Les fibres monocristallines d'oxyde de lutécium et aluminium (Lu 3 Al 5 O 12 -LuAG), non dopées ou intentionnellement dopées au cérium, élaborées par la technique de micro-pulling down sont de sérieuses candidates pour le développement de nouvelles générations de calorimètres à scintillation. Cependant, cette technique de croissance est complexe et nécessite une étude approfondie pour améliorer les propriétés optiques de ces fibres. Après avoir ajusté la température de croissance, les paramètres principaux étudiés furent la concentration en Cerium, la vitesse de croissance et l'orientation du cristal (fixé par le germe). Les meilleurs résultats ont été obtenus en combinant une vitesse de croissance relativement lente (0,25 mm/min), une teneur en Ce assez faible (~0.01 at.%) et une orientation <111> du cristal de LuAG. Ces fibres optimisées, de diamètre 1 ou 2 mm et de longueur atteignant 22 cm, présentaient une surface plus lisse et une densité de défauts et/ou cracks réduite. Dans les meilleurs cas, les mesures d'atténuation lumineuse ont montré une longueur d'atténuation pouvant dépasser 30 cm. Ces fibres se sont montrées également plus résistantes aux radiations. XI scintillating material, thus producing a high light yield of around 20,000 photons/MeV and fast decay time of around 60 ns.

Once again, growing these types of doped-fiber shaped crystals is not as easy as it seems.

Therefore our scientific research throughout this thesis aims at developing, optimizing and characterizing cerium doped LuAG fibers grown by the micro pulling-down technique for the applications of medical imaging and calorimetry.
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Abstract

Single crystalline Cerium doped and undoped lutetium aluminum garnet fibers (Lu 3 Al 5 O 12 -LuAG) grown by the micro-pulling-down technique show promising results for the development of future calorimeters due to its high scintillation properties. But this growth technique is complex and requires deep investigation for improving further the light properties of the grown fiber. After adjusting the growth temperature, the three main parameters studied were the cerium concentration, the growth rate, and the crystal orientation (fixed by the see). Best results were obtained by a combination of relatively low pulling speed (0.25mm/min), diluted cerium content of ~0.01 at. % and <111> oriented LuAG seed. These optimized fibers, which could be of 1 or 2 mm diameter and up to 22 cm long, showed a much smoother surface and reduced cracks and/or defects. In the best cases, light attenuation measurements indicated enhanced attenuation length which could be higher than 30 cm. Moreover, these fibers were found to display improved radiation hardness.

IX

General Introduction

Over the past decades, scientists became more and more interested in studying scintillating crystals. Due to the wide variety of their applications, scintillator materials have been extensively studied and optimized to be industrially manufactured. However, scintillator research domains are being driven by the demands for developing specific applications with optimized performances. Despite the fact that each application needs their own material properties, some of these properties are frequently mentioned, e.g. fast response (10-100 ns), high light yield (>25,000 photons/MeV), high density, and high effective atomic number.

The scope of this thesis is the growth, optimization and characterization of scintillating fiber shaped crystals. The work provided is done in the frame of the Crystal Clear Collaboration 

X

Ideally, cerium doped Lutetium Yttrium Silicate known as LYSO acts as an excellent scintillating material for its fast timing and energy resolution. However it is very challenging to grow and control this material due to its high melting point of around 2200°C which is really close to the melting temperature of the iridium crucibles used as part of the growth setup. In this case, an ideal scintillator should exhibit a fast decay time and a high light yield.

Therefore, an excellent candidate for scintillation applications would also be cerium doped LYSO due to its high light yield of more than 30,000 Phe/MeV and fast decay time of around 40 ns.

However, as previously mentioned, growing LYSOfibers is very challenging. Another promising candidate would be cerium doped Lutetium Aluminum garnets known as LuAG. It is relatively easier to grow than LYSO. Moreover, LuAG combines very good physical, chemical and optical properties. Indeed, when undoped, it acts as an efficient Cherenkov radiator because of its high refractive index of around 1.84. By doping the LuAG matrix with Cerium, it becomes an efficient Chapter I. Introduction to scintillation and melt growth techniques 1.

Introduction to the history of scintillation discovery

In November 1895 Wilhelm Conrad Röntgen observed the glow of a barium platinocyanide screen placed next to his operating discharge tube, thus discovering a new invisible and penetrating radiation [1], named x-rays. This discovery triggered the search for materials able to convert x-tovisible in order to couple with sensitive photographic-film-based detectors. The oldest phosphor material employed for detection of x-rays based on CaWO4 powder was discovered by Pupin.

Meanwhile, Henri Becquerel discovered the natural radioactivity of Uranium in 1896 [2]. Later on, Marie Curie Sklodowska and her husband Pierre Curie discovered the strongly radioactive elements polonium and radium [3,4]. This radiation had a higher energy than x-rays and it was commonly known as gamma rays. Scintillator based detectors were widely employed for the detection of gamma radiation. It is also interesting to note that, in 1897, the cathode ray tube was invented by Braun, in which a phosphor material is used to convert the energy of an accelerated electron beam into visible light (in a process called cathode luminescence). The mechanism of this conversion is quite similar [5] to that functioning in the case of x-ray conversion. Thus, at the end of the 19 th century, two energetic (photon and particle) radiations were available, together with gamma rays generated by natural radioactive elements.

The use of scintillation to detect radiation is almost a century old. The discovery of scintillator materials may be divided into three phases. The first phase of scintillators and luminescent materials science started in 1903 when William Crookes used a scintillator to build a device on the base of a zinc sulfide (ZnS) screen to detect and count radioactive emissions of a sample of radium.

The scintillations produced by the screen were visible to the naked eye if viewed by a microscope in a darkened room. Accidentally, William Crookes spilled some of the radium sample, and noticed separate flashes of light created by individual alpha particle collisions with the screen. Crookes took his discovery a step further and invented a device to view these scintillations. This device was named "Spin thariscope" after the Greek word 'spintharis', meaning "a spark" (see Figure1). Curran and Baker replaced the naked eye measurement with the newly developed PMTs to convert the weak light flashes into usable electric pulses that could be counted electronically.

The science of scintillators and luminescent materials entered its second phase in 1949 with the introduction of NaI:Tl and CsI:Tl scintillators by Hofstadter [6,7] and colleagues to produce scintillation from incident ionizing photon radiations. In a burst of exploration during the following few years, a number of material systems have been reported (see Figure2 and [8]) and the scintillation properties of most pure and activated alkali halide crystals were investigated. Lithium containing compounds used to detect neutrons and the first glass scintillators (activated with cerium) were also developed in the 1950's. New scintillation research activities arose after the discovery of a sub-nanosecond fast scintillation decay component in BaF2 in 1982.

The third phase in this field was driven by the need for scintillators for applications in calorimetry, high energy physics, geophysical exploration, medical imaging and numerous other scientific and industrial applications. A lot of new scintillators have been discovered in recent years (see Figure3), but their mass production is the challenge for the future. The rapid development of the medical imaging systems in the early 1980's, namely of the single photon emission computed tomography (SPECT) and positron emission tomography (PET), increased the demand for the scintillators as the radiation detection materials. A typical example is Bismuth Germanate Bi4Ge3O12 (BGO); it was introduced by Weber and Monchamp [9] and has become the Figure2: History of the discovery of important inorganic scintillator materials [8].

Considerable number of articles in the literature dealt with Ce 3+ activated materials [10,11].

Ce 3+ activated crystals LaBr3 and LaCl3 were discovered at Delft University and provide record high energy resolution and ultrafast detection of gamma rays. Now these materials are applied in radiation detection devises with high resolution. LSO:Ce and LYSO:Ce with high densities, high light yield and fast decay time are found and used as scintillators in scanners for medical diagnostics, but they are expensive and possess strong afterglow. Cheaper and improved materials are still needed. For this purpose, other solutions were recently studied like mixed Lu, Gd, Y oxyorto silicates, (Lu, Y) and (Al, Ga) garnets, Ba, Sr, Cs mixed halides with different halide anions (F , Cl , Br , I ).

Figure3: New scintillators discovered in recent years [12].

Due to the importance and long history of this field, there already exists a large amount of published information on the topic. For example, the survey of luminescent materials by Blasse and Grabmaier [13] and several review papers on phosphor and scintillator materials and their applications [14][15][16][17][18]. Desired properties of scintillators are energy resolution and density.

Homeland security systems requiring cheap scintillators with high light yield and resolution triggered a new start of Eu doped halide scintillators like as NaI:Eu, SrI2:Eu, BaBrI:Eu, CsBa2I5:Eu. During the last decade, research funds were directed towards the use of scintillators for homeland security applications so the literature witnessed an increase in published matter based on this topic (see Figure4).

Figure4: Citations of literature based on scintillators for homeland security applications since 1995 [19] 

Types of Scintillators

Scintillation is the process by which an energetic photon or particle is absorbed by a material and converted into a fast pulse of visible light. A scintillator is a material that exhibits scintillation, the property of luminescence when excited by ionizing radiation [20]. They are materials that absorb high energetic radiation, such as α , β , gamma rays, X rays, neutrons or high energetic particles, and convert the energy of ionizing radiation into bursts of visible photons. These photons are then converted into electrical pulses by photo detectors.

Depending on the type of radiation being detected, a scintillator may be in the form of a glass, crystal, liquid, or gas and may be composed of organic and inorganic components. In each case the material should be transparent to its own scintillation light. Inorganic wide band gap ionic crystals are the most widely used scintillators for detection of X-rays, gamma rays, and thermal neutrons. Scintillation materials exist in many physical forms, including the following:

Organic Crystal Scintillators are aromatic hydrocarbon compounds which contain benzene ring structures composed of carbon and hydrogen atoms. They can be used as fast neutron scintillators in combination with photomultiplier tubes or silicon devices. Organic single crystal scintillators are usually grown by the Bridgman technique or the solution growth method. They are very durable, but their response is anisotropic (which spoils energy resolution when the source is not collimated), and they cannot be easily machined, nor can they be grown in large sizes; hence they are not very often used. The most common type is anthracene [21] (C14H10) which has the highest light output of all organic scintillators.

Organic Liquid Scintillators are liquid solutions of one or more organic scintillators in an organic solvent. The typical solutes are fluors and wavelength shifter scintillators. The most widely used solvents are toluene, xylene and benzene. For many liquids, dissolved oxygen can act as a quenching agent and lead to reduced light output, so the necessity to seal the solution in an oxygen free, air tight enclosure [22].

Plastic Scintillators refer to scintillating materials in which the primary fluorescent emitter, called the fluor, is suspended in a solid polymer matrix. The advantages of plastic scintillators include fairly high light output and a relatively quick signal, with a decay time between 2 4 nanoseconds, but the biggest advantage of plastic scintillators is their ability to be shaped, through the use of molds or other means, into almost any desired form with what is often a high degree of durability [23]. Polyethylene naphthalate has been found to exhibit scintillation by itself without any additives and is expected to replace existing plastic scintillators due to higher performance and lower price [24].

Inorganic Crystal Scintillators can be cut to small sizes and arranged in an array configuration so as to provide position sensitivity. Such arrays are often used in medical physics or security applications to detect X-rays or γ rays. They are usually crystals grown in high temperature furnaces and composed of the alkali, alkaline earth and rare earth halide crystals generally with an activator dopant uniformly dispersed throughout the crystal lattice. The most widely used is NaI(Tl) [25] (sodium iodide doped with thallium). The concerned scientific community has devoted a big part to scintillator research and development, which is discussed during the biannual Inorganic Scintillators and their Applications conferences (SCINT 95-Delft [26], SCINT 97-Shanghai [START_REF] Zhiwen | Inorganic Scintillators and their Applications[END_REF] and SCINT 99-Moscow [28]). Other inorganic alkali halide crystals are: CsI(Tl), CsI(Na) and CsI(pure). Some non-alkali crystals include: BaF2, CaF2(Eu), ZnS(Ag), CaWO4, CdWO4, YAG(Ce) (Y3Al5O12(Ce)), LuAG(Ce), GSO and LSO. Newly developed products include LaCl3(Ce), lanthanum chloride doped with Cerium, as well as a Cerium doped lanthanum bromide, LaBr3(Ce). LYSO:Ce (Lu1.8Y0.2SiO5(Ce)) is also a very efficient scintillator. It has a high density (7.1 g/cm 3 ), is non-hygroscopic, and provides a high light output (32 photons/keV).

Gaseous Scintillators are mixtures of noble gases helium, argon, krypton, and xenon, with helium and xenon receiving the most attention. Since the light emitted by noble gases belongs to the ultraviolet region, other gases, such as nitrogen are added to the main gas to act as wavelength shifters. The scintillation process is due to the de excitation of single atoms excited by the passage of an incoming particle. Gaseous scintillators have very low efficiency for gamma ray detection but are suitable for the detection of fission fragments and neutrons [START_REF] Teyssier | [END_REF].

Glass Scintillators and glass fibers are often used for neutron detection since they are often enriched in Lithium-6 [START_REF] Popov | Nuclear Science Symposium Conference Record (NSS/MIC)[END_REF]. The most common glass scintillators are cerium-activated lithium or boron silicates. Lithium is more widely used than boron since it has a greater energy release on capturing a neutron and therefore greater light output. They are divided into three types based on the percentage (by weight) of lithium content. They are sensitive to electrons and γ rays as well.

Being very robust, they are also well suited to harsh environmental conditions.

Ceramic Scintillators are commonly used for X ray imaging, computed tomography scanning and homeland security applications [START_REF] Greskovich | [END_REF]. They are polycrystalline bodies composed of simple inorganic compounds such as metal oxides or halides, whose grains, typically a few microns or less in size, are bonded together by high temperature processes, usually greater than 1500 °C. These ceramics should have a good transparency (or at least high translucency) to act as useful scintillators so that the light generated by the incident ionizing radiation will be able to emerge and be detected photoelectronically.

Fundamentals of the Scintillation mechanism in Inorganic Scintillators

We limit our discussion on the mechanisms of scintillation to the class of inorganic scintillators.

Reliable phenomenological descriptions of the scintillation process were already developed in the 1970's [32] and later further refined [33]. Wide-band gap materials are employed for transformation of the x/γ-ray to ultraviolet/visible photons; see the sketch in Figure5. In a pure crystal, electrons are only allowed to occupy selected energy bands. Between the valence band and the conduction band is an area of energy known as the "band gap" or "forbidden band". It is the range of energies in which electrons are forbidden to exist in a pure crystal. Thus, the absorption of energy can elevate electrons from the valence band to the conduction band leaving a gap in the valence band. However, the return of an electron to the valence band with the emission of a photon is an inefficient process where only few photons are released per decay. In addition, band gap in pure scintillator crystals is so large that the resulting emitted photon is too high to lie within the visible range.

Therefore, to enhance the probability of obtaining visible photon emission, small amounts of impurities called "activators" are introduced into the pure crystal matrix. For example, Tl is added to NaI in trace amounts. These activators create special sites in the crystal lattice and modify the band gap structure by forming energy levels (see Figure7). These energy levels are narrower than in the pure crystal. The photons emitted by the transitions of electrons from upper to lower states will be lower in energy than in the pure crystal. Therefore, the emission spectrum is shifted to longer wavelengths and the photons can be emitted in the visible range (see Figure 8). Scintillation process can be divided into three consecutive sub-processes: conversion, transport, and luminescence (see Figure9). During the initial stage (conversion), the ionizing radiation is absorbed by the crystal lattice in a multistep interaction through the photoelectric effect, Compton scattering effect, and pair production; for photon energies below 100 Kev the first of these is of major importance. Many electron-hole pairs are created and thermalized in the conduction and valence bands, respectively. A hole migrates to the site of an activator and ionizes it. The activator is subsequently neutralized once a free electron from the conduction band approaches the site. This first stage is done within less than 1ps. More detailed considerations about the conversion processes have been published in [34,35].

In many cases, the electron and hole migrate together through the crystal until the pair encounters the activator site. This stage is called the transport process where the bound pair of electron and hole is now known as an "exciton." Trapping at defects may occur and energy losses are probable due to non-radiative recombination, etc. Moreover, point defects, flaws, surfaces, and interfaces can introduce energy levels into the forbidden gap and strongly affect the scintillation performance. These phenomena are strongly dependent upon manufacturing technology [36].

Figure9: Sketch of scintillator conversion of a high energy (HE) photon

During the final stage, the excited luminescent species return to the ground state by nonradiative quenching processes or by emitting a photon. Luminescence consists of consecutive trapping of the electron and hole at the luminescent center and their radiative recombination.

Therefore, if the interaction of the activator site with the exciton results in an excited configuration with an allowed transition back to the ground state, de-excitation will occur promptly and with high probability for photon emission.

Thermal quenching:

In general, the luminescence center is brought from its ground state to an excited state (a b) upon excitation (figure 10). The state c is then reached with energy dissipation through phonons. Once in c, the luminescent center can de-excite radiatively (c d) but it can also transit at higher energies if the energy curves intersect or approach each other. This transition (through f and f') is called thermal quenching and results in a non-radiative recombination. It therefore competes with the emission process and is responsible for an extra signal loss. This is summarized in Figure 10 which displays the energy levels as a function of the mean inter-atomic distance (Q). In a particular group of materials the light generation occurs in radiative transitions between the valence and the core bands (sketched in Figure9); these are called cross-luminescence scintillators [START_REF] Rodnyi | Physical processes in inorganic scintillators[END_REF]. The corresponding mechanism provides very fast, sub-nanosecond, scintillation response. However, it is usually accompanied by much slower exciton related luminescence. This phenomenon is reported in the literature mainly for BaF2 and other halide single crystals [START_REF] Kubota | [END_REF]. The behavior of luminescent centers is extensively studied and well understood due to the available experimental methods for their selective study; see, e.g., [13,22].

In scintillating crystals, this recombination is characterized by the emission of light. Higher energies will generate a larger number of secondary particles, which in turn will lead to a larger number of recombination and thus yield more light. Figure11 illustrates the main electron-hole recombination's that can be exploited for energy measurements based on scintillation.

Figure11: Sketch representing some of the different electron-hole recombination's.
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There are many different luminescent species and scintillation mechanisms possible in inorganic materials [13]. The luminescence may be intrinsic to the material and involve electronhole recombination; direct (free), self-trapped, exciton trapped or activator assisted. Or it may be extrinsic, such as luminescence associated with impurities or defects and additive dopant ions. In the role of an activator, the dopant ion may be the luminescence species or may promote luminescence as in the case of defect-bound exciton emission. Examples of stage three "luminescence" are:

1) Free and impurity-bound exciton: Ionization electrons and holes can combine to form free excitons [START_REF] Yu | Fundaments of Semiconductors[END_REF]. At low temperatures these are usually bound to an impurity atom or defect with a binding energy of several meV. Radiative decay of free or bound excitons can be very fast (< 1 ns), however at ambient temperatures the emission is weak because most excitons become unbound or disassociated.

2) Self-trapped exciton:

In this case the ionization hole localizes on one or more atoms with associated lattice relaxation. The resulting Coulomb defect traps an electron to create a self-trapped exciton [START_REF] Song | Self-Trapped Excitons[END_REF]. The unpaired spin associated with the hole and the diffuse electron spin form a triplet state which has a radiative lifetime of typically 10 -6 s because the transition is spin forbidden. The singlet state decay is much faster (10 -9 s), but is weaker.

Examples of self-trapped excitons occur in NaI (pure), CsI (pure), and BaF2.

3) Activator assisted:

For activators such as Ce 3+ , the ionization holes and electrons are successively trapped on the same luminescent ion. In several materials [e.g., CsI(Tl) and LaCl3(Ce] the luminosities can be very high. For Ce3+ the 5d-4f transition is allowed, but is relatively slow (typically 20-40 ns) due to the poor overlap between the 5d and 4f orbitals. The rise time of the activator luminescence may be slow if one of the carriers has limited mobility as, for example, the slow hole migration in CsI(Tl) and NaI(Tl) [START_REF] Weber | [END_REF]42].

Desirable physical and luminescent characteristics of the Ideal

Scintillator

After describing the processes and mechanisms of scintillation, it is important to discuss the desirable physical and optical properties of scintillator materials and how to achieve them. There are many desired properties of scintillators, such as high density, fast operation speed, low cost, radiation hardness, production capability and durability of operational parameters. Many of these scintillators were described in review papers by van Eijk (1993van Eijk ( ), 1994van Eijk ( , 1997avan Eijk ( ,b, 2001 [START_REF] L'annunziata | Chapter 16 -Solid Scintillation Analysis[END_REF].

The practical choice of a scintillator material is usually a compromise among those properties to best fit a given application. The desirable properties of a scintillator, which would constitute an "ideal" scintillator, were reviewed in detail by [START_REF] Derenzo | [END_REF] [START_REF] Derenzo | [END_REF]and Melcher (2005) [45]and mentioned in table 1.And so, for applications involving gamma and neutron radiation measurements, a scintillating material must exhibit a combination of some physical and luminescent characteristics [46].

Performance criteria Scintillator properties Notes

Detection efficiency High density and Z for gamma rays; or high cross section for neutrons ρ > 7 g/cm 3 , Z > 60, 6 Li, 10 Low index of refraction n = 1.5 is usually considered to be optimal in order to match PMT windows Table 1: Properties of the ideal scintillators [45] (Reprinted from Elsevier © 2005)

Physical characteristics

Quality: The material should be of good optical quality and transparent to the wavelength of the induced luminescence.

Size, shape and physical form:

The materials should be able to be manufactured in suitable and adequate sizes for practical application. Besides, congruent melting crystals, which do not decompose or undergo a phase transformation between room temperature and their melting point, are the simplest cases to be produced in large shapes and good qualities.

Cost of manufacturing:

Another consideration of scintillators is the cost for producing them. Most crystal scintillators require high-purity compounds and rare-earth metals that are usually expensive. Moreover, the cost of growing the crystal is relatively high since many crystals require expensive furnaces (capable of reaching very high temperatures), and almost six months of growth and analyzing time. Currently, other scintillators are being investigated for reduced production cost reduction.

Stability and strength:

Resistance to environmental effects and high mechanical strength are desirable properties. Several factors must be controlled: environmental or chemical stability, ruggedness and mechanical shock resistance, and variation of light output with temperature and time. Certain inorganic crystals are hygroscopic and must be protected from the atmosphere, and must be handled with care to avoid fracturing and to preserve their optical properties. Some other highly desirable characteristics include insensitivity to air, moisture, and light and the absence of weak cleavage planes.

Detection efficiency:

The high density and effective atomic number (Zeff) offered by certain inorganic crystalline scintillators, such as Nal (3.7 g/cm 3 ), Cs1 (4.5 g/cm 3 ), and Bi4Ge3O12 also known as BGO (7.1 g/cm 3 ) give these solids a greater gamma-ray stopping power [START_REF] Semmler | Molecular Imaging I[END_REF], that is, a greater ability to absorb energy of the gamma radiation. Both, the high density and stopping power, are important for reducing the amount of scintillator material needed. Besides, high density materials with densities ranging from roughly 3 to 9 g/cm 3 have heavy ions in the lattice, which leads to a better spatial resolution and significantly increases the photo-fraction. This is particularly important for some applications such as positron emission tomography.

Luminescent characteristics

Suitable emission wavelength:

The optimum wavelength of spectral emission of the crystal scintillator is the wavelength most efficiently detected by the photo-detector. Both, the emission wavelength and the light yield, will determine the best photo-detector to be used (e.g., photomultiplier tube, photodiode, avalanche photodiode).

