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General introduction

Glass and ceramic have been under investigation for decades as host for nuclear waste storage. Nowadays, with the increasing demand for the immobilization of large quantities of high level waste (HLW) from diverse sources, there is a strong incentive to develop many of the alternative types of wasteform and to identify new candidate materials, particularly, glass-ceramic materials. In most cases, fission products are vitrified as nuclear waste glass by reprocessing the spent fuel. Borosilicate glass is the most widely used wasteform in many countries that have defense waste or reprocessed high-level waste.

Although many different types of glass and ceramic materials have been investigated as possible candidates for the immobilization of HLW, until now, borosilicate glass is the generally accepted as first decision and it is used as the first generation host for the immobilization of HLW. The selection of borosilicate glass is mainly based on the fact that the processing technique is easy and well demonstrated for actual radioactive waste, and the glass form can accommodate wide variations in the extremely complex waste stream compositions. Moreover, it is not susceptible to radiation-induced transformations.

During the past decades, a lot of researches have been conducted on the disposal of UMo spent fuel which contains a high amount of Mo. Due to the low stability and solubility of MoO 3 in borosilicate, a large volume of glass matrix is required during nuclear waste vitrification, and in addition, the maximum waste loading in borosilicate is limited in the range of 15 to 20 wt.%. Recent study on the crystallization of Mo-rich phases in borosilicate implies a possibility to trap Mo as crystal which can also incorporate and enrich fission products and minor actinides, resulting in their depletion in the glass matrix.

A borosilicate glass-ceramic wasteform containing Mo crystalline phases can be developed for nuclear waste storage, taking advantage of the crystallinity. A primary Mo crystalline phase that forms in borosilicate during glass-ceramic processing has been found to be CaMoO 4 (powellite).

The aim of this research is to investigate the fractionation of fission products and minor actinides (simulated by rare-earth elements) in Mo-rich borosilicate glass-ceramic containing powellite crystallites, and to follow the behavior of powellite single crystal incorporated with rare-earth elements (minor actinide surrogates) under irradiations, in order to figure out its long term behavior in storage conditions.

The background and the purpose of this study are stated in Chapter 1. The methodology of studying the fractionation of fission products in Mo-rich borosilicate glass-ceramic and the behavior of powellite crystal after irradiation are introduced in Chapter 2, including two main sections. Section 2.1 talks about the preparation of Mo-rich borosilicate and the approaches to study the fractionation of elements by using micro-laser-induced breakdown spectroscopy (μLIBS) and electron microprobe analysis (EMPA). A μLIBS system based on a YAG: Nd nanosecond pulse laser coupled with a modified microscope was set up and optimized to perform multi-element mapping. Section 2.2 talks about the preparation of powellite single crystal doped with rare-earth elements (Eu and Nd) and the techniques that were used to investigate the behavior of oriented powellite after external Ar irradiation, including optical interferometry, micro-Raman, micro-luminescence, and transmission electron microscope (TEM).

Chapter 3 presents the results and discussion on the element fractionation of fission products in Mo-rich borosilicate glass-ceramics. Measurement protocols and mapping for detecting elements in Mo-rich borosilicate by μLIBS are stated in Section 3.1. Spatial resolution of μLIBS was characterized by using atomic force microscopy (AFM). Principal components analysis (PCA) was used to classify all the elements detected by μLIBS.

Complementary quantitative analyses on Mo-rich borosilicate were conducted by using the EMPA.

Chapter 4 presents the results and discussion on the behavior of rare earth (Eu, Nd) doped powellite single crystal after irradiations. Surface topography of powellite crystal after irradiations was characterized by optical interferometry (Section 4.1). Confocal micro-Raman mapping on thin sections from irradiated powellite (prepared by focus ion beam) was used to investigate the irradiation induced medium-range-order structure modifications, including structure volume change, stress, and structural disorder (Section 4.2). Transmission electron microscopy (TEM) was employed to investigate the irradiation-induced defects in powellite structure (Section 4.3). Micro-luminescent spectra of Eu were used to study the modification of local structural environment in powellite (Section 4.4).

Chapter 1: Nuclear waste storage and longterm behavior of nuclear glass-ceramic

The background and the purpose of this study in the manuscript are introduced in this chapter which includes four sections. Section 1.1 introduces the origin of radioactive fission products and nuclear wastes as well as the risks resulted from the radioactive wastes.

Section 1.2 presents the immobilization of fission products by means of several wasteforms, including glass, ceramic, and glass-ceramic forms. Section 1.3 is overviews of Mo-rich borosilicate glass-ceramic and its powellite crystalline phase, which are the materials studied in this thesis. The purpose and content of this study are stated in Section 0.

The nuclear fuel cycle and fission products 1.Nuclear reaction and the nuclear fuel cycle

Uranium is a relatively common element that is found throughout the Earth and mined in a number of countries. This element is in the actinide series of the periodic table, with symbol U and atomic number 92. Like coal, oil and natural gas, uranium is an energy resource which can be used to generate electricity by means of nuclear fission reaction. The capture of a neutron of 235 U generates unstable 236 U which later splits into two smaller nuclei ( 141 Ba and 92 Kr) and three neutrons, as described in Equation (1-1). A nuclear chain reaction occurs when one nuclear reaction causes an average of one or more reactions, which leads to self-propagating reactions. The nuclear chain reaction is unique since it releases several million times more energy per reaction than any other chemical reaction.

Each fuel, such as coal, oil, and natural gas, has its own distinctive fuel cycle. Generally, the uranium or "nuclear fuel cycle" is more complex than the others. The nuclear fuel cycle (Figure 1-1) is a series of industrial processes which involves fuel preparation, electricity production and nuclear waste process [1]. Before using in a nuclear reactor, uranium must be processed through a series of steps to produce an efficient fuel, including mining, milling, conversion to UF 6 , enrichment, and fuel fabrication. These steps make up the "front end" of the nuclear fuel cycle. After uranium has been spent about three years in a reactor producing electricity, the used fuel may undergo further series of steps including temporary storage, reprocessing, and recycling before eventual disposal as waste. These steps are known as the "back end" of the fuel cycle. 

Fission products and nuclear waste

During the nuclear fission reactions, atomic fragments are generated by splitting a larger atomic nucleus into two smaller atomic nuclei. These two smaller nuclei are known as "fission products", which are always unstable (radioactive) due to the fact that they are relatively neutron-rich in atomic number. They undergo beta decay rapidly, releasing additional energy in the form of beta particles, antineutrinos, and additional gamma rays which are not directly produced during the fission event itself.

Species of fission products are statistically predictable. The amount of any particular isotope produced per fission is defined as "fission product yield" which is typically expressed as percent per parent fission. The yield is dependent on the parent atom and also on the energy of the initiating neutron. Fission products include every element from zinc to the lanthanides. For the 235 U fission reaction, the average atomic mass of the fragments is about 118, but very few fragments near the average are found. According to statistics, 235 U is more probable to split into two unequal fragments, with average atomic masses of 95 and 137, as shown in Figure 1-2 After nuclear fission reactions and neutron captures in nuclear plants, radioactive fission products including minor actinides (e.g. 72 Ge, 88 Sr, 95 Mo, 139 La, 147 Pr and Ac, etc) are generated as nuclear waste. The chief sources of radiation in high-level nuclear waste forms are β-decay (mainly from 137 Cs and 90 Sr) and α-decay (mainly from actinide elements like U, Np, Pu, Am, and Cm), which are very dangerous for human beings, living organisms, and the environments. The radiation from fission products and minor actinides can last a long time depending on the half-life of the radioactive elements. Generally, β-decay is the primary source of radiation during the first 500 years of storage; whereas, α-decay dominates a much longer time (more than 100 000 years), as it originates from the long-half-life actinides. Figure 1-3 illustrates the dpa 1 generated by β-decay and а-decay in typical ceramics containing DOE tank (243 underground tanks at U.S. Department of Energy site) waste and 10 wt. % 239 Pu. Thus, it is very important to consider the safety of the long-term storage of all these radioactive fission products and minor actinides.

1 See Subsection 2.2.2 

Storage and immobilization of radioactive waste

Development of the materials for the long term storage or disposal of high-level radioactive nuclear waste2 (HLW) materials [5][6][7][8] is related to the reprocessing of spent commercial reactor fuels. The aim of immobilizing and disposing of radioactive waste is concentrated on prevention of nuclear dissemination. Waste loading in nuclear wasteform determines the radiation dose and the thermal future of the wasteform. The final damage state is a function of the balance between accumulated damage and the kinetics of annealing of the individual phases. Nowadays, with the increasing demand for the immobilization of large quantities of HLW from plenty of additional and diverse sources, there is a strong incentive to identify new candidate materials and to develop advantageous wasteform.

Nuclear wasteforms

Glasses 3 , ceramics 4 , and especially glass-ceramics 5 have been under investigation for decades as hosts for nuclear waste storage [9][10][11][12][13][14][15][16][17]. The rationale of the immobilization of radioactive waste materials in glass, ceramic or glass-ceramic wasteforms is to provide a solid, stable and durable material that can be more easily stored and disposed than the current liquid wastes. Immobilization may be accomplished either by dissolving the waste elements on an atomic scale within the host lattice, or by encapsulating the waste within an inert matrix. For the safety of long-term storage, it is required that nuclear waste hosts must possess superior thermal stability, mechanical properties and other potential performances to meet the challenges of specific applications.

Glass form

The potential use of glass as a nuclear wasteform was initially investigated in 1950s in Canada using a natural silicate mineral, nepheline syenite, as starting materials [9]. Various glass systems [10,11,[18][19][20], such as silicate, borosilicate, aluminosilicate, phosphate, rare earth oxide, etc., have been shown to be suitable for producing waste glass forms that are thermally and mechanically stable and exhibit a good chemical durability. By dissolving the HLW in a suitable glass host, glass (vitreous) homogeneous product can be cast into suitable forms. Glass materials are good matrix for HLW, which can be very tolerant of variations in waste composition. Moreover, glasses exhibit reasonable chemical durability and radiation resistance [21]. The technique for preparing glass wasteforms is well established in vitrification plants operational throughout the world. Large amount of HLW immobilized in glass is currently in interim storage at various vitrification plants awaiting the construction of suitable underground repositories for their permanent disposal.

However, glass materials are metastable with respect to temperature and time [22].

Thermal stability of glass is particularly important for the immobilization of HLW. Stress induced by self-irradiation may generate cracks inside the glass during the time in storage.

If serious cracking of the glass subsequently occurs, leaching rates may be significantly enhanced. 3 Amorphous (non-crystalline) solid materials 4 Inorganic polycrystalline materials 5 Polycrystalline materials produced through controlled crystallization of base glass, containing both amorphous (glass) phase and one or more crystalline phases

Ceramic form

Many ceramics are known to possess superior chemical durabilities to glasses under typical repository conditions for immobilization of HLW [11]. Radionuclides may occupy specific atomic positions in the periodic structure of constituent crystalline phases, so as to form a dilute solid solution [13]. The coordination polyhedra in each phase impose specific size, charge and bonding constraints on the nuclides that can be incorporated in the structure. However, unlike vitrification, there are currently no commercial plants in operation for the immobilization of HLW employing crystalline ceramic materials.

Titanate-based ceramics are the most widely studied ceramic wasteform [23]. The most widely known titanate-based ceramics are the synthetic rock (Synroc) family which was developed by Ringwood and coworkers in Australia in the 1970s [14]. Synroc is a titanate ceramic based on naturally occurring minerals, which incorporates actinide elements in nature. Synroc is usually a combination of hollandite (BaAl 2 Ti 2 O 6 ), perovskite (CaTiO 3 ), zirconolite (CaZrTi 2 O 7 ) and rutile (TiO 2 ). Immobilization of radionuclides is realized by incorporating them and the other waste constituents as solid solutions in the crystal lattices of the various ceramic phases. A wide range of cations with different charges can be incorporated into these crystalline phases.

Ceramics are generally multiphase systems containing many minor phases in addition to the major crystalline phases, which can increase the difficulty to predict their long-term behavior in repository environments. Moreover, techniques associated with manufacture of crystalline ceramics are much more complex than that associated with the production of glasses (particularly with the requirement for remote handling facilities in a nuclear environment).

Glass-ceramic form

According to the previous statement of glass and ceramic forms, it is proposed that glass-ceramics may offer a useful compromise between glasses and ceramics, being easier and less expensive to prepare than conventional ceramics, but offering higher durability than glasses. Glass-ceramics are defined as polycrystalline ceramic materials prepared by the controlled bulk crystallization of base glasses [24], consisting of an amorphous (glass)

phase and one or more crystalline phases. In contrast to a spontaneous crystallization which is usually not wanted in glass manufacturing, glass-ceramics are produced by a so-called "controlled crystallization" process. Crystallization of conventional glasses normally occurs by the nucleation of crystals at external surfaces. This crystallization behavior generally gives rise to a coarse microstructure with large anisotropic crystals that grow inwards from the surfaces of the glass [21]. Such materials are usually mechanically weak. To produce mechanically strong and high-quality glass-ceramic materials, there are several requirements, for example, high crystal nucleation density within the glass bulk, dispersed and fine-grained crystallites, homogeneous crystallization, and good crystallinity [25]. In this case, major crystalline phases can form and grow from a very large number of internal heterogeneities inside the glass bulk. This can be achieved practically by using specific nucleating agents.

Immobilization of HLW in the crystalline phases of glass-ceramics is quite similar to that in ceramic forms, by incorporating the radionuclides into the host lattice on atomic scales. By improving the vitrification process, the nuclear glasses can be subjected to an additional heat treatment procedure in order to crystallize the glass into the glass-ceramic form [21]. Further potential advantages of using glass-ceramic as HLW wasteform include easy manufacture, higher thermal stabilities than glass, superior mechanical properties, and an ability to tailor many of their properties to meet the challenges of specific applications.

Moreover, glass-ceramics are more resilient to variations in waste composition than crystalline ceramics prepared by conventional routes.

Radiation damage on wasteform in long-term storage

Radiation (mainly from α-decay and β-decay) effects in glasses and ceramics may impact the performance of nuclear wasteforms and stabilized nuclear materials. The nuclear wasteforms will be exposed to continued radiation and thermal effects during interim storage and permanent disposal that can result in significant restructuring of the materials.

Especially, radiation from α-decay of actinides will be dominant for millions of year.

Responses of solid subjected to irradiation includes: heating, localized displacement of the constituent ions, and disordering or other global rearrangements of those ions [13]. The energy from radiation can be stored in the exposed materials, resulting in heating and disruption to the structures. The combined effects of radiation and high temperatures from βand α-decay can lead to phase instabilities, charge imbalance, redistribution of fission products and actinides, and the onset of helium bubble formation. Damages accumulated in wasteforms can mechanically weaken the materials and cause radioactive dissemination risk in long-term storage.

Mo-rich borosilicate glass-ceramic as wasteform

Nowadays, most of the fission products are vitrified as nuclear waste glass by reprocessing the spent fuel [26]. As stated previously, glasses such as borosilicate and phosphate are used as wasteforms to immobilize radioactive fission products [21,27].

Depending on the chemical composition of the waste stream and the waste loading factor, glass or glass-ceramic conditioning matrices can be obtained [28].

Borosilicate glass is the most widely used wasteform in many countries that have defense waste or reprocessed HLW. Although many different types of glass and ceramic materials have been investigated as possible candidates for the immobilization of HLW, until now, borosilicate glass is generally accepted as the first decision and used as the first generation host for the immobilization of HLW [21]. The selection of borosilicate glass is mainly based on the fact that the processing technique is easy and well demonstrated for actual radioactive waste, and the glass form can accommodate wide variations in the extremely complex waste stream compositions. Moreover, it is not susceptible to radiation-induced transformations [13].

Mo-rich borosilicate glass-ceramic

During the past decades, a lot of researches have been conducted on the treatment of UMo spent fuel [29][30][31][32][33]. At present, one of the big troubles is the storage of Mo in the UMo spent fuel which contains a high amount of MoO 3 (10-12 wt.% [32]). Due to the low stability and solubility of MoO 3 in borosilicate, a large volume of glass matrix is required during nuclear waste vitrification, and in addition, the maximum waste loading in borosilicate is limited in the range of 15 to 20 wt.% [34,35]. For the R7T7 type nuclear waste glass which is currently produced by La Hague in France, the content of MoO 3 is only 1.75 wt.% with a maximum waste loading of 18.5 wt.% [36]. Accordingly, it is necessary to reduce the glass volume and to better store Mo, fission products, as well as minor actinides.

The study of Chouard et al. shows that the solubility of Mo in borosilicate glass can be improved by controlling the Nd 2 O 3 content (8 to 12 wt.%) [37,38]. Moreover, it is shown that crystallization in the glass matrix can be avoided by controlling the composition of the matrix. However, the presence of crystals is not always detrimental. For instance, long-lived radionuclides can be partitioned into the stable crystalline phases and depleted in the glass matrix, which leads to an increase of the waste loading and a reduction of matrix volume. Most importantly, due to the presence of Mo-rich compounds, Mo crystalline phases can form inside borosilicate during processing the nuclear waste glass [35,39]. It is a good opportunity to use the chemically durable crystalline phases in glass-ceramics to incorporate Mo as well as fission products and minor actinides.

Glass-ceramics form a stable phase within a glass matrix for immobilization of elements that fractionate to the crystalline phase. Recent study on glass development with combining 137 Cs, 90 Sr, and lanthanides waste stream yields high degrees of crystallization in lanthanide borosilicate with high waste loading (up to 62.5 wt. %) [40], which indicates that the possibility of developing a glass-ceramic wasteform that takes advantage of crystallinity instead of avoiding crystallization in glass. The acceptance of crystallinity in a glass-based wasteform will typically lead to higher waste loadings [34] and higher thermal stability comparing with glasses.

According to literature, crystalline phases that could potentially form in borosilicate include Mo-rich phases such as powellite [34,39,[START_REF] Rose | Crystallisation of a simulated borosilicate high-level waste glass produced on a full-scale vitrification line[END_REF][42][43][44]. (CaMoO 4 ) and rare earth (RE)-rich silicate phase such as apatite [45,46] (Ca 2 RE 8 (SiO 4 ) 6 O 2 or NaRE 9 (SiO 4 ) 6 O 2 ). It is reported by Chouard [37] that phase separation and crystallization in borosilicate glass can be impacted by the content of rare earth oxides (e.g. Nd 2 O 3 ) in the composition. The primary crystalline phase in borosilicate glass is powellite when the content of rare earth oxides is controlled between 0 to 8 wt.%; whereas, the crystalline phase becomes apatite when the rare earth oxides exceed 12 wt.%. Since apatite is not a Mo-rich phase, it cannot help to accommodate Mo of the UMo spent fuel. Accordingly, the study in this thesis is focus on Mo-rich powellite phase.

Due to the self-irradiation from α-decay events, it is possible to result in a crystalline-to-amorphous transformation for the crystalline phases (e.g. apatite [4]) in glass-ceramics during long-term storage, which can mechanically weaken the materials. So far, there are not many studies on the behavior of powellite crystal under irradiations.

Powellite is shown to be a stable phase in borosilicate [35,39]. Moreover, it is suggested that powellite have a high chemical stability since it is present in the process of R7T7 glass corrosion (up to 190°C) [47].

Therefore, it is interesting to study the structure modification of powellite due to irradiation-induced damage, in order to understand and evaluate powellite as host for immobilization of radioactive fission products and minor actinides. Borosilicate glass-ceramic containing powellite crystals can be realized through partial crystallization by performing additional annealing (Subsection 1.2.1.3). Physical and chemical properties of powellite crystal are briefly introduced in the following subsections. 

Powellite crystal phase
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Rare earth elements (REEs) as surrogate of radioactive actinides

Lanthanides, also called rare earth elements (REEs), have been the subject of intensive investigations for last several decades. For rare earth (RE) ions, a combination of partially filled 4f n -electron shell and screening effect produced by the completed filled 5s 2 5p 6 -electron shell can weaken the influence of external electric and magnetic fields on the 4f-electrons while providing a large number of possible energetic states [START_REF] Gschneidner | Handbook on the physics and chemistry of rare earths[END_REF]. Electron transitions between energy levels of RE ions yield emissions covering a wide spectral range, from infrared (IR) to vacuum ultraviolet (VUV). The first systematic experimental study of the RE energy level schemes was undertaken by Dieke and Crosswhite. A diagram of trivalent RE energy levels known as "Dieke diagram" [START_REF] Dieke | Spectra and Energy Levels of Rare Earth Ions in Crystals[END_REF][START_REF] Carnall | A systematic analysis of the spectra of the lanthanides doped into single crystal LaF3[END_REF] has been established. Taking advantage of the luminescent properties, rare earth doped luminescent materials have received extensive attention for their potential applications such as phosphors [START_REF] Li | Dual-Mode Luminescent Colloidal Spheres from Monodisperse Rare-Earth Fluoride Nanocrystals[END_REF][START_REF] Wang | Fluorescence Resonant Energy Transfer Biosensor Based on Upconversion-Luminescent Nanoparticles[END_REF], solar cells [START_REF] Shalav | Luminescent layers for enhanced silicon solar cell performance: Up-conversion[END_REF], flat-panel displays [START_REF] Downing | A Three-Color, Solid-State, Three-Dimensional Display[END_REF][START_REF] Maciel | Blue cooperative upconversion in Yb3+-doped multicomponent sol-gel-processed silica glass for three-dimensional display[END_REF], scintillators [START_REF] Panayiotakis | A study of X-ray luminescence and spectral compatibility of europium-activated yttrium-vanadate (YVO4: Eu) screens for medical imaging applications[END_REF], solid state lasers [START_REF] Heine | Green upconversion continuous wave Er3+: LiYF4 laser at room temperature[END_REF], fluorescent labels and biological probes [START_REF] Zhang | Versatile Photosensitizers for Photodynamic Therapy at Infrared Excitation[END_REF], etc.

Due to the similarity in physical and chemical properties between lanthanides and actinides, non-radioactive lanthanides are always used as surrogates to simulate the radioactive actinides in nuclear wasteform [36]. Because of the structural variability, powellite can accommodate considerable chemical substitutions including trivalent actinides and lanthanide elements [START_REF] Bosbach | Trivalent actinide coprecipitation with powellite (CaMoO4): Secondary solid solution formation during HLW borosilicate-glass dissolution[END_REF]. The lanthanides substitute the Ca site (S 4 symmetry) in powellite structure. It is reasonable to predict that, in the Mo-rich borosilicate glass-ceramic, lanthanides and actinides (α-decay source) fractionate in favor of the powellite phase. Therefore, the glass matrix surrounding the crystalline phase can be considered as a second-barrier to trap the radioactive actinides.

Meanwhile, luminescent properties of REEs are very sensitive to the local environment of the lattice structure. Therefore, REEs can be exploited as optical probe to investigate the structure modification of powellite after irradiations. Figure 123456shows the energy levels of Eu 3+ which will be used to probe the local environment of irradiated powellite in this study. 

The work in this thesis

The research in this thesis is mainly focused on two aspects. The first one is the fractionation of constituent elements between glass and powellite crystalline phase in borosilicate glass-ceramics. The second one is the behavior of powellite crystal under irradiations.

Fractionation of radioactive elements in the Mo-rich borosilicate glass-ceramic

Minor actinides, lanthanides and the other fission products have different fractionation behavior between glass and crystalline phases in the Mo-rich borosilicate glass-ceramic.

During the process of CaMoO 4 crystallization, some of the elements are preferentially incorporated into crystalline phase [15,17,27,[START_REF] Gieré | Energy, waste and the environment: a geochemical perspective[END_REF][START_REF] Paul | Investigating Rare Earth Element Mine Development in EPA Region 8 and Potential Environmental Impacts[END_REF] while the others remain in the glass one. To take advantage of the Mo-rich crystalline phase in borosilicate to accommodate Mo as well as fission products and minor actinides, the ability of powellite to incorporate the elements in nuclear waste has to be figured out. It is therefore necessary for the nuclear industry to monitor this fractionation of elements in the glass-ceramic wasteform for controlling the immobilization of fission products and considering the long term behavior of glass-ceramic in the nuclear waste storage conditions.

The methodology to study the fractionation of constituent elements in borosilicate glass will be stated in the first section of Chapter 2, while the corresponding results and discussion will be presented in Chapter 3.

Behavior of powellite crystal under irradiation

Internal bombardment due to α-decay can induce damage on the structure of crystalline phases in long-term storage. The responses of the crystal structure subjected to irradiation includes heating, localized displacement of the constituent ions, and global rearrangements (e.g. disordering) [13]. Moreover, the incorporated irradiating particles in the crystal can have a significant effect on the evolution of the microstructure, through their deposition in the wasteform.

