-concave resonant cavity under LD pumping at 808 nm. For 1074 nm laser emission, the maximum output power amounted to 3.5 W when the absorbed power was 10.0 W. This yielded 31.1% slope efficiency. To the best of our knowledge, we reported for the first time the laser demonstration of Nd:Y2O3 transparent ceramic at 946 nm. The maximum output power was 1 W with optical-optical conversion efficiency and slope efficiency of 7.8% and 12.5%, respectively. As a result, Nd:Y2O3 transparent ceramic can be used as gain medium to generate efficient NIR laser at 1074 nm. Moreover, its laser performances at 946 nm are encouraging for future study of blue laser.

Nd:YAG micro-core clad transparent ceramic was also investigated as an alternative solution.

We studied Nd:YAG composite doped with 0.3, 0.6 and 2 at.Nd% with the aim to improve the heat management of the material when pumping at very high power. The core had diameter of 300 μm and was cladded with undoped transparent YAG ceramics. No mechanical stress due to clad-core design was observed. Plane-concave and V-type resonant cavities were set up with LD pumping at 808 nm for the laser experiments at 1064 nm and 946 nm, respectively. Successfully, we achieved efficient laser emissions at both wavelengths 1064 nm and 946 nm and the best performances were reached with 0.3at%Nd:YAG ceramic composite. Regarding 946 nm lasers, the maximum output power exceeded 7.5 W with slope efficiency of 53.6%. The laser beam quality was measured between 1.54 and 1.81. Furthermore, blue laser emission at 473 nm was successfully generated with a nonlinear crystal BiB3O6, allowing Second Harmonic Generation process. The maximum output power of blue laser was 1.0 W. As a result, Nd:YAG ceramic composite can be potential gain medium for blue laser emission as well.

In summary, we elaborated gain mediums doped with different lanthanide ions, Pr 3+ and Nd 3+ for the achievement of visible lasers in various colors. Pr:ASL can enable direct efficient laser emissions in these following regions: orange, red and deep red under blue pumping laser. Whereas Nd:YAG microcore composite transparent ceramic is suitable to access blue laser emission at 473 nm with a help of the nonlinear crystal.

Although, there was no laser demonstration with other investigated Pr 3+ or Nd 3+ materials, all the materials showed interesting and beneficial characteristics for being laser gain medium, especially Nd:Y2O3 which exhibited promising 1W of laser emission at 946 nm. It seems necessary to continue studying and optimizing these solid-state materials for the development of high-power visible lasers. We propose several key focal areas and suggestions for future study and perspective.

Perspectives Pr 3+ doped oxide-based hots

Melilite, germanate and hexaaluminate-type oxides seems to be the most favorable hosts for Pr 3+ dopant on which some additional works need to be done.

With Pr:SLGM crystal, a green persistent luminescence was observed in the dark after UV excitation at 254 nm ceased. This phenomenon resulted from the energy storage to electron traps, has probably a negative impact on laser emission and generate heat losses, leading to fractures of the sample under laser pumping at high powers. The mechanism of persistent luminescence in Pr:SLGM has to be clarified. However, the strong evaporation loss of Ga2O3 might lead to a non-stoichiometric composition, causing electron traps below the conduction band. We suggest to substitute Ga 3+ ions with Al 3+ ions to avoid this problem.

To the best of our knowledge, germanate-type Pr:LGGO was grown for the first time and it had poor optical quality. The optimization of crystal growth is required to obtained a Pr:LGGO with good optical quality. Moreover the spectroscopic properties should be thoroughly investigated along their dielectric axis to find the optimized condition for laser emission. On the other hand, the Ga 3+ substitution by Al 3+ in LGGO host could be interesting to improve the optical quality.

Even if visible laser emissions were demonstrated with Pr:ASL single crystals containing a core effect in the middle of the as-grown boules, it is important to investigate the origin of this core-type defect to overcome by adjusting some parameters, for example chemical composition, growth parameters, orientation of seed. Single crystal of Pr:ASL with better optical quality and free of core defect could have enhanced visible laser performances. Further, it is interesting to perform laser tests using blue LD pumping source.

Nd 3+ doped oxide-based hosts

Firstly, we suggest that the crystal growth of Nd:GTO should be operated with a seed with different orientations to find a proper direction of growth. Secondly, the spectroscopic investigation should be done for all polarizations of light. The complete results of spectroscopy should allow to determine the most appropriate crystallophysic orientation optimizing the radiative features of Nd:GTO.

Regarding the transparent ceramics of Nd:Y2O3, higher doping concentration such as 1at.% is suggested to increase its absorption efficiencies. A LDs pumping source at 886 nm could be more suitable than at 808 nm to prevent the non-radiative relaxation via channel 4 F5/2→ 4 F3/2. Further, a transparent ceramic, fabricated in different designs such as micro-core or layered composites might reach higher laser performances as well.

Concerning the micro-core Nd:YAG, we proposed laser tests with a micro-core 1at.%Nd:YAG composite under a direct pumping at 886 nm. Further, varying nonlinear crystal such as LiB3O5 or