Light yield:

The light output is often quantified as a number of scintillation photons produced per KeV of deposited energy. Depending on the application, a high light yield (>20,000 photons per MeV of gamma ray or particle energy absorbed) may be a critical factor, as it affects both the efficiency and the resolution of the detector. For example, in positron emission tomography, an increased light yield is important for improving accuracy and spatial resolution. One of the highest light yields (around 71,700 photons/MeV) has been achieved with Sm-codoped CsI(Tl) [START_REF] Wu | [END_REF]. The light yield is also a strong function of the type of incident particle or photon and of its energy, which therefore influences the type of scintillation material to be used for the required application. is important to detect fast changes in transmitted intensity of X-ray beams, as in CT scanners or luggage X-ray detectors. Afterglow in halides can be as high as a few percent after 3ms and it is believed to be correlated to certain lattice defects. One example of low afterglow scintillation materials is BGO crystals [49].

Good light transmission from scintillator to photo-detector

Radiation hardness: This refers to resistance to damage by high levels of ionizing radiation particularly important for detectors in high-energy physics experiments. Radiation damage is defined as the change in scintillation characteristics caused by prolonged exposure to intense radiation. This damage reveals itself by a decrease of the optical transmission of a crystal which causes a decrease in pulse height and deterioration of the energy resolution of the detector.

Radiation damage is usually partially reversible; i.e. the absorption bands disappear slowly in time.

In general, doped alkali halide scintillators such as NaI(Tl) and CsI(Tl) are rather susceptible to radiation damage. All known scintillation materials show more or less damage when exposed to large radiation doses. The effects usually can only be observed clearly in thick (> 5 cm) crystals.

A material is usually called radiation hard if no measurable effects occur at a dose of 10.000 Gray.

One example of radiation hard materials is CdWO4 crystals [50].

Neutron Detection: Neutrons do not produce ionization directly in scintillation crystals, but can be detected through their interaction with the nuclei of a suitable element. In a 6LiI(Eu) scintillation crystal for example, neutrons interact with 6Li nuclei to produce an alpha particle and a triton (tritium nucleus), which both produce scintillation light that can be detected. For this purpose, enriched 6Li containing glasses can be used when doped with Ce as activator.

Temperature Influence on the Scintillation Response:

The light output (number of photons per

MeV gamma) of most scintillators is a function of temperature. This is caused by the fact that in scintillation crystals, radiative transitions, responsible for the production of scintillation light compete with non-radiative transitions (no light production). The scintillation process usually involves as well production, transport and quenching centers. Competition between these three processes each behaving differently with temperature, causes a complex temperature dependence of the scintillation light output. In most scintillation crystals, the light output is quenched (decreased) at higher temperatures [51]. Figure 12 shows the temperature dependence of some common scintillation crystals. For applications such as oil well logging and space research, where it is very difficult to control the temperature, this dependence should be taken into account. The doped scintillators NaI(Tl), CsI(Tl) and CsI(Na) show a distinct maximum in intensity whereas many undoped scintillators such as BGO show an increase in intensity with decreasing temperature. From Figure 12 it can be seen that at above 120 o C, NaI(Tl) has the highest light output followed by CsI(Na) and CsI(Tl). An example of the contrary is the fast component of BaF2 of which the emission intensity is essentially temperature independent. state is reached in which the atomic constituents can be mixed perfectly by thermal or enforced convection [52].

The area of science and techniques allowing the synthesis of minerals and their manufacture by man, knew its first success during the 1800's, thanks to Jacques-Joseph Ebelmen, a French chemist who synthesized minerals and succeeded to carry out the synthesis of perfect crystals of eleven minerals, particularly the oxides: corundum, chrysoberyl, spinel, but also silicates such as peridot.

Adding appropriate chromophores, he could get varieties of gems: ruby, sapphire, and emeralds.

However, crystal growth as we know it was only introduced in the 1900's. First by Professor A. Verneuil, who described the fusion flame growth method in 1904. Later in 1916, Tower J.

Czochralski developed a single crystal pulling technique from a melt, thereby obtaining a monocrystalline tin wire [53]. Over a half of a century, a variety of techniques for growing single crystals from the melt were developed (e.g. crystal pulling and directional and zone solidification). method took place. This was the beginning of the industrialization of mass crystal growth, and then comes the interest of growing better quality crystals and techniques were constantly being improved or changed.

All of these melt techniques share in common the characteristics that a material of approximately the correct composition is melted congruently. The melt is then solidified in a carefully controlled routine to cause the formation of a single crystal. In most crystal growth experiments, this solidification is accomplished using a well oriented seed material of the same crystal composition. Unfortunately, most interesting materials have high melting temperatures (1500-2400°C) and many of them decompose or vaporize at such high temperatures. Also, in some cases the melt may be viscous, thus forming glass instead of a crystal. In means that for the difficult material cases, one need to find other growth techniques than from a liquid phase. There are two major groups of growth methods which are most often employed for single crystals, namely, growth from solution and growth from a melt.

In solution growth, the chemical components that form the crystal are dissolved in a liquid medium, or flux, and allowed to crystallize slowly as the temperature drops [54]. According to the solubility of the crystal material, different solution growth techniques are employed, e.g., water solution growth at room temperature, flux growth and hydrothermal techniques. In this last case both high temperature and pressure are needed.

A scintillation material may be a crystal in bulk, fiber, or sheet form. Scintillators in the form of single crystals are considered to be the ideal materials adapted for scintillation applications since a single crystal consists of a single orientation of structured atoms with no breaks in orientation throughout the entire volume of the solid. This drastically reduces the loss of efficiency due to the scattering of emitted photons. Also, since the only crystalline defects are either intrinsic or due to the incorporation of impurities, the values for density closest to the theoretical limit can be achieved in single crystals.

In the present work we are interested in single crystal `growth from the melt, i.e. by solidification of its own melt. Materials can be grown in single crystal form from the melt provided that they exhibit certain conditions. Mainly, the material should melt congruently without decomposition at the melting point and should not undergo any phase transformation between the melting point and room temperature [START_REF] Carter | Ceramic Materials: Science and Engineering[END_REF]. This means that the same crystalline phase is maintained before and after growth. If the crystal composition melts incongruently, it dissociates into two or more phases after melting, and growth becomes unpractical. For example, Yttrium Iron garnet (YIG) is grown from solutions because it does not melt congruently and SiC is grown from vapor phase (sublimation-condensation) because it decomposes before melting. Moreover, the melting temperature should be attained with a convenient heater and should be below the melting temperature of the crucible used for the growth.

It should be also possible to establish a combination of pulling rate and thermal gradients where single crystal material can be formed. The principal advantage of pulling is that growth can be achieved on the seed under conditions of very good control. A good control results from the fact that the seed and grown crystal are visible during growth and the crystal grower can use visual observation of the growth process to adjust the process to achieve crystal perfection. In addition, growth in any given direction is easily obtained when oriented seeds are employed.

In the following sections, some of the most known techniques of crystal growth from the melt are described: 

The Verneuil growth method

This method, also called "flame fusion", was originally developed (1902) by a French chemist, Auguste Verneuil [START_REF] Scheel | The Development of Crystal Growth Technology[END_REF]. It is particularly useful for the growth of high melting oxides, and has been used to grow synthetic gemstone crystals with the same physical and chemical characteristics as corundum (a crystalline form of aluminum oxide (Al2O3) with traces of iron, titanium and chromium) from finely ground alumina by means of an inverted oxy-hydrogen torch that opens into a ceramic muffle.

In this process, single crystals are grown by the directional solidification procedure using a continuous feeding mechanism. As shown in Figure 13, highly purified alumina is placed in a container with a fine sieve at its base. When the container is tapped by a hammer, the alumina goes down into the enclosed chamber. Oxygen passes into this chamber and carries the fine alumina particles into the intense heat of the central part of an oxy-hydrogen flame, where they fuse and fall on the molten upper surface of the boule as droplets. Flame characteristics and the rate of powder feed and boule lowering are adjusted to produce a boule of uniform diameter. As more powder arrives, the solidified region broadens into a crystal with a molten cap on it. This freezes progressively as the seed crystal is slowly lowered and the crystal continues to grow in length only.

Strain develops during cooling, because the outer surface cools faster than the interior; this phenomenon causes considerable loss from cracking during the manufacturing process. The strain is relieved by splitting the boule longitudinally and annealing can help in the production of strainfree whole boules. 

The Bridgman-Stockbarger techniques

This technique was named after the Harvard physicist Percy Williams Bridgman and MIT physicist Donald C. Stockbarger (1895Stockbarger ( -1952)). They are two similar methods primarily used for growing single crystal ingots (boules), but which can be used for solidifying polycrystalline ingots as well.

The Bridgman method [START_REF] Bridgman | [END_REF], which is also called the unidirectional solidification method or vertical gradient freezing (VGF), is a popular way of producing certain semiconductor crystals such as gallium arsenide. This process can be carried out in a horizontal or vertical geometry. It relies on the charge material which is loaded into a crucible, melted in a vertical cylindrical container, and re-solidified by the translation of a positive temperature gradient across the sample.

The gradient translation is accomplished by lowering the crucible slowly, as shown in Figure 14, from the hot zone of the furnace into the cold zone. The rates of movement for such processes range from about 1 -30 mm/hr. Otherwise, the crucible can be kept stationary, and the furnace is allowed to translate across the sample. It is also possible to maintain both crucible and furnace stationary, and translate the gradient by reducing the furnace temperature. Thus, this technique requires a multi-zone furnace in order to translate the temperature profile in a controlled and steady manner. Crystallization begins at the tip and continues usually by growth from the first formed nucleus. During the initial melting of the charge material, a small portion of the seed is melted to allow having a better adhesion between the seed and the melt and to produce the desired orientation. 

The Czochralski technique

This method was invented by a Polish chemist, Jan Czochralski, in 1917 [59]. As shown in Figure 15, the growth machine consists of a non-reacting crucible containing the charge material, a controlled atmosphere, an inductive or resistive heater capable of melting the charge, and a pulling rod positioned axially above the charge. During the growth process, the charge material is melted and a seed crystal attached to the end of a pulling rod is dipped into the melt. By suitable water cooling system, the temperature of the seed is maintained low compared to the temperature of the melt, and the molten charge in contact with the seed solidifies forming a small meniscus on the seed while it is being rotated. In some modified cases, the crucible is also rotating to allow for a better melt homogeneity. The seed is then slowly lifted while an amount of melt rises with the seed and crystallizes with the same orientation as the seed. This technique has several advantages over others [60]. The main advantage of the Czochralski technique is its ability to produce large single crystal ingots. Another advantage of the technique is that the crystal diameter can be controlled, changing the melt temperature and the growth rate.

This capability is not only used to produce crystals with large diameters, but also to obtain crystals with fewer dislocations. This is accomplished by first reducing the diameter, the procedure is called necking, so that most of the dislocations end at the necking site, followed by increasing the diameter to a desired size. Moreover, the rotation while pulling is necessary to reduce the effects of thermal asymmetry on the crystal and also to generate a desired effective solute redistribution coefficient by mixing the melt.

Liquid encapsulated Czochralski (LEC)

This technique is an adjusted method of Czochralski technique, and is also one way to grow single crystals materials. It is widely employed to grow III-V compound semiconductors [61]which are known to produce high vapor pressure at the melting point of the charge material (Figure 16). The used encapsulant, should be made of a material that is less dense than the material in the crucible and must not be absorbed in the melt. For making Indium Phosphide crystals, a

Boric-Oxide (B2O3) encapsulant is coupled with a high pressure of inert gas in the chamber. At 460 ºC the boron trioxide melts to form a thick, viscous liquid which coats the entire melt, including the crucible (hence, liquid encapsulated). This layer, in combination with the pressure in the crystal puller, prevents sublimation of the phosphorous element. The temperature is then increased until the compound is synthesized. A seed crystal is then dipped, through the boron trioxide layer, into the melt. The seed is rotated and slowly withdrawn and a single crystal propagates from the seed. The crystal growth process is monitored and measurements of weights, temperatures and pressures are made at regular intervals. 

The Kyropoulos

This process was developed by a German physicist, Spyro Kyropoulos, in 1962 to grow single crystals of alkaline halides for the production of optical components [62]. The crystal is grown in a large diameter and just as in the Czochralski method, the growth proceeds after a seed is dipped into the melt and the furnace temperature slowly cooled to encourage the downward growth of the crystal into the melt. Submerged growth like this allows the crystal to growth in a shallower thermal gradient than the Czochralski process. The shallower thermal gradient is important for thermally sensitive scintillator and semiconductor crystals that are prone to fracture. The schematic in Figure 17 shows a crystal being grown by this technique. 

Single crystal growth in the form of fibers

There are several methods for growing crystal fibers [63], such as the edge-defined film fed growth (EFG), Laser heated pedestal growth (LHPG), etc. The choice of the method depends on the physical and chemical properties of the material to be grown. Clearly some methods or their adaptations are more useful than others. We can classify the melt growth fiber techniques in the following two main categories:

(1) Micro floating zone methods, and

(2) Pulling techniques from a die.

The floating methods vary by different principles of heating and heat focusing (laser beam, lamp, furnace) as well as floating directions (up-or downward) whereas the pulling from a die methods differ by up-or downward pulling from a non-wetting or wetting die. In the following these versions will be discussed briefly.

6.1

Micro floating zone methods

The Float Zone (FZ)

This crystal growth method (Figure 18), also called "zone melting" or "zone refining"

technique was first used in 1927 for purification, taking advantage of the small segregation coefficients of many impurities [64]. In the 1950's, it was employed by William Gardner Pfann and Henry Theurer in Bell Labs as a method to prepare high purity materials [START_REF] Pfann | Alcatel-Lucent[END_REF]. The basic idea of this process is to move a liquid zone through the material. The impurities contained in the feed material would then prefer to remain in the melt and thus could be swept to the end of the feed stock. The principle is that the segregation coefficient k (the ratio of an impurity in the solid phase to that in the liquid phase) is usually less than one. Therefore, at the solid/liquid boundary, the impurities will diffuse to the liquid region and will be segregated at the end of the crystal. Because of the lack of impurities in the leftover regions which solidify, the boule can grow as a perfect single crystal. Besides, since the melt never comes into contact with anything but vacuum (or inert gases), there is no incorporation of impurities that the melt picks up by dissolving the crucible material as in the CZ crystal growth method. The feed material is taken in the form of sintered rod from 60 centimeters to more than 3 meters in length and the seed is attached to one end. A small molten zone is maintained by surface tension between the seed and the feed and it travels very slowly (a few centimeters per hour) towards the feed. Single crystal is obtained over the seed. This method is applied to materials having large surface tension.

The main reasons behind the wide use of zone refining process by modern electronic industry are the simplicity of the process, the capability to produce a variety of organic and inorganic materials of extreme high purity, and to produce dislocation free crystal with a low defect density.

Moreover, the size of the molten zone is limited because of the hydrostatic forces exerted by the column of the liquid held between the two solids. However, the maximum height of the liquid zone that can be supported by its own surface tension increases linearly with diameter for small diameters and approaches a limiting value for large diameters. Another restriction of the float zone technique is the volatilization of the higher vapor pressure elements for growth of alloys or compound semiconductors such as GaAs and GaSb. The laser heated pedestal growth (LHPG) method or laser floating zone (LFZ) was first developed by Haggerty in 1972 [63]. The technique can be viewed as a miniature floating zone used for the production of semiconductors, inter-metallic and inorganic compounds, refractory materials and oxides.

The source rod may be fabricated from a single crystal, polycrystalline, and sintered or pressured powder material. A seed rod is used to determine the crystallographic orientation of the fiber to be grown. As shown in Figure 19, growth proceeds by a simultaneous upward (or downward) translation of the seed and source rods with the molten zone positioned between them.

The laser focal spot, and consequently the zone height remains fixed during fiber growth. Typical fiber growth rates range from 1 to 10 mm min -1 . Such system can produce fibers of 3 to1700 μm in diameter and in length up to 20 cm. The largest improvement to the laser-heated crystal growth technique was made by Fejer et al., [START_REF] Fejer | [END_REF] who incorporated a special optical component known as a reflaxicon to convert the cylindrical laser beam into a larger diameter hollow cylinder surface [START_REF] Edmonds | [END_REF] and allow radial distribution of the laser energy over the molten zone thus reducing radial thermal were grown in the presence of five to 10 atmospheres of oxygen [71] The main advantages of this technique are the high pulling rates used (60 times greater than the conventional Czochralski technique) and the possibility of growing materials with very high melting points [72][73][74]. In addition, LHPG is a crucible-free technique where the molten zone is held in place by surface tension thus eliminating the need for a crucible, which could be a possible source of contamination. This also prevents stresses and defects caused by the thermal expansion coefficient mismatch between the crystal and container. Moreover, the geometric shape of the grown crystals, and the low production cost, make the single-crystal fibers produced by LHPG a suitable substitute for the bulk crystals used in many devices, especially those that use high melting point materials [75,76]. Moreover, high optical and structural qualities can be achieved by carefully controlling the growth conditions [77][78][79].

6.2

Pulling techniques from a die (Upward pulling from a meniscus shaper)

Edge defined Film-fed Growth (EFG)

This process, also called "melt extraction", was developed by a Russian scientist, A.V.

Stepanov, for synthesizing pure monocrystalline materials. This upward pulling technique was the start of the growth of controlled geometry crystals. The melt rises to the crystallization front within the capillary channel thus producing special shapes like tubes, plates, squares etc… [80](Figure 20). Once the charge material (such as sapphire crackles) melts, the seed crystal mounted on a slowly rotating metal rod is dipped into the melt, and then slowly pulled upwards. As the seed pulls materials from the melt, the crystal grows while the molten material cools and solidifies. The crystal grows by varying extraction speed and temperature.

Compared to the Czochralski technique, the growth rates are significantly higher. It goes well at speeds of the order of a millimeter per minute. This technique is ideal for producing ribbons, fibers and rods with a small square cross-sections and large lengths, without a significant need of cutting. It may also be possible to grow several crystals at the same time using a multi-die. Besides, automated computer systems provide weight control [81], in situ crystal quality control as well as crystal shape control, which allow an increase in the output of high-quality crystals and the expansion of the areas of applications of the grown crystals. 

Micro-Czochralski (μ-Cz)

This technique is a variation of the Czochralski method employed for the growth of single crystal fibers. Actually, the thermal convection produced during a Czochralski process causes a momentary temperature fluctuation in the crucible melt as well as a time lag in adjusting the temperature. Therefore, the melt temperature must be precisely controlled in order to successfully grow a crystal fiber having a small diameter by the Czochralski technique. Ohnishi et. al. [83] worked on modifying the conventional Czochralski setup to suppress the thermal convection in the melt. For this purpose, they replaced the large melt crucible with a tiny heater and wetted its surface by a melt as shown in Figure 21. Thus the melt forms a film that covers the heater surface which is small in volume and in thickness, and finally suppresses the thermal convection in the melt. In addition, the close contact between the melt and the heater improves the controllability of the melt temperature.

In this process, the single crystal fibers are pulled from micro-protuberance positioned on the surface of the heating element. The seed crystal is in contact with the melt and positioned at the top of this protuberance when the crystal is pulled. The melt covering the heater surface gathers around the protuberance because of the wetting action of the melt. This brings additional advantages by enhancing the local cooling through thermal emission from the melt's surface contacting the protuberance. One of the most interesting competences of this technique is the pulling capability of multiple fibers which possibly leads to a decrease in fiber production costs. 

Pulling down from a meniscus shaper (Micro-pulling-down (μ-PD) technique

Pulling from a meniscus shaper requires a fiber material which is stable on melting, nonreactive with the capillary tube material, and have a thermal expansion which will not lead to significant stress build-up. Based on the capabilities of different crystal growth techniques from the melt, it was proved that the pulling down technology from a shape-controlled capillary die allows the production of elongated crystals with dimensions that are not accessible using traditional cutting and polishing of bulk crystals grown by the more standard Czochralski or Bridgeman methods. The size of the melting zone in the pulling-down technique is up to one order of magnitude smaller than that observed in the Czochralski method. Therefore, it is believed that the pulling-down process can be considered as a good way to achieve stationary pulling conditions and can facilitate the growth process, allowing for instance much faster growth and higher concentration of doping ions, even for those with high segregation coefficient.

By the beginning of the 1990's, Fukuda`s laboratory in Japan managed to develop and improve the micro-pulling-down (μ-PD) technique [84] and succeeded in producing single crystal fiber with good diameter control and concentration homogeneity. The term micro-pulling-down describes the general behavior of the growth unit. "Pulling-down" represents the direction of solidification, whereas "micro" reflects the presence of micro-channel(s) (called nozzles) located at the bottom of the crucible. These channels allow the melt flow from the crucible to the meniscus zone below the crucible bottom, and the growth interface. The first modern design of resistively heated μ-PD apparatus was employed for the growth of LiNbO3 [84][85][86] and K3Li2Nb5O15 [87,88] thin-fiber crystals. Soon after, a μ-PD prototype apparatus with a radiofrequency (RF) inductive heater was built to produce Si1-xGex mixed crystals. Since then, tens of other μ-PD machines have been developed and built, but the general layout and the principles of the process have not changed very much. Most of μ-PD equipment reproduce the general structure of the μ-PD system illustrated in In the current state of the art, the micro-pulling-down technique involves the downward pulling of a fiber crystal through a micro nozzle located at the bottom of the crucible. The method allows the growth of samples with diameters depending on the crucible's nozzle (usually in the range of 0.3mm up to 3 mm) at widely variable pulling rates (ranging between a few millimeters per minute up to 600 mm/h). The charge material is placed in crucibles made of materials stable at high temperatures, corresponding to the melting point of the crystalline material to be grown. Platinum, Platinum/Rhodium, Iridium and Molybdenum are the most popular crucible materials used for μ-PD furnaces. By modifying the shape of the crucible's capillary it is also possible to produce elongated crystalline materials with more complex non-cylindrical cross-sections (square, rectangular, hexagonal) for easier integration of the crystal in complex detectors. Ongoing developments are going along a multiple capillary crucible allowing the growth of several fibers simultaneously. This should lead to comparable costs per unit volume of grown crystal than with standard crystal growth approaches but a study on the industrial optimization and cost effectiveness of this process still needs to be made.

The crucibles are heated using a radio-frequency (RF) generator or a resistive heater. Once the melt is formed, the oriented seed crystal fiber produced from previous experiment or cut from bulk crystal of the corresponding material approaches and touches the crucible's nozzle. The melt spreads on top of the seed forming the meniscus and the seed is pulled down using a precise pulling speed. A solid-liquid interface is formed when the melt gradually is pulled downwards and crystallizes once reaching the cold zone and the convenient crystallization temperature. The use of an after heater adjusts the temperature gradient under the crucible and therefore regulation of the position of the solid-liquid interface in the zone of the crucible's tip. The shape and size of the growth interface is one of the most important parameters determining the quality and uniformity of the resulting crystal. Therefore, a special attention should be paid to monitor its behavior and the surrounding thermal distribution during the pulling. Usually, a CCD camera and a pyrometer are considered to be very good tools to view the solid-liquid interface and the meniscus region.

One of the most important aspects of the μ-PD technique is the creation of a high temperature gradient surrounding the solid-liquid interface, which in turn, influences the growth stability and homogeneous distribution of the dopant inside the crystal. It can also lead to increased dopant incorporation. Besides, this high temperature gradient is useful in avoiding super-cooling that is usually a serious problem when the growth rate becomes very high. Some examples of scintillating single crystals grown by this technique include doped (cerium, Ytterbium, Calcium etc ..) and undoped LuAG, YAG etc.. [89][90][91][92][93][94][95][96] Numerous international laboratories were interested in growing single crystal fibers by the μ-PD technique and here are mentioned some advantages of the μ-PD method discovered by crystal growers in the course of their research [84,85]:

1) Because of high temperature gradient and small diameter of the fiber it is possible to use a very high growth speed without causing constitutional super-cooling, which leads to interface breakdown.