It has been demonstrated that the structure modification on crystalline phase under the high dose rates of the heavy-ion irradiation is nearly identical to that of Pu-doped zircon [START_REF] Weber | Effect of Temperature and Recoil-Energy Spectra on Irradiation-Induced Amorphization in Ca2la8(Sio4)6o2[END_REF]. This suggests that heavy ion beam irradiation can be used to simulate the damage caused by α-decay events [13]. Charged-particle irradiations using electrons, protons, α-particles or heavy ions [START_REF] Weber | Effect of Temperature and Recoil-Energy Spectra on Irradiation-Induced Amorphization in Ca2la8(Sio4)6o2[END_REF] have been used to study radiation damage effects, since significant doses can be reached in short periods of time (e.g. minutes or hours) [13]. The methodology to study the behavior of powellite crystal under irradiation is stated in the second section of Chapter 2, while the corresponding results and discussion are presented in Chapter 4.

Since luminescent properties of

Chapter 2: Sample preparation and methodology of the study

The methodology of studying the fractionation of elements in Mo-rich borosilicate glass-ceramic and the behavior of powellite crystal after irradiation is stated in this chapter.

The first section describes the preparation of Mo-rich borosilicate glass-ceramics and the approaches to study the fractionation of fission products by using micro-laser-induced spectroscopy, laser ablation inductively coupled plasma mass spectrometry and electron microprobe analysis. The second section presents the techniques used to investigate the behavior of oriented powellite after external Ar irradiation, including optical interferometry, micro-Raman, micro-luminescence, and transmission electron microscope.

Methodology for studying the fractionation of fission products in Mo-rich borosilicate glass-ceramic

Elements in Mo-rich borosilicate have different fractionation behaviors between glassy and crystalline phases. A portion of the elements are incorporated in the precipitated CaMoO4 crystallites while the others remain in the glass matrix. Location of radioactive elements in the Mo-rich borosilicate glass-ceramic is important to predict self-irradiation damage. Accordingly, mapping techniques can be employed to perform elemental analysis and monitor the fractionation behaviors of elements between the residual glass and the crystalline phase.

An inactive Mo-rich borosilicate glass which is a glass analogue of SON68 7 glass without radioactive elements was used for the study of fractionation of the constituent elements. The techniques used to realize multi-element mapping include micro laser-induced breakdown spectroscopy (μLIBS) and electron microprobe analysis (EMPA).

First, a μLIBS system was set up and optimized for performing multi-element mapping automatically on the specified sample surface. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and EMPA were conducted for comparison and validation of the μLIBS measurements. Particularly, the fractionation behavior of elements in the borosilicate glass-ceramic was carefully determined by EMPA mapping.

Preparation of Mo-rich borosilicate glass-ceramic sample 2.1.1.1 The Mo-rich borosilicate glass sample

The Mo-rich borosilicate that used as precursor material of the glass-ceramic sample was prepared by Sophie Schuller from CEA Marcoule [1]. The compositions (in oxide) of the SON68 glass and its analogue are listed in 

Preparation of Mo-rich glass-ceramic sample

Glass-ceramics are defined as polycrystalline ceramic materials [2] which have composite microstructures. An effective way to obtain glass-ceramics in laboratory preparation is precipitating a microscale crystalline phases in conventional nuclear glasses by partial crystallization during heat treatments [3][4][5][6]. In this experiment, Mo-rich borosilicate glass-ceramic sample containing needle-shaped CaMoO 4 crystallites was created by thermally treatmenting the Mo-rich borosilicate analogue.

According to Clément Mendoza's study [1] 

Summary of this subsection:

Mo-rich borosilicate glass-ceramic sample containing needle-shaped dendritic

CaMoO4 crystallites, which have a diameter of about 25 μm and a length of several hundred microns, was obtained by performing two-step thermal treatment on the Mo-rich borosilicate glass.

Technique I: Laser induced breakdown spectroscopy (LIBS)

In this study, laser-induced breakdown spectroscopy (LIBS, Subsection 2.1.2.1) was employed to perform the elemental analysis on the Mo-rich borosilicate glass-ceramic sample. A micro-LIBS (μLIBS, Subsection 2.1.2.2) system was set up (Subsection 2.1.2.3) and optimized (Subsection 2.1.2.4) based on a YAG: Nd nanosecond pulse laser coupled with a microscope to perform multi-element mapping automatically on the specified sample surface. Atomic force microscopy (AFM) was used to characterize the spactial resolution of μLIBS mapping (Subsection 2.1.2.5).

LIBS

LIBS is an established analytical technique based on spectroscopic analysis of radiation, which is emitted by a micro-plasma induced on the analyzed surface by laser pulse.

Generally, plasma can be formed by focusing a laser beam which can induce breakdown on a sample surface. The principle of laser-induced breakdown process consists of three basic steps (Figure 2-5): interaction of laser and the target; removal of sample mass (ablation); plasma formation (breakdown).

Emission of the plasma is collected through an optical fiber and sent to a spectrometer.

By identifying the emission lines in the plasma, it is able to analyze elements in the studied materials. The relative simplicity of the LIBS principle makes this technique very attractive for a large variety of applications [7][8][9]. The increasing interest of using LIBS in spectrochemical analysis can be ascribed to the unique advantages of this technique, such as easy sample preparation, capacity of non-contact and remote analysis, instantaneous response for multi-elemental identification and possibility of precisely localized (micro)

surface analysis [10]. Evidently, LIBS can be beneficial to the detection of rare earth elements [11,12] and investigation of nuclear waste [13][14][15]. 

μLIBS mapping

μLIBS mapping allows us to establish fast spatial scanning without complicated sample preparation. Nowadays, μLIBS is a growing area of LIBS, which employs focusing microscope objective to perform μJ-energy laser pulse for the excitation of plasma [17].

Microanalysis of material surfaces is a main application of μLIBS. It can provide a convenient approach to conduct elemental analysis of inhomogeneous and heterogeneous materials, such as mineral samples [18,19], and has been used as an elemental surface mapping tool. Compared to other elemental analysis techniques, such as Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) and electron microprobe analysis, LIBS or μLIBS setup is simple and cost effective [20]. μLIBS gives an instantaneous signal directly related to the location at which a single ablation event occurs.

It is therefore a suitable technique to realize space-resolved elemental analysis with fast response [17,21].

Elemental mapping consists of information about the variation of the emitted line intensity of a specific element versus one or more spatial coordinates. Images of spatial distribution are used to establish compositional interrelationships of the elemental constituents in the sample. Several studies have been reported on μLIBS mapping of metallic samples [21][22][23]. However, μLIBS mapping of rare earth elements in nuclear waste glass-ceramic has still not been studied. Laser-material interaction mechanism in glass-ceramic is much more complicated comparing to what happens in a metallic sample.

For nuclear waste glass-ceramic, it is a challenge to conduct elemental mapping with high spatial resolution due to tiny size of crystallites (tens of microns in section diameter) which are embedded in glass matrix. Therefore, it is important to develop μLIBS system to perform mapping for this kind of samples, especially, to detect the distribution of trace rare earth elements. In this study, according to the advantages of μLIBS technique, a μLIBS mapping system was set up based on a YAG: Nd nanosecond pulse laser coupled with an improved microscope to realize multi-elemental mapping on a specified sample surface.

Experimental setup of μLIBS

The μLIBS mapping system consists of a pulsed laser and an improved microscope 9 that is combined with an XY translation stage. The experimental setup is shown in Figure 2-6 and Table 2-2. A Nd:YAG nanosecond pulse laser (Spectra-Physics) operating at 266 nm with an energy of 2 mJ per pulse was used as ablation source. The beam was attenuated to work with an adjustable energy. An iris followed by a beam expander system was used to shape the laser and to obtain a good Gaussian beam profile to gain spatial resolution. A laser power meter (Ophir) was placed in the beam path to monitor the laser energy in real First of all, laser stability plays a critical role in a long time mapping, which affects the emission intensity of plasma. A stable laser beam is required to obtain reliable mapping which is retrieve from intensity data. Figure 2-9 shows the laser energy variation with time for 266 nm. In the first 1.5 hours, the laser energy decreased from about 21.5 mJ to 16.5 mJ (23.2 % attenuation). It was then remained at about 16.2 mJ for more than 5 hours. It is reasonable to consider that, the laser beam begins to be stable from 1.5 hours after starting.

Hence, mapping should be conducted after this period of time.

Secondly, it is important to use an attenuator to control the laser energy. For 266 nm, the maximum energy is about 20 mJ. As it has been stated in subsection 2.1.2.2, energy performed on the sample surface is micro-Joule, which is much less than the output laser energy. Generally, the output laser energy can be adjusted by the laser controller. However, laser beam is more stable when operating at around maximum energy. In this case, an attenuator can be used to reduce the laser power, based on which the laser can be maintained at a stable state but with very low energy. In addition, all optical devices can attenuate laser energy, such as optical lens, mirrors and the microscope system. As shown in Table 2-3, the laser energy is reduced from 1.6 (E 3 , energy at the entrance of the microscope) to 1.0 mJ when using a ×15 objective. By comparison, the final energy performed on sample surface is only 0.6 mJ when using a ×40 objective. That is to say, with a ×15 objective, the total attenuation rate is about 93.3 %, while with a ×40 objective, the total attenuation rate becomes 96 %. Thirdly, it is important to consider the relation between spatial resolution of the μLIBS mapping and the laser energy performed on the sample surface. As it has been reported, the crater diameter is related to the beam spot on the sample surface and the pulse energy [17].

To achieve high spatial resolution, small energy and tight focal spot are required. For the same focal condition, lower pulse energy leads to smaller crater. However, sufficient emission signal for detection must be considered while reducing the crater size by lowering the laser energy [24,25] 

Characterization of μLIBS spatial resolution using atomic force microscopy (AFM)

The atomic force microscope (AFM) [26] is a kind of scanning probe microscopes (SPM) which are designed to measure local properties (such as height, friction, magnetism) of materials with a probe. The AFM consists of a cantilever with a sharp tip (probe) at its end which is used to scan the specimen surface. The cantilever is typically silicon or silicon nitride with a tip radius of curvature on the order of nanometers. When the tip is brought into proximity of a sample surface, forces between the tip and the sample lead to a deflection of the cantilever according to Hooke's law. Depending on the situation, forces that are measured in AFM include mechanical contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, Casimir forces, solvation forces, etc. By measuring the force between the tip and the specimen surface continuously during scanning, an image of the detected surface can be acquired, which contains information of local properties of the material. In most cases, a feedback mechanism is employed to adjust the tip-to-sample distance to maintain a constant force between the tip and the sample. In such design, the tip is mounted on a vertical piezo scanner when the sample is being scanned in X and Y using another piezo block. The resulting map of the area represents the topography of the sample.

The lateral resolution μLIBS mapping can be determined by characterizing the crater size [24,[27][28][29]. For the study of fractionation of elements in the Mo-rich borosilicate glass-ceramic using μLIBS, AFM topography observation were performed with an AFM Nanoscope III Digital Instrument working at tapping mode condition to characterize single-laser-shot craters precisely on polished Mo-rich borosilicate glass ceramic sample.

Summary of this subsection:

A μLIBS system was set up and optimized based on a YAG: Nd nanosecond pulse laser coupled with a modified microscope to perform mapping of multi-elements automatically on the Mo-rich borosilicate glass-ceramic. AFM was used to characterize lateral resolution of μLIBS mapping on the sample surface.

Technique II: Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)

Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [30] is an analytical technology that enables highly sensitive elemental and isotopic analysis to be performed directly on solid samples. It begins with a laser beam focused on the sample surface to generate fine particles -a process known as Laser Ablation (LA). The ablated The LA-ICP-MS analysis on Mo-rich borosilicate glass-ceramic performed by C.

Mendoza [1] was used as validation of the μLIBS mapping. 

Technique III: Electron microprobe analysis (EMPA)

Electron microprobe analysis (EMPA) [32], also known as an electron probe microanalysis (EPMA), is a technique used to determine the chemical composition of small selected areas of solid samples, in which X-rays are excited by a focused electron beam.

The X-ray spectrum contains characteristic lines of the elements present in the sample that can be used for identification. Qualitative analysis is easy to obtain by identifying the lines from their wavelengths (or photon energies). By comparing their intensities with those emitted from standard samples (pure elements or compounds of known composition), it is also possible to quantitatively determine the concentrations of the elements. Generally, detection limits can be attained down to tens of parts per million (ppm). Spatial resolution is limited to about 1 μm by the spreading of the beam within the sample.

In this experiment, EMPA was used as a complementary technique for quantitative The EMPA was both performed on the initial Mo-rich borosilicate glass and its glass-ceramic sample. Mapping of the glass-ceramic sample was conducted on areas containing both glassy and crystalline phases. The working conditions of the EMPA are show in Table 2-5. 

Preparation of oriented CaMoO4 crystal slices

For performing irradiation along specific orientations, the powellite crystal was cut along the crystallographic planes to get two series of slices perpendicular to a-and c-axes respectively, with a thickness of 1 mm.

Schematic diagram of powellite crystal cutting and orientations of the sample are presented in Figure 2-17. The surfaces of all the slices were well polished, up to less than 1 μm roughness. Figure 2-18 is an image of oriented powellite slices after polishing. In order to distinguish the samples, slices perpendicular to a-axis are called a-slices, while those perpendicular to c-axis are called c-slices. For a-slices, the other two axes on the plane parallel to the slice are a-and c-axes respectively; whereas, for c-slices, they are two identical a-axes. 

Oriented Ar irradiation on doped powellite

The effects of radiation from the decay of radionuclides will accumulate over long time periods. A broad range of accelerated irradiation techniques have to be utilized to simulate and study radiation effects in nuclear waste forms (glass, glass-ceramic, and ceramic).

Generally, charged-particle irradiation using electrons, protons a-particles, and heavy ions can be employed for the purpose. Based on the high dose rates of particle accelerators, very significant doses are reached in short time periods (e.g. minutes or hours). A comparison among relative damage rates in natural mineral, HLW forms, ceramics for Pu disposition and the damage rates of accelerated irradiation methods is listed in Table 2-7 [33].

In order to compare the results of charged-particle irradiations with those from actinide-decay studies, the comparable dose in displacements per atom (dpa) can be calculated based on the binary collision approximation. It is used to represent the effect of irradiation on materials properties in radiation material Science. Displacements per atom (dpa) is defined as the number of times that an atom is displaced from its structural site during the irradiation. Based on the induced atom displacements (D atom , vacancies/A/ion)

given by SRIM, dpa can be calculated depending on determined fluence of the ion beam (ψ, ion/cm 2 ), as shown in the following equation. Here, ρ (g/cm 3 ) and M (g/mol) are respectively the density and the molar mass of CaMoO 4 , while N A is the Avogadro constant and Z is the number of atoms in one CaMoO 4 molecular unit. For CaMoO 4 , ρ 4.26 g/cm 3 , M = 200.02 g/mol, Z = 6 and N A = 6.02×10 23 . The studied dpa values in powellite are predetermined to be 0.012, 0.06, 0.12, 0.6, 1.2, and 5.0 (average dpa value) to follow the structure evolution with dose. To achieve the required dpa values in the whole 3-μm-thick layer, each sample has to undergo sequentially five Ar irradiations with energies of 7, 5, 3, 2, and 0.9 MeV, respectively. For instance, Figure 2-19 presents the dpa depth profiles generated by multi-energies Ar irradiations which lead to an average dpa of 0.012 in a 3-μm-thick layer of powellite. Fluences (in ion/cm 2 ) of Ar irradiations to achieve 0.012 dpa are 1.5×10 13 for 7 MeV, 8.0×10 12 for 5

MeV, 8.0×10 12 for 3 MeV, 6.0×10 12 for 2 MeV, and 6.0×10 12 for 0.9 MeV, respectively.

Similarly, based on Formula (2-1), the other required dpa values can be realized by determining the Ar fluences. Figure 2-20 shows the series of flat (or even) dpa depth profiles (with averages of 0.012, 0.06, 0.12, 0.6, 1.2 and 5.0 dpa, respectively) in a 3-μm-thick lay of powellite. 

Ar irradiation on oriented powellite slices

The Van de Graaf accelerator of the Institut de Physique Nucléaire de Lyon (France)

was used for the Ar-ion irradiations. 

Summary of this subsection:

Internal self-irradiation from fission products (minor actinides) in powellite was simulated by exposing powellite crystal under external Ar-ion radiations. According to the SRIM simulation, multi-energies (7, 5, 3, 2, 0.9 MeV) Ar irradiations were performed successively on oriented powellite crystal slices in order to generate even dpa profiles in a 3-μm-thick damaged layer inside the sample.

Preparation of lamellae from irradiated powellite samples using focused ion beam (FIB)

As it has been discussed by Nasdala et. al [35,36], spatial resolutions of optical characterizations technique (i.e. micro-Raman and micro luminescence) have to be considered carefully before performing measurements on the irradiated samples. When performing analyses perpendicular to the irradiated surface, depth resolution of the equipment becomes very crucial. Real analyzed volume can exceed the thickness of irradiated layer, from which spectrum is mixed by information from the non-irradiated layer just below the irradiated one.

The achievable spatial resolution (consisting of lateral and depth resolution) is primarily dependent on the laser wavelength and microscope objective being used. The maximal depth resolution of a confocal Raman [37] spectrometer can be estimated [38,39] as 4λ/(NA) 2 , whereas the corresponding lateral resolutions (laser waists) is about 1.22λ/NA.

Here, λ is the incident laser wavelength and NA is the numerical aperture of the objective.

For example, when equipped with a x100 objective (NA=0.95), depth resolutions of 473 nm and 633 nm laser are 2.1 μm and 2.8 μm, respectively, while their lateral resolutions reach as high as 0. Therefore, to retrieve reliable information from the irradiated layer, Focus Ion Beam (FIB) [40] can be used to prepare such a thin section for optical characterizations (micro-Raman and micro-luminescence).

A series of FIB lamellae were prepared from some of the irradiated powellite slices ). The lamella was lifted out from the bulk using a micromanipulator tip attached to the surface of the powellite sample, then transferred to a special holder (lift-out copper grid) and followed by final thinning to 3 μm using Ga + beam. 

Summary of this subsection:

By using a FIB-SEM equipment, a series of oriented FIB sections with an average thickness of 3 μm were prepared from irradiated powellite slices which have 0.012, 0.12, 1.2, and 5.0 dpa (for both a-and c-orientations). 

Technique I: Optical interferometry -Macroscopic investigation

Optical interferometry is a technique of combining light from multiple sources in an optical instrument in order to make various precise measurements. This technique has been applied to characterize surface topography, surface profile, and surface roughness [42][43][44].

In this study, surface optical topography of all irradiated samples was measured using a Microsurf 3D profiler (Fogale Nanotech) built on microscope with a vertical resolution down to 1 nm, to investigate the macroscopic swelling of a-and c-orientated irradiated powellite.

Technique II: Raman spectroscopy -Mesoscopic investigation

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational, and other low-frequency modes in materials, which relies on Raman scattering (inelastic scattering) of monochromatic light (laser) [45,46]. Interaction between laser beam and the 

Technique III: Luminescent spectroscopy -Local order investigation

Emission of RE ions [50,51].can be easily recorded and it is very sensitive to local crystal environment, which can be used as optical probe to monitor the local structure of materials.

A tunable Nd: YAG laser system (NT342B-SHG/SFG, EKSPLA) is used to achieve the site-selective excitation experiments. The YAG:Nd (NL300) pumped OPO (optical parametric oscillator) followed by a second harmonic generator (SHG) crystal provided the laser exitation with a range of wavelength from 400 to 700 nm, which covers the Eu 3+ : 7 F 0 5 D 0-2 absorption bands. The laser beam was horizontally polarized with a pulse duration of 5 ns, and it is focused on sample surface by optical lens. The selectively excited Eu 3+ emission spectra are recorded without any polarization.

Polarized emission spectra of pristine powellite are conducted on a RM 1000 micro-spectrometer (Renishaw) at room temperature with an continuous excitation of 532 nm of diode CW laser (300 mW maximum). All the measurements were carried out with a 100X Olympus objective (NA = 0.95), and each spectrum was recorded using a 1800 l/mm grating (High resolution) and a 50 μm slit.
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Photoluminescence mapping is performed on FIB lamellae (similar to Raman mapping)

to follow the changes of powellite structure induced by Ar irradiations. Mapping of steady-state emission spectra Eu 3+ were conducted on a LabRAM ARAMIS Horiba equipment 10 (the same as for Raman experiment), using a continuous laser source of 473 nm and a 1800 l/mm grating (high resolution). Each luminescent spectrum was recorded from 578 nm to 620 nm which corresponds to emission of Eu 3+ : 5 D 0 7 F 0,1 transitions.

Technique IV: Transmission electron microscopy (TEM) -Induced defects investigation

Transmission electron microscopy (TEM) is a microscopy technique based on interaction of ultra-thin specimen and the electron beam that passes through the specimen.

Alternate working modes allow TEM to observe modulations in chemical identity, crystal orientation, electronic structure and sample induced electron phase shift as well as the regular absorption based imaging [52]. It has been used to explore the atomic structure of crystalline and amorphous materials. 

Summary

Methodology for studying the fractionation of fission products in Mo-rich borosilicate and the behavior of powellite single crystal under irradiation are described in this chapter. Secondly, for the study on behavior of powellite single crystal under irradiation:

An Eu, Nd and Na doped calcium molybdate single crystal was grown by Czochralski technique. The phase of the synthetic powellite crystal was verified to be CaMoO 4 .

Orientations of the powellite crystal were determined using XRD. A series of oriented powellite slices were prepared by cutting the bulk crystal along two different crystallographic planes. Internal self-irradiation from minor actinides on powellite was simulated by exposing powellite crystal under external Ar-ion radiations. According to the SRIM simulation, multi-energies (7, 5, 3, 2, 0.9 MeV) Ar irradiations were performed successively on oriented powellite crystal slices in order to generate even dpa profiles in a 3-μm-thick damaged layer inside the sample. By using a SEM equipment, a series of oriented FIB sections with an average thickness of 3 μm were prepared from irradiated powellite slices which have 0.012, 0.12, 1.2, and 5.0 dpa (for both a-and c-orientations).

Surface optical topography of all irradiated samples was measured using optical interferometry. Modifications on powellite structural properties in medium-range-order after irradiation were characterized by Raman spectroscopy. Confocal Raman mapping was conducted on FIB sections to follow the evolution behavior of the powellite structure.

Modifications on local crystal environment were probed by measuring the emission spectra of Eu 3+ . Lattice defects induced by irradiations were characterized by TEM. Results and discussion of the behavior of powellite single crystal under irradiations will be presented in Chapter 4.

Chapter 3: Mapping of multi-element in Mo-rich borosilicate glass-ceramic

Fractionation behavior of elements between glassy and crystalline phases in the Mo-rich borosilicate glass-ceramic is studied in this chapter by using elemental mapping techniques based on micro laser-induced breakdown spectroscopy (μLIBS) and electron microprobe analysis (EMPA). Section One is focused on μLIBS mapping of Mo-rich borosilicate glass-ceramics, while Section Two talks about elemental mapping of Mo-rich borosilicate glass-ceramic and fractionation of the elements by using commercial EMPA equipment. A discussion on fractionation behavior of fission products is presented in Section Three.

μLIBS mapping on Mo-rich borosilicate

In this Section, μLIBS mapping was realized on the surface of a Mo-rich borosilicate glass-ceramic using a μLIBS system which consists of a nanosecond pulse laser and an optical microscope. Details of the glass-ceramic and the μLIBS setup sample have been 

μLIBS mapping protocols

Spectral length of the spectrometer (Shamrock 303i) in the μLIBS system is about 34 nm when using a high resolution grating (1200 l/mm). Since characteristic atomic or ionic lines of different elements are in different spectral ranges, it is less likely to detect all the elements of the sample within a spectral length of 34 nm, although it is not necessary.

Spectra acquisition range has to be adjusted according to the detection of specific elements (Appendix A.2 shows a full-range LIBS spectrum of initial Mo-rich borosilicate glass).

LIBS spectra in two different spectral ranges from the same mapping area are shown to be correlated, which suggests the validity of μLIBS mapping for multiple scanning the same sample area with different spectral ranges (See Appendix A.3).