2) Lower thermal distortion decreases the density of the dislocations or cracks.

3) It is easy to control the crystal shape and composition.

4) Crystals of both congruent and incongruent melting compounds can be grown.

5) Fast, simple, inexpensive and valuable tool for surveying new materials.

Table 2, summarizes some of the advantages and disadvantages of μ-PD. Based on these characteristics the fiber growth by μ-PD method is especially useful for fundamental research on the crystallization of specific multi-component materials.

Advantages of μ-Pd

Disadvantages of μ-Pd Low segregation (K ≈ 1)

Vibrations and seed shifting High chemical uniformity and melt homogeneity Low volume productivity (mass) Crystal dimensions (long length) Weight control is not applicable Low cost method for research Currently only visual control High growth rate (mm/min) Crucible is necessary Pre-sintering is not necessary Melt zone stability (Gravity) Crystal shaping and continuous charge are possible -Easy crucible cleaning (Gravity) -Table 2: Advantages and disadvantages of μ-PD

Conclusion

Research and development is driven by the demands of the society in whole. For instance, the search and optimization of scintillators is a result of the demand for homeland security, development of medical imaging devices, research projects of high energy physics, astrophysical cosmic telescopes, and medical systems for molecular imaging, PET systems, geophysical equipment and ecological monitoring systems.

During the past century, a lot of work was carried out for discovering and characterizing a wide variety of scintillation materials for various applications. The price of raw materials and the method of growing the material into the desired size and shape are all included in the final cost.

These and other factors are important while selecting the best material for a particular application. A scintillator material usually does not possess all of the optimum properties; a compromise is made according to the scintillator properties and the specific application for which it is needed. However, most applications require some similar properties of the ''ideal'' scintillator such as a high density and atomic number, high light output, short decay time without afterglow, convenient emission wavelength, mechanical ruggedness, radiation hardness, and low cost.

For each application, some properties of scintillators are important while others are not. So, one can select the best appropriate scintillator from a wide variety of known scintillation materials. An increased light yield is important for improving the spatial and energy resolution. Fast decay times are important for good timing resolution and high counting rates. The absence of afterglow is important in medical imaging. High density and stopping power are important for reducing the amount of scintillator material needed. Radiation damage is extremely important in high radiation environments such as in detectors for use with colliders. Other desirable characteristics include environmental or chemical durability, ruggedness, mechanical shock resistance, and variation of light output with temperature and time. Insensitivity to air, moisture, and light and the absence of weak cleavage planes in crystals are also desired.

There are several crystal growth methods, but as we have seen, only few growth-from-the-melt techniques are available for directly obtaining monocrystalline fibers in the shape that we desire (small diameters and long lengths). Methods like the LHPG and EFG have proven the production of good quality monocrystalline fibers. LHPG method remains currently unfit to industrial production, due to the high cost of operation. In addition, this technique is difficult to control due to the presence of two interfaces, and the reproducibility is impaired. The concept of μ-PD seems relatively similar to the EFG method; the major difference is due to the fact that the growth is not launched upwards but downwards. In this context, the downward pulling modifies the effect of gravity on the wetting of the molten material, and the changing equilibrium conditions. In addition, the nozzle is built in the crucible, and therefore, it does not move due to loss of material in the crucible which is the case when using an EFG growth.

Scope of this thesis

This thesis focuses on the growth and optimization of scintillating cerium doped LuAG fibers grown by the micro-pulling-down technique for application of dual-readout calorimetry. The first chapter discussed the history of scintillation discovery along with its concepts and mechanisms.

Moreover, this chapter mentioned a brief introduction on the growth from the melt methods paying special attention to fiber shaped growth techniques and especially the micro-pulling down. The rest of this thesis is organized as follows:

The next chapter will first review the fundamentals of the micro-pulling-down technique and explain the different physical phenomena occurring before and during the growth. This chapter will also provide information on light formation and propagation along a fiber shaped crystal and the means of detecting and measuring the light properties. The third chapter will be dealing with the growth and optimization of undoped and cerium doped LuAG fibers at Fibercryst. First we will provide information on the grown material and count all the consumables and growth procedure steps. We will then mention the studied parameters that we adjusted and the optimization protocol that we followed while commenting on the results based on the fiber quality.

Chapter four is dedicated to the light characterizations so the steps followed for preparing the samples and the setups used for measuring the light attenuation and output are described. Singlecrystalline fibers of cerium doped LuAG grown by the micro-pulling down technique will also be characterized in chapter four and the effects of the growth parameters (growth temperature, pulling speed, seed's orientation and cerium doping concentration) on the light properties of garnets of Lutetium and Aluminum (LuAG) will be studied. Finally, a general conclusion will summarize the thesis and provide an outlook to future activities. 

Micro-pulling-down growth

This technique is based on keeping balance between the liquid (melt) within a crucible and a hanging drop at its lower end (nozzle). In a crucible containing a melting raw material at temperature (Tm), a column of liquid remains inside the capillary tube at the end of which hangs a drop of melt. This is illustrated in Figure 1. This liquid column and the hanging drop form a balanced system at equilibrium.

When one modifies the system, for instance by connecting a solid (seed) to the drop or pulling this connected solid, this equilibrium evolves. Mastering these changes and the resulting equilibrium shifts is very difficult. For a better understanding of the system and the related difficulties, some fundamental aspects of μ-pulling-down growth will be detailed below. The appearance of a drop of melt in equilibrium while hanging from the capillary is a perfect example of the phenomenon of surface tension. Within a liquid (or solid), all of the bonding forces are canceled out. On surface, these bonding forces have a non-zero resultant and directed inwards the liquid. The surface behaves as if it were subject to external pressure (Figure 2).

Laplace's law explains this phenomenon. Surface tension is by definition a force per unit length, it is often expressed in mN/m.

The system will spontaneously take the minimum energy configuration, i.e. the drop of molten material in the capillary will take the form having the smallest possible interface.This form is basically spherical shaped. But we must also consider the weight of the drop due to the gravitational effect, which in turn depends on the volume of the drop. Now considering that the weight plays a role, then two possible configurations exist in the case of a drop on a plate (Figure 3):

-Case 1: the drop keeps a spherical shaped -Case 2: the drop spreads on the horizontal surface

In case 2, the liquid surface is intrinsically higher than in the case1. This higher energy state is even increased by the interfacial energy between the liquid and the solid. This is partly counterbalanced by the fact that the liquid height is lower in case 2 than in case 1 so that the gravitational potential energy is lower in case 2.

Figure 3: Representative diagrams of different contact angles of a liquid drop on a material

The total energy is the sum of the interface energy and gravitational potential energy.

Consequently, the drop will take the form minimizing the total energy. If the reduction of the gravitational potential energy is more important than the increase of the surface tension, then the droplet will tend to spread on (wet) the surface.

(

1) Laplace's Law

Let us consider a liquid droplet (α) surrounded by gas (β). The pressure inside is higher than outside, and we can therefore expect the droplet to expand. But this would increase the area of the droplet while it is seeking to adopt the smallest possible interface; See Figure 4. (

2) Young's Law

Young's law allows the calculation of the contact angle of a drop on a solid at equilibrium, as function of the surface tension of liquid, solid and gas phases. This angle can range from 0° to 180°; See Figure 5.

(

) 2 
Where, γSL is solid/ liquid surface tension(N.m -1 );

γLG is liquid/ gas surface tension(N.m -1 );

γSG is solid/ gas surface tension(N.m -1 );

θ is the contact angle of the drop on the solid Tate's law is the law to calculate the mass of a drop hanging out of a dropper, which is the capillary in our case (Figure 6), and to simulate its equilibrium capacity and critical limits beyond which it falls. The weight of the drop equals the surface tension forces holding it and acting along the circumference AB contact with the capillary. The drop does not break just at the end of the capillary, but further down the line A'B 'of smaller diameter. This law is expressed as:

(

Where, m is the mass of the drop;

A is the surface tension of the liquid; R is the radius of the capillary; g is gravity;

k is the form factor of the dropper (numerical coefficient), which depends on the radius of curvature of the capillary, and is characterized by the ratio of the radius and that of a drop about to come off. When the droplet is suspended at the orifice of the dropper, its weight "mxg" is balanced by the surface tension which is exerted on the perimeter of the orifice. The maximum weight likely to remain suspended is therefore 2πRA.

Connection

In a μ-pulling-down experiment, after reaching the ideal power of the generator capable of melting the raw material homogenously, and after several minutes of stabilization, the seed can be approached and connected to the hanging drop.

When placing a seed at the lower end of the drop, and establishing a suitable temperature gradient at this level, one can pull a crystal in a downward manner knowing that that the liquid melt is fed at the same time. This condition is applicable for the capillaries of cylindrical (rods, wires, cylindrical bars) or of rectangular (plates) cross sections. The approach of the seeds towards the melt drop must be done slowly because the gradient is very strong (the melting temperature of the raw material grown by μ-PD is around 2000 °C, the seed is at room temperature, and the temperature in the After heater is within 600 °C) and this might lead to a violent thermal shock causing fractures or complete melting of the seed.

The contact between the seed and drop creates a solid/liquid crystallization interface characterized by a specific form of meniscus. This interface, including the control of the height of the meniscus is one of the essential keys to obtain a single crystal of high quality with perfect surface. A good connection is usually ensured by a slight melting of the seed at the contact with the drop. The length of the meniscus depends on the distance 'h' which in turn depends primarily on the vertical position that we give to the solid-liquid interface when placing the seed crystal (see Figure 7). The length of the meniscus (h) fixes the crystal growth and equilibrium conditions. It is related to the contact angle and surface tension. 

Stability of the molten zone

As mentioned earlier, the melt zone plays a very important role in the geometry and crystalline quality of the drawn fiber. Its length, its volume and its meniscus shape are the three major parameters needed to be controlled. The dimensional stability of a growing fiber from a shaped meniscus requires that the molten zone length and volume are kept constant. The growth at equilibrium of a mono-crystalline fiber with a constant transverse section requires three important conditions: mass conservation, energy conservation and meniscus stability. Each condition will be detailed below.

1) Mass Conservation

The mass conservation depends on both, the liquid supply rate by the capillary and the crystallization rate (or pulling rate). In the case of micro-pulling-down, the liquid supply rate to the interface depends on the pulling speed (or crystallization). The only requirement in this context is the flow of the melt which depends on the geometry of the capillary and viscosity of the molten Interface h Meniscus material. For example, if the capillary is thin, it is possible that the supply of melted material would be too low at a certain pulling speed.

Neglecting the density difference between melt and crystal, the condition for equilibriumstate growth of a fiber with constant diameter is:

Where, R and Rsh the radius of crystal and shaper (i.e. capillary), respectively V and Vsh the pulling rate and mean flow velocity in the capillary channel, respectively.

Any velocity perturbation can easily disrupt the mass conservation condition yielding fluctuations of diameter.

2) Energy Conservation

As in any equilibrium state, energy conservation is a critical factor. The crystallization is an exothermic phenomenon, and therefore releases energy at the interface. In addition, the crystal conducts heat transmitted from the molten material to the interface according to its own thermal properties. Energy conservation can be summarized in the following equation [1]: (4) Where:

Qs is the heat flow from the crystal interface; Qm is the heat flow from the melt to the interface;

Qf is the latent heat of crystallization;

A is the interfacial surface; ρs is the density of the solid;

ΔHf is the latent heat of fusion; Kl is the thermal conductivity of the liquid; Ks is the thermal conductivity of the crystal;

(dT/dx)sand(dT/dx)l are the temperature gradient in the crystal and the liquid respectively

3) Meniscus Stability

For reasons of crystalline quality, the growth of single crystals of constant cross section is necessary. However, in a crystal growth from melt method (Czochralski, EFG, μ-PD, etc ...), the stability of the geometry of the crystal and the uniformity of cross-section are linked to the shape of the meniscus at the junction crystal / liquid / gas [2]. Figure8 shows the effects of capillary action for different growth processes. The shape of the meniscus is characterized by a contact angle between the tangent of the meniscus and the axis of crystal growth noted Ф.R, R0 and Rsh are the radii of the crystal, the seed, and the capillary, respectively. When the crystal grows with a constant transverse section and regular diameter, this angle is defined as being equal to Ф0. An important condition for a constant grow this when the angle Ф is equal to Ф0. Deviations of the actual growth angle Ф from Ф0 by perturbations of the meniscus height or radius leads to variations of the fiber's diameter. Table 1 shows the Φ0 angle Values for some materials depending on their orientation [3].

Material Orientation Φ0 (degree) Si <111> 11 Ge <111> 13 Al2O3 [0001] 12 YAG <100> 8 LiNbO3
[0001] 4

Table 1: Angle values for some materials depending on their orientation

Given the variations induced by different growth process. One can also express the maximum height of stabilization depending on the angleϕ0, and the capillary and crystal radii:

(5)

These conditions are more or less difficult to control during the pulling. As previously mentioned, the conservation of mass is easily done once the capillary supplies the good amount of melt and if the speeds are not extreme (too low or too fast). The angle Ф depends notably on the capillary diameter and seed; the choice of their dimensions before growth is very important for the quality of the grown crystal. The conservation of energy doesn't only depend on the working temperature, the speed of pulling fiber (the faster pulled, the faster crystallized, more heat is brought to the interface), and internal thermal gradients, but also on the environmental conditions external to the interface which should not be neglected, even if we try to minimize gradients in the crucible.

Growth 1.4.1 Thermal exchanges

From connection to end of growth, many thermal exchanges occur. These are influenced by the pulling speed, the crucible temperature, the size of the seed, the setup, etc... These heat exchanges cause losses or gains in energy and unfortunately do not balance themselves. It is therefore necessary to study and understand them in order to compensate their undesired effects.

Before connection, the melt drop spread at the base of the capillary, and the assembly should be at its in thermal equilibrium. In our configuration, we connect at a temperature slightly above the melting temperature Tm of the material up to a few tens of degrees. This temperature is determined by the material and the crucible. When the seed approaches the hanging drop, it is at a much lower temperature as compared to the molten material. We then establish contact between the crystal seed and the drop, creating the interface. The melt's temperature drops, since the seed crystal comes to stick to it at a much lower temperature. On the other hand, the seed crystal heats up, and its surface melts if the connection temperature is sufficiently higher than the melting temperature of the crystal, in order to compensate the losses due to the approach and the first few seconds of connection. On a second time, the molten seed and a portion of the created interface crystallize relatively fast as a result of temperature losses

Losses by conduction of heat are created throughout the seed. The materials used in the study having a relatively high thermal conductivity, it evacuates heat very well at the seed/drop connection. Since the base of the seed, which is generally several centimeters long, is outside of the after-heater and thus directly in contact with the atmosphere of the vessel (cooled by the water circulating in the wall internal), the heat removed from the interface by conduction in the seed is transferred to the gas by convection outside the ceramic structure which stops it at the outlet of the after-heater. The heat power required for the drop to flow is no longer the same when connecting. This is why it is very important at this step to work at a temperature above the melting temperature.

This temperature is generally determined by several growth tests. Our observations regarding the behavior of the grown crystal fiber with respect to the evolution of thermal losses are detailed in chapter three.

Mass controlled connection and growth

The contact of the drop and seed produces a suction effect on it, which is used to verify that the connection took place. Indeed, a balance placed at the base of the pulling rod measures the mass so that once the connection is well established, it indicates a negative mass, of a few hundreds of milligrams. Experiments show that this mass difference is reproducible between every draw for the same material and the same capillary size and form. In some cases of bad seed centering, it may happen not to touch directly the capillary. In this case, one has to adjust the x and y translations of the pulling rod to establish proper contact with the drop. This mass control is a very important and reliable way for verifying the proper connection establishment. The mass evolution during the growth is monitored and registered with the help of a software. This software provides all the data we need for drawing the growth curve which is one way to determine preliminary the quality of the grown fiber. This is all detailed and further explained in the following chapter.

Advantages and common applications of inorganic scintillating fibers

A fiber shaped material means any material in elongated form of several tenth of millimeters having a small diameter in the region from μm to mm, i.e. nearly one-dimensional, and including all types of materials that fit the definition, such as filaments, wires and rods. Single crystalline fibers enjoy remarkable characteristics and thus were extensively studied during the recent years. The first published research work on fiber growth goes back to the year 1917 when Czochralski grew the first metallic single crystalline wires from the melt [4]. In 1922, von Gomperz also grew metallic fibers through the cavity of a disk floating on the melt surface and studied their behavior [5]. Later were the studies on Germanium by Stepanov [6] and Gaule and Pastore [7].

La Belle and Mlavsky demonstrated the very first specific property of fiber crystals by the beginning of the 1970's [8][9][10]. Their EFG grown sapphire fibers displayed improved strength compared to bulk materials due to their crystalline perfection and small dimensions, which minimize the occurrence of the defects that are responsible for the low strength of materials in bulk form [11].

Fiber growth processes had also shed light to several other merits. For example, Inoue and Komatsu [12] demonstrated that due to the very small crystal diameter, only rare or even complete absences of dislocations were observed. This was proven for the growth of thin KCl rods and the behavior was linked to the drastically reduced thermo-mechanical stress. Besides, the small melt zone accompanied with relatively high growth rates (compared to bulk crystal growth techniques) produce an effective distribution coefficient thus enhancing the uniformity of axial component distribution. This also makes it possible to study the phase relations in materials that melt incongruently. Moreover, the fiber growth method can be applied for fundamental studies of the crystallization process of new materials. This is highly desirable for materials research, especially, in university and institute laboratories knowing that the growth kinetics and composition stability can be tested in a low cost, material and time saving fiber pulling apparatus before choosing to recommend or disregard a certain material for bulk growth.

The growth of single crystalline fibers was first triggered by their need in several applications of fiber optics such as laser sources, electro-optic modulators, transmission line, remote sensors, and in electronic devices [3]. So depending on the type of grown fiber and its dopant, they promoted the development of optical wave guiding in the 1970's [13], [14], non-linear optical interactions [15], frequency mixing, parametric oscillation and electro-optic modulation [16,17]. Single crystalline fibers were also desirable for the production of photorefractive holograms [18,19]. Moreover, the fiber could be used as a lasing element which removes heat very efficiently thus keeping the laser rod at a low temperature, which is preferable for increasing output [20]. Besides, these characteristics of fiber crystals are accompanied with their well-adapted asgrown shape which minimizes the required crystal machining and preparation costs. It is also extremely difficult to grow fibers several tens of centimeters long with a good cylinder surface.

Depending on the diameter, the current maximum length is around 7 to 8 cm for 1mm diameter, and it can be considered a little longer for 2mm ones, but the risks of fractures are enormous, and the industrial cost is greatly increased.

Another important trigger for the growth of single crystalline fibers was their need in high energy physics applications such as neutron imaging and particle discrimination [21]. Scintillating fibers based on inorganic scintillators provide high granularity and sub-millimeter position information due to their geometrical dimensions [22]. They also cover a wide range of Z, density, light output, as well as radiation hardness superior to plastic materials. These characteristics had led to their implementation in instrumentation, medical imaging and calorimeters [22,23]. Last, but not least, the good efficiency for ɤ-ray detection combined with the fine granularity well below 1 mm in diameter presents the opportunity for implementation in Positron Emission Tomography (PET) scanners for medical applications and pharmaceutical research [24,25].

The growth of such thin and elongated single crystals revealed new properties, which may find wide application in fabrication of shaped devices. As an example, detectors based on a new concept of dual-readout calorimetry with heavy inorganic single crystalline fibers were recently examined [22]. Dual-readout calorimeters measure simultaneously both Cherenkov and scintillation light, and fiber-shaped crystals of both types can be assembled to form a homogeneous calorimeter with a segmentation allowing dual-readout calorimetry (un-doped fibers collect Cherenkov while the doped fibers generate scintillation) [26]. Obtaining this geometry with traditional growth methods would require cutting and polishing the grown ingots therefore these techniques are not recommended for large scale productions. Not to mention the large amount of fibers needed for the construction of a calorimeter, hence the micro-pulling-down technique is considered the best method of growth in terms of time saving. In addition, mass-produced fibers would provide a considerably cheaper way to get small size scintillator modules than by cutting pieces from a large crystal bulk grown by conventional methods.

Light Formation and Propagation in Scintillating Fibers

There exist two distinct modes of light propagation within scintillating fibers. The first type is known as the Meridional rays which pass through the center of the fiber and are only produced in case the scintillation photon production occurs near the center. Meridional rays travel quickly and efficiently. For these reasons, they are desired in fiber optic communication.

The second type of propagation, known as Skew rays, originate away from the fiber's center and travel in spiral paths. Skew rays have much longer travel times and path lengths and tend to travel along the outer rim of the fiber. Therefore, the probability for loss due to absorption and scatter is increased, as is the light collection time.

Ray tracing softwares, such as DETECT2000,are used for light propagation modeling in scintillating fibers. Figure 9is an illustration showing the results of a scintillation event in a bundle of scintillating fibers. Meridional rays are seen in the lowest fiber where the interaction occurred in the center while all other fibers only contain skew rays which propagate along the outer rim of the fiber core. As previously mentioned in the first chapter, scintillation occurs within a fiber as a result of an incident radiation. A portion of light is trapped within the fiber and it's inversely proportional to the ratio of refractive indices between cladding and core. This light propagates towards either end, but before reaching them some photons will be lost. Several factors are the reasons behind this loss. For instance, lack of the material's transparency (diffusion or absorption) and the interface losses due to the total reflection.

At the fiber's end, and depending on the propagation angle, the remaining photons are either refracted in the coupling material or reflected back into the fiber's core. A high refractive index marks a high trapping efficiency. However, total internal reflection and trapping scintillation light is not beneficial; it should be accompanied with propagation towards a photo-sensor.

The total fraction of light trapped in a scintillating fiber (FT) is given by: (

Inorganic fiber crystals, as well as bulk ones, have low nclad/ ncore ratios, so their escaping efficiencies are rather low and can undergo internal reflection losses. The majority of totally trapped rays are lost through optical absorption in the material, but some may also undergo Rayleigh scattering (due to small, local density changes in the material) or experience reflections 58 at rough surfaces, cracks, or defects and may be detected. Light arriving at the fiber's end at an incident angle(θ) less than the critical angle (θC), can escape the fiber and be detected by the photosensor. Figure 10shows the escaping ring as cones for simplicity where the escaping angles at the original position and fiber ends are identical. Due to symmetry, one can assume that half of the trapped scintillation photons travel towards each fiber end and θc< 45°, and then the fraction of photons which escape a single fiber end is given by:

Typically, the highest value of escape efficiency for any fiber scintillator is 14.6% per fiber

end. An index matching fluid can be used at the fiber's end to increase the critical angle thus allowing more photons to escape the fiber into the photo-sensor. This index matching fluid can also redirect the escaping rays toward normal incidence. In this case, when moving from a high index fiber (e.g. n=1.8), to a moderately low index fluid (e.g. n=1.4), to a medium index detector window (e.g. n=1.5). Without the index matching fluid, the inevitable fiber-air interface would cause severe refraction and potential losses especially when using small active detector areas (e.g. a silicon photomultiplier). Figure 11shows the improvement in escape efficiency as the refractive indices are matched. Photons that manage to exit the fiber's ends are refracted according to Snell's law. This light is emitted in a cone about the half angle, θlaunch, also called the "launch angle" which is closely related to the "numerical aperture" (NA) of the fiber and described by,

Where n is the refractive index of the external medium (basically, air). Large values of NA represent large launch angles and, thus, larger acceptance cones. Moreover, the NA of a scintillating fiber affects the direction of escaping photons at the fiber's ends.

Detecting and Characterizing Scintillation Light

The overall amount of light emitted from a single scintillation event is extremely low.

Photomultiplier tubes (PMT) are typically employed in order to efficiently turn this light into its equivalent electrical signal, so electrical pulses can be obtained from a few hundred visible photons.

Photomultipliers are used in conjunction with scintillators to detect ionizing radiation by means of hand held and fixed radiation protection instruments, and particle radiation in physics experiments.

These devices consist of two major elements: a photocathode that emits electrons into vacuum when bombarded with visible light, and an electron multiplier source. An illustration of a simplified structure of a photomultiplier is shown in Figure 12. Some of the energy available to be transferred from a scintillation photon to an electron is lost during electron-electron collisions as the electron migrates to the surface so the potential barrier at the surface/vacuum interface must be overcome in order for the electron to enter the vacuum.

There are therefore energy limitations on the system imposed by the potential barrier at the surface/vacuum interface and the interactions in the material.

Electron Multiplication

A PMT takes the electrical signal from the photocathode and amplifies it through a dynode chain by the process of electron multiplication. Electrons are ejected from the photocathode into the vacuum with energy of ≈ 1 eV and are accelerated by a voltage of a few hundred volts toward an electrode. The accelerated electron has energy of a few hundred electron volts upon arrival at the electrode; this deposition of kinetic energy can result in the re-emission of secondary electrons.

The sensitivity of a photocathode is usually estimated in terms of its quantum efficiency (QE) which is defined as the probability for the conversion of light to an electrical signal:

Quantum efficiency = number of photoelectrons emitted/ number of incident photons

Several factors govern the efficiency of the photocathode material [28]. Basically, the quantum efficiency is a strong function of wavelength of the incident light, so the emission spectrum of the scintillator used should match the spectral response of the photocathode. It is observed that the sensitivity drops for emission wavelengths longer than the maximum QE.

Therefore, slight red-shifting of emission wavelengths can have a severe effect on the measured light yield of a scintillator.

Silicon Photomultipliers

Another way to detect the scintillation light is by the use of silicon photomultipliers, often called "SiPM" in the literature. This is a semiconductor device built from an avalanche photodiode (APD) array on common Si substrate. With band gap energy around 1.1 eV, silicon is an efficient medium to absorb visible photons and has higher spectral sensitivity toward green wavelength.

Light is absorbed in the thin silicon layer thus creating free charge carriers (electrons and holes). 

Conclusion

This chapter was mainly addressing two different aspects, related to fiber growth and their implementation in devices. The first part explains the melt's behavior and capillary phenomena before, during and after connection of the seed for launching the growth. A hanging drop of melt is in equilibrium and will not fall if the capillary dimensions are adapted according to the surface tension of the molten material, and viscosity. The angle of the droplet providing information about the wettability of the liquid on the solid can be calculated by the Young's Law. The surface equilibrium conditions are determined by Tate's Law, which determines the critical limits of the dripping. The laws of Laplace and Young are also useful in understanding the onset of drop and the form it takes in the capillary. Energy and mass conservations are very important conditions for obtaining a high quality fiber and for maintaining a stable melt zone. Any perturbations of the meniscus height or radius would lead to variations of the fiber's diameter. Moreover, thermal exchange events take place at the moment of pulling and are affected by several growth parameters such as the temperature and pulling speed.

The second part of this chapter gives a brief history on fiber-shaped crystals and lists the advantages of having scintillating crystals in such a form. Furthermore, it discusses the light formation and propagation along scintillating fibers and the relevant methods for detecting and measuring the produced scintillating light.

Chapter III. Growth and optimization of Ce:LuAG fibers produced by micro-pulling down technique

This thesis aims at fabricating undoped and cerium doped LuAG fibers with optimal scintillation properties. The following chapter will provide a brief review followed by our detailed experiments and results on cerium doped LuAG fiber growth and optimized conditions for reaching the desired crystal quality and scintillation properties.

1.

Cerium doped LuAG fibers: Our choice of material

Basic properties of Ce:LuAG

The search for an appropriate scintillation material is always linked to its implementation in a particular application. This means that the desired properties of a scintillation material differ for each field of application as they can be used in different fields of medical imaging, particle detection, homeland security and gas exploration. As for dual-readout calorimetry and particle detection, the properties required are a combination of high density and atomic number, high light output, short decay time without afterglow, convenient emission wavelength, radiation hardness, and low cost [1].

LuAG, i.e. Lutetium Aluminum Garnet (chemical formula Lu3Al5O12), is among the most popular inorganic oxide scintillation materials known. In general, it is a robust cubic crystal with a refractive index of 1.84 (632.8 nm) and a thermal conductivity of 8.3 W m -1 K -1 .

Once doped with cerium, LuAG acts as a potential candidate for calorimetry and particle detection [2][3][4]as it combines several desirable properties such as a high density (6.67 g/cm 3 ) therefore a high stopping power, a fast decay time (70 ns), a hardness of 8.5 Mho and thermal stability. Cerium doped LuAG (Figure 1) is also mechanically and chemically stable, and can be shaped into several shapes and sizes including fibers, tubes and very thin plates. The spectral absorbance shows broad peaks at 217nm, 345nm, and 450nm and broad double-peak emission around 512nm and 547nmall of which are characteristic of the 5d-4f transitions of cerium cation [5]. Therefore, the wavelength of scintillation emission is perfect for photodiode readout [6]so the green emission from cerium doped LuAG fits well with the spectral sensitivity of silicon photodetectors. The earliest study on LuAG crystal structure goes back to 1928within a review on the structures of rare earth aluminum garnets by Menzer [7]. He discovered that LuAG is of a cubic structure and crystallizes with the space group symmetry Ia3d.

LuAG Cystal structure and Lu2O3-Al2O3 phase diagram

The pseudo binary phase diagram Lu2O3-Al2O3 shows the temperature at which thermodynamically distinct phases of Lu2O3-Al2O3 mix occur and coexist (Figure 2). This system displays two stable phases Lu3Al5O12 (LuAG) and Lu4Al2O9 (LuAM of a monoclinic crystal structure) and a meta-stable phase of LuAlO3 (LuAP of a cubic perovskite crystal structure) with a lower melting point [9].

The most stable phase is the Lu3Al5O12garnet phase which can be formed below 1,500°C

and melts congruently at around 2,043°C. Lu4Al2O9 is formed from oxides at temperature higher than 1,700°C and melts at around 2,040°C. LuAlO3 also melts incongruently and very small variations of the melt composition or temperature at the crystallization point can lead to a transition from the perovskite to the garnet phase. Therefore, the synthesis of a pure LuAlO3 phase is only feasible by introducing an appropriate amount of super cooling.

Cerium incorporation in the host matrix LuAG

As mentioned before, it is essential to dope LuAG with an activator for enhancing its properties as a scintillation material. Fortunately, garnets easily allow a cation substitution to take place. However, this relatively ease the formation of compositional defects. In the present case of cerium doping, Ce 3+ ion principally substitutes Lu 3+ in the LuAG matrix but it has a bigger ionic radius (103 pm for Ce 3+ and 85 pm forLu 3+ ). It thus leads to the formation of defects in the crystalline structure. Besides, a small fraction of Ce 3+ can also be incorporated on Al 3+ sites as well.

We can determine the activator concentration level in a particular scintillator crystal grown from the melt, simply by the following equation [10]:

Cs = k*C0*(1-g) (k-1)
Where:

-k is the segregation coefficient between liquid to solid phase transformation, -Cs is the concentration of activator in the solid, -C0 is the initial activator concentration in the melt, -and g is the fraction of melt that has been crystallized.

An activator ion will incorporate uniformly along the entire grown crystal if its segregation coefficient is near to unity. Unfortunately, cerium's segregation coefficient is small (less than 0.1) and therefore it doesn't incorporate homogeneously in LuAG upon solidification of the melt [11].

Our motivation: Fiber shaped Ce:LuAG crystals

In the first chapter of this thesis, we mentioned that the growth from melt is the main technique used for growing high quality single crystals. Several variation of melt growth have been developed but for LuAG, the most common types used to grow LuAG are Czochralski, Bridgman and similar techniques of crystal pulling.

For example, Holloway and Kestigian used a flux of lead oxide and lead fluoride to grow cerium-doped LuAG [12]. Lempicki et al grew Ce doped LuAG using the Czochralski method [13]. In parallel, Petrosyan demonstrated the growth of ce doped LuAG by Bridgman technique [14]whereas, Moore used the hydrothermal method [15]and Kucera grew thin films of LuAG by liquid phase epitaxy [16].

Though such techniques provide high-quality crystals, it is not a secret that defects are present and often limit their performance for the targeted devices. In recent years, the micro-pulling down growth technique has become frequently reported in the literature. It has been successful in growing single-crystal rods of comparable structural quality than using other techniques. The passing of the molten material through a nozzle with specific outlet geometries enables the production of shaped single-crystal fibers with diameters up to several millimeters grown from the melt and of very good structural quality [17].Besides, its capability to produce plates, square pixels, or even device-size crystal elements is an advantage in avoiding extensive cutting and polishing procedures.

Earlier work done by K. Pauwels from CERN had confirmed the potential of LuAG fibers grown by micro-pulling down [18] to be used for dual-readout calorimetry and previous results on 

Experimental part 2.1 Machine at Fibercryst

The general aspects of micro-pulling-down process was presented in the first chapter of this thesis. We will now describe it as used in the context of this thesis.

The μ-pulling-down equipment at Fibercryst (Figure 4a) was originally developed by CYBERSTAR company in collaboration with LPCML laboratory, now ILM, for an industrial growth goal. A scheme of the principal parts and a photo of the real setup are shown in Figure 4b and 4c respectively. In this type of machine, the crucible is heated by induction, using a copper coil placed in the center of a stainless steel chamber. As for cooling the setup, water circulates at 18°C within the coil as well as inside the wall of the chamber. Indeed, the copper coil is subjected to high current flow and neighboring temperatures as high as 2000 °C, so that it is crucial to have a very good cooling with flow control to prevent the softening or melting of the coil. This coil was designed especially for the types of crucibles we use, taking into account their materials and dimensions (see Figure 5 and6).

The chamber can be easily opened and hermetically sealed. It is connected to compressed gas cylinders by feeding gas lines composed of flow meters and valves for controlling and regulating the chamber's atmosphere. It is placed on four feet perfectly stabilized and at a height of around 1.8 meters. A ceramic pulling rod is also installed in the chamber and used for fixing the seed onto the pulling system. The pulling process is manipulated by a controlling panel.

A balance is connected to the pulling rod, thus allowing us to monitor in real time the evolution of the mass of the crystal. The growth rate is thus measured in grams per minute and its evolution is constantly displayed on the computer. The RF generator used is of a TRUMPF Huttinger type with 20 kW and an output frequency of 80 kHz.

The real time visualization of the solid / liquid interface being a very important parameter, an observation window allows us to visually monitor it through the after heater's hole, located at the outlet nozzle of the crucible (see figure 6) through a CCD camera and a computer. This window also allows us to use an optical pyrometer to calibrate the generator's power and the crucible's temperature. 

Inner Parts

Crucibles and after-heaters

As we are working with raw materials with a melting temperature above 2000 ° C, it is traditional to use noble metals, and usually iridium, as crucibles and after heaters. Iridium crucibles are encountered in many growth techniques thanks to its high temperature resistance (melting temperature of 2450 °C) and chemical inertness. It also allows using inductive or resistive heating.

Nevertheless, it is necessary to use an inert atmosphere (such as Argon gas) to prevent oxidation of the iridium at these temperatures. 1 and 2 mm diameter conical-nozzled iridium crucibles were used. These were manufactured by Heraeus company and are shown in Figure 5. For straight pulling purpose, it is important to keep the crucible vertical; therefore, it is placed on top of the "after-heater", which is an iridium cylinder of the same diameter (Figure 5).

The liquid / solid interface being located under the capillary, the after-heater has also the role of extending the heated area at the level of crystallization zone which will allow easier control and stability. In addition, if the crucible was the only heated zone, then the crystal would suffer from thermal stresses resulting from the significant temperature drop after a few millimeters from the capillary. This after-heater thus aids in reducing the thermal gradient and the thermal stresses associated with it. The electromagnetic energy from the coil is absorbed at the surface of the crucible (skin effect) and the heat generated spreads towards the raw material to form the melt.

Thermal Shields

In every crystal growth process, controlling the thermal gradients is the key to success. In our case, while heating the Ir crucible, we also lose heat by radiation, convection, and conduction.

This can generate thermal gradient on the crucible and thus in the melt (radial and/or vertical) and be detrimental to the growth process. Moreover, the centering of the crucible in the coil, its height, and the imperfect geometry of the coil (spacing of turns, number of turns, its diameter ...) is what puts the most gradient on the crucible. Such heat losses also require extra power to reach the targeted temperatures, which means higher costs. This is why the setup was completed by inserting thermal shields between the coil and the crucible. These shields consist of two cylinders (one inserted in the other) made of alumina and closed at the top. They are long enough to cover both the crucible and the after heater. Such thermal shields are very efficient in confining the heat in the hot parts and thus reducing the thermal gradients and losses.

In order to view and monitor the growth zone beneath the crucible, the after-heater and the ceramic insulations are drilled (Figure 6b). This hole obviously creates a dissymmetry of the radial thermal gradient, but we tried to minimize this impact by reducing the diameter of the hole as much as possible.

Finally, it is important to mention that the whole setup (crucible, after-heater and both ceramic insulations), is placed over a cylindrical quartz tube. This is shown in Figure 6a. Actually quartz is a material with good resistance to high temperatures and remains unreactive during induction. Moreover, the transparency of quartz allows the visibility of the fiber during the pulling down which facilitate our work. 

Seeds

A seed is obviously required during the whole process of single crystal growth. This seed must be of known orientation, and correctly centered under the nozzle, so that the creation of the solid / liquid interface when connecting is done with perfect contact. It is also important to choose a seed of the same material, and of the same diameter as the fiber to be grown, in our case, the seeds used are 1 and 2 mm diameter LuAG single crystal fibers of a few centimeters long. The seed is tightly fixed with ceramic glue into a ceramic tube as shown in Figure 7. The <111>axis is the one of natural growth for garnet crystals, while the <100> axis is less frequent but possible.

We decided to study both orientations in this work.

Choosing the diameter of the seed is very crucial in order to minimize heat loss through the crystal. Indeed, if the seed is too large, the heat loss by conduction through the seed would be too high, especially when connecting. This is accompanied by a decrease of the meniscus height.

In addition, if the losses are too high, and not compensated, the interface can cool too fast and totally freeze the drop, which can result in crystal fracture which may even damage the crucible's nozzle.

One way to reduce these conduction losses is by increasing the temperature which is accompanied by an increase of the meniscus height. However, this should be done adequately since a high temperature at this point would lead to a disconnection of the seed. 

Raw materials

The raw materials are defined here as the solid sources of elements constituting the targeted LuAG (pure or doped) fibers. The preparation of the raw material is a critical factor for the crystalline quality of the fibers. We decided to work directly with already prepared commercial LuAG crystal crackles, which allowed us to avoid the very sensitive extra work of material synthesis, and also to save preparation time. As known, several crystallizations are sometimes necessary to get rid of impurities due to powder synthesis. So, working with materials already purified and perfectly stoichiometric is crucial for avoiding pollution of the crucibles as well. We used both undoped and cerium doped LuAG crystal crackles ([Ce] =0.15at.%). Theses crackles were grown by the Cz method and bought from CRYTUR company. Figure 8 shows a typical absorption spectrum of these Ce doped LuAG crackles. controlled purity. After the analysis, the impurities present in the binder are subtracted. GDMS results are shown in table 1 and 2 of this chapter.

General growth procedure

The growth of single crystal fiber by the micro-pulling-down technique involves several important steps, to be carefully controlled. Each of them will be presented separately below.

Preparation

For each growth experiment, some initial checking of both historical and technical aspects, needs to be done. It is therefore important to consider the few experiments made before this one in order to have in mind their possible influence and/or to be aware of the previous difficulties encountered. Then the different pieces (crucible, shield, sample holder ..) have to be examined carefully and adequately selected according to the growth conditions to be studied (nozzle shape, seed orientation, [Ce] in the raw material ...).

System Mounting

Everything has to be precisely assembled in order to ensure reproducible heating conditions and thus growth temperatures. First, the oriented seed is attached to the ceramic pulling rod by placing the seed vertically inside the hole of a metallic support (fixed with thermal glue on top of the ceramic pulling rod). The crucible is filled with the proper amount of crystal crackles needed, and is placed along with the after-heater on top of a round alumina piece. The whole assembly is thus lying on a quartz tube. This setup is then covered by two layers of ceramic insulations and the whole assembly is centered inside the coil in a way that allows us to monitor the growth through the hole drilled in the ceramics. During this stage it is very important to achieve a perfect centering of the seed to have a good connection. Fixing the seed tightly is also very essential to avoid it from disconnecting from the pulling rod during the pulling.

Getting Started

Finally, the chamber is closed and sealed; we apply a sufficient vacuum by pumping for 2-3 minutes and checking the pressure gauge on the computer's control panel (pressure reduction up to 10-2 bar) and the manometer on the chamber (the pressure here should decrease from 1000mbar to zero). The suitable inert gas is then introduced until a pressure of 1 bar is reached on the manometer (around 30 minutes) where the vent's valve is now opened. In order to stabilize the pressure at 1 bar, we adjust the gas pressure of 1 bar at the outlet of the gas bottle and we set a fairly low flow (few sccm) which is kept constant throughout the whole growth and controlled by the gas flow meters.

The heating parameters are controlled by the machine's software (heating rate, target temperature, cooling). The cooling system is opened and the generator is turned on to heat the crucible by induction until reaching the melting temperature of the material, and the ideal temperature of pulling which is calibrated after several growth runs. This melting temperature is usually revealed by the appearance of a drop of molten material hanging from the capillary.

Temperature Calibration

The presence of the heat shield all around the hot zone prevents direct measurement of the temperature with an optical pyrometer. The only way of controlling and thus turning the temperature, is an indirect one: the value of power injected by the RF generator.

From our own experience, the raw material melts at 28% of the generator's power with the heat shields, while if the absence of these shields, it melts at 30%. These values of power allow thus reaching the 2000 °C necessary for raw material melting. From our experience, starting from a 1000 °C, a 1% change of our generator's power corresponds approximately to 20 °C. The corresponding calibration curve is shown in Figure 9. 

Connection

After reaching the ideal power, the seed can be approached and connected to the hanging drop of melt. The approach must be done slowly upon entering in the after-heater zone because the thermal gradient is very strong and a violent thermal shock could cause fractures inside the seed. The contact between the seed and drop creates a solid / liquid interface, "the meniscus". This interface, and in particular the control of the height of the meniscus is one of the main keys for obtaining a single crystal fiber with a very good optical quality and a perfect surface. A good connection is usually accompanied by a slight melting of the germ at the contact with the drop.

Finally, the growth rate is controlled by the mass evolution of the seed which is directly recorded on the computer.

a. Power-Speed relation

There exists a relation between the pulling speed and the power needed for good crystal growth conditions (Figure 10). The chosen speed influences the power in a way that growths with faster pulling speeds require less power percentage. In fact, the initial velocity generally begins at a speed of less than a millimeter per minute, and quickly reaches the desired final speed.

Crystallization starts at this time. However, this phase transition being exothermic, it releases heat to the interface, which then heats up. It is therefore necessary to compensate this energy gain by decreasing the heating power injected to the crucible, and thus lowering the power provided by the generator. Therefore, an increase in pulling speed leads to an increase in the amount of heat released in the molten zone, and thus we should decrease the generator's power to maintain a stable interface.

Another thermal behavior exists when the fiber is growing and its length increases. The fiber is cooled by the surrounding chamber's wall, i.e. the water inside circulating from the cooling system with a temperature around 15 ° C. Heat is thus evacuated faster from the length of the fiber.

It is therefore necessary to compensate this loss by a continuous increase of the generator's power.

There is still a critical length at which all will be stable. Indeed, it is not possible to conduct heat more than tens of centimeters while the fiber is cooled to room temperature. After several tests with different materials grown, we determined this length to be around twenty centimeters for garnets.

While the fiber is growing, the crucible is emptied so the melt is reduced. The problem of the emptying crucible is present in our case since we are using a crucible with a conical nozzle. It is worth to note that the crucible's upper part and its lower part i.e. the conical nozzle is heated differently. As the crucible is heating by induction, its upper part transmits the heat to the raw material inside and form the melt which flows into the conical part. The conical part is much less heated by induction, and is mainly heated by conduction of the after heater surrounding it. The melt also acts as a conductor, so any decrease in the amount of melt would lead to a decrease of temperature. Therefore, when emptying a conical crucible, the melt is found only in the conical part, and is thus less heated, and therefore it is necessary to compensate this loss of heat.

Eventually, the growth is never at a perfect equilibrium, but can nevertheless be stabilized.

The growth interface is sensitive but there is still a margin to play on the power of the generator and thus to compensate these thermal changes. All these adjustments are summarized in figure 10.

Generally, it is chosen to set up a power ramp for establishing a steady growth, i.e. reaching the maximum power needed for compensating all the heat losses once the perfect crystallization speed is reached. This ramp may be rapid (less than one hour) or slow (several hours) depending on the material, the geometry of the crucible, and the diameter of the drawn fiber. It can even be launched during the entire growth if necessary. This ramp has been determined by several tests for each of our materials. 

Pulling

Once the seed is properly connected to the melt, the pulling is launched and the power is adjusted to overcome any heat losses during the growth. As mentioned before, knowing how much power is needed through the whole pulling requires doing several growth runs and checking the grown fiber's surface and quality.

Besides, a growth rate curve showing the mass (g) with respect to time (hr) is provided by the machine's software and it gives an idea about the stability of the growth. When the mass is constantly increasing, we ensure having a stable growth, i.e. a stable fiber diameter and a good crystalline quality. So, we monitor this curve to react in case of an unstable growth, where usually the solution is to adjust the power percentage or the translational pulling speed. Several figures of such curves are provided in section 3.1.1.

This speed is selected depending on the material. It is also chosen after several growths runs followed by optical characterizations and checking the surface roughness. When growing garnets, the pulling speed is relatively low, i.e. between 0.1 and 1 mm.min -1 . We usually get an interface of a hundred microns high (around 200 μm) for stable LuAG growth, but must be constantly monitored and controlled, from the point of connection until establishing a stable pulling.

In the following part of this chapter, we will study and check each parameter's influence on the grown fiber and show the optimized conditions, in our case, to grow undoped and cerium doped LuAG fibers.

Results and discussion: LuAG and Ce:LuAG growth

Since these fibers are targeting dual-readout calorimetry combining the advantages of 3D imaging and dual readout of both scintillation and Cerenkov light [20], then our main focus was to grow undoped as well as cerium doped LuAG fibers. The following section provides our results on the growth and quality optimization of these types of fibers.

Optical inspections, either by the naked eye or under a microscope were the first step for having an overall idea of the basic quality of the fibers. These inspections enabled detecting macrodefects or imperfections which are the most detrimental to the targeted properties (such as cracks, striations, diameter change, orientation shifting etc..). These defects will be studied in more details in the following whereas the targeted properties will be detailed in the next chapter.

Growth of undoped LuAG fibers

The most important growth parameters to adjust in the case of undoped fibers are the growth temperature, in other words the generator's power, the pulling speed and the seed orientation. As we earlier explained, there exists a relation between choosing the pulling speed and the convenient power. Therefore, in the first step, a set of samples were grown under the same conditions but while varying only one condition at a time, i.e. either the power or the pulling speed.