The priority of detection is rare earth elements (REEs) in the Mo-rich borosilicate glass-ceramic which simulate the radioactive minor actinides. Considering the fact that concentration of REEs is relatively low in the sample, the intensities of emission lines from REEs species may be weak. One advantage of using Shamrock 303i spectrometer is that it is designed for working with demanding low-light applications. Before conducting mapping on the Mo-rich borosilicate glass-ceramic, it is very important and necessary to find suitable spectral ranges for detecting REEs in the sample. The μLIBS mapping protocols in this subsection include the approach to conduct large-size mapping and the spectral lines used for elemental mapping.

Large-scale mapping

In this experiment, each spectrum was recorded with single laser shot. A sequence of single-laser shots was designed and performed on a small square area on the sample surface, as illustrated in Figure 3 

LIBS Spectra of the glassy and crystalline phases of the Mo-rich glass-ceramic sample

To conduct efficient mapping, it is essential to detect as many elements as possible in a given spectral range, especially for the trace rare earth elements. Figure 3-2 shows LIBS spectra of the glassy phase and crystalline phase of the Mo-rich glass-ceramic sample in the range of 364 nm to 398 nm recorded with a gate delay of 150 ns and a gate width of 1 μs (atomic emission lines are labeled with "I" and ionic emission lines are labeled with "II").

According to Figure 3-2, Mo, Ca, Sr, REEs Al, Fe and Zr emission lines were found in the spectral range from 364 nm to 398 nm. All the detected elements were validated by LA-ICP-MS (which is discussed in Subsection 3.1.2.3). Emission lines of the detected elements are listed in Table 3-1, which are assigned according to the NIST database [1].

In Figure 3 

Multi-element mapping of Mo-rich glass-ceramic

A 1200 × 1600 μm 2 (i.e. 1.2 × 1.6 mm 2 ) rectangular area on the polished surface containing both residual glass and crystallites was selected to conduct μLIBS mapping, as illustrated in Figure 3 

Laser-ablated crater characterization by AFM

Characterization of single-laser-shot craters [2][3][4][5] to determine the spatial resolution of μLIBS mapping were conducted based on AFM. Sufficient emission signal for detection must be considered while reducing the crater size by lowering the laser energy [3,6]. It is therefore very important to find a compromise between spatial resolution and sufficient LIBS signal (stated in Subsection 2.1.2), in order to obtain both adequate LIBS signal and high spatial resolution for the detection of trace rare earth elements in the nuclear waste glass-ceramic sample.

For μLIBS mapping in this study, energy performed on the sample surface was 400 to 600 μJ. The Mo-rich borosilicate glass ceramic sample consists of glassy and crystalline phases, according to the optical microscope images (Figure 2 while crater on crystal has a similar depth as that on glass but a diameter of about 5 μm. By fitting the depth profiles with a two-dimension Gaussian function 11 , it is able to calculate the integration of this curved surface which gives an estimated volume 12 of the crater by single-laser-shot. Thereby, the estimated ablated volumes of crater are 20.5 μm 3 on the glass and 10.3 μm 3 on the crystal. Related parameters are listed in Table 3-2.

11 Two-dimension Gaussian function: 12 Estimated volume enclosed by a two-dimension Gaussian function: , ( ) A series of single-shots were performed for AFM measurement to investigate the pulse-to-pulse variation in crater depth and width. Based on statistic calculation of measurements on eight craters, the average diameter and depth of crater on glass are 6.9 ± 0.5 μm and 1.3 ± 0.2 μm, and those on crystal are 5.2 ± 0.4 μm and 1.2 ± 0.1 μm (Table 3-3). According to the crater characterization by AFM, it is possible to perform μLIBS 2D 

μLIBS mapping of Mo-rich glass-ceramic

Optical microscope image of the mapping area on the sample surface under a transmitted white light is shown in Figure 3-5. The needle-shaped crystallites which are randomly located in the glass matrix can be clearly distinguished from glass. Since the glass matrix is almost transparent, crystallites beneath the sample surface are always observable under transmitted white light.

For each point in the scanned area, the corresponding line intensity of every species (marked with "*") in Table 3-1 was retrieved from the spectra with background subtracted.

Intensity maps of each element were therefore constructed, as shown in Figure 345. 

Maps of Mo and

Validation of LIBS analysis by LA-ICP-MS

So far, quantitative analysis on Mo-rich borosilicate glass-ceramics using μLIBS is still on progress. Here, the quantitative analyses on the Mo-rich borosilicate glass-ceramics conducted previously by C. Mendoza [7] is used to provide a validation for the μLIBS mapping results. Average concentrations of elements based on ten-point measurements in both glass and crystal were determined by LA-ICP-MS and are listed in 

Data treatment with principal components analysis (PCA)

Principal components analysis (PCA) was used to classify all the elements detected in this sample by LIBS. The data from an area with 35 × 40 points in the mapping zone which contains three crystallites was extracted and used for PCA calculation (inset of Figure 34567).

The wavelengths of each line used for mapping (Table 3- 

Mapping using EMPA

As a complementary technique, quantitative elemental analyses were conducted on the Mo-rich borosilicate glass-ceramic using electron microprobe analysis (EMPA). Mineral samples with known components were used as references. Subsection 3.2.1 presents the multi-element (Si, Al, Na, Mo, Ca, Eu, Nd, La, Pr, Sr, Cs, Zr, Zn, and Fe) mapping of a small area containing both glassy and crystalline phases on the polished surface of Mo-rich borosilicate. Subsection 3.2.3 is the comparison between of μLIBS and EMPA for multi-element mapping. 3-4), which may increase the technical difficulty of detection. EMPA mapping of REEs (Eu, Nd, La, and Pr) are shown in Figure 3456789. As can be seen, Nd, La, and Pr concentrate in the powellite crystalline phase, although the signal to noise ratio is very low.

Multi-element mapping by EMPA

However, the detection of Eu is completely disappointed. According to the La-ICP-MS measurements, weight percent of Eu in the Mo-rich borosilicate is extremely low (0.56 % in crystalline phase and 0.45 % in glassy phase). Considering that the size of electron beam for EMPA mapping on the glass-ceramic sample is 0.5 μm, the analyzed volume of the beam is much less than the one in La-ICP-MS analysis (which is about 20 μm). In this case, the EMPA mapping cannot provide useful information on the distribution of very low-content Eu. Distribution of Na is also interesting since it can act as a modifier of the glass matrix and a charge compensator in the powellite crystal. The Na map in Figure 3-10 shows a very low contrast between the glass matrix and powellite crystal as well as an enrichment of Na on the border of the powellite crystallites. It is suggested that Na does not have a preferential fractionation phase in Mo-rich borosilicate glass-ceramic. However, that is an artifact resulted from the migration/evaporation effect of Na in the glass matrix under the electron beam [8]. Since the spatial interval of mapping in Figure 3-8 to Figure 3-10 is only 0.14 μm, there is a very strong overlap between two neighboring points. Accordingly, the detected concentration of Na in the analyzed volume is much less than real amount. In such case, the detected result of Na in the glass matrix is controversial by EMPA detection.

Although this artifact is depended on the current density of the electron beam, it can be simply reduced by increasing the spatial mapping interval. As shown in Figure 3-11, the distribution of Na concentration is more reliable with 0.5-μm mapping step, which indicates a higher amount of Na in the glass phase than in the crystalline one. Moreover, the enrichment of Na in the residual glass implies that Na 2 MoO 4 , which is also a potential Mo-rich crystalline phase, is less likely to form and crystallize in the glass-ceramic. Na 2 MoO 4 is not an expected crystalline phase, since the solubility of Na 2 MoO 4 in water is more than three orders of magnitude higher than that of CaMoO 4 [9]. The analysis by electron microprobe suggests that CaMoO 4 is the most preferred crystalline phase for the studied Mo-rich borosilicate.

Furthermore, two possible reasons can be used to interpret the enrichment of Na on the border of the powellite crystallites. First of all, due to the migration/evaporation effect, Na can be mobilized in the glass matrix under the electron beam. It is likely to induce Na enrichment on the border of powellite crystallites when the Na migration is stop by the crystal. Secondly, considering the fact that the REEs (trivalent) incorporated to powellite substitute the Ca (divalent) site, Na (monovalent) is possible to migrate from the glassy phase to the crystalline phase in order to compensate the change balance in powellite during the crystal growth. Therefore, an enrichment of Na may also occur on the border of powellite crystallites which stops the Na migration. Moreover, it is important to point out that the Na migration or evaporation is less likely to occur in the crystalline phase since Na is confined in an ordered crystal structure. 

Fractionation of the elements of Mo-rich borosilicate glass-ceramic between crystalline and glassy phases

So far, the EMPA mapping illustrates well the preferential fractionation phases of the elements in the Mo-rich borosilicate glass-ceramic. To further evaluate the glass-ceramic for nuclear waste storage, it is important to know the ability of powellite to incorporate fission products and minor actinides.

First, the partition coefficients of the detected elements between crystalline and glassy phases are employed to investigate the fractionation behavior of the elements in the Mo-rich borosilicate glass-ceramic. In this context, a partition coefficient (P E,c/g ) refers to the ratio of concentrations of an element (E) in the crystalline phase and the residual glass (the glass matrix) at equilibrium. , / ( )/ ( )

E c g c g P C E C E (3-1)
Here, C(E c ) and C(E g ) are the atom concentrations (at.%) of element E in the crystalline and the glassy phases, respectively. The atom ratio can be calculated according to the mass concentrations (wt.%) of the elements of Mo-rich borosilicate glass-ceramic (Table 3-5). The partition coefficient P E,c/g is normally independent on the absolute concentration of the element E, since the concentration of E in the crystalline phase is normalize to that in the glassy phase (Equation (3-1),). However, P E,c/g depends on the thermodynamic conditions (temperature and pressure) of the system. Additionally, it can be noticed that the quantitative analysis of major elements of Mo-rich borosilicate glass-ceramic by LA-ICP-MS (Table 3-4) has some differences from the EMPA measurement (Table 3- 
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Here, C(E i ), C(E c ), and C(E g ) are one-dimensional vector constituted by the known atom concentration of each element in the initial glass, the crystalline phase, and the residual glass, respectively. These three concentrations of each element were detected by EMPA (Table 3- ( ) ( ) ( )
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As shown in Figure 3 

Comparison of the three techniques for elemental analysis

The main purpose of performing elemental mapping on glass-ceramic nuclear wasteform is to follow the fractionation of fission products between glassy and crystalline phases. It is therefore important and necessary to develop an efficient and convenient elemental analysis technique that can be widespread for industry application. Table 3-6 lists some features μLIBS system in our lab, as well as commercial LA-ICP-MS and EMPA.

LA-ICP-MS and EMPA are both well established techniques for quantitative elemental analysis, whereas, quantitative elemental analysis by LIBS needs to be improved. However, taking advantages of LIBS, it is still a wonderful solution to perform fast and convenient multi-element mapping on nuclear waste glass systems or minerals containing micro-structures by using LIBS or μLIBS.

Firstly, the procedure of μLIBS is very easy without special sample preparation and complex equipments. The main components of the μLIBS system are laser, optics, microscope, spectrometer, and detector, which cost much less than LA-ICP-MS and EMPA instruments. Moreover, neither reference specimens nor specific ambient environment (gas or vacuum) are required during μLIBS measurements.

Secondly, the spatial resolution of μLIBS currently reaches less than 10 μm for the Mo-rich borosilicate glass-ceramic sample. Comparing with EMPA (3 to 5 μm), the spatial resolution of μLIBS is still not very sufficient. It has to been noted that the size of laser-ablated crater which determines the lateral resolution is related to analyzed material.

For metallic sample, spatial resolution has been reported to be less than 5 μm. By comparison, the laser-material interaction is more complicated for nuclear waste glass-ceramic which can restrict the spatial resolution. However, there is still much room for improvement of μLIBS mapping for precisely localized (micro) surface analysis.

Thirdly, for LIBS, the ability of instantaneous response for multi-element identification is definitely attractive, which is much better than LA-ICP-MS and EMPA. For elemental mapping using a Cameca SX FIVE instrument with five detectors, only five specific elements can be analyzed for one time. However, for the μLIBS system in this study, ten elements were analyzed simultaneously using one detector. Especially, LIBS can be beneficial to the detection of rare earth elements in comparison with the sensibility of EMPA on low-content REEs. μLIBS mapping of multi-element in the Mo-rich borosilicate glass-ceramic sample illustrates straightforward the distribution of the detected elements.

Moreover, by employing one more spectrometer and detector, an alternative spectral range can be fixed to detect more elements in the sample simultaneously.

Fourthly, as a very favorable advantage, the mapping duration μLIBS is extremely short comparing with LA-ICP-MS and EMPA. For mapping with 10 6 scanning points, μLIBS mapping duration (< 1 hour) is less than one-twentieth of duration (~ days) of LA-ICP-MS and EMPA. For further applications, it is worth developing μLIBS technique for the application of rapid and convenient multi-elemental mapping. It can be used on elemental analysis of materials which have small and complex heterogeneous structure, such as minerals, polymetallic nodules and nuclear waste glass systems, etc. By following the distribution and fractionation behavior of elements, it is able to investigate structure formation of those complex materials.

Summary of this subsection:

Due to easy sample preparation and measurement procedure, possibility of precisely localized (micro) surface analysis, instantaneous response for multi-elemental identification, ability to detect low-content REEs, and extremely short mapping duration, μLIBS can be a suitable technique to perform multi-element mapping for nuclear wasteform and to follow the fractionation behavior of fission products in multi-phases material. Quantitative elemental analysis by using μLIBS is still on progress.

Discussion on fractionation behavior of fission products in the glass-ceramic wasteform

Fractionation behavior of fission products

According to the μLIBS, LA-ICP-MS, and EMPA measurements, Ca, Mo, Sr, Na, and REEs (Eu, Nd, Pr, and La) are able to be incorporated into the powellite crystalline phase, while Si, Al, Fe, Zr, Zn, and Cs remain in the glass. This fractionation behavior of elements between glass and crystal can be simply explained through their effective ionic radii which are related to the structural properties of CaMoO 4 crystal. The incorporated Sr and REEs in CaMoO 4 crystal substitute the Ca site [3,10]. 

Self-irradiation in the fission products bearing phase

It is illustrated by both uLIBS and EMPA mapping that Sr (one of the main β-decay According to the mapping results, Cs remains in the glassy phase which has nearly no effect on the powellite crystalline phase. However, the main problem may come from the transmutation of Sr 2+ to Zr 4+ , which is prone to incorporate in the powellite crystal. From Table 3-7, for 8-oxygen coordination of CaO 8 in powellite structure, the effective ionic radius of Sr 2+ is 12.5 % larger than that of Ca 2+ , whereas, Zr 4+ is 25 % smaller. For β-decay of 90 Sr, Sr 2+ transmutes first to Y 3+ (102 pm in ionic radius for 8-oxygen coordination [11])

and then to stable Zr 4+ , which results in a ionic radius decrease of 21.4 % followed by 16.1 %. The total ionic radius change reaches as much as 37.5 % by the transmutation of Sr 2+ to Zr 4+ . The effect of transmutation on powellite structure is not discussed in this thesis. 

Crystalline phase in the glass-ceramic wasteform

Here is a brief discussion of powellite crystallization in Mo-rich borosilicate glass-ceramic.

Generally, crystallization of conventional glasses occurs by the nucleation of crystals at external surfaces. However, the success of producing mechanically strong glass-ceramic material depends on inducing a high crystal nucleation density within the bulk of the glass by providing a very large number of internal heterogeneities from which the major crystalline phases can form and grow [15,16].

In this study, powellite crystallites were generated inside the Mo-rich borosilicate glass by performing additional heat treatments. As MoO Meanwhile, the Mo-rich powellite crystalline phase can be used to enrich minor actinides and Sr, which provides a double-barrier to accommodate the irradiation sources.

Conclusion

According Moreover, due to the advantages of LIBS, such as easy sample preparation and measurement procedure, instantaneous response for multi-elements, ability to detect low-content REEs, and extremely short mapping duration, it can be employed in future for the detection and analysis of nuclear materials.

Chapter 4: Behavior of powellite crystal under Ar irradiations

Behaviors of powellite crystal under Ar irradiations in macroscopic, mesoscopic and microscopic scale are investigated in this chapter. It includes four sections. Section 4.1 talks about the macroscopic effect of powellite after irradiation by using optical interferometry;

Raman spectroscopy is used in the Section 4.2 to investigate the medium-ranged order structure properties; irradiation-induced defects is investigated in Section 4.3 by using transmission electronic microscopy; Section 4.4 talks about the luminescent properties of rare earth elements (Eu 3+ ) as probes of local lattice environment in powellite structure.

Irradiation-induced macroscopic swelling of irradiated powellite by optical interferometry

It has been reported that radiation effects in actinide-doped simulated nuclear waste glass-ceramic can result in macroscopic volume changes of the crystalline phase [1,2]. This macroscopic volume changes can be connected to lattice defects, solid-state phase transformations (e.g. crystalline to amorphous), or the evolution of extended defect within microstructure (such as gas bubbles, voids, dislocation and micracks). In this section, topography of sample surface containing both irradiated and non-irradiated areas was measured using optical interferometry, to investigate changes on the surface of bulk powellite single crystal after different Ar irradiations. Effect of oriented irradiation can be figured out by comparing the surface topography of a-slices and c-slices.

Swelling on powellite surface under oriented-irradiation

Aluminum masks were used to prevent part of the surface from the Ar irradiations, in order to investigate the difference between irradiated and non-irradiated areas. It was found that surface of powellite crystal swelled after exposure under Ar irradiations. As it is presented in Figure 4 For a-oriented irradiations (on a-slices), surface swelling increases first strongly in very low dose range (from about 33 nm for 0.012 dpa to about 50 nm for 0.06 dpa), and then it keeps increasing with a much less slop from about 50 nm for 0.06 dpa up to about 64 nm for 1.2 dpa, after which it reaches saturation (swelling of a-slices with 5.0 dpa is about 64 nm.). By comparison, similar behavior of swelling can be found in powellite with c-oriented irradiation. The swelling rises from about 23 nm to 32 nm when the dpa varies from 0.012 to 0.6. Saturation value of swelling in this direction is about 42 nm.

As can be seen, after undergoing the same dose of Ar irradiation, the swelling of 

Irradiation induce volume change in powellite structure

The macroscopic volume change is a total effect contributed by an accumulation of lattice strain and defects in the irradiation-damaged layer. Generally, unit-cell expansion, amorphous regions and extended defects (such as dislocation loops or networks, voids, bubbles and microcracks, etc) all contribute to macroscopic swelling. The total macroscopic swelling, ΔV m /V 0 , can be expressed as [2]:
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where f c is the mass fraction of crystalline phase; f a is the mass fraction of amorphous phase;

ΔV uc /V 0 is the unit-cell volume change of the crystalline phase; ΔV a /V 0 is the volume change associated with the amorphized state; and F ex is the volume fraction of extended microstructures (e.g., bubbles, voids, microcracks, etc).

As it will be stated in Subsection 4.2.2 and 4.3.2, amorphization does not occur in the powellite structure. Hence, mass fraction of amorphous phase is zero (f a = 0). If F ex is assumed to be negligible, the macroscopic swelling is therefore dominated by the unit-cell expansion induced by the accumulation of point defects.

The unit-cell volume expansion ( ) follows the characteristic exponential behavior predicted by Weber [3], for the accumulation of isolated structural defects. It is expressed as:
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where A uc is the relative unit-cell volume expansion at saturation; B uc is the rate constant for the simultaneous recombination of structural defects during irradiation; and D is the dose (in dpa). For non-cubic structures, the unit-cell expansion is obviously anisotropic. The unit-cell volume of powellite can be expressed as: (a and c are lattice parameters of powellite). Therefore, the change of unit-cell volume is deduced to be 13 :
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Based on Equation (4-3), the unit-cell volume change can be estimated, as shown in The saturation swelling of powellite is quite small comparing with the other crystalline phases in literature [2]. For example, saturation swelling of monazite reaches as much as about 20 %, and that of zircon and quartz are 18.4 % and 17.5 %, respectively. It is reported that those crystalline phases which have large value of swelling can reach irradiationinduced amorphization [2]. Since powellite has a small saturation swelling value, it is expected that the structure of powellite could be more stable and less likely to become amorphous. Detail information of the irradiation-induced structure modification will be presented in Section 4. 

Influence of powellite swelling in the glass-ceramic system

It has to be noticed that the powellite slices were free to swell under Ar irradiation in this investigation, whereas powellite crystallites in real nuclear waste glass-ceramic stay in a confined environment. Since the irradiation induced lattice strain is orientation dependent, it is important to consider the swelling or volume expansion situation of powellite crystallites in real nuclear waste glass-ceramic system caused by self-irradiation. For Mo-rich borosilicate glass-ceramic, powellite crystallites are formed by means of precipitation (refer to Chapter 2 and Chapter 3). Radionuclides which preferentially incorporate into powellite are therefore trapped inside crystallites. Structure deformation can occur on powellite crystallites after it undergoes long-term internal bombardments nuclei transmutation from radioactive elements, which can induce stress inside the glass-ceramic. Generally, the main concern with volume changes, particularly large differential changes, is that it may lead to high internal stresses that could cause micro-cracking, segregation, and increased dissolution rates [2]. In addition, the large volume changes significantly affect atomic bonding, local coordination, and the pathway for ion exchange, all of which can impact the release rates of radionuclides. It is consequently a potential risk for nuclear waste storage.

In Mo-rich borosilicate glass-ceramic, glass matrix (borosilicate) surrounding powellite crystallites are isotropic material. It is important to consider the effect of crystal swelling that can impact the glass matrix. Due to the different swelling along a-and c-axes of powellite, the generated stress inside the glass matrix varies according to orientations.

Based on the Hooke's law, it is possible to estimate the stress in the borosilicate glass matrix induced by the swelling of powellite crystal. Relationship of the stresses (σ) and strains (ε) inside materials can be expressed as:

c (4-4)
Here, c is the elasticity tensor (or called stiffness tensor). The generated stress in the glass matrix to confine swelling of powellite is estimated in Appendix A.6. Figure 4-3 shows the generated stress versus dpa (of powellite) inside the borosilicate glass matrix surrounding powellite crystallite resulting from crystal swelling.

Stresses along a-and c-orientations of powellite are different due to anisotropic swelling

the crystal, which is always higher in a-axis than that in the c-one. The maximum estimated stresses are 1.96 GPa in a-axis and 1.12 in c-axis. estimated to be less than 2 GPa, which are in the range of elastic region of borosilicate glass [6]. It is suggested that this moderate stress can be possibly tolerated by borosilicate glass.

μm

Residual glass

Summary of this subsection:

The stress in the glass matrix of Mo-rich borosilicate induced by the swelling of powellite crystal was estimated based on the Hooke's law for continuous media. It is shown that stresses in the surrounded glass matrix of powellite crystal are higher in a-axis than in the c-one. Powellite swelling only induces moderate stress in the surrounded glass matrix which is in the range of elastic region of borosilicate and can possibly be tolerated.

Anisotropic surface topography of powellite crystal after Ar irradiations

In this subsection, the powellite slices with 1.2 dpa are used as examples to show the surface topography after oriented irradiation. Considering this special phenomenon on the a-oriented irradiated powellite, the concave imprints extending along a-axis suggests that fracture (or delamination) is most likely to take place on (001) crystal plane of powellite. This can be ascribed to the fact that cleavage can occur on (001) plane of powellite [7]. Accordingly, when the stress in the structure exceeds its mechanical resistance, cracks is preferentially formed on (001) plane, resulting in the delamination on a-oriented irradiated powellite. The delamination effect associated with stress in powellite is further discussed in Subsection 4.2.4.2.

In addition, it has to be noticed that the preferred ejection on the a-oriented powellite is an additional effect introduced by external irradiation, which is unlikely to occur on nuclear glass-ceramics through internal self-irradiation. 

Irradiation-induced modification on powellite structure in medium-range order by Raman spectroscopy

For the nuclear waste ceramic or glass-ceramic form, both self-irradiation damage from α-decay events and ion-irradiation damage are possible to result in a crystalline-to-amorphous transformation in most of the actinide-bearing crystalline phase, such as zircon and apatite [2]. It is reported that the fluorite-related structures (ZrO 2 , PuO 2 and UO 2 ) appear to be not susceptible to radiation-induced amorphization.