We have previously mentioned that a controlled wetting is achieved when choosing a convenient crucible design. Therefore, the crucible we used had a 2mm diameter conical nozzle which was relatively long for the melt to spread over the nozzle providing a good basis for a stable diameter growth. In fact, flat bottom crucibles enhance the risk for the melt to spread excessively out of the nozzle and prevent establishing a good connection with the seed. Therefore, flat bottom crucibles are avoided.

Figure 11 shows a set of photos taken with a CCD camera, displaying the seed in stages for growing a 2mm diameter LuAG fiber. As for the seed's orientation, most of the experiments were done with a <111> undoped LuAG seed of around 15 cm long (including its ceramic base). All growths were done under 1 bar of Argon atmosphere. Few experiments were done with <100> seeds for comparison purposes.

Power adjustment

Garnets such as LuAG, are usually grown under relatively low pulling speeds. This ranges between 0.1 and 1 mm.min -1 . For the power optimization part, the pulling speed was set to a moderate value of 0.5 mm/min which was already used for garnet growths at Fibercryst. Therefore, the same growth parameters were fixed for growing several fibers with different power percentages, and the fiber's quality was evaluated.

Three main cases are possible when growing the fiber:

1)
Low temperature: This is when the power supply is low and thus the growth temperature is not adequate to sufficiently heat the crucible and form a homogenous melt, thus leading to what we call "cold" or "freezing regions" on the mass curve. This is illustrated in Figure12 where we see an unstable mass evolution with time recorded during a low power supply regime. In this figure, the scale was exaggerated on purpose to observe the strong freezing behavior at around 7600 seconds of figure 12. The mass decreases and increases without a steady pattern. This mass fluctuation represents a temporary freezing of the interface, which resists the pulling direction of the pulling rod. By means of heat exchanges, this area will freeze and then warm up several times, thus forming these "cold" regions on the mass curve. As the pulling proceed, greater thermal losses occur due to the elongation of the fiber (by conduction, convection and radiation). And so the freezing is increasingly frequent and long until this imposes a force that may break the seed, the connection, or the fiber if there is a defect. This could also break the machine's balance.

As a result of this deficient heating, the meniscus is overcooled. This leads to the formation of surface striations and an irregular fiber diameter with oscillation patterns (see Figure 13). In fact, the capillary is no longer hot enough and the molten material no longer spreads over the entire surface of the capillary since its surface is at a temperature lower than the melting temperature of the material. In the end, the diameter of the fiber will be only the diameter of the capillary output, although most of the time it freezes and it breaks. Moreover, the size of the meniscus changes, and is reduced dramatically (until disappearing because everything is frozen).

Therefore, the fiber growing could decrease in diameter, and surface defects (striations and diameter oscillations) will form due to interface instability. This is illustrated in Figure 14 where one sees that the fiber's diameter gradually decreased from 2 to 1mm. Simultaneously, the amount of surface defects was increasing. 

2)

High temperature: This is when the power supply is higher than what is needed, therefore leading to what we call "hot regions". The sudden increase in mass is due to the consequent disconnection of the solid / liquid interface as shown in Figure 15. Indeed, a high increase of the power will change the viscosity of the melt as well as the meniscus temperature causing instability of the solid / liquid interface which will in turn alter the diameter of the growing fiber or even cause a direct disconnection. Actually, when using a flat crucible, and working with higher temperatures than needed, we could obtain a drop of melt that spreads all over the nozzle and exceeds its diameter thus forming a fiber with an increased diameter. But most of the time (as From our experience, we found out that a power of 34% is the upper limit for a stable growth. This is not only confirmed by the stable increase in the mass curve, but also by the quality of the grown fibers. Actually at this level, we could start growing a fiber with irregular diameter with eventual formation of ball-like instabilities. This is illustrated in Figure 16 by showing a section of a fiber grown at 34.7% and having an irregular diameter. Moreover, we took the risk of greatly increasing the power to around 45%. It is worth to note that this experiment was done using only one thermal shield of alumina instead of two around Growth Disconnection the crucible. In this case we noticed that iridium grains started to get incorporated to the fiber's surface. The extreme case of this "high power supply" regime was reached at 45% which led to some iridium grains incorporation on the fiber's surface, as shown in Figure 17. Such conditions are obviously detrimental not only to fiber quality but also to crucible integrity. 
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3)

Stable growth temperature: This is when the power is suitable enough to control the meniscus temperature as well as to compensate thermal losses throughout the growing fiber thus forming a stable connection and growth. This is demonstrated in Figure18 which shows a slight mass decrease at the start of connection due to the suction effect between the seed and the melt drop. This is followed by a constant and gradual increase of mass which reflects a stable growth.

Figure 18: Evolution of the recorded mass versus time for growth in the "stable growth power supply" case.
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The best quality fibers were attained under a power range of 28 to 32%. In this case, the recorded curves related to such growth are similar to the ones of Figure 19. of the seed was established around 28%. We can see the slight decrease of mass at this point. This was followed by a gradual increase of power to anticipate previously spoken thermal losses.

Steadily, the mass of the growing fiber increases. In around 8 hours, the length of the grown fiber was 22cm. The power needed to grow this 22 cm long fiber of good quality was 28-32%.

Experimentally, we deduced that this increase should be attained within the first 1 to 2 centimeters grown or else cold regions on the mass curve will appear, and this will be translated to an increased surface roughness and irregular fiber diameter. We recall that the pulling speed used was 0.5 mm/min; this means that just after the connection, we scheduled a power increase slope of 4% in around 30 minutes. The meniscus height (h) measured for such a stable growth was around 250 μm (Figure 20). 

Pulling speed adjustment

Now that we have an idea about the RF power working window, the effect of the pulling speed can be investigated. Actually, a 0.5 mm/min is reasonably good and provides a combination of relatively fast growth (around 7 hours to grow a 20 cm long fiber) and a good quality. However, it is important to explore neighboring pulling conditions in order to have a better understanding and control of the process, and why not finding conditions for either better crystalline quality or higher pulling speed at identical quality.

We selected a higher limit of 0.8 mm/min and a lower limit pulling speed of 0.3 mm/min for this study. Visually it was not possible to distinguish these fibers and find the differences in terms of cracks and stress inside crystals grown at different pulling speeds. However, after reproducing several growths we noticed that the risk of forming cracks was higher with increased pulling speeds. This is illustrated in Figure 21. 

Orientation and Faceting

For every crystal growth technique, controlling and conserving crystal orientation is crucial. For our work we chose to use the <111> orientation as a standard parameter. For comparison, we also tested <100> orientation. These orientations were imposed by the LuAG seeds used. It is therefore necessary to check the conservation of this orientation, because any modification may alter the properties of the crystal fiber.

One can verify the orientation of the crystals by the Laue method, which uses X-ray diffraction from the crystal for assessing the crystal axis. The Laue setup used in this study was available at the Centre for Diffraction Henri Longchambon of University Claude Bernard Lyon-1.

These measurements were not made systematically, but were rather occasionally.

Single-crystal fibers were mounted on a goniometric head with their growth axis oriented Some fibers didn't require Laue characterization for detecting orientation obvious related defects. See for instance Figure 24 illustrating such case. The origin of these macro-orientation shifts could be mainly attributed to a misalignment of the seed while mounting the growth setup.

Another reason is that the crystal may tend towards its naturally preferred orientation, and that for these materials whose orientation is forced, a "freezing" of the interface causes a reorientation.

Nevertheless, it is rare that a shift of a few degrees on the seed would cause a visible reorientation. When using either <111> or <100> seed, we didn't note any distinguishable quality difference between the grown fibers. Besides, we did not record any macro-scale shift from the initial orientation, while X-ray measured disorientations for both orientations were slight (ranging between 2.2° to 5.6°) on a wide range of newly synthesized samples. The seed was aligned vertically inside the ceramic tube base and this assembly was then fixed vertically in the growth system therefore any minor error in this alignment would be the reason behind such slight tilts.

This may also be contributed to the sample placement error before diffraction measurements.

Although these values are quite low, we could overcome them by designing a an improved vertical alignment system of the seed.

The following Figure 25showsmicroscopic photographs of polished LuAG sections grown by micro-pulling-down. The difference in seed orientation can be noticed from the geometry of the cross section: a<111> oriented fiber tends to be hexagonal while a <100>one will be more round to rectangular, this is what we call the faceting. In the latter case, the corners are sufficiently rounded and the edges are not as visible as in the case of the <111> orientation.

Faceting is identical whatever the diameter of the fiber and constant all over the length. It is therefore possible with the naked eye to check the general orientation of a fiber. These facets are present over the entire length of the fiber and it is possible to feel the variations by rolling the fibers between two fingers.

The crystalline structure adopted by LuAG being body-centered cubic lattice with space group symmetry Ia3d, the observed faceting has obvious crystallographic origin. 

Growth of Ce:LuAG fibers

Growing cerium doped LuAG fibers increases the difficulties as compared to undoped ones. Indeed, as discussed earlier, Ce segregation coefficient during LuAG solidification is small so that Ce accumulates in the melt during growth. The direct consequence is that the melt composition constantly evolves ([Ce] increases) during fiber pulling so that one expects higher

[Ce] at the end of growth than at beginning. In addition, Ce radial segregation in μ-pulling-down grown LuAG fibers was also reported by Xu et al. [19]. This is mainly due to the effects of buoyancy and Marangoni forces on the dopant distribution in a single crystal fiber grown from the melt [21]. Previous luminescence mapping of our samples by confocal microscopy and excitation with a 488nm Argon laser confirmed that Ce tends to accumulate at the periphery of the fibers leading to a radial [Ce] gradient from the center (low [Ce]) to the edge (high [Ce]) (figure 27a).

This non-uniform Ce incorporation in LuAG matrix can generate stress inside the fiber (either longitudinal or radial) because of the difference of ionic radius between Ce 3+ and Lu 3+ , as previously discussed. Ultimately, it can lead to crystalline defects and/or cracks in the grown fibers (figure 27b). In this part, cerium doped LuAG fibers of 1 and 2 mm diameter were grown and their crystal quality was evaluated. All growths were done under 1 bar of Argon atmosphere and several parameters were modified while monitoring their effect on the fiber's quality.

Like for undoped fibers, the first step was to adjust the generator's power and find the best power range for a stable growth. Another important parameter is obviously the cerium concentration of the raw material and its relation with other growth parameters such as the pulling speed and seed's orientation and their impact on the crystalline quality of the grown fibers.

Power adjustment

After several growth experiments, we noticed that cerium doped LuAG fiber growth behaves more or less the same as for undoped material. The main difference concerned the RF power range allowing a stable growth which was shifted to a higher value as the melting point of LuAG increase from 1980°C to around 2020°C once doped with cerium. Indeed, the power range for growing undoped LuAG was [28-32%] as shown earlier, while an increase of 2% is needed for the stable growth of cerium doped LuAG, shifting the power range to [30-34%]. It is worth noting here that this 2% power shift showed significant improvement of the Ce:LuAG fiber quality at the

a) b)
level of transparency and elimination of visible defects. It is previously explained that an overheating would destabilize the volume and shape of the meniscus, and therefore the pulling speed should be adjusted to avoid the excess overflow of material around the nozzle and the creation of a ball followed by disconnection. However, for a cerium doped LuAG material, a 2%

power increase was handled and the meniscus was under control. Figure 28 is an example of a typical stable growth curve recorded during the pulling of a Ce doped fiber. It shows a stable mass evolution within the power range 30-34%. The first drop of melt appeared around 29.5%. Connection of the seed was established at around 30%. The start of the pulling was accompanied by a gradual increase of power to anticipate any thermal losses. The mass of the growing fiber increased gradually. In around 13 hours, the length of the grown fiber was 22cm. The power needed to grow this 22 cm long fiber of a good quality was 34%. The time required for attaining a 4% power increase differs depending on several parameters, especially the pulling rate. As previously noticed with the undoped LuAG, this increase should be attained fast or else cold regions on the mass curve may appear, with bad consequences on surface roughness and fiber diameter regularity. However, we should bear in mind the possible over wetting which could lead to enlarging the diameter. Experimentally, we noticed that this power increase should be done within the first three to four centimeters growth. We recall that the pulling speed used at this level was rather low (0.3 mm/min); this means that just after the connection, and once the growth curve starts showing an increase, we schedule a power increase slope of 4% in around 120 minutes.

Figure 28: Growth stability of a 2 mm diameter cerium doped LuAG fiber at 30-34%. 

Cerium concentration

Our raw material is bought from Crytur company and consists of crackles usually cut from different parts of a 0.15 at. % cerium doped LuAG already grown by Cz method. Due to cerium segregation upon solidification, it is crucial to check its average concentration. Towards this end, we evaluated the Ce content in several crackles by ICP-OES and the results gave an average cerium concentration of 0.12 at.%.

Cerium doped LuAG fibers of different cerium concentrations were grown simply by diluting the cerium doped raw material with undoped LuAG crackles. Cerium concentration in the grown fibers was verified by the mean of GDMS. Around 4mm were cut from the fiber's both ends to have an idea of the average cerium content by GDMS. This technique was also helpful in confirming the absence of sample contamination and in checking the evolution of cerium concentration by measuring [Ce] at different positions along the fiber.

The grown cerium doped fibers had different shades of green depending on the cerium content. This color evolution is caused by a broadening of Ce 3+ absorption bands while increasing the cerium concentration. Thus, fibers of darker color are highly doped compared to the ones with paler colors (Figure 30). For both diameters (1 and 2mm), a set of several cerium contents was grown and Table 1 and Table 2 shows the average cerium content for each doped/undoped LuAG mixture as verified by GDMS. Fairly good correspondence was obtained between [Ce] in the raw mixture and [Ce] in the grown fibers.

Table 1. Ratios of raw material mixing along with the GDMS results of their corresponding Ce content for fiber diameter = 1 mm Table 2. Ratios of raw material mixing along with the GDMS results of their corresponding Ce content for fiber diameter = 2 mm

One side effect of Ce addition to LuAG matrix was a slight increase in fiber diameter. This could be due to the crucible's nozzle which widen as the crucible is overused, or due to overheating which leads to the increase of the melt meniscus thickness. However, the crucible was still new and the heating was controlled at a maximum power of 34%. Therefore, the main cause of this slight increase in fiber's diameter could be the improved wetting process of the crucible's nozzle by the melt which increases the growth angle. An illustration of such an effect is shown in figure 31. The grown fibers measured a diameter of 2.1 mm for low doped fibers ([Ce] ≤ 0.05 at. %) and up to 2.2 mm maximum for the highly doped ([Ce] > 0.05 at. %) instead of 2 mm for the seed. On the crystal quality aspect, we confirmed that an increase of [Ce] in the fibers generates defects. This is illustrated in Figure 32 which shows also that lower Ce doping leads to smoother surfaces and enhanced transparency of the fibers. [Ce]=0.05 at.%.

Microscopy observation under U.V light can be helpful for further investigating the crystal quality of the fibers. For high [Ce] of 0.12 at. %, bubble-like defects are present along the growth axis (Figure 33). It is obvious that their presence would dramatically decrease the fiber's optical quality and scintillation properties. These defects were eliminated simply by decreasing the cerium content to around 0.05 at.%. Fibers were defect free as shown in Figure 33. [Ce]=0.12 at.% and c) [Ce]=0.05 at.%.

Therefore, at a [Ce] ≤ 0.05 at. %, the fibers grown were crack and defect free. Lower cerium concentrations were tested and no quality differences were visually or microscopically observed.

Therefore, light attenuation measurements to be discussed in the next chapter, will allow differentiating these fibers and finding the best Ce content needed.

Pulling Speed

We have previously observed while growing undoped LuAG fibers that the risk of forming cracks was higher with increased pulling speeds and that a pulling speed around 0.3 mm.min -1 is optimum in terms of visual fiber quality. This might be also true for Ce doped LuAG fibers but this point needed to be verified. Moreover, an adjustment of the pulling speed could be the solution to avoid the increase of fiber's diameter in the case of Ce:LuAG growth at [30-34%].

We observed that for a pulling speed higher than 0.5 mm.min -1 , striation-like defects created by cerium were abundant (Figure 34). We know that a fast pulling speed would provide more heat to the meniscus on one hand, but would lead to more thermal losses along the grown fiber on the other hand. This means that such conditions would be overheating the solid-liquid interface but overcooling the fiber simultaneously. In order to offset this phenomenon, the pulling speed should be adjusted. Experimentally, we observed a minimum amount of such defects when growing fibers with low cerium content ([Ce] ≤ 0.01 at. %) at relatively low pulling speed between 0.25 mm.min -1 and 0.5 mm/min.

For illustration, Figure 35 shows a set of low cerium doped fibers (0.005≤ [Ce] ≤0.01 at.

%) of 2 mm diameter grown at a power range [30-34%] and at a pulling speed of 0.25 mm.min -1 .

These crack-free fibers combine all the good properties of high transparency and surface smoothness with no visible defects. It is worth noting that not all the fibers were characterized by GDMS but we still can differentiate the fibers by their color indication. Moreover, a detailed GDMS study was done to monitor the evolution of longitudinal segregation on one of the fibers. Therefore, three samples, each of 3 mm, were cut from a Ce:LuAG fiber's beginning, middle and end. The fiber was initially grown by a 10% dilution of the initial 2 mm 103 0.15% Ce:LuAG raw material. The measured cerium content increased from 0.017 at. % for the sample cut at the beginning to 0.023 at. % at the middle and 0.033 at. % at the end of the fiber.

Radial segregation was also still present even with fibers grown under the optimized conditions. The transversal optical emission mapping (350 nm excitation) at 5 positions was done at Lawrence Berkeley National Laboratory (USA). As demonstrated in figure 36, the lowest intensity measured was located in the middle of the sample (position 3) for both cases (A and B).

The variation in emission intensity along the diameter of the Ce:LuAG fiber was around 30-50%, which is indicative of a significant variation in cerium concentration (segregation towards the walls of the fiber). 

Conserving the seed's orientation

We grew and visually compared a set of cerium doped LuAG fibers of two orientations, <111> and <100>. All fibers were pulled under the same parameters of power, pulling speed and cerium content. Microscopically, we didn't notice any difference in terms of crystal quality and defect concentration.

Our main concern was then to verify the conservation of the same orientation throughout the whole fiber grown. This is very important especially with doped fibers for scintillation applications. Several fibers were cut into samples and tested. Orientation was verified by the method of Laue at the Centre for Diffraction Henri Longchambon of University Claude Bernard Lyon 1 with the Oxford XcaliburMova apparatus.

We observed a very minor disorientation in all the samples tested. However, the <111> oriented samples didn't exceed a 2.54° of disorientation whereas the <100> exhibited a higher but still relatively low disorientation of around 4.67°.

Discussion and possible solutions

The quality of the grown undoped and cerium doped LuAG fibers was shown to be affected not only by several growth parameters (pulling speed, growth temperature, seed orientation and raw material doping levels) but also by the unique and delicate compartments of the micro-pulling down setup (thermal shields, nozzle geometry and aging of crucibles, fixing and centering the seed). All of the mentioned conditions are related and directly affect the fiber's quality. The manipulation of such growth parameters with the micro-pulling down machine available at Fibercryst resulted in setting up the optimal values for establishing a stable growth of good quality fibers for scintillation applications.

For a 2 mm diameter with a length of 20-23 cm long, the best undoped LuAG fibers were grown under a [28-32%] power range of the generator's capacity and with a rather moderate pulling speed of 0.5 mm.min -1 whereas the best cerium doped LuAG fibers were grown under a [30-34%] power range with a pulling speed of 0.25 mm.min -1 and a cerium content as low as 0.005≤ [Ce]

≤0.01 at.%. These are the major parameters to be adjusted, however, the mentioned values are unique to this particular machine and any modification of the setup would change the outcome.

Optimistically, this means that several setup variations could be done to enhance the quality of the grown fibers. For example, designing a highly precision seed fixation and centering system would not only eliminate the problems of misalignment and disorientation, but also helps in reproducing the same growth runs with similar conditions. Moreover, studying the effect of thermal shields by using several layers or changing their material and dimensions could improve confining the heat and help stabilize the growth. Indeed, the temperature increases along the melt free surface from the center to the periphery (crucible walls). Therefore, it is very crucial to have a uniform temperature distribution around the crucible to overcome stress in the fiber. Moreover, the temperature distribution in the after heater is also not symmetrical. As the Solid/liquid interface located in the after heater affects the growth, a better and stable fiber crystal growth condition could be realized by controlling the temperature field around the meniscus. Besides, at the end of growth and fiber's disconnection from the crucible's nozzle, the fiber is already outside the hot zone with its parts being cooled either inside the quartz support or in the lower transfer system and subjected to thermal gradients thus creating thermal stresses and defects. Hence, it is essential to reduce the thermal shocks at this level.

Homogenizing the temperature distributions would also have a positive effect on attenuating the cerium segregation. As previously mentioned, longitudinal and radial segregation in cerium doped LuAG samples was confirmed respectively by GDMS and optical emission microscopy. Cerium segregates in LuAG matrix by spreading towards the periphery of the fiber (radial) and more cerium is incorporated by the end of the fiber compared to its beginning (longitudinal). The main factors affecting the dopant distribution in a single crystal fiber grown from the melt are a combination of several basic modes of convection. Actually, the melt in the crucible flows from the hot to the relatively colder region, i.e. from the crucible towards the nozzle which is surrounded by an after heater. At this level appear the following convections: natural convection due to buoyancy forces, Marangoni convection due to the variation of surface tension, and forced convection due to crystal pulling and drop-down of the melt level. However, the dominant convection mode in the melt which shows an influence on the flow is the Marangoni convection which is counter-clock wise and stronger than the natural buoyancy convection.

It is possible to improve the homogeneity of distribution while attenuating the dopant segregation to the periphery with an increase of the convection at the interface, thus ensuring a better melt mixing. However, radial segregation is also influenced by the shape of the solid / liquid interface. The growth temperature and, indirectly, the shape of the capillary can therefore have an impact on this distribution, although the essential parameter remains the segregation coefficient.

Longitudinally, the effect is also quite pronounced in the case where the segregation coefficient (k) is small. Since the dopant tends to remain in the molten zone, it remains preferably in the solid / liquid interface until the latter is saturated and begins to release the ions into the crystal.

Therefore, the beginning of a fiber in this case would be slightly doped, while this concentration suddenly increases from a certain crystallization rate, which may exceed the initial concentration of the raw material incorporated in the crucible.

We also noticed that in the case of using an old iridium crucible with overused nozzle, an oxidized iridium layer is formed surrounding the nozzle where the wetting increases. The wetting of the iridium nozzle is also increased when increasing the cerium content and more cerium ions are attracted to the iridium part. This could be attributed to cerium's affinity to iridium and the possible Van der Waals forces of attraction.

Taking these assumptions into consideration, and based on studies that confirm the effect of crucible designs and nozzle geometries on homogenizing the dopant incorporation and attenuating segregation profiles, new crucible and nozzle designs could be planned and tested to distinguish and analyze the new results. Another solution that could overcome the accumulation of cerium in the solid / liquid interface and the consequent longitudinal segregation is by developing a system for the continuous feeding of the raw material into the crucible. Thus a constant saturating state of the interface so that cerium would flow constantly into the grown fiber.

However, this is not only a matter of designing a relevant mechanical system but also calculating the mass and the concentration of raw material required to be added at each time interval, in relation with the pulling rate and other parameters used.

Conclusion

The micro-pulling down growth of undoped as well as doped fibers is a delicate process where several parameters could severely influence the solid-liquid interface and would consequently affect the crystalline quality. From the mounting step in which the seed should be well centered, up to the pulling step were the generator's power should be manipulated for overcoming thermal losses, the dopant concentration should be regulated for decreasing defects, not to mention the pulling speed which should be adjusted for a better crystal quality with smoother defect-free surfaces.

Based on our experimental setup, we determined that a power range of [28-32%] and [30-34%] are required for obtaining a stable growth of undoped and cerium doped LuAG fibers respectively. We also noticed that a fast pulling speed should be avoided as this would increase the risk of growing defects, therefore a pulling speed lower than 0.5 mm.min -1 is preferable.

Besides, while growing the two types of crystals, the choice of seed's orientation didn't show visually any difference in quality. However, old crucibles should be avoided and the seed should be well centered to eliminate any major disorientation during the growth. One last but very important condition to keep in mind when growing doped matrix is finding the most convenient dopant concentration. High levels of dopants could produce more defects and cracks and thus ruin the fiber's quality. This is the case with cerium doping experimentally, we obtained a very good quality with fibers grown at a cerium content lower than 0.05 at. %. Fibers grown under the mentioned conditions were crack free with very good transparency and smooth surfaces.

Nevertheless, the current problems of thermal gradients, temperature distributions and cerium segregation are still to be solved.

Chapter IV. Light properties of cerium doped LuAG

Fibers

A part of the second chapter was dedicated to explaining light transformation and propagation along a crystal fiber and how the fiber would be installed in a characterization bench to detect and measure its scintillation properties. This characterization method is fundamental for ensuring a good selection and separation of the good from the bad fibers based on their light properties relevant to our application.

Thus, the following chapter is complementary to the previous one and will deal with the characterization of our grown samples. We will briefly mention the post-growth procedure that we carry out for preparing the samples to be characterized. This will be followed by a study of the effect of each growth parameter on the measured light properties while we indicate the setups used.

Moreover, radiation hardness results and test beam results are detailed.

Post-growth sample preparation

As-grown fibers cannot be directly characterized. Indeed, they are connected to the seed from one extremity and have a pin-head on the other extremity. This pin-head shape is formed when emptying the crucible with the very last drop of melt. They need thus to undergo a preparation procedure composed in few steps.

a) cutting

First, the fiber is detached from the seed by producing a gentle crack at this position. This crack is done with a sharp silicon carbide blade with which we make a slight mark in the fiber and then apply a slight bending at this location, resulting in the cleavage of the crystal on one of its crystallographic planes.

Next, both extremities are straight cut with the help of a rotating diamond saw which removes a few millimeters from each extremity, thus reaching a final length of around 20 cm long.

The fibers are properly labeled, centered and fixed with resin on an aluminum plate (see Figure 1).

The whole assembly is fixed in contact with the rotating diamond saw which is water cooled to prevent it from overheating and breaking. Once the cutting is done, the plate is heated for softening the glue and detaching the fibers, which are then, wiped and cleaned with ethanol tissues. Both extremities cut from each sample are kept to be later on used for GDMS and other types of characterization. The fibers are initially glued to a support block with the help of an opaque epoxy resin and polished using a polishing machine with multiple silicon carbide disks with grains ranging from about a hundred microns down to tens of microns, as shown in Figure 2. Once the polishing is over, the block is heated for removing the resin and the fibers are cleaned with acetone to remove any residues that might interfere with the characterization. 

mm mm

and Co [1.17 MeV, 1.33 MeV]) were used in addition. Figure 3 shows a schematic view of the setup for PMT readout. A second method of readout was also performed by using Silicon Photomultipliers (SiPM)

which have a high quantum efficiency and compactness. To find the optimal SiPM, different types have been tested. Table 1 gives an overview over the tested SiPMs. Sensors from Hamamatsu with a pixel size of 25 μm (S12572-025C) and 50 μm (S12572-050C), respectively, have been used. The measurements showed, that for the light yield of the actual Ce: LuAG fibers a cell size of 50 μm is sufficient with reference to the amount of pixels on the fiber end face. Therefore, SiPMs with 50 μm cell size were chosen due to the higher photon detection efficiency. A comparison between the similar models from KETEK and Hamamatsu, both with 50 μm cell size, showed no significant difference of the overall performance in the present characterization setup. Figure 4 shows a picture of a double sided setup for fiber characterization with SiPMs. The fiber is placed on small PVC pillars to avoid unnecessary contact between the fiber surface and other materials. For a double sided readout, both fiber end faces are coupled with optical grease each to a SiPM, while in a single sided readout only one fiber end is coupled to a SiPM. The raw photo sensor signals were amplified by a pre-amplifier (photonique AMP-0611, AMP-0604 [3]) and in addition by a 10 fast amplifier (GSI FA800). The analog signals are finally recorded with a commercial charge sensitive ADC. a.

Response to alpha particles

For the characterization of the light yield and the attenuation coefficient, alpha particles from a collimated 241 Am source with a mean effective energy of 5.5 MeV were used. The main advantage of alpha particles compared to gamma sources is that they deposit locally their complete energy even in very thin fibers. So, alpha particles are completely absorbed in the first few micrometer of the fiber and produce nearly Gaussian shaped peaks in the energy spectrum even for very thin fiber cross sections. By moving the collimated source, the amount of photons seen by the SiPM has been determined as a function of the interaction position of the alpha particles.

Figure 5 shows the response to an α-source, with a fixed number of counts, for a 2 mm diameter fiber with increasing distance between source and SiPM. The highest signal amplitude is observed at closest distance to the SiPM. In the ideal case of a homogeneous light attenuation, the locations of the Gaussian distributions should follow an exponential attenuation curve. The attenuation of the light yield LY as a function of the distance d between source and PMT can be described by the following relation

LY(d) = LY0 • e -μ•d = LY0 • e -d/λ (1) 
Where, LY0is the initial light yield, μ is the attenuation coefficient and λ is the attenuation length, with μ = 1 / λ The most probable signal amplitudes in figure 6 were fit with a Gaussian, and the obtained peak locations show an exponential drop as a function of the distance between source and PMT/SiPM, as shown in figure 7. The measured signal amplitude was calibrated in photoelectrons for the PMT readout and photons seen by the SiPM. For a PMT readout, the light yield induced by the 4 MeV α-particles decreases from 16-28 photoelectrons for a distance of 1.25 cm down to 5-8 photoelectrons between 2 and 2.5 cm, respectively, depending on the fiber sample. With the SiPM readout, the detected photons decrease from 24-41 for a distance of 0.75 cm, down to 10 photons for a distance between 1.6 and 2.0 cm. With the used setups, it was not possible to measure a response for longer distances due to the competing background, in particular of the SiPM. An average value for the attenuation coefficient of μ=1.56 ± 0.32 cm -1 was obtained for the 1 mm diameter fibers. From both setups, similar attenuation coefficients are deduced. The slightly larger number of photons accounted by the SiPM reflects its higher photon detection efficiency at the emission wavelength of Ce:LuAG (PMT: 15% @ 530 nm, SiPM: 22% @ 530 nm).
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Figure 8 shows a comparison of the light yield for samples of 0.3 mm and 1 mm diameter fibers on a logarithmic scale including the exponential fit. With an average value of μ=0.85 ± 0.06 cm -1 , the investigated 0.3mm fibers show a superior behavior consistent with a higher observed light yield. Moreover, simulations with the Monte Carlo codes GEANT~4 and SLITRANI [6] were performed close to the experimental conditions, including the absorption mechanism of the used α-and γ-sources and the light transportation in the fiber. Total reflection was the dominating process for light transport to the PMT. The simulations support no significant change of the attenuation coefficient for fiber diameters between 0.3 and 1mm, respectively. The large attenuation coefficient for the1 mm fibers has to be addressed to its lower quality. 

1 and 2mm diameters Ce:LuAG fibers produced in 2012-2013

Influence of the pulling speed

In a first optimization run the influence of different growth parameters was investigated, like the speed of pulling down and the orientation of the seed. A set of Ce:LuAG fibers were manufactured with pulling speeds ranging between 0.2 mm/min (low) and 2 mm/min (high) and with either <111> or <100> oriented seeds. All fibers had a similar cerium concentration of around 0.15%. These samples were 55 mm long with diameters of 1 and 2 mm, respectively. Table 2 Figure 10 shows the alpha-spectra of the best sample (#1368) with a well-pronounced energy distribution obtained even at a source distance of 4.75 cm. The higher light yield in this production run compared with the old run (2009-2100) is due to the higher cerium concentration and the improved attenuation coefficients. Nevertheless, the cerium concentration is limited due to the fact that a higher cerium concentration increases the probability for defects like bubbles in the fiber (discussed in the previous chapter), which limits the attenuation coefficient. 

Influence of the position within the grown fiber

The μ-PD method allows the growth of fibers even longer than 1 m in length. However, the machine available at Fibercryst is adjusted for growing fibers of 90 cm long. To study the variation of the fiber quality over the full fiber length, a fiber with a diameter of 1 mm and a length > 60 cm was grown and cut into several 10 cm long samples, starting 0.5 cm apart from the seed. We noticed a strong correlation between the attenuation coefficient and the position. The attenuation coefficient increased from 0.38 cm -1 (first sample at position 1 described later as #1378-1) to around 1.2 cm -1 (last sample at position 6 described as #1378-6). Attenuation coefficients of 0.38 cm -1 and 0.32 cm -1 , respectively, are measured for the first two samples. In contrast, the last two ones, cut further apart from the seed, showed significantly larger values of 0.92 cm -1 and even 1.14 cm -1 . As a matter of fact, the sub-fibers closer to the pulling seed have better optical properties. Optical inspection of these sub-fibers shows that the best ones (1 and 2) had a light yellow color while the worst ones (5 and 6) had a darker green color and display many crystal defects (cracks and bubbles as shown in figure 12). This can be ascribed to the segregation coefficient of Ce upon LuAG solidification which leads to gradual Ce accumulation in the melt so that the fiber would contain higher Ce towards the end of growth. Consequently, the light attenuation decreases due to the presence of more surface defects, cracks and bubbles at this region [7], as discussed in the previous chapter. 50.5 cm apart from the seed, respectively. For the first two samples a light yield of 88 -110 photons can be obtained in contrast to 121 and 149 photons for the second pair of fibers. This increase is expected for a higher cerium concentration as described for bulk Ce:LuAG crystals [8]. 

Influence of the Cerium content on the light yield and light attenuation

At the beginning of the optimization process the determined attenuation coefficients were larger than 1 cm -1 . As an obvious explanation, a lot of small bubbles and cracks could be identified inside the fibers. In addition, the Cerium distribution varied inside the fiber and caused an increased amount of defects at the surface leading to a high attenuation factor. For improvement, the pulling speed was reduced leading to a reduction of cracks and bubbles (as shown in chapter

3). In addition, the temperature gradient and other parameters were optimized thus obtaining attenuation coefficients as low as 0.1 cm -1 -0.7 cm -1 . The previous section confirmed the evolution of cerium and its impact on light properties samples cut from different positions within the grown fiber. The results showed that the attenuation coefficient has the lowest values, at the beginning of the fiber (where [Ce] is low), while it becomes significantly worse for samples cut from the end (where [Ce] is high). In addition, the samples cut had a higher light output and are optically clearer than the ones grown with higher initial [Ce].

For further investigating the effect of [Ce], 2 mm diameter fibers of 23 cm long were produced with the same low pulling speed and under the same conditions but with different cerium concentrations in the melt which varied from 0.03 at. % to 0.1at.%. The different fiber color can be taken as a first indication on the different cerium concentration. Figure13 shows the obtained attenuation curves of several 23 cm long Ce:LuAG fibers with a diameter of 2 mm each. One can see that lower [Ce] leads to higher optical properties.

125 But if one looks more into details of these optical results, this improvement doesn't seem straight forward (see figure 14). Indeed, lower [Ce] doesn't only reduce the attenuation coefficients, but it also reduces the light yield. As a matter of fact, one cannot just decrease too much the [Ce] in order to avoid a high loss of the light yield. A compromise has to be found between the attenuation coefficient and the light yield, which will depend on the properties targeted and thus on the application.

126 Similarly, the light yield is also significantly affected by the reduction of diameter; the light yields for the 1mm diameter is systematically lower than the ones for the 2mm diameter, for all

Effect of fiber diameter

[Ce]. As a matter of fact, reducing the fiber's diameter degrades the overall optical properties.

Therefore, one needs to probably spend more time optimizing the growth conditions for lower fiber diameter. Indeed, using a narrower nozzle will modify for instance the meniscus shape, the thermal gradient, etc... Once again we confirm that a lower cerium concentration decreases the attenuation coefficient and thus enhances the crystalline quality but to the disadvantage of a reduced light yield, which is also known for Ce:LuAG bulk crystals. Eventually, the 2 mm diameter fibers had more photons emitted compared to the 1 mm diameter ones. As for the attenuation coefficients, they varied from 0.1 to 0.2 cm -1 for the 1 mm diameter fibers and from 0.05 to 0.1 cm -1 for the 2 mm diameter ones. However, even if the general rule for LuAG is that less cerium incorporation leads to a better fiber quality, there exists a limit for this concentration and each growth parameter is unique to each diameter and should be adjusted for each diameter.

The main parameters contributing to this particular quality improvement were a reduced pulling speed (≤ 0.3 mm/min), a convenient power range ([30-34%] and an adjusted cerium content (< 0.1 at.%). A comparison is shown in Figure 17. 

Reducing light loss

To investigate the influence of light confinement on the attenuation coefficient, a 1 mm Ce:LuAG fiber was characterized with/without wrapping with Teflon around the side and the end face of the fiber. Teflon tape material was chosen since its efficiency as a diffusive reflector was demonstrated in 2008. Figure 18 documents the drastic increase of the light yield after adding a

Teflon-wrapping, which recovers a part of the light, escaping from the fiber due to the surface roughness. Quantitatively, the light yield is increased on average by 80%-90%; the attenuation coefficient decreases from 0.81 to 0.47 cm -1 . The crystalline structure of the scintillating fibers can have a strong effect on the light transport and consequently on the attenuation coefficient.

However, it was reported that the Teflon wrapping does not enhance the light output or the light propagation, in the case of a longer fiber [9]. 

Coincidence readout of both fiber ends

For high quality Ce:LuAG fibers, a readout at both fiber ends is possible with the characterization bench available at Justus Liebig university. Figure 19 shows the recorded signal distribution at both SiPMs placing a 241 Am source either close to SiPM 1 or in the middle of a 23

cm long fiber of a 2 mm diameter. Even after a distance of 23 cm, a signal well separated from the background (designed by sum) can be observed. 

Radiation hardness against protons

The radiation hardness is a very important parameter for the long term use of a scintillator material in high energy physics detectors. To study how proton damage will affect the light yield and thus the attenuation coefficient of the fibers over the years, two sets of Ce:LuAG fibers have been irradiated with a 150 MeV proton beam at the AGOR facility at KVI-Center for Advanced Radiation Technology Groningen. At a fluence of 6•10 13 protons/cm 2 , which corresponds to several years of detector operation at the LHC, all fibers were irradiated from the side with an overlapping Gaussian shaped beam profile with a maximal variation of the fluence of less than 10 %. The first set of fibers consisted of two high quality Ce:LuAG fibers (length = 23 cm, Ø= 2 mm) with a typical attenuation coefficient of 0.04 cm -1 and 0.08 cm -1 . Figure 21 shows the attenuation curve and the light yield before and after the irradiation for both fiber sides. The comparison of the curves before and after irradiation clearly indicates, that the radiation damages dominate the attenuation after the irradiation with 6•10 13 protons/cm 2 . The attenuation coefficients of the 2 mm diameter fiber increased to values between 0.2 cm -1 and 0.5 cm -1 , respectively. If we compare all tested samples, they behave quite similarly. The average increase of the attenuation coefficient can be given by μafter/μbefore = 3.7 ± 2. Looking at the light yield of the fibers, an extrapolation of the curves up to a distance of zero shows that the attenuation corrected light yield stays at the same level or decreases only slightly compared to the value before the irradiation. This shows, that the radiation damages seem to influence mainly two parameters. On one side the absorption of the light inside the fiber and on the other side the scattering of light out of the fiber.

The second set of fibers consisted of seven 10 cm long Ø 1 mm Ce:LuAG fibers with high initial attenuation coefficients between 0.6 cm -1 and 1.9 cm -1 from an earlier production run. Figure 22 shows the attenuation curves before and after irradiation for a typical fiber with an initial attenuation coefficient of 0.7 cm -1 and 0.8 cm -1 for the two sides. The light yield is normalized to the first position for a better comparison. The figure nicely represents the behavior of fibers with a high initial attenuation coefficient, which show only a relatively small change of the attenuation coefficient after the irradiation. For the shown fiber it increased from the initial 0.7/0.8 cm -1 to 133 1.0/1.3 cm -1 . Looking at all tested samples we get an increase of the attenuation coefficient after the irradiation of μafter/μbefore = 1.5 ± 0.5 which is significantly lower than for the first set of high quality fibers. The reason for this effect is still under investigation, but it could be related to a radial gradient cerium distribution in the fiber, which could cause high radiation damages close to the surface were the Cerium concentration is high, while the light which goes directly to the photo sensor would be nearly not affected. In contrast to this, the degradation rate of the high quality fibers could be linked to the more homogeneous cerium distribution over the complete fiber cross section which could result in increased absorption and scattering of the light going directly to the photo sensor.

Conclusion

Over the last few years, there was a significant improvement of the quality and homogeneity of cerium doped LuAG fibers. Significant improvements of light properties could be attained by an optimization of the growth parameters. The quality of the investigated fibers shows large variations but with a significant trend for improvement. The results indicate that a slow pulling speed is beneficial to reduce the light attenuation probably by providing the crystal lattice with more time to relax while growing and thus avoiding the formation of bubbles and cracks.

Figure 23 summarizes this progress and evolution based on the measured attenuation coefficients.

It highlights an improvement by more than a factor 20. Based on the experience with the growing parameters from the Ce:LuAG production, the optimization of fibers can be pushed forward. The investigation of the radiation damage has shown that there is a deterioration of the attenuation coefficient caused by protons, especially for high quality fibers, which has to be further investigated. But the investigations also showed, that the fibers are still usable and show a detectable signal for alpha particles, which is still above the background within the first few centimeters, even after a fluence of 6•10 13 protons/cm 2 . In spite of the significant improvements, further optimization remains mandatory.

Fiber characterization available at CERN

Experimental setup

A set of fibers grown under different conditions were also characterized at CERN facilities.

The setup in this part differs from the characterization part done at Justus-Liebig university due to the different excitation sources used. As radioactive sources were used in the previous part, this time, excitation of the fibers was done with a light emitting diode (LED). After validating and testing the reproducibility of some of the results obtained at Justus-Liebig university, a custom made bench at CERN PH-CMX had been used for measuring the attenuation lengths on a wider set of samples. This bench is similar to the one illustrated in figure 24 We can clearly see from figure 25 the difference in attenuation between fiber 1368 and the rest. Results showed that the attenuation lengths increased from 6.1 cm (for fiber 1368 having around 0.1 at. % of cerium) to between 12-15 cm long (for fibers F2, 3 and 4 of ≤0.05 at. % of cerium). This confirms that a combination of a slower pulling speed (0.3mm/min) and less cerium content enhances the quality of the crystal and leads to better attenuation lengths. On the other hand, we noticed that among fibers F2, 3 and 4, F4 which had the lowest cerium content (0.025 at.

% Ce:LuAG) had the highest attenuation length(15 cm) among the 1mm diameter fiber but we cannot conclude whether this is the best cerium content since they all had very close attenuation lengths. So in order to determine the exact optimal values of speed and cerium content, more tests were done on 2mm diameter fibers.

b. Light output and attenuation measurements done on 2 mm Ø Ce:LuAG samples b.1 Cerium concentration effect

After testing with the Ø=1mm fibers and discovering the parameters for a reasonably good attenuation length, we decided to start growing Ø=2mm Ce:LuAG fibers at 0.3mm/min but with different Ce contents. Eight fibers (all with: Ø=2 mm, L=210 mm) were grown under the same conditions and at the same low pulling speed of 0.3mm/min but with different cerium content.

Around 5mm were cut from each terminal using a diamond thread. These offcuts were later used Figure 26 shows the attenuation profiles of these fibers. Once again, we noticed a decreasing trend of the attenuation coefficient as a function of the cerium content. This decrease was significant from 0.16 cm -1 for the highest doped fiber 1444 (0.15at. % of Ce) to 0.04 cm -1 for the lowest doped fiber 1447 (0.008at.% of Ce); which means that the attenuation length increased from 6 cm (fiber 1444) to 25 cm (fiber 1447). This test confirms the effect of cerium on the attenuation lengths and shows that a concentration of around 0.01 at. % of Ce is needed to obtain a good attenuation length. We also noticed a strange sudden decrease in the intensity after about 15 cm for fibers having the best attenuation lengths i.e. fibers 1446 (0.01 at. %) and 1447 (0.008at.%).

Note that the attenuation coefficient was measured by computing the entire fiber that we did not exclude the steeper part. Moreover, the measurements were done by a double sided readout so the ratio of the left and right signals were used (this has an impact here because the cerium is not homogeneous along the length of the fiber).

For a clear idea on the quality attained by each fiber, figure 27 The attenuation coefficient decreased from 0.11 cm -1 (9 cm) for fiber 1461 (0. As a complementary work, we wanted to check whether a 0.25mm/min is the best pulling speed that can be used at any cerium content (other than 0.01 at.%). As previously discussed in chapter three, the pulling speed affects the crystalline quality and its worth to mention that the μ-PD system is sensitive even within a small range difference of pulling speed. So we compared the attenuation lengths of fibers grown under the same conditions (similar cerium content, same orientation etc..) except growth rate (0.25 or 0.3mm/min). The results are shown in figure 32. We notice that for the major number of growths with a cerium content of less than 0.06 at. %, a 0.25mm/min pulling speed leads to a higher attenuation length than with a 0.3mm/min. But with a cerium content higher than 0.06 at. %, a 0.25mm/min does not always give a higher attenuation length. This is probably due to the formation of more defects as we increase the cerium content.

with a low cerium content but grown at LPCML (C47). All the samples were exposed to a theoretical dose expected to be around 100 kGy which corresponds roughly to the dose absorbed at the front part of the hadronic calorimeter of CMS during its operation in high luminosity (HL-LHC) conditions (entire lifetime). It is therefore a very relevant choice of dose. However, if the fibers have to be inserted in the electromagnetic calorimeter of the CMS detector, an even higher dose should be considered. With the preliminary irradiations performed at CERN, although a change in the light attenuation could be measured, no obvious change in appearance of the fibers could be seen at first glance. On the contrary, after the irradiation run at IONISOS the radiation damages are easily identified with only a quick look at the samples.

To better illustrate the initial and final state of the fibers, we took some close-up pictures of them comparing the fibers before and after the irradiation (figure 36). Since the pictures were taken with the end of the fibers facing the camera, the dark aspect of the fibers is even more obvious because of the larger loss of transparency along the fiber axis. Only the LuAG fibers f1456 and f1443 showed a green tint and a good transparency after irradiation. The other fiber (C47) had a dark aspect resulting from an important loss of transparency caused by the irradiation. 