In order to understand whether powellite can become a useful host for radioactive actinides, it is important to study the structure modification of powellite due to irradiation-induced damage. In this section, high resolved confocal Raman scanning was performed on thin FIB section (See Chapter 2) from powellite single crystals with oriented irradiations, to follow the evolution behavior of powellite medium-range order structure. 4-2. The a-and c-oriented powellite slices for Ar irradiation are noted as "a-slice" and "c-slice". Their corresponding FIB sections are called respectively "a-lamellae" and "c-lamellae". As can be seen from Figure 4-6, ν 1 (A g ) internal symmetric stretching mode (at 879 cm -1 ) is always active in both of the cases while ν 3 (E g ) internal antisymmetric stretching mode (at 794 cm -1 ) is only active in a(cr)a measurements, namely, the measurements on sections from c-oriented powellite.

Raman spectra of powellite before oriented irradiations

All the observed vibration modes in the range of 50 cm -1 to 1000 cm -1 are labeled [8][9][10] in the figure. ν 1 (A g ) and ν 3 (E g ) are selected as representative to follow the structural evolution behavior in medium-range-order under Ar irradiation. 

Evolution of Raman spectra in depth direction of powellite after oriented irradiations

A decrease in peak area (intensity) and a broadening in linewidth of powellite ν 1 (A g ) and ν 3 (E g ) modes in the irradiation-damaged layer was observed, accompanying with shift in center frequencies (peak positions). The shifts to higher and lower directions in frequency of Raman ν 1 (A g ) and ν 3 (E g ) mode were both found in the irradiation-damaged layer of each FIB section. Here, Figure 4-7 presents Raman spectra (Exc. 633 nm) of irradiated powellite (with 0.012, 0.12, 1.2 and 5.0 dpa) from different depth of the FIB sections, including one spectrum from the irradiated surface with the most peak shift in the lower-frequency direction, one from the interior of irradiation-damaged layer with the most peak shift in the higher-frequency direction and one from non-damaged layer. Each spectrum was normalized by its ν 1 (A g ) peak. The depth at which the spectrum has most peak shift in the higher-frequency direction is noted in Figure 4567. By comparison with spectra from non-damaged powellite, the shift of ν 1 (A g ) peak position from the interior of irradiation-damaged layer of c-oriented irradiated powellites (c-lamellae) is higher than that of the a-oriented one. Linewidths of ν 1 (A g ) and ν 3 (E g ) modes broadened gradually from non-damaged layer to the irradiated surface. It is important to notice that spectrum observed in the irradiated surface has the most broadened linewidth.

Moreover, according to the Raman spectra in Figure 4567, no matter which direction Ar irradiation comes from (a-or c-orientations), no amorphization was observed in powellite single crystal up to 5.0 dpa.

Summary of this subsection:

A decrease in peak area (intensity) and a broadening in linewidth of powellite ν1(Ag) and ν3(Eg) Raman modes in the irradiation-damaged layer was observed, accompanying with shift in center frequencies (peak positions). No amorphization was found in powellite single crystal up to 5.0 dpa. 

Mapping of Raman ν1(Ag) and ν3(Eg) modes of powellite in depth direction after oriented irradiations

As described in Subsection 2.2.3, Chapter 2, lateral resolution of 633-nm laser equipped with a ×100 objective (NA = 0.95) is 0.8 μm. Confocal Raman lateral scanning with a 633-nm laser was carried out on the FIB thin sections (0.012, 0.12, 1.2, 5.0 dpa) from both a-and c-oriented powellite crystal slices, to follow the evolution of medium-range-order structure of powellite after oriented irradiations. The Raman scanning area starts from irradiation-damaged layer up to non-damaged layer (as shown in Figure 2 As can be seen in Figure 4-8, a gradual decrease in ν 1 (A g ) peak area was observed from non-damaged region to the surface (depth = 0 μm ) for each FIB section. A layer on each FIB section which has lower peak area than the corresponding non-damaged region can be recognized easily. Peak areas from the near-surface region are less than 15% comparing with that from non-damaged region. The lowest peak area was always found on the surface of each sample. From the maps in Figure 4 

Area mapping and structure damage

Area ratio mapping

As mentioned previously, active Raman vibration modes of crystal are generally orientation dependent. For instance, ν 3 (E g ) of powellite can be observed using a(cr)a measurement (laser incidence parallel to a-axis) but not c(ar)c one (laser incidence parallel to c-axis), as shown in Figure 4-6. Since ν 3 (E g ) vibration mode is very sensitive to the orientation of powellite structure, the peak area ratio of ν 1 (A g ) and ν 3 (E g ) can therefore be used to probe the lattice modification of the powellite crystal structure after irradiation.

According to variation of ratio of ν 1 (A g ) and ν 3 (E g ) peak areas, it is possible to extract information about how the structure evolutes with irradiation fluence. Figure 4-10 is ratio mapping of ν 1 (A g ) and ν 3 (E g ) peak areas from FIB section of powellite with different c-oriented irradiations (0.012, 0.12, 1.2 and 5.0 dpa). Colorbar shown on the right side of the figure indicates the values of the peak area ratio, with blue color for low ratio and red color for the high one.

Although peak areas of both ν 1 (A g ) and ν 3 (E g ) modes decrease in the irradiation-damaged layer of powellite, it can still be determined that the evolution of ν 1 (A g ) and ν 3 (E g ) are not exactly the same in this layer. For each FIB section from c-oriented irradiated powellites, the ratio of ν 1 (A g ) and ν 3 (E g ) peak areas changes in depth direction from non-damaged layer to the original surface, which suggests a modification of powellite structure in the damaged layer after irradiation, as shown in Figure 4-10. It can be noticed clearly that a region beneath the surface with higher value of ν 1 (A g )/ν 3 (E g ) area ratio exists in the irradiation-damaged layer, which appears at an increasing depth with increasing dpa values. Detailed discussion of the structure modification of powellite will be discussed in the next section. 

Peak position mapping and stress

To illustrate an overview of how Raman peak position and linewidth vary in depth direction for different damaged powellite, peak position and linewidth maps were constructed in the same way as that for peak area maps. The evolution of powellite ν 1 (A g ) peak position with depth has already been described according to Raman spectra in Subsection 4.2.2. By frequency mapping, it is much easier to follow how the peak position of powellite ν 1 (A g ) mode varies with depth in the irradiation-damaged layer of each FIB section. From Figure 4-11, layers which have frequency shift in ν 1 (A g ) peak position can be well recognized, with shifts towards both higher and lower frequency directions.

As it is known, frequency of Raman peak depends on parameters of the lattice and properties of the corresponding molecule. By comparison with Raman spectra from non-damaged layer, a shift of peak position towards the higher frequency can reveal a reduction in lattice parameters which is related to compressive stress; on the contrary, a shift towards lower frequency can reveal an increase of lattice parameters that indicates equivalent tensile stress. [11,12]. Therefore, according to the variation of Raman peak positions, it is able to figure out the irradiation-induced lattice modifications and stresses in the powellite structure.

For non-damaged layer, ν 1 (A g ) mode of powellite is observed at 878.9 cm -1 . From non-damaged layer up to the original irradiated surface, center frequency of ν 1 (A g ) increases continuously to a maximum value before it decreases in the near-surface region. It is suggested that a region with compressive stress exist within the irradiation-damaged layer. The lowest frequency of ν 1 (A g ) always appears on the irradiation surface of powellite.

According to variation of ν 1 (A g ) in the FIB sections, it can be noticed that, under the same irradiation condition, maximums of ν 1 (A g ) mode center frequency are higher in c-oriented irradiated powellite then that in a-oriented irradiated one. It is suggested that irradiation-induced lattice volume (or lattice parameters) change on powellite structure is dependent on orientation.

The depth at which the maximal center frequency was found on the FIB section increases with dpa. It reveals again an expansion behavior of affected layer in depth direction with irradiation dose, which is coincident with the result from peak area mapping in Subsection 4.2.3.1. 

Linewidth mapping and structural disorder

Figure 4-13 presents the corresponding linewidth (FWHM) mapping of ν 1 (A g ) vibration mode on the FIB sections of both a-and c-lamellae with of 0.012, 0.12, 1.2 and 5.0 dpa.

For maps in Figure 4-13, an increasing linewidth is indicated by changing the map color from blue to red.

As another important parameter, the linewidth of Raman peak can provide information of the disorder of powellite structure after irradiations. Generally, each peak in Raman spectrum represents a specific collective vibration mode of elastic, periodically arranged atoms or molecules in condensed matter. In a perfect crystal which has long-range order structure, the intrinsic linewidth of one certain vibration mode is only determined by its interaction with other elementary excitations in the structure [13]. Irradiation-induced damage can result in lack of correlations on both long-range translation and orientations, which are properly referred as topologically disordered [2]. As crystal is modified or damaged, the long-range order of lattice structure are destroyed and replaced by varies of short-range orders in the structure. Vibrations of the lattice are therefore more or less changed, accompanying with linewidth broadening. When crystal structure damage increases, the short-range order decreases which results in a continuous linewidth broadening. Therefore, by determining the linewidth of Raman vibration modes, it is possible to retrieve information about disorder and damage of the lattice structure.

According to Figure 4-13, a layer on top of each FIB section with broadened linewidth (colored by light blue to red) of ν 1 (A g ) mode can be distinguished from the non-damaged layer on the bottom which has narrower linewidth value (deep blue). As can be seen, for each FIB section, linewidth of ν 1 (A g ) mode broadens gradually from non-damaged layer to the original irradiated surface, indicating an increase in structural disorder. Linewidth values from non-damaged layers are about 6.7 cm -1 , while those from the near-surfaces regions of powellite are larger than 12 cm -1 . The maximum linewidth value appears on the irradiated surface of powellite for all irradiated samples, which suggests that the most disordered structure is at the surface. Moreover, as irradiation dose increases from 0.012 to 5.0 dpa, the thickness of the affected layer with broadened linewidth increases in the depth direction of powellite bulk crystal. Mapping of ν 3 (E g ) linewidth on FIB section of c-oriented irradiated powellite was shown in Figure 4-14. Linewidth of ν 3 (E g ) from non-damaged layer is similar to that of ν 1 (A g ), which has a value of about 6.3 cm -1 . Evolution behavior of the damaged layer with irradiation dose is coincident with the previous result from ν 1 (A g ) linewidth mapping.

However, comparing with that of ν 1 (A g ),the broadening of the ν 3 (E g ) linewidth with Ar irradiation dose is much more effective, which suggests that ν 3 (E g ) mode is more sensitive to structural modification. 

Evolution of the structure and the induced stress of powellite after oriented irradiations according to the Raman depth profiles

Based on the mapping of peak position and linewidth, a statistic calculation was carried out to illustrate the evolution profiles of ν 1 (A g ) and ν 3 (E g ) modes with depth for both a-and c-oriented irradiation on powellite at 0.012, 0.12, 1.2 and 5.0 dpa. respectively for the peak center frequency and linewidth of ν 1 (A g ) mode. Figure 4-16 shows comparisons of ν 1 (A g ) depth profiles of peak position as well as linewidth between a-and c-oriented powellites under each irradiation conditions (0.012, 0.12, 1.2 and 5.0 dpa).

Depth profile of ν1(Ag

As mentioned previously, frequency of Raman peak relates to parameters of the lattice and properties of the corresponding molecule. Shift of Raman peak position (vibration frequency) consequently provides information of the change in lattice structure. A shift of peak position towards the higher-frequency direction can be related to the compression of lattice, while position shifts towards the lower-frequency direction can be conversely related to the expansion of lattice. Therefore, several regions can be defined based on the ν 1 (A g ) peak position value, in order to distinguish the different irradiation induced effects on powellite structure.

In the whole irradiation-damaged layer, the near-surface region where frequency of ν 1 (A g ) vibration mode has lower-frequency shift can be defined as "expansion region (or layer)", and the neighboring region where ν 1 (A g ) has higher-frequency shift is defined as "compression region (or layer)"; while the one which connects the compaction region and the non-damaged layer could be "transition region (or layer)". Ranges of estimated regions are drawn in different colors in Figure 4-15. Related data is listed in Table 4-4. It is necessary to point out that the spatial resolution of Raman spectroscopy in this study is around 0.8 μm (as mentioned in Chapter 2) whereas the step of the Raman profiles is 0.2 μm, which means that each Raman measurement provide an average results of information from a region with a radius of about 0.4 μm. However, the most important thing is that the evolution of the structure can be represented definitely by determine the evolution of Raman spectra.

a) Depth profile of ν 1 (A g ) peak position in each irradiation-damaged layer

For each oriented irradiated powellite single crystal, evolution of ν 1 (A g ) frequency from non-damaged to damaged layers are illustrated clearly in Figure 4-15. As it has been already shown in the peak position mapping (Subsection 4.2.3.3), the ν 1 (A g ) frequency first has a slight decrease in the transition region and then it rises to a maximum value in the compression region, after which it continues to decrease until reaching the surface.

Minimum peak position of ν 1 (A g ) always appears on the irradiated surface for each powellite.

b) Comparison of depth profile of ν 1 (A g ) peak position between a-and c-oriented powellite under the identical irradiation condition (anisotropic effects)

Comparing the depth profiles of ν 1 (A g ) peak position in the two oriented irradiated powellite in Figure 4-16, it can be seen that for the same dpa value, peak position of ν 1 (A g ) shifts more towards the lower-frequency direction in the expansion region of a-oriented irradiated powellite than that of the c-oriented one. It suggests that, after undergoing the same irradiation, powellite lattice was more expanded when Ar ions come along a-axis.

Conversely, effect in the compression region follows the other way around. Central peak position of ν 1 (A g ) in the compression region of powellite with c-oriented irradiation always shift more towards the higher-frequency direction than the one with a-oriented irradiation, which indicates that this region is more compressed when irradiation comes along c-axis.

Modifications on powellite structure can be different according to the irradiated directions since the physical properties of powellite along a-and c-axes are not the same.

For each irradiation condition, a-oriented powellites always have more shifts towards the lower-frequency direction in the expansion region but less shifts towards the higher-frequency direction in the compression region, comparing with the c-oriented powellites. Considering the macroscopic swelling of powellite after irradiations by optical interferometry in Section 4.1.2, it is therefore reasonable that a-oriented powellite have more surface swelling than the c-oriented one after undergoing the same dose of irradiation, since the irradiation-damaged layer is less compressed in the compression region and more expanded in the expansion region for powellite with a-oriented irradiation. 

d) Depth profile of ν 3 (E g ) peak position

To further confirm the information of structure modification from Raman ν 1 (A g ) mode,

it is interesting to investigate the ν 3 (E g ) mode of powellite. As mention previously (Subsection 4.1.1), ν 3 (E g ) vibration mode can be observed only in an a(cr)a Raman measurement on FIB sections from c-oriented powellite slices in this study. Evolutions of ν 3 (E g ) peak position in irradiated powellite with 0.012, 0.12, 1.2 and 5.0 dpa are presented in Figure 4-17. As can be seen, the evolution behaviors of ν 3 (E g ) mode are very similar to that of ν 1 (A g ). The same regions corresponding respectively to expansion, compression and transition in FIB section of c-oriented irradiated powellite (c-lamellae) can be found from ν 3 (E g ) evolution data by determining the shift of peak position. Similarly, the depth that corresponds to the maximal frequency of ν 3 (E g ) peak position increases with irradiation dose (dpa). 

Discussion of irradiation-induced compressive stress in powellite

It is reported that all Raman modes (except the 113 cm -1 B g translation mode) of the powellite structure exhibit a linear pressure dependence with positive slopes before phase transition occurs at 8.2 GPa [11,12]. According to the pressure dependence of the Raman modes of powellite in Figure 4-18 [11], frequencies of ν 1 (A g ) and ν 3 (E g ) increase linearly

with the increasing pressure performed on the sample in the 0 to 8.2 GPa range. Accordingly, peak shift towards the higher-frequency direction reveals the generation of compressive stress in the irradiation-damaged layer of powellite, associated with lattice compression. On the contrary, peak shift towards the lower frequency can indicate the tensile stress in the structure. However, since the expansion region of irradiated powellite is on the surface which is free to swell, this tensile stress is released. Here, it is more interesting to investigate the irradiation-induced compressive stresses inside the damaged layer of powellite single crystal, especially to determine the anisotropic stresses along the two crystal axes (a-and c-axes). Based on the pressure coefficient (dω/dp) of ν 1 (A g ) and For powellite under c-oriented irradiations, it can be notice that the shift of ν 3 (E g ) is always larger than that of ν 1 (A g ), according to the depth profiles of peak positions from c-oriented irradiated powellites in Figure 4-15 and Figure 4-17. It is a predictable result due to the fact that the pressure coefficient (dω/dp) of ν 3 (E g ) is higher than that of ν 1 (A g ).
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Stresses in powellite induced by a-and c-oriented irradiations are significantly different.

From Figure 4-19, both the shifts of ν 1 (A g ) and ν 3 (E g ) modes give similar values of stresses (from 0.12 to 0.64 GPa) in the c-oriented irradiated powellite. By comparison, a-oriented irradiations generate much less stresses in powellite (from 0.05 to 0.20 GPa). For a-oriented irradiated powellite, only the shifts of ν 1 (A g ) are used for the calculation since ν 3 (E g ) mode is not active. According to the pressure dependence of the Raman vibration frequencies of powellite in Figure 4-18, the irradiation-induced stresses in powellite are not enough to give rise to phase transition.

The anisotropic performances along the two crystal axes suggest that the powellite structure endure more stress under c-oriented irradiations. Considering the fact that linear compressibility of the c-axis is larger than that of the a-axis [12] in the powellite structure, it is reasonable that the structure can bear more stress along c-axis.

In addition, as shown by optical interferometry in Subsection 4.1.4, delamination effect was observed in a-oriented irradiated powellite. This delamination effect can be linked to the compressive stress in the damaged layer. It is shown by Figure 4-20 that the depth at which delamination occurs is close to the location of maximum compressive stress in the damaged layer of a-oriented irradiated powellite at different dpa. It is reasonable that when the increasing induced stress cannot be endured by powellite, delamination takes place near the most compressed structure to release part of the stress in the damaged layer. Vibration mode ω(0) (cm -1 ) dω/dp (cm -1 /GPa) γ ν 1 (A g ) 878.9 ln ln
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Here, is the frequency of a specific Raman vibration mode (phonon); is the volume;

the subscript means isothermal process. The Grüneisen parameters for ν 1 (A g ) and ν 3 (E g ) of powellite are listed in 

i i i T V V V (4-7)
Accordingly, the ranges of volume change and stress in both a-and c-oriented irradiated powellite can be calculated based on the Raman peak position shift, as shown in 

Discussion of irradiation-induced structural disorder in powellite by determining the depth profile of linewidths

As stated in linewidth mapping section (4.2.3.4), linewidth broadening can be used to study the structural disorder of powellite induced by irradiation. Depth profiles of ν 1 (A g ) linewidth in oriented irradiated powellites with 0.012, 0.12, 1.2 and 5.0 dpa are presented in First, a significant irradiation-induced disorder effect on pristine powellite structure is inferred since the linewidth rises dramatically in very low dpa range (from 0 to 0.012). As irradiation increases (from 0.12 to 5.0 dpa), the powellite structure becomes more and more disordered but with a much less effect, according to the continuous linewidth broadening. It is important to note that the ν 1 (A g ) linewidth tends to become saturated instead of immoderately broadened with the increasing dpa. According to the Raman spectra 5.0-dpa powellite (Figure 4567), vibration modes of MoO 4 tetrahedra can be well recognized, which suggests that the powellite structure still remains crystallized at 5.0 dpa. No amorphization was observed by Raman spectroscopy. It can be inferred that the irradiation-induced structural disorder in powellite crystal can be maintained in a certain level without resulting in amorphizaiton.

By the way, the ν 1 (A g ) linewidth observed in the non-damaged region of FIB sections has a slight broadening, comparing with the linewidth measured from pristine powellite.

Linewidth values of ν 1 (A g ) from non-damaged regions of FIB sections are 0.2 to 0.6 cm -1 higher than that from pristine powellite bulk crystal (about 6.4 cm -1 ), depending on the FIB process. It indicates that the Ga ion beam for FIB preparation can induce slight disorder effect on the sample. However, comparing with the linewidth broadening induced by Ar irradiations, the Ga beam effect is negligible. Maximum penetration depth of 30-KeV Ga ions (working condition) in powellite is around 90 nm (according to SRIM simulation).

d) Comparison of linewidth broadening of ν 1 (A g ) and ν 3 (E g )

Depth profiles of ν 3 (E g ) linewidth in c-oriented irradiated powellite at 0.012, 0.12, 1.2 and 5.0 dpa are presented in Figure 4-17. For each c-oriented irradiated powellite, the evolution of the ν 3 (E g ) linewidth in the expansion region of powellite behaviors quite the same as that of the ν 1 (A g ), which decreases with depth. However, for the compression region of each irradiated powellite, the linewidth broadening of the ν 3 (E g ) has some different features from that of the ν 1 (A g ). A peak in the depth profile of ν 3 (E g ) linewidth in the compression region of each irradiated powellite is observed instead of a plateau which is found in the ν 1 (A g ) depth profile. This difference of ν 1 (A g ) and ν 3 (E g ) in linewidth broadening can be ascribed to the different response of Raman vibration modes to the lattice modification in powellite structure. Further detail about the change of properties of ν 1 (A g ) and ν 3 (E g ) modes due to structure modification will not be discussed here, since it is not the main purpose of the study.

Figure 4-24 shows the average linewidth of ν 1 (A g ) and ν 3 (E g ) of the compression region in function of dpa for c-oriented irradiated powellite. Initial linewidth of ν 3 (E g ) mode from non-damaged bulk powellite crystal is very close to that of the ν 1 (A g ) one, about 6.4 cm -1 .

However, as irradiation increases, broadening of linewidth is more significant for ν 3 (E g ) than for ν 1 (A g ). Specially, for powellite with 5.0 dpa, linewidth of ν 3 (E g ) has 1.6 times the ν 1 (A g ) one. The linewidth broadening is evidently more effective in ν 3 (E g ) mode than in ν 1 (A g ). Considering the Grüneisen parameters (in Table 4-3) for ν 1 (A g ) and ν 3 (E g ), it is predictable that the ν 3 (E g ) has more considerable response to the lattice change than what the ν 1 (A g ) has due to the larger Grüneisen parameters of ν 3 (E g ) mode. As can be seen in Figure 4-24, evolution behaviors of linewidth broadening due to irradiations are quite similar for ν 1 (A g ) and ν 3 (E g ) modes, which always tends to reach saturation at high dpa. It verifies the fact that the irradiation-induced disorder can be maintained in a certain level in powellite structure as dpa increase. 
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Combination of stress and disorder in irradiated powellite

To better illustrate the irradiation-induced stress and disorder in powellite structure, the peak position and the linewidth of ν 1 (A g ) mode are plotted in function of both depth (0 to 5μm) and dpa (0.012, 0.12, 1.2 and 5.0), as shown in Figure 4-25 and Figure 4-26.

Interpolation between two studied dpa values was used to obtain better images, which cannot be considered as real experimental data.

According to Figure 4 Moreover, it is easy to see that the powellite structure endures more stress in c-orientation respecting to the larger peak shift.

Due to the fact that defects can migrate to the surface (defect sink), the most disordered structure always appears at the irradiated surface of powellite where the largest linewidth of ν 1 (A g ) is observed, as shown in Figure 4-26. Linewidth beneath the surface is maintained in a certain range, which reveals an even structural disorder, agreeing with the predetermined flat dpa profile by SRIM (Chapter 2). Additionally, no significant evident anisotropic structural disorder is observed.

For powellite at each dpa, a release of compressive stress can be seen in the region above the compressed structure (indicated by the shift of ν 1 (A g ) peak position towards lower frequency), in which an increase of structural disorder can also be recognized. Defect characterization using TEM was presented in the next section to further study the relation between the release of stress and the increase of structural disorder. 

Irradiation-induced lattice defects in powellite structure by TEM

The radiation-induced defects in crystalline phases have been studied for many years.

One of the most important fundamental parameters affecting radiation damage in a material is the threshold displacement energy, which is the minimum kinetic energy necessary to displace an atom from its normal site. Point defects are therefore generated inside the lattice, which can migrate and be accumulated in the structure. The accumulation of point defects and evolution of microstructures under irradiation are controlled by the kinetic properties of the system. In this section, transmission electron microscope (TEM) was used to characterize the defects in the powellite structure induced by Ar irradiations and to correlate them with the spectroscopy data.

Ultra-thin FIB section for TEM

Ultra-thin FIB sections (about 100-nm thick) from a-and c-oriented irradiated powellites at 0.012 and 5.0 dpa were prepared for the TEM observations. Additionally, the long black curved bands on the pristine part of each FIB section are bend contours which is originate from the fact that crystal can become slightly bent as a result of internal strain. The change of orientations of the crystal planes due to structure bending can therefore make the Bragg equation 15 

Irradiation-induced defects in powellite single crystals

In this subsection, irradiation-induced defects in powellite single crystal are discussed in detail through high-magnified TEM images. A comparison between the TEM images and the Raman mapping (ν 1 (A g ) and ν 3 (E g ) modes) of irradiated powellites (at 0.012 and 5.0 dpa) is proposed and discussed to further investigate the modification of structural properties. There is no significant anisotropy in damage depth between the a-and c-oriented irradiated samples (1.6 μm and 1.7 μm on average, respectively). It is worth noting that, instead of a sharp interface, the transition from irradiated-damaged layer to the pristine structure is accompanied with a gradual decrease in defect density, indicating a gradual retrieval of powellite structure. This can be called "dose effect". In addition, for the c-oriented irradiated sample, a narrow bright region (about 0.5-μm thick) appearing at the bottom of the damaged layer in the dark-field image ((101) spot) can be ascribed to the bending of crystal planes (bend contours), which introduces changes in diffraction condition and creates contrast in the image.

Irradiation-induced defects in low-dpa powellite (0.012 dpa)

As stated previously, Raman spectroscopy provides information of medium-range order structure properties. It is interesting and important to compare the TEM images and the Raman mapping, in order to further interpret the irradiation-induced damage in powellite. As shown in Figure 4-34, the total defected layer is about 2.8 μm in thickness beneath the original surface for a-oriented irradiated powellite. It can be inferred that the damage level of the powellite structure varies with depth since the distribution and the concentration of dislocation in the defected layer are not homogeneous. Several specific regions can be estimated and distinguished according to the TEM images in Figure 4-34.

The same as the low-dpa case, evident dose effect can be observed between the pristine part and the irradiation-damaged layer of powellite, following an evolution from non-damaged structure to point defect clusters in a very narrow range (marked as "A" in Figure 4-34, about 0.3 μm thick). In the neighboring narrow region (marked as "B", about 0.4 μm thick) on the border, small and concentrated dislocation loops begin to appear in the powellite structure, representing an increasing damage. The increasing damage in the powellite structure from region A to B is also revealed by the Raman mapping (and profiles, Figure 4-17), which exhibits a gradual linewidth broadening in ν 1 (A g ) mode due to the increasing structural disorder.

By comparison, the number of dislocations decreases in the middle of the defected layer (marked as "C", about 1.0 μm thick), whereas in the region that is marked as "D" (about 0.7 μm thick), the number of dislocations increases again, consisting of small dislocation networks. Considering the Raman mapping, the observed linewidth of ν 1 (A g ) mode reaches a plateau (Figure 4-17) in region C, which suggests that the structural disorder in this region is maintained in a certain level. The powellite structure becomes more disordered respecting to the more broadened linewidth in region D than that in region C.

Moreover, a very thin region (marked as "E", about 0.4 μm thick) with very low contrast in the bright-field image can be seen on the surface of a-oriented irradiated powellite. However, many crystallized domain in short-range order (tens of nanometers) can be seen in the dark-field images in Figure 4-34, which indicates that the structure in region E becomes a state of so-called mosaicity [17,18]. Mosaicity refers to crystal which is composed of very small mosaic crystal domains. Mosaicity is a long-range disorder without amorphization. It is confirmed that the mosaic region is the most damaged structure in irradiated powellite, from where the Raman spectra have the most broadened linewidth and weakest intensity, as shown in Figure 4-37.

Similar regions can be defined on the c-oriented irradiated powellite at 5.0 dpa, as shown in Figure 4-35. According to the Raman mapping, the linewidth profiles of ν 1 (A g ) mode are more or less the same for both a-and c-oriented irradiated powellite with 5.0 dpa (Figure 4-22), indicating a similar evolution of structural disorder in the irradiation-damaged layers. In this case, there is no evident difference in structural damage between the two orientations.

It is important to point out that the powellite structure does not reach amorphous state (up to 5.0 dpa), which are both confirmed by Raman spectra and TEM diffraction patterns . No crystalline-to-amorphous transformation is found in the damaged layer. 

Evolution of defects in the irradiated powellite with increasing irradiation fluence (dpa)

A multi-step damage accumulation model was elaborated and developed by J. Jagielski [16,[19][20][21] to reproduce the damage accumulation behaviors observed in ion-irradiated crystals. Each stage is described by a simple accumulation of disorder. A new stage occurs when the current structure of the matrix is no longer characterized by the lowest free energy.

Transformations are thus triggered by the destabilization of a given structure [20]. Here, a two-step accumulation (Figure 4-39 [20]) is proposed to interpret the evolution of powellite structure with increasing irradiation fluence (dpa) in this study. It has to be pointed out that the damaged depths in powellite with different dpa are not always 3 μm. The characterizations of the damage depth by both Raman and TEM give consistent results which shows that the damaged layer in 5.0-dpa powellite is approximately 3 μm (2.8 μm and 2.5 μm for a-and c-oriented irradiated powellite, respectively), whereas that in 0.012-dpa one is actually much less than 3 μm (1.6μm and 1.7 μm for a-and c-oriented irradiated powellite, respectively). It is quite interesting to know why there is no damage in the depth range of 1.6 to 3 μm in 0.012-dpa powellite. It cannot be excluded that there are some errors of SRIM simulation on irradiation in single crystal or some addition effects due to multi-energy implantation (0.9, 2, 3, 5, and 7 MeV).

However, some other possibilities should also be considered for the interpretation.

According to the calculation of stopping power in Figure 2-21, the damage in powellite is mainly caused by electronic energy loss. For irradiation with 2-, 3-, 5-, and 7-MeV energy, the nuclear energy loss effect in powellite is very small; whereas, for 0.9-MeV irradiation, the nuclear energy loss is comparable with electronic energy loss. In the case of 0.012 dpa, the fluence of Ar-ion beam with each energy is very low (Table 2345678). The damage due to nuclear energy loss would be too small to contribute significantly to the modification of the crystal structure. By comparison, in the case of 5.0 dpa, very high fluences of Ar ions were performed on powellite. The nuclear energy loss can no longer be negligible. To figure out clearly the reason behind this phenomenon, more experiments and analyses are required, for example, characterizing the Ar deposition in the multi-energy irradiated powellite, performing single-energy irradiations for comparison, calculating the electronic stopping power at different depth of powellite, conducting TEM measurements on the other irradiated powellites (between 0.012 and 5.0 dpa) to find out at which dpa the structure is trigged to the second step, etc.

Moreover if the actual damaged depths are taken into account, some revisions have to be performed on the calculation of the percentages of powellite swelling ( 

Irradiation-induced modification of local structural environment by luminescent properties of Eu 3+

In this section, emissions 16 of Eu 3+ : 5 D 0 7 F 1 transitions were used to briefly investigate the structure local environment change in the irradiation-damaged layer of powellite at 0.012 and 5.0 dpa.

Eu 3+ sites in the studied pristine powellite structure

In a perfect powellite structure, Eu 3+ ions substitute the Ca 2+ site which has a S 4 point symmetry. The studied powellite single crystal is doped with 2 mol% Eu, 0.1 mol% Nd, and 2.1 mol% Na. Due to the influence of the codoping Na + (as compensator) and Nd + ions as well as the lattice defects generated during crystal growth, the lattice environment around Eu 3+ is slightly disordered which leads to lower site symmetry, such as C 2v [22,23].

For pristine powellite samples, the presence of C 2v sites in the structure can be proved by selectively exciting the Eu 3+ : 7 F 0 5 D 0 transition which is generally forbidden under S 4 symmetry but allowed for the C 2v one. Figure 4-41 shows the emission spectra of Eu 3+ : 5 D 0 7 F 1 under three main selected excitations that found in the studied pristine powellite at 77 K, including 577.8, 579.3, and 579.7 nm in wavelength.

Since neither the 5 D 0 nor the 7 F 0 levels of Eu 3+ is split by the crystal field (J = 0), the detected number of 7 F 0 5 D 0 transitions corresponds to the number of C 2v sites in the powellite structure [24]. For the studied pristine powellite, three main C 2v sites were found based on site-selective excitation (Site 1 to 3, Table 456). The 7 F 1 level of Eu 3+ splits into two sub-Stark levels under S 4 symmetry, whereas it is completely unfolded (2J+1) under C 2v symmetry, resulting in three sub-Stark levels [25,26]. By selectively exciting each C 2v sites ( 7 F 0 5 D 0 ), the corresponding 5 D 0 

Luminescence properties of Eu 3+ in irradiated powellites

Luminescent mapping of irradiated powellite were conducted on the FIB sections (the same as for Raman measurements) with a continuous 473-nm laser. The c-oriented irradiated powellite at 0.012 and 5.0 dpa are used as examples for discussion, since all 7 emission peaks in the 5 D 0 7 F 1 range are available to observe in this orientation. From Figure 4-47, the area ratios of the 6 th peak and the 7 th peak to the S 4 peak increase in the irradiation-damaged layer of the low-dpa (0.012) powellite, whereas they reduce in the damaged layer of the high-dpa (5.0) sample. However, the ratio of the 5 th peak to the 1 st one always decreases (basically) at 0.012 and 5.0 dpa. According to TEM measurement in Section 4.3, the main damage in low-dpa (0.012) powellite is point defect cluster while that in high-dpa (5.0) powellite is dislocations. Therefore, it is suggested that, comparing with the S 4 site(s) represented by 1 st peak, the C 2v site(s) represented by the 6 th and 7 th emission peaks increase when there are only point defect clusters in the structure. On the contrary, these sites decrease when dislocations are formed in the powellite structure. However, the C 2v site(s) represented by the 5 th emission peak always reduce when the structure is damaged.

More experiments are required to further study the change in the ratio between different sites. Site-selective excitation is a suitable tool for this investigation. So far, it is not easy to perform site-selective excitation measurement on the studied irradiated powellite under confocal condition. This could be a prospect of studies in the next step. 

Conclusion

The macroscopic swelling of powellite after irradiation was determined by optical interferometry. The modifications of powellite structure in medium-range order due to irradiation were investigated by Raman spectroscopy. Irradiation-induced defects are characterized by using TEM. Finally, luminescent properties of Eu 3+ were used to probe the change of local lattice environment in powellite structure.

Swelling was observed on the powellite surface after exposure under Ar irradiations.

The irradiation-induced swelling of powellite crystal increases with dpa (from 0.012 to 1. 

General conclusion

Fractionation of fission products in Mo-rich borosilicate glass-ceramic containing powellite (CaMoO 4 ) crystalline phase and the behavior of rare earth (Eu, Nd) doped powellite single crystal under irradiations were studied in this thesis. It is no doubt that there are still some phenomena which are not clearly understood.

More experiments and analyses should be performed to answer the unsolved questions. For example, single-energy irradiation can be conducted on powellite to have a simplified reference for multi-energy irradiation; high resolved TEM could be useful for the characterization of local structure properties and of lattice parameters, which can provide more detail information of the irradiation-induced damage and modification in powellite; characterization of the Ar deposition in the multi-energy irradiated powellite would be helpful to explain why the damage depth for 0.012-dpa powellite is much less than the predetermined 3 μm; TEM measurements on the other irradiated powellites (between 0.012 and 5.0 dpa) are required to find out at which dpa the structure is trigged from point defect clusters to dislocation, etc.

Finally, based on all this study, it is inferred that the crystallization of CaMoO 
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A.6 Estimation of stress in the glass matrix induced by the swelling of the powellite crystal

According to Hooke's law, relationship between stress σ and strain ε is: c

In continuum mechanics, c is four-order tensor, usually called stiffness tensor or elastic tensor. It can be considered that borosilicate glass is isotropic material. For isotropic material, the relationship between σ and ε tensors is: For powellite the relationship between σ and ε tensors is: The shear strain in powellite is ignored (ε c12 ~ 0). σ g11 and σ g33 can be figured out by substituting the ε c11 and ε c33 values the equations Table A-4 shows the estimation of strain stress in glass matrix. 

A.7 Determination of Raman spatial resolution

In optics, the Airy disk 4 (or Airy disc) and Airy pattern are descriptions of the best focused spot of light that a perfect lens with a circular aperture can make, limited by the diffraction of light. The spatial extent of the laser focus can be derived from the formula of an Airy disk of light (as shown below), which predicts the lateral (or horizontal) spatial resolution (Δx) of the laser-based optical analyses (e.g. confocal Raman).

/ NA x

Here, λ is the incident laser wavelength and NA is the numerical aperture of the objective.

Accordingly, the of the to the lateral resolution, the axial (or depth) index n of the measured materials5 : 2 z n crystal, refractive index is about 2. Thus, Δz about 4λ/NA 2 .

to the two formulas above, the calculated lateral and depth resolutions of 633-nm laser with a NA-0.95 objective are respectively 0.8 μm and 2.8 μm. In this case, the lateral resolution is much better than the depth one.

The axial and lateral spatial resolution can also be determined by measuring the intensity profile of the signal along the axial and lateral direction, respectively. When the focus of the laser beam is approaching the sample, a progressive increase in the recorded signal can be observed, as shown in Raman mode of pristine powellite and irradiated powellite. For pristine FIB sample, an inflection point on the peak area (intensity) profile can be found easily when the laser scans from the void zone to the sample surface due to the fact that the size of the laser beam is not zero. Hence, it is possible to record Raman signal when the laser beam is close to the border of the sample but still focus in void. In this case, the Raman signal is very low and noisy.

When fitting the Raman spectra recorded in void with Labspec 5 software, the software gives some inaccurate values on peak position and linewidth. Therefore, a fluctuation of the profiles of peak position and linewidth can be found in the void. It can be considered that the position where the inflection point of the area profile locates is the edge (border) of the pristine FIB section. However, for irradiated sample, the evolution of peak area from void zone to sample zone is much more complicated than that in the pristine case. Due to the irradiation-induced damage, the peak intensity decrease a lot in the damaged structure (which locates in the border of the FIB section). Moreover, the evolution of peak area insider irradiated sample depends on the structural damage. In this case, it is quite difficult to define the inflection point on the area profile. Therefore, in this manuscript, the turning point on the area profile is considered to be the border of the FIB section (pink dash line in 

A.10 Laser-induced structural modification on irradiated powellite crystal during measurement

It has to be noted that shot-wavelength laser can induce some damages or recovery on the irradiated powellite during experiments. For all the powellite FIB sections, a 633-nm laser with low energy was first used to conduct Raman mapping. After the Raman measurements, a 473-nm laser was used to record Eu 3+ emission. However, it is found that the 473-nm laser induced some structural modifications in the irradiated powellite. As during measurement, the structure of powellite is possible to be more or less modified. The absorption coefficient of powellite around 633 nm is very small comparing to the one around 473 nm. Therefore, the 633-nm laser has much less impact on the sample when using as a Raman excitation. This phenomenon has to be carefully taken into account during the selection of Raman or luminescent excitation source. 
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 11 Figure 1-1: The nuclear fuel cycle [2]

Figure 1 - 2 :

 12 Figure 1-2: Mass distribution of fission fragments for different fission chains of [3]
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 13 Figure 1-3: Relative number of displacements generated by β-decay and а-decay events in typical ceramics containing DOE tank (243 underground tanks at U.S. Department of Energy site) waste and by а-decay events in typical ceramics containing 10 wt. % 239 Pu [4]
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 14 Figure 1-4: Perfect and doped CaMoO 4 structure; MoO 4 tetrahedra is colored in purple and the CaO 8 polyhedra is colored in blue; REEs (Eu 3+ , in green) and Na + (in yellow) substitute the Ca 2+ site in the powellite structure
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 15 Figure 1-5: Schematic illustration of internal vibration modes of MoO 4 tetrahedron in powellite structure
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 11161717 Figure 1-7 shows polarized steady-state emission spectra of Eu 3+ : 5 D 0 7 F J (J = 0, 1)transition (in the studied pristine powellite) under continuous 532 nm excitation at 300 K.

  REEs are very sensitive to the local environment of the lattice structure, it can be used to probe the structure modification. In this study, non-radioactive REEs (Eu and Nd) doped in powellite single crystal were used as surrogate of fission products and optical probe of the powellite local structure after irradiations. The doped REEs in the powellite structure substitute the Ca 2+ site (Figure 1-4). External Ar irradiation was performed on the REEs doped powellite crystal to simulate the internal bombardments from α-decays during nuclear waste storage. Macroscopic, mesoscopic and microscopic effects of powellite single crystal under irradiations were investigated based on optical and electron microscopy techniques. Surface topography of powellite crystal 6 after irradiations was characterized by optical interferometry. Confocal micro-Raman mapping on irradiated powellite was used to investigate the irradiation induced structure modifications in medium-range order. Transmission electron microscopy (TEM) was employed to investigate the irradiation-induced defects in powellite structure. Micro-luminescent spectra of Eu were used to study the modification of local structural environment in powellite.

  , a long annealing time (about 150 hours) on Mo-rich borosilicate glass analogue is needed to obtain the required glass-ceramic. The annealing temperature depends on the reaction of MoO 3 and CaO and the nucleation of CaMoO 4 crystal in borosilicate. Thermal treatment of Mo-rich borosilicate glass consists of two steps (Figure 2-1). First, the Mo-rich borosilicate glass was placed in a platinum crucible and annealed in air at 850 o C for 100 hours. During this period, CaMoO 4 was formed by MoO 3 and CaO combination reaction. Then, nucleation and crystal growth of CaMoO 4 crystallites occurred by means of slow cooling (at -5 o C/min), accompanying with fractionation of elements between glass and crystalline phases 8 . Second, the sample was reheated at 950 o C for 3 hours to increase the size of CaMoO 4 crystallites. During this period, CaMoO 4 crystal growth was initiated by contact between different crystallites which did not change the total amount of crystalline phase. Raman spectra of CaMoO 4 crystallites in the sample are shown in Figure 2-2 in comparison with that of single CaMoO 4 crystal to provide a proof of the structure of the crystalline phase. Details of the Raman spectrum of CaMoO 4 will be explain in Subsection 2.2.5.
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 212223 Figure 2-1: Thermal treatments on the R7T7 analogue glass to obtain the Mo-rich borosilicate glass-ceramic; step-1 corresponds to CaMoO 4 formation and nucleation; step-2 corresponds to CaMoO 4 crystal growth (RT: room temperature)
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 23 Figure 2-3-(b) shows an image of the sample after the first step of annealing at 850 o C for 100 hours. Numerous needle-shaped CaMoO 4 crystallites precipitated in the glass after undergoing the first annealing step, which grew in radial directions from one central point. The transparency of the glass phase of the sample was relatively poor in such a case. Figure 2-3-(c) and (d) are images of the samples after the second step of annealing at 950 o C for 3 hours under different magnifications. The sizes of the powellite crystallites in the borosilicate glass-ceramice were well increased for performing elemental mapping. As can be seen, both length and section diameter of the CaMoO 4 crystallites increased, and the transparency of the glassy phase of the sample was well improved. The needle-shaped CaMoO 4 crystallites can be recognized by naked eyes after the second annealing step. As shown in Figure 2-3, the powellite crystallites are well dispersed after the second step of thermal treatment. All the needle-shaped CaMoO 4 crystallites are isolated, discrete, and randomly embedded in the glass matrix.
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 2324 Figure 2-3: Reflective optical microscope images of Mo-rich borosilicate samples; (a) image of glass sample before thermal annealing; (b) image of sample after the first step of annealing at 850 o C (needle-shaped CaMoO 4 crystallites which grew in radial direction were precipitated in the glass); (c)-(d) different magnified images of samples after the second step of annealing at 950 o C with increased needle-shaped CaMoO 4 crystallites size and improved glass transparency
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 25 Figure 2-5: Schematic diagram of laser-induced breakdown process and plasma generation [16]; (a) the process is initiated by absorption of energy by the solid from a pulsed radiation field; (b) the absorbed energy is rapidly converted into heating, resulting in vaporization of the sample (ablation) when the temperature reaches the boiling point of the material; the removal of particulate matter from the surface leads to the formation of a vapor above the surface (c) the laser pulse continues to illuminate the vapor plume; (d) narrow atomic/ionic emissions may be identified in the spectrum approximately 1 microsecond after the ablation pulse
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 26222 Figure 2-6: μLIBS experimental setup (blue lines: optical path; red lines: trigger; gray lines: cables for computer control; black line: optical fiber)
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 272 Figure 2-7: μLIBS setup (computer, ICCD, spectrometer, controls of the XY stage and the beam shutter are positioned on a table on the left, while microscope, laser and all optical devices are placed and well aligned on an optical table on the right)
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 29 Figure 2-9: Laser (operating at 266 nm) energy (mJ) variation versus time (hour)
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 210 Figure 2-10: Crater size generated by the μLIBS system on polypropylene (PP) versus 266-nm laser energy after attenuator (E 2 , mJ per pulse) with a x40 objective; each crater had undergone four laser shots

  particles are then transported to a secondary excitation source in which those particles are effectively ionized (or energized) by inductively heating with an electrical coil to generate inductively coupled plasma (ICP) torch. The excited ions in the plasma torch are subsequently introduced to a mass spectrometer detector for both elemental and isotopic analysis. General configuration of an LA-ICP-MS instrument consists of an LA system and ICP-MS equipment, as shown in Figure 2-11.
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 211 Figure 2-11: General configuration of an laser-ablation inductively-coupled plasma-mass spectrometry (LA-ICP-MS) instrument [31]

  elemental analyses of the Mo-rich borosilicate glass-ceramic, and particularly for determining the fractionation behavior of the elements in the glass-ceramic sample. The quantitative elemental analyses were conducted on the CAMParis platform (Figure 2-12) using a Cameca SX FIVE instrument equipped with a versatile electron gun as well as five spectrometers. Mineral samples with known components are used as standards (listed inTable 2-4).
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 212 Figure 2-12: SX FIVE instrument equipped with a versatile electron gun as well as five spectrometers on the CAMParis platform
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 213 Figure 2-13: Calcination curve of CaO, MoO 3 , Eu 2 O 3 , Nd 2 O 3 and Na 2 O precursory oxide power mixture, used to form CaMoO 4 (RT: room temperature)
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 214215 Figure 2-14: Powder X-ray different of CaMoO 4 (upper) as well as a comparison of the detected XRD peaks and a CaMoO 4 JCPDS 04-008-6868 reference (lower)
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 216 Figure 2-16: Images of the synthetic Eu, Nd, Na doped CaMoO 4 single crystal under natural light (left) and UV lamp (right), respectively; the crystal has a deep purple color under natural light; red emission under UV lamp (Exc. 365 nm) corresponds to Eu 3+ ; Blue emission on top of the crystal is yield by Nd 3+ doped powellite seed crystal which was used for crystal growth.
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 217218 Figure 2-17: Scheme of cutting on the doped CaMoO 4 single crystal; (a) elliptical cylinder CaMoO 4 single crystal (b) sectional view (which is an ellipse) of the single crystal according to the axis of growth; (c) cutting performed on the single crystal to acquire two series of crystal slices perpendicular to a-and c-axes respectively with a thickness of 1 mm; (d) orientations of a-and c-slices
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 219 Figure 2-19: Depth profiles of dpa in powellite induced by the five Ar irradiations with energies of 7 (in gray), 5 (in red), 3 (in blue), 2 (in purple) and 0.9 MeV (in green); corresponding fluences of these five irradiations are 1.5×10 13 , 0.8×10 12 , 0.8×10 12 , 0.6×10 12 and 0.6×10 12 ion/cm 2 , respectively; total dpa generated in the 3-μm-thick lay is plotted in black, which has a average of about 0.012 dpa
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 2 Figure 2-21 is the electronic and the nuclear energy loss of Ar irradiation in powellite. The maximum electronic energy loss in this study is 4.23 MeV/μm, corresponding to the 7-MeV Ar implantation in powellite. According to Figure 2-21, the nuclear energy loss
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 220322128 Figure 2-20: A series of dpa depth profiles in a 3-μm-thick layer of powellite induced by multi-energies Ar irradiations; average dpa values are 0.012, 0.06, 0.12, 0.6, 1.2 and 5.0 (from bottom to top), respectively

Figure 2 -

 2 22 shows the vacuum chamber used to place the powellite crystal slices and conduct Ar irradiations. Since the maximum energy of single charge Ar ions is only 4 MeV for this facility, double charge and triple charge Ar ions were used to achieve the higher energy implantations. The currents used for the scanning ion beams (diameter of about 1 mm) were between 15 nA and 80 nA. One a-slice (perpendicular to a-axis) and one c-slice (perpendicular to c-axis) were irradiated at the same time for each required dpa value (listed in Table 2-8) to achieve identical experimental condition. The multi-energies Ar irradiations were performed on the sample surface in a descending order of energy value as stated in Subsection 2.2.2.1.
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 222223 Figure 2-22: Vacuum chamber (including an observation window) used to place the powellite crystal slices and conduct Ar irradiations; position of sample holder is indicated in yellow color; direction of the Ar ion beam is drawn in pink

Figure 2 - 23 :

 223 Figure 2-23: One a-slice and one c-slice were placed together on a square aluminum plate covered with aluminum masks (the figure inserted in the low right corner) and then fixed on a copper holder; one copper holder can accommodate six slices maximum; the quartz window on the holder is used for ion beam alignment and focalization

6

 6 μm and 0.8 μm, respectively. A comparison of Raman resolution (with 633-nm-laser exictation) between theoretical prediction and experimental estimation is shown in Appendix A.7. According to SRIM simulation in Subsection 2.2.2, thickness of the damage layer in powellite induced by Ar irradiation is 3 μm in this study, which is very close to the estimated depth resolution of confocal Raman stated above (2.1 μm for 473-nm laser, and 2.8 μm for 633-nm laser). The principal relation of analyzed volume and irradiation-damaged layer is shown in Figure 2-24. It suggests that the actual analyzed volume can extend below the irradiation damaged layer for bulk sample.