Fermilab test beam results: testing Ce:LuAG fibers in a calorimeter prototype

A beam test conducted at CERN in 2012 was reported earlier [10], where 9 LuAG fibers of good optical quality were inserted in a small brass absorber and exposed to high energy electrons at the H2 beam line of the CERN SPS North Area. In this section we present a larger scale test beam, comprising 8undopedLuAG fibers and 56cerium doped LuAG fibers, each of 22 cm long and 2 mm diameter. Fibers were inserted in a grooved brass absorber and readout individually using Silicon Photomultipliers. In March and August 2014, the module was installed in the T-1041 beam line at the Fermilab Test Beam Facility in Chicago (USA) and the performance of the module has been tested using electrons and pions (ᴨ + /ᴨ -) in the 2-32 GeV energy range [11]. We will begin with a brief description of the experimental setup followed by the characterization of the LuAG fiber properties which is mainly the light attenuation in our case.

Construction of the test beam setup (The calorimetric module and the crystal fibers)

The calorimeter prototype (see figure 37) consisted of a grooved brass block of dimensions 255mm×65mm×160mm. 64 round holes each of 255mm long and 2.6mm in diameter were drilled along the full width of the module, and arranged in 8 staggered layers of 8 holes each. The distance between the center of two adjacent holes was 4mm, whereas 16mm of brass separated two consecutive layers. The holes hosted 64 LuAG fibres, which were wrapped with a thin layer of Teflon at the two ends in order to maintain an air gap of about 0.3mm between the fiber lateral surface and the brass absorber. The module was exposed to the beam in two different configurations, referred to as transverse and pointing configurations. 

The photo detectors and the acquisition system

One end of each crystal fiber was coupled to a KETEK Silicon Photomultiplier (SiPM) using optical grease. Each SiPM had a 2.2mm×2.2mm active area and was composed of 12100 cells of 20× 20μm 2 each. The choice of this particular SiPM model was mainly dictated by the photon detection efficiency (PDE), which is about 20% at the LuAG:Ce emission peak (520nm) and is particularly high in the UV region ( 18% at 350nm), which enhances the detection of Cherenkov photons produced in undoped LuAG fibers. A picture of the SiPM packages installed onto the SiPM Interface Board (SIB) and the PDE as a function of the photon wavelength can be seen in figure38. A LED driver was used to produce pulsed light at two different wavelengths (blue and green) that was distributed and injected into each fiber from the side opposite to the SiPM by means of clear optical fibers (see figure39). 

Light attenuation measurements

Attenuation lengths of more than 20 cm were only measured in fibers with relatively low light output, whereas the brightest fibers in our sample (light output larger than 10ph.e./MeV) had poor attenuation lengths (5cm or less). This can be explained with larger Ce concentration being responsible for both higher light output and higher probability of light self-absorption [12,13] as well as Ce-related defects arising during the growth process. However, the attenuation profiles measured at the beam test were found to well agree with laboratory measurements already done at CERN (see figure 41). This was an important step to cross-check and validate the fiber properties resulting from the characterization at CERN's laboratory. 

Conclusion

Three main growth parameters showed a direct impact on the light attenuation and light yield properties. These were the pulling speed, the cerium content and the seed's orientation.

Results show that there's a compromise between attaining a good light yield and a good attenuation length.

Attenuation lengths of more than 30 cm were attained with <111> Ce:LuAG fibers grown at 0.25mm/min and with a cerium content of 0.01 at.%. Moreover, radiation hardness was checked and several fibers showed promising results. Fortunately, this means that it is possible to grow a

LuAG fiber having a good light propagation (attenuation lengths > 30 cm) and a rather decent radiation hardness. High cerium content does not seem to be required since fibers having these good properties were grown with a rather low cerium concentration, therefore proving that optical quality and radiation hardness can be combined within the same fiber. However, the radiation

General Conclusion and Perspectives

Due to the wide variety of applications, scintillator materials have been extensively studied and most of them found commercial applications in scintillation detectors. These days, scientific research is directed by the needs of the final applications. Indeed, there is still demand for improved scintillation performance (higher light yield, density, and radiation hardness) and/or at lower production costs. That is why researchers aim toward the development of more efficient scintillators with better properties.

This thesis focused on the growth and optimization of Lutetium Aluminum garnets (LuAG)fibers grown by the micro-pulling-down technique for the applications of dual readout calorimeter based on a simultaneous detection of scintillation and Cherenkov signals. Two main types of single crystal LuAG fibers were investigated: undoped and cerium doped ones. The choice of LuAG material was based on its excellent physical and light properties. This material acts as efficient scintillators when activated with rare-earth dopants (i.e. cerium), and can also act as Cherenkov radiators when undoped. Therefore, the assembly of both types of crystals could build an efficient dual readout calorimeter. And since the optimum geometry for this application is fiber-like, the micro-pulling down growth technique was chosen. Indeed, this technique avoids extensive cutting and polishing procedures compared to other growth from melt methods, which is a decisive advantage for cost considerations and large scale productions abilities.

Nevertheless, the micro-pulling down growth technique requires specific research and development work for launching the delicate growth process and optimizing the growth parameters and conditions before a fiber of good quality is grown. This very important and extensive work is necessary to develop the relevant growth information on a given crystal composition. Thermal exchange events take place at the moment of pulling and are affected by several growth parameters such as the temperature and pulling speed. Energy and mass conservations are very important conditions for obtaining a high quality fiber and for maintaining a stable melt zone. Any perturbations of the meniscus height or radius would lead to variations of the fiber's diameter and could terminate the growth process. Moreover, the dopant concentrations should be adjusted to reduce the drastic effects of radial and longitudinal cerium segregation in LuAG matrix on the measured light properties.

The experimental growths performed on the micro-pulling down machine available at Fibercryst resulted in setting up the optimal values for establishing a stable growth of good quality <111> oriented fibers for scintillation applications. Optimization of the seeding was a crucial step. This work showed that old crucibles are to be avoided and the LuAG seed should be well centered in order to eliminate major disorientation of the crystals. Using the optimized seeding conditions, for a 2 mm diameter with a length of 20-23 cm long, the best undoped LuAG fibers (crack free and with smooth surface) were grown under a [28-32%] power range of the generator's capacity and with a rather moderate pulling speed of 0.5 mm.min -1 whereas the best cerium doped LuAG fibers of equivalent quality were grown under a [30-34%] power range with a pulling speed of 0.25 mm.min -1 and a cerium content as low as 0.005≤ [Ce] ≤0.01 at.%.

Increasing Ce content in the grown LuAG crystals degrades the fibers by generating cracks.

Cerium segregation upon melt solidification, as detected by GDMS and optical microscopy, leads to difficulties in mastering the homogeneous Ce distribution (along the fibers and radially). On the other hand, the choice of seed's orientation(<111>or<100>) didn't show any visual difference in quality. However, a larger batch of<100> oriented fibers should be studied in order to compare the effect of seed orientation, especially on the light properties.

Specific characterizations (attenuation, light yield and radiation damage tests) were conducted at different institutes to monitor the evolution of the grown cerium doped LuAG fibers. Three main growth parameters showed a direct impact on the light attenuation and light yield properties: the pulling speed, the cerium content and the seed's orientation. Results show that there is a compromise between attaining a good light yield and a good attenuation length.

Attenuation lengths of more than 30 cm were attained with <111> Ce:LuAG fibers grown at 0.25mm/min and with a cerium content of 0.01 at.%. The investigation of the radiation damage had shown a decrease of the attenuation lengths measured but the fibers were still usable and showed promising results. Moreover, the characterization of the fiber response obtained with the beam test at Fermilab helped in identifying a set of optimized parameters for the growth of fibers with good properties for calorimetry applications and in confirming the characterization results done initially at CERN.

The actual Ce doped LuAG fibers have thus promising properties for dual readout calorimeter application. But, ideally, the radiation hardness of LuAG fibers should be further improved and reproducibility tests should be performed to confirm the results on a wide set of fibers. Enhancement of the fibers properties should mostly come from improvements on the growth side, especially regarding thermal gradients, temperature distributions and Ce distribution.

This could be studied, in the continuity of this work, by modifying the growth set up. Suggestions of such possible modifications are listed below:

Designing a high precision seed fixation and centering system in order to eliminate the problems of misalignment and possible disorientation, and also to improve reproducibility and thus growth yield.

Modifying the thermal shields by using several layers or changing their material and dimensions in order for instance to improve the heat confinement and thus help stabilizing the growth.

Designing and testing new crucible designs and nozzle geometries.

Developing a system for the continuous feeding of the raw material into the crucible.

If the experimental setup has to be modified, thermal modeling of the growth chamber would be recommended to be done before in order to estimate the temperature fields in the present configuration and to anticipate the ones after modifications. Similarly, computational efforts could be also performed for calculating the signal losses (internal and surface) for fibers with different cerium content. Toward this end, one should need to measure the fibers' surface roughness since this parameter can be optically active. This could shed new light on the present results not only to better understand them but also to optimize the growth conditions.

In parallel, it could be worth investigating more systematically and precisely the longitudinal

[Ce] evolution by multiple GDMS analysis along a same fiber. The results of such study could be implemented in calculations for modeling Ce segregation and thus finding solutions for compensating it (by continuous feeding of the raw for example).

Finally, recent results are suggesting that co-doping of the LuAG:Ce crystals with Mg i or Li ii elements can bring some optical improvement (increased response time and/or light yield) so that this could be also a path to investigate despite the added complexity to the chemical system. 

  photomultiplier-Electronics-& Crystal research. The main goal of this project was to develop Ultra Fast Photon detectors mainly dedicated for Medical imaging applications (such as this design of an Endoscopic probe for cancer detection as shown in figure A) and High energy physics experiments. As part of this project, we belonged to the Work Package 1 (WP1) which was dealing with scintillating crystals for the mentioned applications.

Figure A :

 A Figure A: The PicoSEC design of an Endoscopic probe for cancer detection.

  Within the same type of applications, our research partner CERN is concerned with high energy physics experiments and particle detection which require the use of calorimeters. For the next generation of future calorimeters, Cern designed a new type of calorimeter capable of distinguishing and detecting Scintillation and Cherenkov signals at the same time. This work was done within the framework of the French ANR project "INFINHI" for developing a dual read-out design based on two types of crystal fibers as shown in figure B:the doped "Green colored" fibers for generating scintillation and the undoped "colorless" ones for cherenkov radiation.

Figure B :

 B Figure B: Design of the dual read-out calorimetry targeted in INFINHI project.

Figure1:

  Figure1: Image of the Spinthariscope This period of visual scintillation counting ended with the development of the photomultiplier tube (PMT) around 1945. Indeed, scintillators gained additional attention in early 1940's, when

  main component of PET scanners since the large effort made by the L3 experiment at CERN to develop low cost production methods for this crystal. Moreover, the discovery of PbWO4 (PWO) by L.L. Nagornaya from the Institute for Scintillation Materials of Ukraine led to the revolution in the collider physics and created a base for the new generation of detection systems in high energy physics. More than 75,000 of 23 cm long PbWO4 scintillator crystals were developed at CERN in Geneva for a calorimeter for CMS (Compact Muon Selenoid) detector at LHC (Large Hadron Collider).

Figure5:

  Figure5: Sketch of the scintillator principle and a timeline of single-crystal scintillators

Figure6:

  Figure6: Conceptual energy diagram of an inorganic scintillator with an activator.

Figure7:

  Figure7: Energy band structure of an inorganic scintillator.

Figure 8 :

 8 Figure 8: The emission spectra of several common scintillators.

Figure10:

  Figure10: Configurational coordinate diagram of a luminescence center.

:

  photomultiplier tube is used, the index of refraction of the scintillator material should be close to that of glass (~1.5).

Figure 12 :

 12 Figure 12: Temperature dependence of the scintillation yield of NaI(TI), CsI(Na), CsI(TI) and BGO

TheTemperature

  Bridgman crystallization technique appeared in 1923; Kyropoulos in 1926 and Stockbarger in 1936. During the 1950's, the industrial growth of crystal of large dimensions, by the Czochralski

1) Verneuil technique 2 )

 2 Bridgman-Stockbarger techniques 3) Czochralski, LEC and Kyropoulos techniques

Figure 13 :

 13 Figure 13: Simplified flame fusion (Verneuil process) diagram

Figure 14 :

 14 Figure 14: Schematic set-up of the Bridgman growth system.

Figure 15 :

 15 Figure 15: Schematic setup of a Czochralski crystal puller

Figure 16 :

 16 Figure 16: Liquid encapsulated Czochralski (LEC) technique

Figure 17 :

 17 Figure 17: The Kyropoulos process

Figure 18 :

 18 Figure 18: Schematic drawing of the Float zone process

  gradients. Some examples of scintillating single crystals grown by this technique include calcium tungstate and cerium doped Lu2SiO5 (LSO:Ce)[68][69][70] 

Figure 19 :

 19 Figure 19: A scheme of the laser-heated pedestal growth technique. High-quality Nd:YVO4 fibers

Figure 20 :

 20 Figure 20: EFG method [82]

Figure 21 :

 21 Figure 21: Schematic diagram of μ-CZ for the growth of fibers

Figure 22 .

 22 Figure 22.

Figure 22 :

 22 Figure 22: Schematic diagram of μ-PD furnace
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Figure 1 :

 1 Figure 1: Principle of the hanging drop of melt

Figure 2 :

 2 Figure 2: Binding forces and surface tension in a liquid

Figure 4 :

 4 Figure 4: Illustrating the law of Laplace

Figure 5 :

 5 Figure 5: Contact angle of a liquid droplet wetting a rigid solid surface

Figure 6 :

 6 Figure 6: Drop (p) hanging out of a capillary of radius (r) and diameter (AB) thus forming a contact (A'B').

Figure 7 :

 7 Figure 7: Description of the meniscus

Figure 8 :

 8 Figure 8: Examples of capillary stable crystal growth conditions. a -floating zone (R = R0), b -pedestal growth (R < R0), c -pulling upward from wetting capillary, d -drawing downward from wetting capillary, d -pulling upward from non-wetting capillary, e -drawing downward from non-wetting capillary (Rcrystal radius, R0 -feed rod radius, Rsh -capillary radius, Ф -growth angle, P -pressure). Where: σ is the free energy of the crystal/gas interface (σsg), liquid/gas(σlg) and crystal/liquid(σsl).

Figure 9 :

 9 Figure 9: The results of a scintillation event in a bundle of fibers modeled in GEANT4 [27]are shown. Green tracks represent primary ionizing radiation. Red tracks are secondary electrons which produce yellow scintillation photons.

Figure 10 :

 10 Figure 10:Cross-sectional view of a scintillating fiber illustrating the effects of photon trapping and escape due to internal reflections.

Figure 11 :

 11 Figure 11: The effect of index matching fluid, n1, on the escape efficiency of light trapped in a scintillating fiber, n0. Recall that the maximum escape efficiency for a single fiber end is 50% of the total trapped light.

Fraction of trapped light escaping single fiber end n 1

 1 

Figure 12 : 2 .

 122 Figure 12: Schematic of a photomultiplier tube coupled to a scintillator.

  Electron and holes are collected at the anode and cathode of the diode. Photodiodes have potential advantages: high quantum efficiency and compact size. Moreover, the green emission from Cedoped LuAG fits well with the spectral sensitivity of these devices. Besides, SiPM in medical imaging are attractive candidates for the replacement of the conventional PMT and PET imaging since they provide high gain with low voltage and fast response. Nevertheless, there are still several challenges; for example, SiPM requires optimization for larger matrices, signal amplification and digitization. Silicon photomultipliers (SiPMs) and also arrays of SiPMs are commercially available. An example of a SiPM is shown in Figure13.
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Figure 13 :

 13 Figure 13: Hamamatsu Multi-Pixel Photon Counter is a trademarked line of 1x1 mm SiPMs with APD pixel densities ranging from 100-1600 mm -2 .

Figure 1 :

 1 Figure 1: Image of a polished cylindrical part of 20x30 mm Lu3Al5O12:Ce single crystal

Figure 2 :

 2 Figure 2: Lu2O3-Al2O3 phase diagram[8] 

  Ce doped LuAG fibers growth and characterization had been reported by X. Xu from ILM laboratory (previously known as LPCML) as part of a collaboration within INFINHI and EndoTOFPET-US[19]. Figure3demonstrates a design of a calorimeter for simultaneous detection of scintillation and Cherenkov signals. Two main types of single crystal LuAG fibers are involved: undoped and cerium doped ones.

Figure 3 :

 3 Figure 3: Dual-readout Calorimetry (courtesy of CERN)

Figure 4 :

 4 Figure 4: (a) Micro-pulling down machine (courtesy of Fibercryst), (b) Scheme of the μ-PD setup, (c) Photo of Fibercryst's inner μ-PD setup.

Figure 5 :

 5 Figure 5: 1mm (a) and 2 mm (b) diameter conical-nozzled iridium crucibles along with their drilled iridium after-heaters.

Figure 6 :

 6 Figure 6: A photo showing the chamber's inner compartments (a) and the drilled double ceramic insulations (b).

Figure 7 :

 7 Figure 7: undoped LuAG single crystal seed.

Figure 8 :

 8 Figure 8: Absorption spectra of 0.15at. % cerium doped LuAG recorded at room temperature.

Figure 9 :

 9 Figure 9: Experimental Calibration curve of temperature of the crucible at its base according to the power delivered by the generator

Figure 10 :

 10 Figure 10: Adjusting the generator's power to offset heat exchanges during the pulling

Figure 11 :

 11 Figure 11: Photos taken with the CCD camera at the early stages of connection and growth: (a) The seed slowly approaches the nozzle; (b) Contact between the seed and the melt; (c) Downward pulling of a LuAG fiber.

Figure 12 :

 12 Figure 12: Evolution of the recorded mass versus time for growth in the "low power supply" case.

Figure 13 :

 13 Figure 13: CCD image of striations forming during a LuAG growth in low power supply regime.

Figure 14 :

 14 Figure 14: a) Photo of a LuAG fiber with irregular diameter starting from 2mm and decreasing to 1mm by its end; b), c) and d) Microscopic images showing surface striations and oscillation patterns on the same fiber.

  conical crucible), the interface would lengthen and its central diameter decreases leading to the total disconnection, which first results in a reduction in the diameter of the fiber.

Figure 15 :

 15 Figure 15: Evolution of the recorded mass versus time for growth in the "high power supply" case.

Figure 16 :

 16 Figure 16: Microscopic image of a LuAG fiber grown at 34.7% power with a deformed diameter

Figure 17 :

 17 Figure 17: Section of a LuAG fiber grown at 45% power. Iridium grains are scattered on its surface.

Figure 19 :

 19 Figure 19: Growth stability of a LuAG fiber at 28-32%.

Figure 19

 19 Figure 19 is an example of a typical stable growth curve shown by the micro-pulling-down software. It shows a stable behavior of mass with respect to this power range 28-32%. Connection

Figure 20 :

 20 Figure 20: A CCD camera photo of a LuAG meniscus of around 250 μm.

Figure 21 :

 21 Figure 21: Microscopic images of cracks formed on 2mm diameter LuAG fibers grown a) at relatively high pulling speeds of 0.8 mm.min -1 and b) at 0.6 mm.min -1 .

Figure 22 :

 22 Figure 22: Photo of an optimized 2mm diameter LuAG fiber along with a microscopic view. The optimized conditions used were a 0.3 mm/min speed and a [28-32%] power ramp.

  vertically. They were then placed on a kappa-geometry Mova diffractometer (Agilent Technologies UK Ltd) equipped with a micro focus molybdenum X-ray source ( = 0.71073 Å) as shown in Figure23. Intensities were collected on 30 frames at room temperature by means of the CrysalisPro software. These diffraction peaks were used to determine and refine the unit-cell the orientation matrix of the crystal. The fibers were finally oriented with the c-axis placed vertically and the disorientation can directly be given by the value of the diffractometer kappa angle.

Figure 23 :

 23 Figure 23: Oxford Xcalibur Mova for crystal orientation measuring.

Figure 24 :

 24 Figure 24: Undoped LuAG sample with shifted orientations.

Figure 25 :

 25 Figure 25: Polished sections of 2 mm diameter LuAG fibers with a) <100>and b) <111>orientation as seen under the microscope.

  Figure 26 recalls the different planes present in a cubic system. Spotted by the Miller indices, the (111) planes a) b) intersect the cube diagonally. Lutetium atoms on this plane present a compact hexagonal structure with a 6-fold symmetry. It is this 6-fold symmetry which gives rise to the hexagonal faceting of the <111> crystals. For <100> crystals, this plane has a 4-fold symmetry, leading to rectangular shaping of the <100> crystals.

Figure 26 :

 26 Figure 26: Orientation of different planes observable in a cubic structure (left) and example of (111) planes (right)

Figure 27 :

 27 Figure 27: a) Cerium radial segregation in 1mm diameter Ce:LuAG fiber with almost 0 at.% of Ce 3+ in the core to around 2 at.% at the periphery and (b) Microscopic photo of a surface crack in a Ce doped LuAG fiber.

  Fibers grown at a power range [30-34%] had an enhanced transparency and a smooth surface (figure 29 a and b). Figures 29a shows two transparent cerium doped LuAG samples each of 1mm in diameter and 10 cm long (both cut from a 20cm long fiber) while 29b shows a 2mm diameter Ce:LuAG fiber of around 20 cm long.

Figure 29 :

 29 Figure 29: a) 1 mm and b) 2 mm diameter Ce:LuAG fibers grown at a power range [30-34%].

Figure 30 :

 30 Figure 30: Green shades of 2 mm Ce:LuAG fibers with different cerium content.

Figure 31 :

 31 Figure 31: CCD photo of increased wetting in the case of Ce doped LuAG growth.

Figure 32 :

 32 Figure 32: Microscopic photo of two Ce:LuAG fibers of 1mm diameter with a)[Ce]=0.13 at.% and b)

Figure 33 :

 33 Figure 33: Microscopic photos (taken under U.V light) of 2mm diameter Ce:LuAG fibers with a) and b)

Figure 34 :

 34 Figure 34: Microscopic photo (taken under U.V light) of a 2mm diameter Ce:LuAG sample with surface striations.

Figure 35 :

 35 Figure 35: Set of 2mm diameter low cerium doped LuAG fibers grown at [30-34%].

Figure 36 :

 36 Figure 36: Transversal optical emission mapping (positions A and B) of a 2 mm diameter Ce:LuAG sample (0.01 at.%).

Figure 1 :

 1 Figure 1: Scintillating Ce:LuAG fibers positioned and ready to be cut by a diamond saw

Figure 2 :

 2 Figure 2: Microscopic images showing examples of polished ends of 2mm diameter cerium doped LuAG fibers.

Figure 3 :

 3 Figure 3: Illustration of a double sided readout with PMT.

Figure 4 :

 4 Figure 4: Photo of the experimental setup for coincidence readout of fibers with SiPMs.

Figure 5 :

 5 Figure 5: Response of a 23 cm long, 2 mm diameter Ce:LuAG fiber to α particles from an 241 Am source

Figure 6

 6 Figure6shows for comparison the obtained response to α-particles for different distances between the impact point and the window of the PMT or SiPM, respectively. The figure shows that the signal amplitude is strongly correlated with the position of the source. For the shortest distance of 1.25 cm/0.75 cm, the largest signal amplitudes can be obtained, while beyond 2.65cm the response evolves into a small tail above the background. A similar behavior was observed by Anfré et al.[4]for Ce:LYSO and Dujardin et al. for Ce:LuAG fibers[5].

Figure 6 :

 6 Figure 6: Energy deposition spectra in logarithmic scale of an 241 Am α-source recorded with a Ce:LuAG fiber (1 mm diameter, 55 mm length). The readout was performed with a green sensitive PMT (a) and a SiPM (b). The largest signal amplitude corresponds to a minimal distance between the interaction point and the PMT window of 1.25 and 0.75cm for the SiPM front side, respectively. Towards lower signal distributions, the spectra were recorded at source distances of 1.45, 1.85, 2.25 and 2.65cm for the PMT readout (a) and 0.95, 1.15, 1.35, 1.75 and 2.15cm for the SiPM readout (b).

Figure 7 :

 7 Figure 7: Position dependence of the light yield for four different Ce:LuAG fibers recorded with a PMT (a) and a SiPM (b). Four samples from the same production run were used for the two measurements. The light yield is defined as the maximum of the individual distributions in figure 6. The bold red line in the upper figure represents the average overall four samples.

Figure 8 :

 8 Figure 8: Comparison of light yield and attenuation coefficient of 1 mm (circles) and 0.3 mm (squares) Ce:LuAG fibers (measured with an 241 Am α-source).

Figure 10 :

 10 Figure 10: Energy deposition spectra of an 241 Am α-source, recorded for the 1 mm LuAG:Ce fiber with the lowest attenuation coefficient (sample 1368). The readout was performed with a SiPM. The largest signal distribution was obtained at a distance between interaction point and SiPM of 0.75 cm. Towards lower signal distributions the spectra were recorded at source distances of 1.75 cm, 2.75, 3.75 and 4.75 cm, respectively. The limitation due to the dark counts of the SiPM including the noise of the electronics is represented by the filled area.

Figure 11 (

 11 Figure 11(a) shows the evolution of the attenuation coefficient as function of the position of the sample in the grown fiber. For each position we plot two attenuation coefficients each

Figure 11 :

 11 Figure 11: (a) The evolution of the attenuation coefficient as function of the position of the sample in the grown fiber #1378 and (b) the attenuation curves for four 10 cm long samples cut at different positions from an initially> 60 cm long single fiber.

Figure 12 :

 12 Figure 12: Picture of sub-fibers close to the seed (1378.1) and 50.5 cm away from the seed (1378.6)

Figure 13 :

 13 Figure 13: Ce:LuAG fibers with a cerium concentration varying from 0.03 at.% for fiber 1 to 0.1at.% for fiber 4. All fibers are 23 cm long, have a diameter of 2 mm and are produced under the same conditions with only different cerium content.

Figure 14 :

 14 Figure 14: Correlation between (a) the photons seen by the SiPM and (b) the attenuation coefficient with the cerium concentration for 2 mm diameter fibers.

Figure 15 Figure 15 :

 1515 Figure15shows the obtained attenuation curves for Ce: LuAG fibers with 1 mm and the previous 2 mm diameter fibers from the previous experiment, for various [Ce] ranging from 0.03 at.% to 0.1 at.%. One can see that the 1mm diameter fibers display lower optical properties than the 2mm diameter ones.

Figure 16 :

 16 Figure 16: Influence of the cerium concentration on the light yield and the attenuation coefficient for 1mm and 2mm diameter Ce:LuAG fibers

Figure 17 :

 17 Figure 17: Pictures of Ce:LuAG fibers from different production runs with (a) high pulling speed and [Ce]=0.1 at.% and (b) low pulling speed and [Ce]=0.07 at.%.

Figure 18 :

 18 Figure 18: Position dependence of the light yield for a 3.5 cm long Ce:LuAG fibers, without (squares) and with wrapping with Teflon (circles).

Figure 19 :

 19 Figure 19: Response of both SiPMs to a 241 Am source placed (a) close to SiPM 1 and (b) in the center of a 23 cm long Ce:LuAG fiber.

Figure 20a shows the 2 )Figure 20 :

 220 Figure 20a shows the obtained attenuation curves for both 50 μm SiPMs and the behavior of the sum of both signals. For the sum, one would expect a symmetric function for a homogeneous fiber. The asymmetry indicates an increased attenuation near SiPM 2. Presenting the logarithm of the ratio of the two amplitudes A1 and A2, corresponding to SiPM 1 and SiPM 2 respectively, one can directly determine the attenuation coefficient according to the following relation: ln(A1/A2) = ln([LY0•e -μ•x ]/[LY0•e -μ•(L-x) ]) = -2μ•x+μ•L (2)

Figure 20b indicates instead

  Figure 20b indicates instead three regions of different attenuation coefficients and confirms the increase of the attenuation coefficient close to SiPM 2 from 0.09 to 0.36 cm -1 . Once again, it's the effect of Ce segregation which controls the [Ce] at each region in an increasing trend along the length of the fiber.

Figure 21 :

 21 Figure 21: Attenuation curves for the two sides of a 23 cm long Ø=2 mm Ce:LuAG fiber with a low initial attenuation coefficient, before and after irradiation with 6•10 13 protons/cm 2 .

Figure 22 :

 22 Figure 22: Attenuation curves for the two sides of a 10 cm long Ø 1 mm Ce:LuAG fiber with a high initial attenuation coefficient before and after irradiation with 6•10 13 protons/cm 2 . The curves before and after irradiation for the same fiber side have been normalized to the first point.

Figure 23 :

 23 Figure 23: Advancements of the fiber quality over the last years.

  but with a different excitation wavelength. Scintillation light produced in the crystal fiber propagates by internal reflection from the crystal lateral surfaces. On its way to the photodetectors, part of the light is absorbed with a characteristic attenuation length. The value of this parameter was taken as the indicator of fiber optical quality.The 1 mm diameter fibers were excited with 405 nm pulsed light source, whereas the 2 mm diameter fibers were excited with 470 nm light from a CAEN ultrafast pulsed LED driver (type SP5601). Each fiber's end was connected to a 3x3mmMPPC from Hamamatsu (type S10931-050P). The MPPCs were powered with 72.2 V with a Keithley source meter (type 2410). The outputs of the MPPCs were connected to a homemade instrumental amplifier operated in differential readout (for noise cancellation). The amplified signals were then send to a CAEN digitizer (type DT5720). The comparison of these two signals then allows estimating the light losses occurring during the light propagation along the fiber axis. Finally, the LED is moved with a motorized translation stage (type M-413.32S).

Figure 24 :

 24 Figure 24: Setup for measuring the fiber's light attenuation at CERN.

Figure 25 :

 25 Figure 25: Attenuation profiles of the scintillation light generated for F2, 3 and 4 and a comparison with the previous fiber 1368.

Figure 26 :

 26 Figure 26: Attenuation profiles of the scintillation light generated for eight fibers of different cerium content.

  plots the measured attenuation coefficients whereas figure 28shows the evolution of the calculated attenuation length, both as a function of cerium content of fibers grown at 0.3mm/min. Fibers having the lowest cerium content, had the highest attenuation length (i.e. lowest attenuation coefficient) and vice versa. On the other hand, we noticed an approximately equivalent attenuation length for fibers within a small range of [Ce] difference and this could give an idea about their similar crystalline quality and the reproducibility of the μ-PD growth process.

Figure 27 :

 27 Figure 27: The evolution of the attenuation coefficients as function of the cerium content. The values increased from 0.04 cm -1 for fiber 1444 (least doped) to 0.16 cm -1 for fiber 1447 (most doped).

Figure 30 :

 30 Figure 30: Attenuation profiles of the scintillation light generated for fibers of identical Ce:LuAG content (0.01 at.%) but with different pulling speeds ranging between 0.3 and 0.2 mm/min.

Figure 31 :

 31 Figure 31: The number of photons seen by the SiPM as function of the distance to SiPM for fibers with same Ce:LuAG content (0.01 at.%) but with different pulling speeds ranging between 0.3 and 0.2 mm/min.

Figure 36 :

 36 Figure 36: Close-up pictures comparing 2mm diameter Ce:LuAG fibers before and after irradiation (100 kGy).

  All fibers used in this test had a diameter of 2mm and were cut to have a length of approximately 220mm. Out of the 64 fibers used, around 25 were grown in the frame of this PhD (22 Ce:LuAG and 3 undoped LuAG fibers). Fibers were doped with various concentrations of cerium to produce scintillation light, while the remaining were provided by the Institute of Light and Matter (ILM, Lyon) including 8which were undoped, and therefore used to detect Cherenkov light. As also shown in figure37, undoped fibers were inserted in the fourth column of the module, which corresponds approximately to the location of the shower maximum for 16 GeV electrons impinging onto the module in transverse configuration, and in position 63.
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Figure 37 :

 37 Figure 37: Picture of the grooved brass absorber loaded with crystal fibers. The fourth layer from the right contains undoped LuAG fibers, while all other layers are filled with LuAG:Ce fibers, as clearly visible from the greenish color.

Figure 38 :

 38 Figure 38: The 8 eightfold KETEK SiPM packages used to read out each crystal fiber individually, mounted on the SiPM Interface Board.

Figure 39 :

 39 Figure 39: LED pulser and clear fiber distribution system to inject LED light into the fiber.

Figure 40 :

 40 Figure 40: Normalized pulse shape for various Cerium-doped fibers (green) and undoped LuAG fibers (blue). In undoped fibers, the promptly emitted Cherenkov photons give rise to a faster pulse than scintillation photons, which instead dominate the signal in doped fibers.

Figure 41 :

 41 Figure 41: Attenuation profiles for different fibers as obtained in CERN's laboratory (red points) and at the Fermilab beam test (black squares).

iM.

  Nikl et al, Cryst. Growth Des., 14(9), (2014) 4827-4833 ii S. Liu et al, Optical Materials64 (2017) Pages 245-249 du tirage. L'ajout du dopant Ce complexifie encore plus le système en raison d'un phénomène de ségrégation de cet élément dans la phase liquide au cours de sa solidification. Il se crée alors des gradients de composition en Ce le long de la fibre ce qui la rend peu homogène en scintillation.Le travail expérimental effectué au cours de cette thèse a consisté dans un premier temps à optimiser les paramètres de croissance stables de fibres de LuAG, orientées <111> et non dopées, à partir de la machine de micro-pulling down disponible à la société FIBERCRYST. Les premiers stades de la croissance (mise en contact du germe avec le liquide, équilibre thermique et tirage initial) sont cruciaux pour la suite du tirage. Nous avons montré que des désorientations du cristal pouvaient se former avec l'utilisation de creusets usés ou après un mauvais centrage du germe. Dans les conditions optimales de germination et croissance (vitesse de tirage de 0.5 mm/min, fenêtre de puissance du générateur RF de 28 à 32%), les fibres de LuAG pures de 2 mm de diamètre et d'une vingtaine de cm de long ne présentaient aucun défaut macroscopique (fissure, inclusion, rugosité de surface). L'ajout de Ce dans la source liquide, même à des teneurs aussi basses que 0.005≤[Ce] ≤ 0.01 at.%, a nécessité de modifier ces paramètres de croissance (vitesse de tirage de 0.25 mm/min, fenêtre de puissance du générateur RF de 30 à 34%) pour retrouver des qualités de fibres identiques. L'augmentation de la teneur en Ce au-delà de 0.01 at.% augmente la probabilité de générer des fissures. La ségrégation de Ce le long de la fibre (mesurée par GDMS) n'a pu être évitée de même qu'une ségrégation radiale (observée par microscopie optique sur la tranche).Des tentatives de croissances de fibres orientées <100> (à partir de germes de cette orientation) n'ont pas permis de montrer de différences significatives avec entre les fibres orientées <100> et <111>. Cependant une étude plus systématique de l'orientation <100> serait requise pour vérifier ce point, notamment concernant leurs propriétés optiques. Des caractérisations spécifiques, pertinentes pour l'application visée (i.e. tests d'irradiation, de rendement et d'atténuation lumineuse), ont été réalisées dans des laboratoires partenaires du réseau PICOSEC (CERN et laboratoire FermiLab) pour évaluer les propriétés de ces fibres. Les résultats suggèrent qu'un compromis doit être trouvé pour optimiser à la fois le rendement lumineux et l'atténuation lumineuse. Des longueurs d'atténuation aussi grandes que 30 cm ont ainsi été mesurées pour des fibres de LuAG tirées à 0.25 mm/min et dopées à 0.01 at.% de Ce. Après irradiation, les fibres se dégradent (atténuation lumineuse plus importante) mais restent cependant encore utilisables, ce qui est donc prometteur. Enfin, le croisement des résultats obtenus avec les différents bancs de caractérisations ont permis d'affiner les meilleures conditions de croissance pour l'application calorimètre double visée.

  

  

  

  

  

  

  

  

  

  

Table 1 :

 1 Properties of the tested SiPMs.[1, 2] 

	Type	Size	Cell size	PDE @ 450 nm
	Hamamatsu S12572-025 C (1.gen)	3x3 mm 2	25 μm	< 25 % *
	Hamamatsu S12572-050C	3x3 mm 2	50 μm	< 25 % *
	KETEK PM2250TS-SB0	2x2 mm 2	50 μm	< 25 % *
	* depending on overvoltage ** PDE: photon detection efficiency

F3 (0.035 at. %) F2 (0.05 at. %) F4 (0.025 at. %) F1368 (0.1 at. %) 138 for

  measuring and verifying the fibers' cerium content with ICP and GDMS. The different percentage compositions of the fibers are mentioned in table 4:

	Fiber								
	Reference	1444	1440	1442	1437	1436	1438	1446	1447
	Average								
	Ce at.%	0.15	0.09	0.08	0.06	0.05	0.03	0.01	0.008

Table 4 :

 4 Average cerium content in each fiber.

1446 (0.3 mm/min) 1458 (0.25 mm/min) Average number of Photons at 19 cm

  

			2 mm/min)
	to 0.03 cm -1 (33 cm) for fiber 1458 (0.25 mm/min). The number of photons measured for fibers
	grown with 0.2 mm/min (1461) and 0.22 mm/min (1454) had a drastic decrease especially 1461.
	Whereas fibers grown with 0.25 mm/min (1458) and 0.3 mm/min (1446) reached the same number
	of photons at 19 cm of the fibers' length and was reasonably good (see table 5).
		115.37	115.09
	Attenuation length (cm)	24	33
	Attenuation coefficient (cm -1 )	0.04	0.03

Table 5 :

 5 The number of photons measured for each fiber.
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Verifying the dopant concentration in the raw material by ICP-OES and GDMS

The adequate mixing of undoped and cerium doped materials allowed varying the [Ce] in the raw material from 0 to 0.15 at.%. ICP-OES (Inductively Coupled Optical Emission Spectrometer) was done by ISA (Institut des Sciences Analytiques of Lyon) to verify the dopant concentration in the raw material whereas GDMS (Glow discharge mass spectroscopy) was done by EAG (Evans Analytical Group company) to validate cerium concentrations in the grown samples from diluted cerium doped LuAG mixtures (with very low amounts of cerium).

ICP-OES, sometimes referred to as ICP-AES, separates the light emitted from the plasma into its discrete component wavelengths using a diffraction grating. This method has been used to verify the cerium concentration in our doped LuAG crackles. Each element in the periodic table has its own distinct set of emission wavelengths. Solid samples need to be dissolved in an aqueous mixture, typically with acids (e.g. nitric acid). There exists a wide variety of methods for the complete dissolution of samples, including high-pressure microwave digestion, hot-block digestion, Microwave-Induced-Combustion and fusion. In our case, around 0.1g of cerium doped LuAG crystal crackles were finely grounded and dissolved in nitric acid on a hot plate.CCD detectors are used to quantify the amount of light at a given wavelength. Within the calibration range of the instrument, the amount of light on a given wavelength is proportional to the concentration of the corresponding element in the solution presented to the instrument. Once this concentration is known, the mass fraction of the element in the material being tested can be calculated.

As for the GDMS (Glow Discharge Mass Spectroscopy), ultra-pure argon is introduced into the cell. A DC voltage of 1 kV is applied between the anode (cell body) and the cathode (sample) to initiate the plasma. The Ar + ions thus formed will bombard the sample surface. The ionized particles extracted from the sample are accelerated by a potential difference and then separated by a magnetic field according to their mass/charge ratio. The detection system is composed of a Faraday detector used for higher ion currents 5.10 -13 ampere (major elements) and a detector measuring Daly lower currents ranging from 10 -19 ampere at 5.10 -13 ampere about (trace and ultra-trace). Both detectors thus allow the determination of major, minor, trace and ultra-trace in a single analytical cycle. Analyzing powders or non-conductive samples requires the use of a conductive binder as Tantalum or Indium. The sample is placed on a needle of Ta or In with a Chapter 4

LIGHT

PROPERTIES OF CERIUM DOPED LUAG FIBERS

summarizes the attenuation coefficients of these new samples, which were grown in different runs.

Their corresponding attenuation curves are shown in Figure 9. When comparing with the previous samples, the present set of fibers displays significant improvement both in terms of absolute light extraction and attenuation coefficients. Note that spectacular behavior of samples 1374 and 1368 for which μ< 0.5 cm -1 . The lowest value of μ < 0.13 cm -1 for sample 1368 is even in one order of magnitude improvement compared to the previous set (2009/2010). Note that for this fiber, μ was not found constant along the length; it was lower at the beginning (grown first) than at its end. This could be due to the Ce segregation coefficient which leads to higher [Ce] at fibers' end than the beginning. The readout on the second side is indicated by (180°).

Samples characterization

[Ce]effect on

Ce:LuAG fibers of 1and 2 mm diameter with a 0.3mm/min speed: a.

Light output and attenuation measurements done on 1 mm Ø Ce:LuAG samples

As previous results at Justus Liebig showed an influence of pulling speed and cerium concentration on attenuation, we decided to grow fibers with low pulling speed and low cerium content to be later on characterized at CERN. Three fibers: F2, 3 and 4 (all with: Ø=1mm, L=200mm) were grown under the same growth conditions, with the same <111> LuAG orientated seed and the same low pulling speed of 0.3 mm/min. The different percentage compositions are mentioned in table 3:

Table 3: Average cerium content in each fiber Figure 25 shows the attenuation curves for these fibers and a comparison with the previous fiber 1368 (grown at 0.6mm/min and which was highly doped compared to F2, 3 and 4). The attenuation length λ (cm) is simply calculated by: λ=1/μ where the attenuation coefficient μ (cm -1 ) is calculated by an exponential fit of the normalized curve. In order to estimate the light yield produced by each Ce:LuAG composition at 0.3mm/min, we performed light yield measurements. Figure 29 shows the number of photons seen by the SIPM at a certain position of the Ce:LuAG fibers with 0.15, 0.08, 0.01 and 0.008at.% of cerium and grown at the same conditions and the same pulling speed (0.3mm/min).Results showed that the number of photons seen by the SiPM decreased rapidly within the first 5 cm of all fibers except the one having a 0.01 at.% cerium content which was relatively stable until around 15 cm long (1446). Its attenuation coefficient reached 0.019 cm -1 on the stable region (between 5 and 15 cm) which corresponds to an attenuation length of 52.6 cm. This figure shows also that a [Ce] of 0.08 at. % does not produce enough light yield and that a 0.01 at. % is the best compromise for having both a high attenuation length (i.e. low attenuation coefficient) and a good light yield.

141 The highest attenuation length of 33cm long (more than 60 cm on the stable region) was attained for a fiber grown at 0.25 mm/min (1458) whereas fibers grown at 0.3 mm/min (1446) and 0.22 mm/min (1454) had an attenuation length of 24 and 22 cm respectively. On the other hand, the fiber grown at 0.2 mm/min (1461) had an extremely low attenuation length of 9 cm only. None of the<100> fibers showed good results compared to <111> ones, grown under identical conditions. An illustration of such difference is given in figure 34 for 0.01 at % Ce:LuAG fibers grown with different oriented seeds were the <111> oriented fiber exhibits a higher light yield. However, taking into account the delicate growth process with the μ-PD machine (centering of seed under the nozzle, centering of the crucible inside the thermal shields and inside the RF coil, etc...), a detailed study on a wider set of samples should be done to confirm the effect of seed orientation on the light properties of Ce:LuAG.

. 

Radiation hardness against γ ray

We previously studied the radiation hardness of the Ce:LuAG fibers against protons, but they are not the only potentially damaging high energy particles. Hardness against γ-rays is also important to report. this is done in this part by comparing the attenuation of their scintillation light measured before and after irradiation. A preliminary test was done with the same previous setup at CERN. Other samples were tested at IONISOS company in France.

Experimental details and results

a.

Irradiation at CERN (<0.04 kGy) for a previously grown cerium doped LuAG fiber (f88) from 2008

The high cerium doped ([Ce] > 0.2 at. %) sample f88 grown previously at fibercryst (2008) has been irradiated with a γ irradiator (CERN, Bldg. 27), which is a Co 60 source of high activity (3.21 GBq). The sample was located 8 cm away from the source, in such condition the dose is approximately of 1 Gy per day for this LuAG fiber (2 mm in diameter, 22 cm long).

From this rather low dose already a first discrimination can be done. The fiber f88 selected (used for the test beams of 2008) has initially a rather poor light propagation (attenuation length of around 1.7 cm). Surprisingly, f88 (with a rather high cerium content), despite the rather short initial light attenuation, did not show any further degradation of the light propagation (figure 35).

However, it is difficult to conclude on the radiation hardness of this sample because other defects (cracks, roughness, precipitates) may dominate the damages caused by the radiations. 

b. Irradiation at IONISOS ( 100 kGy) for the three samples

A set of three samples were then irradiated at IONISOS company proposing high energies irradiations services. This set of samples included two of the optimized fibers, a low doped one (f1456) and another with a high cerium content (f1443). As a comparison, we also added a fiber

In order to quantify the radiation damages observed in the fibers, the light attenuation was measured (figure 37). C47 showed a very weak signal in the middle of the fiber. Only the end of the fiber yield a small amount of light which propagates very poorly (attenuation length of around7 mm). However, the LuAG fibers grown at Fibercryst possessed a much better radiation hardness.

The more recent fibers (f1443 and f1456) also showed a rather good radiation hardness. Radiation damage is occurring but the attenuation length only changes from 6.8cm to 4.3 cm (f1443) and from 30 cm to 10cm (f1456). 

c. Effect of impurities on the measured radiation hardness

Since all the measured fibers were grown with very similar growth parameters, we suspected the quality of the raw material to be responsible of this huge difference in radiation hardness. To confirm this, we analyzed f1443, f1456 and a fiber "vc05" grown at the same institute as "C47" with the same growth parameters, by GDMS to check the impurities and their levels.

These values are shown in table 6 and the significant differences are marked in red.

GDMS fine structure analysis showed an increased level of impurities in vc05 compared to f1456 and f1443. Moreover, as a comparison, a bulk LuAG crystal grown by Bridgman having the reference 2055, was also measured. Among the samples grown by Bridgman, significant differences were observed as well. This shows again the very important role of the raw material.

It should also be noted that our samples showed significantly higher levels of Mg compared to the other two samples. Elements such as Silicon, Calcium, Barium and Gadolinium were highly present in the sample vc05 once compared to the other three samples. It's worth to note that even

[Ce] of vc05 was much lower than [Gd] and [Ca]. These impurities are mainly incorporated in the matrix during the growth as a result of crucible contamination. The source of such contamination could be the that crucible was used for growing other types of crystals. This may also be due to impurities in the composition of the powders used to make the mixture, or in the tools used during the growth process. Thus, these impurities could be probably interfering during the radiation process and this is probably the reason behind this poor radiation hardness. hardness of LuAG fibers should be further improved to get closer to the bulk performances and be competitive for high energy physics applications and reproducibility tests are important to confirm these results on a wide set of fibers.

Moreover, the characterization of the fiber response obtained with the beam test at Fermilab helped in identifying a set of optimized parameters for the growth of fibers with good properties for calorimetry applications and in confirming the characterization results done initially at CERN.

Résumé long

En raison de leurs nombreux domaines d'applications, les matériaux scintillateurs ont été très étudiés avec pour résultat la fabrication à l'échelle industrielle de détecteurs à scintillation. La