Figure 2 - 24 :

 224 Figure 2-24: Simplified sketches of the beam path of a confocal Raman spectrometer near the focused surface of bulk sample and thin section, respectively; the analyzed volume is shown in orange, which extends below the irradiation-damaged layer (hatched)

(

  with both a-and c-orientations) using a scanning electron microscope (SEM) equipped with FIB (Carl Zeiss AURIGA CrossBeam Workstation) at Institute of Electronic Materials Technology (Poland). The SEM equipment is shown in Figure2-25. FIB sections were taken from powellite slices with damage levels of 0.012, 0.12, 1.2 and 5.0 dpa. To distinguish the samples, FIB sections from a-and c-slices are called a-and c-lamellae, respectively. Figure2-26 shows the orientations of irradiated powellite slices and their corresponding FIB sections.
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 225226 Figure 2-25: AURIGA CrossBeam Workstation (FIB-SEM) from Carl Zeiss [41] for the preparation of FIB sections from irradiated powellite single crystals
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 227 Figure 2-27: Scanning electron microscope images (secondary electron images) of the lamella preparation procedure; (a) surface of powellite crystal slice including irradiated and non-irradiated areas (stage tilted at 0 o ); the white rectangle indicates the origin place of the lamella; (b) prismatic trenches milled by focus ion beam on the irradiated area to prepare a thin section (FIB lamella) perpendicular to the surface (stage tilted at 10 o ); (c) lift-out of the lamella from the powellite slice (stage tilted at 10 o ); (d) the lamella attached to a TEM copper grid after final ion beam thinning(stage tilted at 55 o ); (e) side-view of the lamella (stage tilted at 55 o )

  molecular vibrations (phonons) or other excitations in the materials results in the energy of the incident laser photons being shifted down (Stokes Raman scattering) or up (anti-Stokes Raman scattering). The shift in energy gives information about the vibrational modes in the system. An energy-level diagram of Rayleigh and Raman scattering is presented in Figure 2-28.In this study, Raman spectroscopy was used to characterize the modification of powellite medium-range-order structure with damage level in the irradiated layer. Raman spectra of all the studied samples were collected at room temperature on a LabRAM ARAMIS (Horiba Jobin-Yvon, France) micro-Raman spectrometer equipped with a CCD detector under confocal condition. A 633-nm laser was used as the excitation source in order to avoid the luminescence of Eu in the Raman spectra range. All the measurements were carried out with a 100× Olympus MIR Plan objective (NA = 0.95), and each Raman spectrum was recorded using an 1800 l/mm grating (high resolution) and a 75 μm confocal pinhole.As it is known, polarizations of the incident laser can affect the active vibration modes of [MoO 4 ] 2-tetrahedra of the powellite due to selection rules[47, 48]. For Raman measurement on FIB lamellae, the laser beam was perpendicular to the section. Directions and polarizations of the laser beam are indicated in Figure2-26. Raman Porto notation[49] are used to indicate the direction and polarization of Raman measurements on the samples, as illustrated in Figure2-29. Therefore, notations of measurements are "c(ar)c" on a-lamella (FIB section from a-oriented powellite) and "a(cr)a" on c-lamella (FIB section from c-oriented powellite).
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 2282292 Figure 2-28: Energy-level diagram of Rayleigh and Raman scattering (Stokes and anti-Stokes); ω i : frequency of incoming photon; ω s : frequency of scattering photon; ω0: frequency corresponding to energy difference of two vibration levels
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 230 Figure 2-30: Mapping area on the FIB lamella (white rectangle); original surface of the powellite slice is indicated in the figure (SEM image, stage tilted at 55 o )

Accordingly, defects in

  the powellite structure induced by Ar irradiations were characterized using a TOPCON EM002B TEM equipment (Figure 2-31) working at 200 kV with a point-to-point resolution of 0.19nm and a double-tilt specimen holder. Ultra-thin FIB lamellae (as shown in Figure 2-31) were prepared particularly for the TEM measurements.
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 231 Figure 2-31: TOPCON EM002B transmission electron microscope used for characterization of defects in powellite induced by Ar irradiations; image of an ultra-thin FIB section used for TEM measurements is shown on the upper left corner

Firstly, for the

  study on fractionation of fission products in Mo-rich borosilicate:Mo-rich borosilicate glass-ceramic sample containing needle-shaped dendritic CaMoO 4 crystallites which have a diameter of about 25 microns and a length of several hundred microns was obtained by performing two-steps thermal treatment on the Mo-rich borosilicate analogue. A μLIBS system was set up based on a YAG: Nd nanosecond pulse laser coupled with a microscope modified to support high energy pulse laser for performing mapping of multi-elements automatically on the specified sample surface. AFM was used to characterize precisely the laser-ablated craters on the sample surface. LA-ICP-MS was used to validate the μLIBS measurements. EMPA was used as supplementary technique to illustrate the distribution of multi-elements in the Mo-rich borosilicate glass-ceramic sample, and particularly to determine the fractionation behavior of elements in the borosilicate glass-ceramic. Results and discussion of the fractionation of fission products in Mo-rich borosilicate glass-ceramics will be presented in Chapter 3.

described in Chapter 2 ,

 2 Section 2.1. The μLIBS mapping protocols are stated in Subsection 3.1.1. The details of multi-element mapping (i.e. Mo, Ca, Sr, rare earth elemets, Na, Al, Fe, and Zr) following the measurement protocols are presented in Subsection 3.1.2. AFM is employed to characterize the spatial resolution of μLIBS mapping. Laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is used to validate the μLIBS mapping results. The fractionation behavior of detected elements in the Mo-rich borosilicate glass-ceramic is preliminarily discussed based on PCA in Subsection 3.1.3.

  -1-(a). Size of the square depends on interval between two laser shots. Accordingly, large-scale mapping can be realized by conducting a series of such square units, as shown in Figure3-1-(b). Sequences of single-laser-shots covering the expected mapping area can be designed based on the software, by which successive single-shots can scan all over the area automatically.
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 31 Figure 3-1: Schematic diagram of performing μLIBS mapping on a large area; (a) one square unit of mapping area scanning by single-laser-shots; circles stand for single-shot craters and arrows indicate the direction of single-laser-shot series; (b) a large mapping area consisting of several one square units shown in (a)
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 32 Figure 3-2: Highly resolved LIBS spectra of glassy and crystalline phases of a Mo-rich borosilicate glass-ceramic in the near UV range (364 -398 nm); atomic lines are labeled with "I" and ionic lines are labeled with "II"

  -1. Sequences of single-laser-shots covering the expected scanning area were defined by the software based on Labview program. Successive single-shot ablations were performed point by point with a step of 10 μm between neighboring craters. Consequently, the total mapping area consists of 120 × 160 points, which requires a duration of about 1 hour.
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 33 Figure 3-3: Secondary electron (SE) Image of the mapping area (enclosed by white dash rectangle) on Mo-rich borosilicate glass-ceramic sample; the inset figure is a backscattered electron (BSE) image of the area enclosed by whit solid rectangle

  -3 and 2-4, Chapter 2). First of all, it is interesting to investigate the difference in crater morphologies between glass and crystal. Since CaMoO 4 crystal has completely different structure and density from those of glass matrix, laser-material interaction may result in different crater size.As shown in Figure3-4, craters formed on the surface by a single laser shot were characterized by AFM. Figure 3-4-(a)-(b) and (d)-(e) provide the topography of craters on glass and on crystal, respectively. Bright regions correspond to the sample surface whiledark ones to the bottom of the craters. Apparently, crater on the crystal is smaller than that on glass, which can be probably linked to the difference in laser-material interactions between the two phases. Characterizations of binding energy and chemical bond strength in both glassy and crystalline phases are necessary for further explanation of crater sizes.Depth profiles of the craters were extracted from the AFM data and presented in Figure3-4-(c) and (f). Crater on glass has a depth of about 1.2 μm and a diameter of about 7 μm;
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 34 Figure 3-4: Topographies of single-laser-shot craters and depth profiles on glass (a-c) and crystal (d-f) obtained using AFM (tapping mode)

  surface scanning with a resolution of 10 μm, taking into account the re-deposition of material around the crater after the laser ablation.

  Ca are full-sized images which correspond exactly to the scanned area on the sample surface. Bright zones in these two maps present very intense emission from Mo I 379.8 nm and Ca II 393.3 nm lines, which indicate the regions rich in Mo and Ca on the sample surface. Dark areas correspond to small amount of Mo and Ca. Distributions of Mo and Ca coincide well with the localizations of the crystallites shown in the optical microscope image. It is important to know that only crystallites exposed at the sample surface can be detected by μLIBS. Since crystallites are randomly located in the glass matrix with various tilt angles with respect to the surface, only certain part of some crystallites was exposed after polishing. Nevertheless, most of the crystallites are deeply embedded inside the glass matrix. Taking into account the result of AFM measurement on crater depth, this part of crystallites locates at least 1.2 μm below the sample surface and was not detected by μLIBS mapping. Consequently, all the bright areas correspond to crystallites lying on the surface and the dark areas to glassy surface. As shown in the Mo and Ca maps, surface crystallites distribute on the right side of the scanned area. The white rectangle in the optical microscope image (Figure 3-5) shows an area rich in crystals on the scanned sample surface. Zoomed maps in this area for Sr, REEs (Eu, La, Nd and Pr), Al, Fe and Zr are displayed in Figure 3-5. All the spectral lines which were used to extract the elemental map of each element are listed in Table 3-1. According to these multi-elemental maps, distributions of elements are very clear. Sr and REEs are concentrated in powellite crystallites since their maps are similar to those of Mo and Ca. However, Al, Fe and Zr are barely observed in the crystallite areas. They have a complementary distribution with respect to REEs, which indicates that Al, Fe and Zr prefer to locate in glass rather than in crystallites. The green and yellow spots on the Al, Fe and Zr maps are artifact due to the increase of image contrast. These results confirm that Sr and REEs (La, Nd, Eu and Pr) preferentially incorporate CaMoO4 crystal during its crystallization while Al, Fe and Zr remain in the glass matrix. Such distribution of the elements between glassy and crystalline phases can also be illustrated easily by plotting the intensity correlations between Mo I 379.8 nm and the other species, as shown in Figure 3-6. It indicates that Mo is correlated to Ca, Sr and REEs but anti-correlated to Al, Fe and Zr.Signal from the border of crystallites and glass can be influenced by both crystalline and glassy phases. Thus, the size of crystallites shown in the multi-elemental maps is more or less different from the real one. The determination of the real size of a crystallite is affected by space resolution of the mapping system. However, the distributions of all detected elements are clear enough to show us the information about their fractionation behaviors after the nuclear glass thermal treatment. Such information provides moreover a clue for investigations of the other nuclear waste glass systems or minerals which contain micro-structures.It has to be noticed here that quantitative elemental analysis by μLIBS is still on progress for the moment. The images in Figure3-5 are only normalized intensity maps of multi elements. The intensity variation of element in the crystalline phase and in the residual glass is due to the increase of image contrast, which is less likely linked to inhomogeneous element distribution of in each phase (see the EMPA analysis in Section 3.2). To further improve the ability of quantitative analysis by LIBS, more experiments are required, including calibration of element concentrations and determination of analyzed sample volume, etc. However, it is still worth taking advantage of LIBS for the detection and analysis of nuclear materials, since it is sensitive to most of the elements (particularly to low-content REEs) and can response to multi-elements fast and instantaneously.
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 3536 Figure 3-5: Mapping of multi-element of the Mo-rich borosilicate glass-ceramic sample and a optical microscope image of the mapping area; Mo and Ca mappings are full-sized images of the scanned area while all other mappings are images of the area enclosed by the white rectangle in the optical microscope image

  1) were considered as variables and measurements from each point were set as observables. An intensity matrix in function of line positions and measuring points was therefore established. The corresponding dataset for each variable (line position of the species) includes 35 × 40 intensity values. Covariances of every two variables were calculated to build a covariance matrix and the eigenvalues as well as eigenvectors of this covariance matrix were figured out. The first and second largest eigenvalues correspond to two most important factors revealed by the data, namely, two principal components. Based on the eigenvalues and eigenvectors, it was able to calculate the contribution of each component to the variables. Detailed procedure of the PCA calculation is shown in Appendix A.4. Correlations between all spectral lines used for mapping and the first two principal components are plotted in Figure 3-7. According to the PCA calculation, the first principal component (PC1) and the second principal component (PC2) explain respectively 56.95 % and 41.72 % of the behavior of all those lines. Elements located in crystallites according to the μLIBS mapping, such as Mo, Ca, Sr and REEs, were well separated from Al, Fe and Zr which are located in glass. Mo, Ca, Sr and REEs are mostly associated with PC2 while Al, Fe and Zr are mostly associated with PC1. It is thus reasonable to consider that PC1 represents the performance of the glass and PC2 represents that of the crystal. The points representing Mo, Ca and Al locate on a unit circle which centers at the origin of the PC1-PC2 coordinates. Behaviors of these three elements can be completely explained by PC1 and PC2 considering the contribution of the two principal components to each element. Mo is nearly at (0, 1) on the PC1-PC2 coordinates. It can be inferred that the glass performance (PC1) has nearly no contribution to this species and Mo is located in the crystal. Behaviors of the Ca and Al take more or less into account the other component than the major one. However, for Ca, an important reason has to be considered. During crystallization, Ca and Mo follow strictly the stoichiometric ratio of the formula in precipitating CaMoO4 crystallites. Exceeded amount of Ca is left in the glass matrix. As shown by LA-ICP-MS analysis, low amount of Ca was detected in the glass. Hence, on the PC1-PC2 coordinates, PC2 shows a certain percent of contribution to Ca, which is normal and expected. Due to the relatively low signal-to-noise-ratio in the μLIBS spectra, variables corresponding to Sr, REEs, Fe and Zn have small amount of contribution from the other components besides PC1 and PC2. However, it is still able to figure out the relation among elements by PCA calculation. Figure 3-7 clearly indicates that Sr and REEs follow the behavior of Mo and Ca which is associated with the performance of crystallization while Fe and Zr follow that of Al. This correlation of elements confirms that Sr and REEs are prone to incorporate with the precipitated CaMoO4 crystallites.
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 37 Figure 3-7: Correlation of all the species shown in Table 1 with PCA; PC1 and PC2 represent respectively the performance of glassy and crystalline phases

Figure 3 -

 3 Figure 3-8 to Figure 3-10 show the EMPA mapping of multi-elements, including Si, Al, Na, Mo, Ca, Eu, Nd, La, Pr, Sr, Cs, Zr, Zn, and Fe. The colorbar on the right side of each map indicates the weight percent of the corresponding element. The mapping area is 71.7 × 71.7 μm 2 (512 × 512 pixels) with an interval of 0.14 μm. It has to be noticed that the spatial resolution of EMPA in this experiment is 0.5 to 1 μm, which is larger than the mapping interval. Hence, there is an overlap between neighboring points. Weight percents of the detected elements in the Mo-rich borosilicate glass-ceramic by EMPA are listed in Table 3-5.
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 38 Figure 3-8: EMAP mapping (71.7 × 71.7 μm 2 ) of major elements, i.e. Si, Al, Mo, and Ca, in Mo-rich borosilicate glass-ceramic; the dendritic part on the maps is the powellite crystallite; colorbar on the right side of each figure indicates the weight percent of each element
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 39 Figure 3-9: EMAP mapping (71.7 × 71.7 μm 2 ) of REEs (Pr, Nd, La, and Eu) in Mo-rich borosilicate glass-ceramic; the dendritic part on the maps is the powellite crystallite; colorbar on the right side of each figure indicates the weight percent of each element
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 3 Figure 3-10: EMAP mapping (71.7 × 71.7 μm 2 ) of Fe, Zn, Zr, Cs, Sr and Na in Mo-rich borosilicate glass-ceramic; the dendritic part on the maps is the powellite crystallite; colorbar on the right side of each figure indicates the weight percent of each element
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 3 Figure 3-11: EMAP mapping (116.5 × 74.5 μm 2 ) of Na in Mo-rich borosilicate glass-ceramic with a step of 0.5 μm
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 3312 Figure 3-12: Partition coefficient of the elements of Mo-rich borosilicate glass-ceramic between crystalline and glassy phases (by EMPA)

  5). This problem is probably resulted from the low spatial resolution of LA-ICP-MS (~ 20 μm). As shown by the optical images (Figure2-4) and the EMPA maps, the section diameter of the powellite crystallites is around 25 μm (maximum), which is more or less the same as the resolution of LA-ICP-MS. Therefore, the measurements on the crystallites by LA-ICP-MS are partly mixed by the signal from the glass matrix. For instance, the amount of Mo in the crystalline phase is only 36.6 %, which gives a Mo-O stoichiometric ratio less than 1:4. However, for the EMPA measurement, a stoichiometric ratio of 0.77:1:3.98 among Ca (12.33 at.%), Mo (16.09 at.%), and O (64.09 at.%) can be determined from the composition of the powellite crystallite (Table3-5) which is basically in agreement with the formula of CaMoO 4 , taking into account the substitution of Ca by the incorporated elements. In this case, the EMPA results are more reliable. It has to be noticed that different working conditions of the instruments may provide difference results. The experimental errors have to be carefully considered when performing quantitative analyses on the sample.Second, in order to figure out the ability of powellite crystallite to incorporate the constituent elements (fission products and minor actinides) of the initial glass, the fractions of the crystalline phase (x c ) and the residual glass (x g ) has to be calculated. As shown in Equation (3-2), the atom concentration of element E in the initial glass, C(E i ), is equal to the sum of its concentration in each individual phase times the respective phase fraction.(

  5). The fractions of the crystalline phase (x c ) and the residual glass (x g ) can be calculated by solving Equation (3-2) which gives a value of x c =0.01 and x g =0.99 (see Appendix A.5). Due to the large volume of the glass matrix, it is reasonable that the glass phase has a much higher fraction than the crystalline one. Thus, the fractions of each element in the crystalline phase (F(E c )) and in the residual glass (F(E g )) can be determined according to Equation (3-3), which represents the amount of each element in both of the phases. Most importantly, F(E c ) indicates the ability of powellite crystallite to incorporate elements of the initial glass.

  -13, about 55 % Mo and 10 % Ca of the initial glass are crystallized as powellite. 10 % Pr, 17 % La, and 26 % Sr are incorporated into the crystallite, while 0.8 % Na is used as compensator. By comparison, Si, Al, Fe, Zr, Zn, and Cs completely remain in the residual glass.Since the volume of the residual glass is relatively huge comparing to that of the crystallites, there is still a certain amount of REEs and Sr in the glassy phase. However, the enrichment of REEs and Sr in the crystal phase results in a depletion of those elements in residual glass, which participate the reduction of self-irradiation in the glass matrix during long-term storage. Moreover, by improving the crystallization of powellite in the Mo-rich borosilicate, more REEs (minor actinides surrogates) and Sr (fission product) can be incorporated into the crystalline phase and immobilized within a double-barrier environment. Accordingly, the matrix volume for nuclear waste storage can be effectively reduced.
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 313 Figure 3-13: Normalized fractions of the elements segregated in the residual glass and in the powellite crystalline phase of the Mo-rich borosilicate glass-ceramic

  source) and REEs (minor actinides surrogates, α-decay sources) are all prone to fractionate to the powellite crystalline phase. Therefore, powellite has to undergo self-irradiation for a very longer time. As mentioned in Chapter 1, minor actinides (U, Np, Pu, Am, and Cm) are the principal sources of α-decay in the nuclear wasteform in long-term storage (more than 100 000 years). Penetration depth of α-particles (with energy of 4 to 6 MeV) is about 20 μm while that of α-recoil nuclei (with energy of 0.1 MeV) is about 30 nm[12]. The α-particles dissipate most of their energy by ionization processes over a range of 16 to 23 μm (Figure3-14), but undergo enough elastic collisions along their path to produce several hundred isolated atomic displacements[13]. The more massive but lower energy α-recoil nuclei account for most of the total number of displacements produced by ballistic processes in the nuclear wasteform. The α-recoil nuclei lose nearly all of their energy in elastic collisions over a very short range (30 to 50 nm, [13]. In this study, the powellite crystallites obtained in the Mo-rich borosilicate is about 25 μm in diameter and several hundred μm in length. Penetration depth of α-particles irradiation is on the same scale as the size of powellite crystallites. Ballistic process of α-particles and α-recoil nuclei on the crystalline phase can cause direct atomic displacements through elastic scattering collisions and induce atomic-scale rearrangement of the structure, which results in an overall macroscopic effect on the powellite crystallites. Therefore, the ability of the host crystalline phase to bear long-term α-decay from the accommodated minor actinides is very critical. Behavior of powellite crystal under irradiation will be discussed in Chapter 4, which shows that powellite is able to bear very high level damage without amorphization and can be used as a stable host structure to accommodate minor actinides for long-term storage.β-decay from Cs and Sr is also principal radiation source in the nuclear wasteform for the first 500-year storage, which has a penetration depth of several millimeters covering almost all the wasteform[12]. Because of the low mass of β-particles, they do not transfer kinetic energy to atomic nuclei efficiently. The β-recoil nuclei are almost never energetic enough to be permanently displaced. However, β-decay of 137 Cs and 90 Sr in the nuclear wasteform is the principal transmutation source. Transmutation of radioactive parent nuclei into different chemical elements may significantly impact the chemical properties of the crystalline wasteform, accompanying with changes in both ionic radius and valence of the nuclei. Cs + (half-life 30.23 years) decays to Ba 2+ with a decrease in ionic radius of 20 %, and Sr 2+ (half-life 28.9 years) decays to Y 3+ , which in turn decays to Zr 4+ with a final ionic radius decrease of 29 %[14].
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 314 Figure 3-14: Irradiation range of α-decay from MA incorporated in powellite crystallites

  3 and CaO are existing constituents of the Mo-rich borosilicate glass, CaMoO 4 is formed via high-temperature solid-state reaction of MoO 3 and CaO during thermal annealing the initial glass. Many small heterogeneities are therefore produced in the glass, onto which the powellite crystalline phases can nucleate and grow. By means of crystallization and crystal growth, MoO 3 is easily trapped as 11 Penetration depth of a -particles Penetration depth of a -recoils CaMoO 4 , which solves the Mo-storage problem arising from the UMo spent fuel.

  to the elemental analysis techniques (μLIBS, LA-ICP-MS, and EMPA), it is demonstrated that, by means of crystallization in borosilicate, Mo is easily trapped as CaMoO 4 which can also enrich REEs (surrogates of radioactive minor actinides) and Sr from the initial glass. About 55 % Mo and 10 % Ca of the initial glass are crystallized as powellite with an incorporation of 10 % Pr, 17 % La, and 26 % Sr. The similarity in effective ionic radii of Sr and REEs to Ca allows them to substitute the Ca site and be incorporated in powellite. On the contrary, Cs (another radioactive source) completely remains in the residual glass due to the mismatch of ionic radii.The ability of powellite to incorporate Sr and REEs can be improved by increasing the crystallization in borosilicate. It is suggested that irradiation sources like Sr and minor actinides can be enriched using the Mo-rich powellite crystalline phase and be immobilized within a double-barrier environment. Accordingly, borosilicate glass-ceramic form provides a solution for both the Mo-storage problem arising from the UMo spent fuel and the reduction of matrix volume for accommodation of radioactive nuclear waste.
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 1241 Figure 4-1: Swellings on the irradiated surface of a-and c-slices of CaMoO 4 respectively, measuring by optical interferometry; left axis indicates the absolute swelling value while right axis presents the corresponding estimated volume change

  a-oriented powellite is always stronger than that of the c-oriented one. It suggests that irradiation induced lattice expansion is more effective along a-axis than along c-axis of powellite crystal. Since the structure of powellite is anisotropic, the reactions of powellite under oriented Ar implantation are different, depending on the structural properties (such as surface binding energy, chemical bond strength, etc.) and the ion stopping along the specific crystal axis.Evolution behaviors of surface swelling on both a-and c-slices indicate that the powellite structure changes strongly in low dose range comparing with healthy sample. As irradiation dose increases, such structural change continues but with a weaker effect.According to Figure4-1, swelling of powellite reaches saturation at around 1.2 dpa for both a-and c-oriented irradiation. The saturations of lattice swelling are 2.0 % along a-axis and 1.3 % along c-axis.Summary of this subsection:Swelling was observed on the powellite surface after exposure under Ar irradiations. The irradiation-induced swelling of powellite crystal increases with dpa (from 0.012 to 1.2) at first and reaches saturation after 1.2 dpa. The swelling is more effective along a-axis than along c-axis of powellite crystal. The saturation values of swelling are 2.0 % along a-axis and 1.3 % along c-axis (over a 3-μm thickness), respectively.
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 42 Figure 4-2. Equation (4-2) is used to fit the unit-cell volume change in Figure 4-2. The fitting curves are shown in dash lines. As can been seen, the evolution of powellite volume change with irradiation dose follows basically an exponential behavior. The estimated average saturation value of unit-cell expansion is about 5.4 % at 5.0 dpa. This is quite a comparable result to the measurement performed by C. Mendoza [4] on powellite ceramic which has a swelling of 3 to 5 % after irradiated by 7-MeV silicon (3-μm damaged depth).
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 43242 Figure 4-2: Estimation of unit-cell volume change in powellite single crystal after irradiation; dash lines are the fitting curves
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 4344 Figure 4-3: Generated stress (GPa) versus dpa (of powellite) in the surrounding glass matrix due to crystal swelling along a-axis (blue) and c-axis (red)

Figure 4 -

 4 Figure 4-4 illustrates the relation between swelling-induced stress in the surrounded glass matrix and the powellite crystallite. In practical situations of α-decay in nuclear waste glass-ceramic, energies is about 4 to 6 MeV for the α particle and about 0.1 MeV for the recoil nuclei. It takes a long time (~ 10 5 years, refer to Chapter 2) to reach similar irradiation level as much as 5.0 dpa through internal bombardments. According to Figure 4-3, the most important information is that stresses generated inside the glass matrix are

Figure 4 -

 4 5 shows surface topography of powellite crystal slice after a-oriented (a) and c-oriented (b) irradiations (with 1.2 dpa), as well as the corresponding surface profiles ((c) and (d), respectively). It is found that ion-beam-induced delamination occurred on powellite during a-oriented irradiation, superimposing to swelling phenomenon. Material was ejected from the powellite sample after Ar bombardment, which results in a series of imprints extending along a-axis on the surface, as shown in Figure 4-5 (a).

Figure 4 -

 4 5 (b) shows the surface profile of powellite after a-oriented irradiation. In the irradiated area, delamination occurs at a depth of around 1.4 μm. Comparing with the delamination depth (in micrometers), surface swelling (in nanometers) of a-oriented irradiated powellite is very small. As shown in the inset of

Figure 4 -

 4 Figure 4-5 (c), the step height between irradiated and non-irradiated area is about 64.5 nm for 1.2 dpa sample. However, delamination never occurs on the c-oriented irradiated powellite (Figure 4-5 (b)). Flat elevated steps were always obtained on the surface of c-oriented irradiated powellite. At 1.2 dpa, the swelling for c-oriented irradiated powellite is about 40.5 nm (Figure 4-5 (d)).
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 45 Figure 4-5: Surface topography of powellite crystal slice after a-oriented (a) and c-oriented (b) irradiations (with 1.2 dpa), as well as their corresponding surface profile ((c) and (d), respectively); the inset in (c) is a zoom of the region enclosed by dash rectangle which indicates the swellings on a-oriented irradiated powellite; the ion-beam-induced delamination occurs at about 1.4 μm deep inside the a-oriented irradiated powellite

Figure 4 - 6 shows

 46 Figure 4-6 shows Raman spectra of pristine (non-irradiated) powellite under measurements of c(ar)c and a(cr)a with 633-nm excitation. Here, "r" stands for random collection (refer to Porto notation in Chapter 2). Relations of orientations among the bulk crystal slice, FIB section and the incident laser are listed in Table 4-2. The a-and c-oriented
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 46 Figure 4-6: Raman spectra of non-irradiated healthy powellite under measurements of c(ar)c and a(cr)a (Porto notation) with an excitation of 633 nm
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 47 Figure 4-7: Raman spectra (Exc. 633 nm) of irradiated powellite (0.012, 0.12, 1.2 and 5.0 dpa) at different depth from FIB sections; each spectrum is normalized by the ν 1 (A g ) peak

Figure 4 -

 4 Figure4-8 is peak area mapping of ν 1 (A g ) vibration mode on the FIB sections. Maps in the first raw correspond to a-oriented irradiated powellite with 0.012, 0.12, 1.2 and 5.0 dpa, respectively; while maps in the second raw correspond to c-oriented irradiated ones. Scales on the left side of the figure indicate the distance in depth direction from the original irradiated surface (which is 0 μm) to the non-damaged region (up to 5 μm). According to SRIM simulation, estimated thickness of irradiation-damaged layer is about 3 μm. It can be considered that structure with a depth not smaller than 4.5 μm is in the range of non-damaged region, from which spectra can be used as reference for each lamella.Consequently, each map in Figure4-8was respectively normalized by the mean peak area value from the corresponding non-damaged region on each FIB section. Colorbar on the right side of the figure indicates the normalized peak area value. Light color in Figure4-8represents high value of peak area, while dark color means the contrary. In such case, it is therefore easy to have a general idea about how the peak area evaluates with depth in powellite crystal after different dose of irradiations.

Figure 4 - 8 :

 48 Figure 4-8: Normalized Raman peak area maps of ν 1 (A g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB a-lamellae ((a)-(d)) and c-lamellae ((e)-(h)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the normalized peak area value (1 a.u. for pristine powellite on the FIB section)
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 849 Figure 4-9. First, it illustrates again that the peak area of the internal stretching mode decreases in the irradiation-damaged layer, with the lowest peak area appearing on the original irradiated surface of powellite. Second, it confirms that thickness of the
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 49 Figure 4-9: Normalized Raman peak area maps of ν 3 (E g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB c-lamellae ((a)-(d)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the normalized peak area value
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 410 Figure 4-10: Peak area ratio maps of ν 1 (A g )/ν 3 (E g ) modes (Exc. 633 nm) in depth direction from the irradiated surface on FIB c-lamellae ((a)-(d)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the ratio value
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 44 Figure 4-11 shows peak center position (frequency) mapping of ν 1 (A g ) vibration modeon the FIB sections of both a-and c-lamellae with of 0.012, 0.12, 1.2 and 5.0 dpa, which were extracted from the same spectral data used in Figure4-8. According to the colorbar in Figure4-11, light color stands for high frequency while dark color stands for low frequency.
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 411 Figure 4-11: Raman peak position maps of ν 1 (A g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB a-lamellae ((a)-(d)) and c-lamellae ((e)-(h)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the value of peak center frequency
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 412 Figure 4-12: Raman peak position maps of ν 3 (E g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB c-lamellae ((a)-(d)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the value of peak center frequency
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 413 Figure 4-13: Raman linewidth maps of ν 1 (A g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB a-lamellae ((a)-(d)) and c-lamellae ((e)-(h)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the linewidth value

  Detail discussion of the linewidth evolution and irradiation-induced disorder are presented in Subsection 4.2.4.4.
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 414 Figure 4-14: Raman linewidth maps of ν 3 (E g ) mode (Exc. 633 nm) in depth direction from the irradiated surface on FIB c-lamellae ((a)-(d)) with 0.012, 0.12, 1.2 and 5.0 dpa; scale on the left indicates the depth from the original irradiated surface (labeled 0 μm); color bar on the right indicates the linewidth value
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 4 Figure 4-15 shows the evolution profiles of peak position and linewidth in depth direction of oriented irradiated powellites with 0.012, 0.12, 1.2, and 5.0 dpa. Evolutions in a-oriented irradiated powellites are present on the left column of Figure 4-15, while those in c-oriented ones are on the right column. Left axes and right axes of Figure 4-15 stand

Figure 4 - 15 :Figure 4 - 16 :

 415416 Figure 4-15: Depth profile of Raman ν 1 (A g ) peak position (blue circle) and linewidth (red square) on FIB sections of both a-oriented (left column) and c-oriented (righ column) irradiated powellite at 0.012, 0.12, 1.2 and 5.0 dpa; left axes represent peak position while righ axes indicate the linewidth; expansion (exp.), compaction (comp.) and transition (trans.) layers are colored in red, yellow and blue, respectively, whereas, non-damaged layer is colored in white
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 417 Figure 4-17: Depth profile of Raman ν 3 (E g ) peak position (blue circle) and linewidth (red square) on FIB sections of c-oriented irradiated powellite at 0.012, 0.12, 1.2 and 5.0 dpa; left axes represent peak position while righ axes indicate the linewidth; expansion (exp.), compaction (comp.) and transition (trans.) layers are colored in red, yellow and blue, respectively; whereas, non-damaged layer is colored in white (the same as Figure 4-15).
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 418 Figure 4-18: Pressure dependence of the Raman modes of powellite in the high frequency region (ν 1 (A g ), ν 3 (B g ), and ν 3 (E g )); Phase transitions were observed at 8.2 and 15 GPa (marked with the vertical lines) according to the change in slopes of the phonon lines [11]
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 4 Figure 4-19 presents the evaluation of anisotropic compressive stresses in function of dpa within the compression region of irradiation-damaged layer inside powellites,according to the peak position shift of both ν 1 (A g ) and ν 3 (E g ). The difference between the maximal peak position and the peak position from non-damaged layer of each FIB section is used for the calculation of maximal compressive stress. As can be seen clearly in Figure4-19, evolution of stresses follows basically an increasing behavior according to irradiation damage levels (dpa) in both orientations.
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 1134194204243 Figure 4-19: Evaluation of anisotropic compressive stresses (maximum) in the compression region of irradiation-damaged layer inside powellites through frequency-pressure dependence; the light gray region is the stress in a-oriented irradiated powellite while the dark gray region is the stress in the c-oriented one
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 443421 Figure 4-21 which is obtained by determining the peak position shift of ν 1 (A g ). Data on Figure 4-21 comes from the depth profiles of ν 1 (A g ) peak position. Obviously, the red regions in the coordinates of Figure 4-21 indicate the expansion behavior while the yellow ones indicate the compression behavior. The maximum volume changes of expansion and compression are marked in the figure. For each irradiated powellite, the expansion effect is more significant than the compression ones according to the maximum changes, which can explain why swelling is always observed for each irradiated powellite. Based on the distribution of points, it is shown that both expansion and compression effects in the powellite structure increase with dpa. Moreover, the anisotropy in irradiation-induced stress and volume change are well demonstrated in Figure 4-21. a-oriented irradiated powellites always have more expansion and less compression than the c-oriented ones under identical irradiation condition, which helps to understand the larger swelling in a-oriented irradiated powellites.
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 442212423 Figure 4-15, together with the depth profile of peak position. Linewidth values are shown in the right axis of each figure.
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 242444 Figure 4-24: Evolution of ν 1 (A g ) and ν 3 (E g ) average linewidth with Ar irradiation dose (dpa) in the compression region of c-oriented irradiated powellite

  -25 and Figure 4-26, the irradiation-affected layer grows in the depth direction with increasing dpa (from 0.012 to 5). The compressive-stressed layers (represented by the shift of ν 1 (A g ) peak position towards higher frequency) propagates deeper and deeper as dpa increases, as indicated by the black arrow in Figure 4-25.
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 425426 Figure 4-25: ν 1 (A g ) peak position according to depth and dpa in a-oriented (a) and c-oriented (b) irradiated powellites; colorbars on the right side indicate the peak position of ν 1 (A g ); black arrows indicate the evolution of stressed layer in the irradiated powllites
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 4274 Figure 4-28 present respectively the conventional TEM bright-field images of the sections from a-and c-oriented irradiated powellites. The original surfaces of the irradiated powellites for TEM were protected by Pt coating (marked with red dash lines in the figures). Orientations of the FIB sections are shown in the figure.
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 4428 Figure 4-27-(a) and (c) are TEM images at low magnification for a-oriented irradiated powellite sections at 0.012 and 5.0 dpa, respectively, while (b) and (d) are the corresponding high-magnified TEM images. First of all, an evident defected layer induced by Ar irradiation can be observed below the irradiated surface. However, the thicknesses of the defected layers are very different for low-and high-irradiated samples, with 1.6 μm in the 0.012-dpa powellite and 2.8 μm in the 5.0-dpa one.

  unfulfilled, resulting in occurrence of a bend contour as a dark band in the TEM image. For the pristine parts of the irradiated powellite FIB sections, bend contours do not represent a specific localized feature. They can shift to a new position in the TEM image when the TEM illumination is titled slightly. The increase of the thickness of the defected layer with irradiation dose (0.012 to 5.0 dpa) provides the same result as what is shown by Raman mapping (Section 4.2). More importantly, the features and the types of defects in the damaged layers are very different depending on the irradiation dose, which can result from different modifications on the powellite structure and be revealed by the Raman spectra. Relation between the defected layers shown by TEM in irradiated powellites and the different regions estimated by Raman mapping will be discussed in the following subsection.
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 427428 Figure 4-27: Conventional TEM bright-field images at different magnifications of ultra-thin FIB sections from a-oriented irradiated powellite at 0.012 dpa (a-b) and 5.0 dpa (c-d); original surface of the sample was protected by Pt coating layer (the very dark layer on top of the lamellae), indicating in the figures with red dash lines
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 4 Figure 4-29 and Figure 4-30 show the high magnified TEM bright-field and dark-field images of the FIB sections from a-and c-oriented irradiated powellite with 0.012 dpa, respectively. All the bright-field images were collected in zone axis condition, in order to gain a strong contrast. Accordingly, for a-oriented irradiated powellite, the zone axis is [001] (c-axis of the powellite structure) with the dark-field image collected from the (200) diffraction spot; whereas, for the c-oriented one, the zone axis is [010] (a-axis of the powellite structure) with the dark-field image from the (101) spot. Figure 4-31 presents the corresponding electron diffraction patterns of the irradiated-damaged layer of powellites.
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 4 Figure 4-32 and Figure 4-33 show the comparisons between Raman mapping on ν 1 (A g ) mode (peak area, linewidth, and peak position) and the TEM images of a-and c-oriented irradiated powellite at 0.012 dpa, respectively.

Figure 4 - 29 :Figure 4 - 30 :Figure 4 - 31 :Figure 4 - 32 :Figure 4 - 33 :Figure 4 -

 4294304314324334 Figure 4-29: High magnified conventional TEM bright-field (a) and dark-field (b) images of FIB sections from a-oriented irradiated powellite with 0.012 dpa; zone axis is [001]; the bright-field image is collected from the central spot while the dark-field image is collected from the (200) spot; red dash lines indicate the original irradiated surface
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 434435436437438 Figure 4-34: High magnified conventional TEM bright-field (a) and dark-field (b) images of FIB sections from a-oriented irradiated powellite with 5.0 dpa; zone axis is [001]; the bright-field image is collected from the central spot while the dark-field image is collected from the (200) spot; red dash lines indicate the original irradiated surface
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 4394 Figure 4-39: SiC irradiated by 160-keV Cs ions (two-step damage accumulation) [20]
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 440 Figure 4-40: Relation among irradiation induced disorder, stress and defects in powellite; Raman ν 1 (A g ) linewidth and peak position in function of depth and dpa for a-oriented (a-b) and c-oriented (c-d) irradiated powellites; dash lines are contours
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 711441 figured out by calculating the energy difference between excited states and the ground state through emission wavelength.
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 442443 Figure 4-42: Energy levels of Eu 3+ 7 F 0 , 7 F 1 , and 5 D 0 for each C 2v site in the pristine powellite

Figure 4 - 44 : 5 D

 4445 Figure 4-44: Polarized steady-state emission spectra of Eu 3+ : 5 D 0 7 F J (J = 0, 1) in powellite under continuous 532 nm excitation at 300 K (♦: S 4 site; ◊: C 2v site); α, σ, and π refer to different polarized spectra
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 4 Figure 4-45 and Figure 4-46 are emissions of Eu 3+ : 5 D 0 7 F 0,1 transitions at different depth of FIB section from c-oriented irradiated powellite at 0.012 and 5.0 dpa, respectively.The emission peaks were assigned to different symmetry (S 4 and C 2v ) based on the analysis in Subsection 4.4.1. Moreover, the luminescence spectra were fit with 7 Gaussian profiles which correspond to the 7 emission peaks in the 5 D 0 7 F 1 range, in order to compare the ratio of peak areas which were assigned to the two symmetries.
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 4457014467447 Figure 4-45: Steady-state emissions of Eu 3+ : 5 D 0
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 2 at first and reaches saturation after 1.2 dpa. The swelling is more effective along a-axis than along c-axis of powellite crystal. The saturation values of swelling are 2.0 % along a-axis and 1.3 % along c-axis (over an irradiated thickness of 3-μm), respectively. The irradiation-induced unit-cell volume change of powellite single crystal was estimated based on the swelling along a-and c-axes, which shows a low saturation value of about 5.4 %.Stresses in the surrounded glass matrix induced by powellite swelling are higher in a-axis (maximum 1.96 GPa) than in the c-one (maximum 1.12 GPa). These moderate stresses are in the range of elastic region of borosilicate and can possibly be tolerated without inducing cracks.A damaged layer in irradiated powellite was observed by Raman mapping, represented by decrease in Raman peak area, broadening in linewidth, and shift of peak position. The thickness of irradiation-damaged layer increases as the Ar irradiation dose rises from 0.012 to 1.2 dpa, which indicates an expansion of the affected layer in bulk powellite crystal. The thickness of the irradiation-damaged layer becomes constant (saturated) after 1.2 dpa.The most disordered structure always appears on the irradiated surface of powellite due to the migration of irradiation-induced defects from the interior of the structure to the surface. Moreover, the irradiation-induced disorder in powellite does not depend on crystal orientation, namely, no significant anisotropic effect of irradiation-induced disorder.Anisotropic effect in the lattice volume change was observed along two crystallographic axes (a-and c-axes) by comparing the depth profile of ν 1 (A g ) peak position. Both expansion and compression of the structure exist in the irradiation-affected layer. The irradiation-damaged layer has less compression and more expansion for a-oriented irradiated powellite comparing with the c-one, which is positive correlated to the fact of more swelling in a-orientation. Irradiation can induce anisotropic compressive stress in powellite. It is shown that c-orientation of powellite can endure more stress in the structure than the a-one. The depth of the compressive-stressed region increases with increasing dpa (from 0.012 to 5.0). Particularly, for a-orientated irradiated powellite, delamination takes place close to the location where the maximum compressive stress is formed.TEM was used to characterize the defects in the powellite structure induced by Ar irradiations. It is confirmed both by Raman and TEM that powellite does not reach amorphization within the studied dpa range. For low-dpa (0.012) powellites, the main irradiation-induced damages are point defect clusters; while for high-dpa (5.0) ones, the main damages become dislocations. The ranges of the irradiation-damaged layer given by TEM are in agreement with that shown by Raman measurements. The mosaicity appearing at the irradiated surface for 5.0-dpa powellite indicates the most disordered structure in the sample, which is consistent with the fact that the most broadened Raman linewidth were observed at the surface. A two-step damage accumulation is proposed to interpret the evolution of powellite structure under irradiation, which is basically consistent with the results of Raman and TEM. Evolution of the powellite structure with increasing irradiation dose follows from crystalline structure to point defects, then to dislocations, and finally to mosaicity (at 5.0 dpa). The formation of dislocation in powellite participates the release of excessive high compressive stress.In addition, the quenching of Eu 3+ emission also indicates the defect level of the irradiated powellites structure. Moreover, the change in ratio of C 2v sites and S 4 site(s) is related to different defect types in the damaged structure. For further study, site-selective excitation measurement on irradiated powellite under confocal condition could be useful to follow the modification of C 2v and S 4 sites in function of dpa.

  According to the elemental analysis techniques (μLIBS, LA-ICP-MS, and EMPA), it is demonstrated that, by means of crystallization in borosilicate, Mo is easily trapped as CaMoO 4 which can also enrich REEs (surrogates of radioactive minor actinides) and Sr from the initial glass. About 55 % Mo and 10 % Ca of the initial glass are crystallized as powellite with an incorporation of 10 % Pr, 17 % La, and 26 % Sr. The similarity in effective ionic radii of Sr and REEs to Ca allows them to substitute the Ca site and be incorporated in powellite. On the contrary, Cs (another radioactive source) completely remains in the residual glass due to the mismatch of ionic radii.The ability of powellite to incorporate Sr and REEs can be improved by increasing the crystallization in borosilicate. It is suggested that irradiation sources like Sr and minor actinides can be enriched using the Mo-rich powellite crystalline phase and be immobilized within a double-barrier environment. Accordingly, borosilicate glass-ceramic form provides a solution for both the Mo-storage problem arising from the UMo spent fuel and the reduction of matrix volume for accommodation of radioactive nuclear waste.Swelling was observed on the powellite surface after exposure under Ar irradiations.The irradiation-induced swelling of powellite crystal increases with dpa (from 0.012 to 1.2) at first and reaches saturation after 1.2 dpa. The swelling is more effective along a-axis than along c-axis of powellite crystal. The saturation values of swelling are 2.0 % along a-axis and 1.3 % along c-axis (over an irradiated thickness of 3 μm), respectively. The irradiation-induced unit-cell volume change of powellite single crystal was estimated based on the swelling along a-and c-axes, which shows a low saturation value of about 5.4 %.Stresses in the surrounded glass matrix induced by powellite swelling are higher in a-axis (maximum 1.96 GPa) than in the c-one (maximum 1.12 GPa). These moderate stresses are in the range of elastic region of borosilicate and can possibly be tolerated without inducing cracks.A damaged layer in irradiated powellite was observed by Raman mapping, represented by decrease in Raman peak area, broadening in linewidth, and shift of peak position. The thickness of irradiation-damaged layer increases as the Ar irradiation dose rises from 0.012 to 1.2 dpa, which indicates an expansion of the affected layer in bulk powellite crystal. The thickness of the irradiation-damaged layer becomes constant (saturated) after 1.2 dpa.The most disordered structure always appears on the irradiated surface of powellite due to the migration of irradiation-induced defects from the interior of the structure to the surface. Moreover, the irradiation-induced disorder in powellite does not depend on crystal orientation, namely, no significant anisotropic effect of irradiation-induced disorder.Anisotropic effect in the lattice volume change was observed along two crystallographic axes (a-and c-axes) by comparing the depth profile of ν 1 (A g ) peak position. Both expansion and compression of the structure exist in the irradiation-affected layer. The irradiation-damaged layer has less compression and more expansion for a-oriented irradiated powellite comparing with the c-one, which is positive correlated to the fact of more swelling in a-orientation. Irradiation can induce anisotropic compressive stress in powellite. It is shown that c-orientation of powellite can endure more stress in the structure than the a-one. The depth of the compressive-stressed region increases with increasing dpa (from 0.012 to 5.0). Particularly, for a-orientated irradiated powellite, delamination takes place close to the location where the maximum compressive stress is formed.TEM was used to characterize the defects in the powellite structure induced by Ar irradiations. It is confirmed both by Raman and TEM that powellite does not reach amorphization within the studied dpa range. For low-dpa (0.012) powellites, the main irradiation-induced damages are point defect clusters; while for high-dpa (5.0) ones, the main damages become dislocations. The ranges of the irradiation-damaged layer given by TEM are in agreement with that shown by Raman measurements. The mosaicity appearing at the irradiated surface for 5.0-dpa powellite indicates the most disordered structure in the sample, which is consistent with the fact that the most broadened Raman linewidth were observed at the surface. A two-step damage accumulation is proposed to interpret the evolution of powellite structure under irradiation, which is basically consistent with the results of Raman and TEM. Evolution of the powellite structure with increasing irradiation dose follows from crystalline structure to point defects, then to dislocations, and finally to mosaicity (at 5.0 dpa). The formation of dislocation in powellite participates the release of excessive high compressive stress.In addition, the quenching of Eu 3+ emission also indicates the defect level of the irradiated powellites structure. Moreover, the change in ratio of C 2v sites and S 4 site(s) is related to different defect types in the damaged structure. For further study, site-selective excitation measurement on irradiated powellite under confocal condition could be useful to follow the modification of C 2v and S 4 sites in function of dpa.
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 13 Figure A-1: Full-range LIBS spectrum (averaged from 100 spectra) of the initial Mo-rich borosilicate glass (the SM synthetic analogue); lines were identified according to the NIST database; excitation: 266nm; laser energy: 18 mJ; gate delay: 2 gate width: 8 μs; accumulation times: 1; gain: 100; ambient gas: Ar

Figure A- 3 (

 3 Figure A-3 (Spectral lines which were used for mapping are listed in Table A-1). In this experiment, two scans were performed on the same area successively in two different spectral ranges (403-to-436-nm range and 301-to-335-nm range). The maps obtain by the first and the second scans are quite consistent according to Figure A-3.
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 233456423 Figure A-2: μLIBS mapping of Mo, Ca, and Sr on the Mo-rich borosilicate glass-ceramic sample in the spectral range of 403 to 436 nm; the figure on the upper left corner is an optical microscope image of the mapping area; interpolation was used for imaging without spatial resolution
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 375 Figure 3-7: Correlation of all the species shown in with PCA; PC1 and PC2 represent respectively the performance of glassy and crystalline phases

1

  Here, C(Ei), C(Ec), and C(Eg) are one-dimensional vector constituted by the known atom concentration (determined by EMPA) of each element in the initial glass, the crystalline phase, and the residual glass, respectively. x c and x g are respectively the phase fractions of crystal and the residual glass, which can be determined by the following equations 1 : Albarède, Francis. Introduction to geochemical modeling. Cambridge University 1996. xv

  ; λ and μ are Lamé constants; K is bulk modulus; G is shear modulus; E is the Young's modulus; ν is the Poisson ratio.

  Δa and Δc are respectively the absolute swelling of powellite crystal in a-and c-axes which were observed by optical interferometry. In the Mo-rich borosilicate glass-ceramic, powellite crystallites are constrained by the surrounded glass matrix. The swelling is therefore confined. Δx c a and Δx g a are the absolute change of length of crystallite and the surrounded glass in a-axis. Δx c | and Δx g c are the absolute change of length of crystallite and the surrounded glass in c-axis. Δx and Δx g satisfy the following relation: Moreover, ratio of Δx c and Δx g can be roughly estimated by the elasticity coefficient (components of the stiffness tensors) of the crystal and the glass in the corresponding C c11 and C g11 the elasticity components of the stiffness tensors in a-axis for the crystal and the glass respectively. Accordingly, Δx c /Δx g in a-axis is proportional to C g11 /C c11 , and the same for Δx c /Δx g in c-axis.

ε

  c11 and ε c33 are respectively the strains of powellite crystallite in the glass matrix along the two crystal axes. It can be estimated as below:The stress generated in the glass matrix (σ g11 and σ g33 ) to confine the powellite crystallite should be equivalent to the strain induced stress (σ c11 and σ c33 ) in powellite.

  Figure A-7 and Figure A-8. The estimated spatial resolution is the spatial interval between the two positions where 20% and 80% of the maximal intensity are observed. For homogeneous samples, the inflection point on the intensity profile corresponds to the border of the sample.

Figure A- 8 : 8

 88 Figure A-8: (a) Schematic diagram of the Raman horizontal profile measurement on the FIB section of pristine powellite crystal; (b) Line profile of the ν 1 (A g ) peak area of pristine powellite crystal FIB laser scanning was performed horizontally on the FIB section; the estimated depth resolution (20% to 80%) is 0.9 μm (By formula 1.22λ/NA, the calculated depth resolution of 633-nm laser with is 0.8 μm.); inflection point to the edge of section; a much better spatial resolution can be obtain in this case comparing with the one in Figure A-7

  Figure A-9 to Figure A-14 show some examples of Raman measurements on a-and c-oriented irradiated bulk powellites. As can be seen, the Raman observed in this case is much less than the one observed in FIB sections. The fluctuation of the Raman linewidth in the irradiated area of a-oriented powellite is due to the delamination (see Figure 4-6) of the sample.

Figure A- 15

 15 Figure A-15 shows a comparison of ν 1 (A g ) depth profiles in linewidth and peak intensity between irradiated (1.2 dpa) and non-irradiated bulk powellite crystal. For the irradiated sample, the evolution Raman is significantly the pristine one when the focus of the laser beam moves from exterior the interior the The border of irradiated sample difficult to define from the Raman intensity profile.

Figure A- 9 :

 9 Figure A-9: Schematic diagram of the Raman horizontal (a) and depth (b) profiles measurement on a-oriented irradiated bulk powellite crystal

Figure A- 10 :Figure A- 11 :

 1011 Figure A-10: Horizontal profile of the ν (A g ) linewidth of a-oriented irradiated bulk powellite crystal (0.12, 0.6 and 1.2 dpa); the laser beam scanned horizontally on the sample surface from the non-irradiated area to the irradiated area (Figure A-9-(a))
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 12 Figure A-12: Schematic diagram of the Raman horizontal (a) and depth (b) profiles measurement on c-oriented irradiated bulk powellite crystal

Figure A- 13 :Figure A- 14 :Figure A- 15 :A. 9

 1314159 Figure A-13: Horizontal profile of the ν 1 (A g ) linewidth of c-oriented irradiated bulk powellite crystal (0.12, 0.6 and dpa); the laser beam scanned horizontally the sample from the non-irradiated area to irradiated area (Figure A-12-(a))

Figure A- 17

 17 Figure A-17).

Figure A- 16 :Figure A- 17 :

 1617 Figure A-16: Schematic diagram of the Raman horizontal profile measurement on the FIB section of pristine (a) and irradiated (b) powellite crystal;

  shown in Figure A-18 and Figure A-19, the profiles (with 633-nm laser) of Raman linewidth and peak position of the irradiated FIB section change significantly after the exposure of FIB samples under a 473-nm laser. Due to the absorption of laser energy

Figure A- 18 :Figure A- 19 :Figure A- 20 :

 181920 Figure A-18: Raman linewidth profile of the irradiated FIB section before (1 st ) and after (2 nd ) the exposure under 473-nm laser; Raman excitation: 633-nm laser

  

  

  

  

  

  

  

  

  

  

  

  Powellite (CaMoO 4 ) is a well-known member of the scheelite (CaWO 4 ) type compounds. It has the same structure as CaWO 4 which has I4 1 /a space-group symmetry and C 4h point-group symmetry, with eight-coordinated Ca and tetrahedral Mo[48][49][50]. Both Ca and Mo occupy S 4 sites while the O ions occupy C 1 site in the lattice. As shown in Figure1-4, perfect CaMoO 4 structure is constituted by regularly arranged MoO 4 tetrahedra and CaO 8 polyhedra. Mineral data[48, 51] for the powellite structure is shown in Table1-1. To study the behavior of irradiated powellite, it is necessary to have a general overview of the powellite structure as well as the properties which can be characterized by Raman,

	Figure 1-5) including stretching and bending, as well as 6 external modes including rotation
	and translation. A summary of reported Raman frequencies of MoO 4 vibration is listed in
	Table 1-2.

photoluminescence, and TEM, etc (See Chapter 2).

Since there are two CaMoO 4 molecules (i.e. 12 atoms) in each primitive cell, the degree of freedom for CaMoO 4 is 3N = 36. According to the Group Theory, the lattice vibrations can be divided into 26 species, i.e. 3A g +5A u +5B g +3B u +5E g +5E u , where g stands for the even vibration mode which is Raman active, and u stands for the odd vibration mode which is Raman inactive. The A and B vibrations are non-degenerate, whereas the E vibrations are doubly degenerate.

The symmetry of free [MoO 4 ] 2-ion is T d while that of [MoO 4 ] 2-tetrahedron in crystal is reduced to S 4

[52]

. As it has been reported

[49, 52,[START_REF] Russell | The first-order Raman spectrum of calcium tungstate[END_REF]

, the atoms are tightly bound in the [MoO 4 ] 2-molecular group while the coupling between [MoO 4 ] 2-and the rest of the CaMoO 4 lattice is relatively weak (long-range ionic forces). Hence, it is a good approximation to label vibrations as internal and external. Internal vibration refers to the motions in which the center of mass of [MoO 4 ] 2-ion does not move; while external vibration refers to motion of [MoO 4 ] 2-ions as rigid units. Accordingly, the 13 Raman active vibration modes of [MoO 4 ] 2-can be classified as [52]: 7 internal modes (illustrated in

Table 1 -1: Mineral data of powellite [48, 51]

 1 

	Perfect CaMoO 4	Doped CaMoO 4
	Powellite	CaMoO 4
	Crystal Data	
	Symmetry	Tetragonal
	Point group	4/m
	Physical properties	
	Cleavage	(112), (011), (001), all indistinct
	Fracture	Uneven
	Hardness	3.5 -4
	Density	4.26 g/cm 3
	Optical properties	
	Transparency	Transparent -translucent
	Optical class	Uniaxial (+)
	Cell data	
	Space group	I (synthetic)
	Cell parameters	a = 5.222 Å, c = 11.425 Å
	Unit cell volume	311.55 Å 3

Table 1 -2: Comparison of reported Raman frequencies of MoO 4 vibration modes

 1 

			Reported frequency (cm -1 )	
	Vibration	Porto	Scott	L-Duyckaerts	Khanna
	mode	[49]	[54]	[52]	[55]
	Internal				
	ν 1 (A g )	878	878	879	878
	ν 3 (B g )	844	844	848	844
	ν 3 (E g )	797	797	794	794
	ν 4 (E g )	401	401	403	404
	ν 4 (B g )	393	339	392	390
	ν 2 (A g )	333	333	323	322
	ν 2 (B g )	339	393	323	322
	External				
	R(E g )	263	263	268	189
	T(B g )	219	219	--	--
	R(A g )	205	205	205	204
	T(E g )	189	189	191	192
	T(E g )	145	145	144	150
	T(B g )	110	110	112	115

Table 2 -

 2 1. As shown in Table2-1, main components of the analogue are the same as those of the SON68 glass: silicon, boron and aluminum oxides constitute the network formers of the glass, while sodium oxide acts as main modifier. To reduce the opacity of the glass for spectral measurements, Cd, Cr as well as Ni were removed since they can yield very deep colors.

Various metallic elements with relatively high concentrations (1 to 5 weight percent) are coexisting in the glass, such as Mo, Ca, Al, Fe, Cs, Zn and Zr. REEs (lanthanides) like Eu, Nd, Pr and La with very low concentration (less than 1 weight percent) are present as well. On one hand, REEs are considered as fission products and surrogates of minor actinides. On the other hand, REEs can also be applied as optical probe of local structural environment using luminescence measurements.

Table 2 -1: Compositions (wt.%) of the SON68 glass and the corresponding synthetic analogue used in this study

 2 

		Weight percent (%)		Weight percent (%)
	Oxide	Analogue	SON68	Oxide	Analogue	SON68
	SiO 2	46.42	45.12	BaO	0.63	0.61
	B 2 O 3	14.32	13.92	Y 2 O 3	0.20	0.20
	Na 2 O	10.35	10.06	La 2 O 3	0.95	0.92
	Al 2 O 3	5.07	4.92	Ce 2 O 3	--	0.95
	CaO	4.12	4.01	Nd 2 O 3	1.67	1.63
	Li 2 O	2.02	1.96	Pr 2 O 3	0.48	0.45
	Fe 2 O 3	3.07	2.98	Eu 2 O 3	0.39	--
	NiO	--	0.42	Ag 2 O	0.03	0.03
	Cr 2 O 3	--	0.52	SnO 2	0.02	0.03
	ZnO	2.56	2.49	TeO 2	0.23	0.23
	P 2 O 5	0.29	0.29	UO 2	--	0.06
	SrO	0.35	0.34	ThO 2	--	0.31
	ZrO 2	2.79	2.70	CdO	--	0.03
	MoO 3	2.54	1.75	RuO 2	--	0.99
	MnO 2	0.39	0.38	Pd	--	0.60
	Cs 2 O	1.11	1.10	Total	100	100

2.1.2.4 Optimization of μLIBS mapping setup

  

				E 3		
						Fiber
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	table on the left, while microscope, laser and all optical devices are placed and well aligned
	on an optical table. The Zeiss microscope was modified to adapt high energy pulse laser.
	Table 2-2 lists all the devices and their corresponding functions used to generate and
	control the laser-induced plasma in a micro-area. Parameters related to the setup are
	provided as well in this table. All the devices are labeled according to their position, as
	shown in Figure 2-8.					
	Figure 2-8 is a scheme of devices used to generate and control the laser-induced plasma
	in a micro-area. Before the beam is introduced in to the microscope, it is necessary to
	improve the beam quality. As it is shown in Figure 2-8, first, the output laser passes
	through an attenuator and an iris; then it is expanded by a concave-convex lens group; after,
	the beam is lifted by a pair of mirrors and introduced into the microscope system. A series
	of tests were performed to optimize the parameters of the μLIBS system.

8: Schematic diagram of devices used to generate and control the laser-induced plasma in a micro-area (E 1 : output laser energy; E 2 : energy after attenuator; E 3 : energy at the entrance of the microscope; E 4 : energy performed on the sample surface)

  

Table 2

 2 

	-3 lists the energies measured

Table 2 -3: Energy attenuation at different positions (see Figure 2-8, E 1 -E 4 ) in the optical path; E 1 : output laser energy; E 2 : energy after attenuator; E 3 : energy at the entrance of the microscope; E4: energy performed on the sample surface (both ×15 and ×40 OFR UV objectives were used for the test)

 2 

	Position	E 1	E 2	E 3	E 4 (×15)	E 4 (×40)
	Energy (mJ)	15.00	1.85	1.60	1.00	0.60
	Attenuation (%)	--	87.7	89.3	93.3	96.0

Table 2 -4: Standards used for the EMPA analysis of Mo-rich borosilicate initial glass and its glass-ceramic sample

 2 

	Element	Standard
	B	boron nitride
	Na	albite
	Si, Ca	diopside
	Al	orthose
	Sr	glass SrSiO3
	Zr	zircon
	Mo	pure metal
	La, Pr	REE doped glass
	Nd	REE doped glass
	Fe	hematite
	Zn	ZnS
	Cs	CsTiAsO5
	Eu	REE doped glass

Table 2 -5: Working conditions for EMPA measurement of the initial Mo-rich borosilicate glass and the mapping of glass-ceramic

 2 

		Initial Mo-rich	Glass-ceramic	Glass-ceramic
	Sample	borosilicate glass	Mapping 1	Mapping 2
	Measurement	100 points	233 × 149 points 512 × 512 points
	Beam size	15 μm	0.5 to 1 μm	0.5 to 1 μm
	Column Conditions 15 keV, 20 nA	15 keV, 40 nA	15 keV, 100 nA
	Mapping step	--	0.5 μm	0.14 μm
	Mapping area	--	116.5 × 74.5 μm 2 71.7 × 71.7μm 2

2.2 Methodology for studying the behavior of powellite single crystal under irradiations

  

	The powellite crystal that used to incorporate minor actinides in Mo-rich borosilicate
	has to undergo self-irradiation in the long-term storage. It is important to know if the
	radioactive compounds can degrade the crystal structure by self-irradiation through internal
	bombardments and induce potential metamictization and amorphization. The behavior of
	powellite crystal under irradiations becomes crucial. For instance, irradiation induced
	swelling of the powellite crystal may cause cracks in the glassy matrix, resulting in an
	increase of the surface accessible to water and radioactive dissemination risk. This problem
	needs to be considered and avoided carefully in long-term nuclear waste storage.
	To have an intuitive understanding of the behavior of powellite after irradiations, an
	oriented CaMoO 4 single crystal doped with Eu and Nd as FP surrogates and Na as
	compensator was prepared for the study (Subsection 2.1.1). External Ar-ion beam
	bombardment was performed on oriented sample surfaces to simulate the internal
	self-irradiation (Subsection 2.2.2). Optical interferometry was conducted to investigate the
	irradiated surface morphology (Subsection 2.2.4). Micro-Raman spectroscopy was
	employed to study the medium-range order modification of tetrahedral powellite structure
	(Subsection 2.2.5) while photoluminescence of rare-earth elements probes the local
	environment distortions (Subsection 2.2.6). Transmission electron microscope (TEM) was
	used to determine the structural defects induced by Ar irradiations (Subsection 2.2.7).

2.2.1 Preparation of REEs doped powellite (CaMoO4) single crystal slices 2.2.1.1 REEs doped CaMoO4 single crystal growth by Czochralski method

  

	The detected XRD peaks of CaMoO 4 powder are identical to the CaMoO 4 reference
	(JCPDS 04-008-6868) and no complementary phases were found.
	In this study, 2 % Eu and 0.1 % Nd were doped in CaMoO 4 single crystal to simulate
	the nuclear fission products. According to electrical neutrality, 2.1 % Na were co-doped as
	compensator to maintain the charge balance. Precursory oxide powder of CaO, MoO 3 ,
	Eu 2 O 3 , Nd 2 O 3 and Na 2 O in stoichiometric proportion were uniformly mixed and calcined at
	high temperature (temperature-time conditions shown in Figure 2-13), under which
	solid-state reaction occurred and CaMoO 4 powder was formed. Table 2-6 shows the
	corresponding mass and molar mass of each oxide and the expected atomic percent of each
	element in the powellite crystal sample. Powder X-ray diffraction (XRD) in Figure 2-14
	confirms that CaMoO 4 phase was formed after calcination of the precursory oxide powders.

Table 2 -6: Atomic percent of elements in the (Ca 0.958 Eu 0.02 Nd 0.001 Na 0.021 )MoO 4 single crystal as well as corresponding mass and molar mass of oxides for growing the crystal

 2 under natural light is due to oxygen vacancies. Red emission corresponding to Eu 3+ can be observed when exposed to UV lamp.

	1200			
					1015 o C, 3h
	1000			
	Temperature ( o C)	400 600 800		800 o C, 6h	
		200			
		0	RT			RT
	Elements	Atomic percent	Oxide	Molar mass	Mass
			(%)		(g/mol)	(g)
	Ca	95.8	CaCO 3	100.1	173.2
	Eu	2	Eu 2 O 3	351.9	6.4
	Nd	0.1	Nd 2 O 3	336.5	0.3
	Na	2.1	Na 2 O	106.0	2.0
	Mo	100	MoO 3	144.0	260.1
	O		100	--	--	--
	The Eu, Nd and Na doped CaMoO 4 single crystal was then grown using Czochralski
	technique (at the École Nationale Supérieure de Chimie de Paris, France) by heating the
	CaMoO 4 powder to a molten state. Lattice structure and orientations of the crystal were
	verified using X-ray diffraction (Laue). The experimental X-ray diffraction pattern
	according to [001] direction is identical to the theoretical one (Figure 2-15). Images of the
	synthetic Eu, Nd, Na doped CaMoO 4 single crystal under natural light and UV lamp are
	presented in Figure 2-16. The crystal has an elliptical cylinder shape. The deep purple color

Table 2 -7: Relative damage rates

 2 

	Material	Damage rate (dpa/s)
	HLW forms	10 -16 -10 -11
	10 wt.% Pu waste form	10 -11
	Natural minerals	10 -17
	Actinide doping	10 -10 -10 -8
	Neutron irradiation	10 -7 -10 -6
	Ion-beam irradiation	10 -5 -10 -2

2.2.2.1 Simulation of Ar irradiation by SRIM

  

		0.018			
						7 MeV
		0.016				5 MeV
						3 MeV
		0.014				2 MeV
						0.9 MeV
		0.012				Total
	DPA	0.008 0.010			
		0.006			
		0.004			
	Internal self-irradiation from fission product on powellite was imitated by exposing 0.002
	powellite crystal under external Ar-ion radiations. In order to evaluate the damage of 0.000
		0	1000	2000	3000	4000
	powellite caused by Ar implantation, the program package "SRIM 2011" developed by J. F. Depth (nm)
	Ziegler [34] was used to calculate the induced atom displacements of CaMoO 4 and
	penetration depths of Ar ions.			
	Deposition distributions of incident ions in the target are different depending on their
	incident energies. In order to use optical characterization techniques (such as micro-Raman
	and micro-luminescence), spatial resolutions of those techniques have to be consider
	carefully (see Subsection 2.2.3). In this study, thickness of the irradiated domain was
	designed to be not less than 3 μm. During irradiation, the atomic collisions due to nuclear
	energy loss and the associated electronic excitations and ionizations due to electronic
	energy loss are not homogeneous in the depth direction of the objective material.
	Single-energy Ar implantation generally leads to an uneven dpa depth profile in powellite.
	Hence, multi-energies Ar irradiations (0.9, 2, 3, 5 and 7 MeV) were proposed and
	sequentially performed on oriented powellite single crystals to realized a constant ballistic
	damage in a 3-μm-thick layer (Figure 2-19). In addition, penetration depth of incident ions
	increases with increasing energy. Therefore, the multi-energies Ar irradiations were carried
	out in a descending order of energy value, to ensure that damages induced by low energy
	Ar irradiation are not superimposed by high energy ones.

Table 2 -

 2 8 shows the details of predetermined irradiated conditions on powellite. The first row of the table is the order of Ar irradiations that perform on each powellite crystal slice. The second to fourth rows are respectively the types, the energies, and the maximum electronic energy loss (dE/dx) of each Ar irradiation. Ar ion fluence in each irradiation to generate the required dpa value in powellite is listed from the fifth to tenth rows of the table.The rightmost column of Table2-8 lists the estimated equivalent values of Ar fluences corresponding to each required dpa (see Appendix A.1).

  La and Pr) and Sr are preferentially incorporated into the CaMoO 4 crystal while Fe and Zr prefer to stay in the glass. Spectral line intensities of REEs (Eu, Nd, La and Pr), Sr, Fe and Zr were relatively weak. However, the intensity variation of these species between crystal and glass was still large enough to obtain elemental maps. Lines selected for multi-elemental mapping are indicated in Table3-1.

		1.5x10 4	Crystalline phase			Ca II	Ca II
	Intensity (a.u.)	5.0x10 3 1.0x10 4	Mo I	Eu II	Mo I Nd II	Mo I Pr II	La II Sr I
		0.0					
		2.0x10					
		0.0					
		364 366 368 370 372 374 376 378 380 382 384 386 388 390 392 394 396 398

-2, for strong lines such as Mo I 379.8 nm, 386.4 nm and 390.3 nm, Ca II 393.3 nm and 396.9 nm, and Al I 394.4 nm and 396.2 nm, the spectral intensities change dramatically from glassy phase to crystalline one. Line intensities of Mo I and Ca II are much higher for crystal spectrum than for glass. By comparison, Al I 394.4 nm and 396.2 nm lines are very intense in the glass spectrum but almost disappear in the crystal one. This observation indicates that Mo and Ca are mainly located in the crystal while Al remains in the glass phase. This result is consistent with the previous statement that partial crystallization occurs in the Mo-rich borosilicate during thermal treatment and precipitates the CaMoO4 crystallite.

According to Figure

3

-2, Eu II 390.7 nm, Nd II 384.7 nm, La II 394.8 nm and Pr II 391.8 nm as well as Sr I 394.1 nm lines are present in the spectrum from the crystal whereas Fe I 372.0 nm, 373.5 nm, 373.7 nm and 374.5 nm, and Zr I 388.5 nm and 389.1 nm lines are well observed in the glass. It can be preliminary inferred that REEs (Eu, Nd,

Table 3 -1: Spectral lines of detected elements in the range of 364 to 398 nm (atomic lines are labeled with "I" and ionic lines are labeled with "II")

 3 

	Species	Line position (nm)			
	Mo I	379.8*	386.4	390.3		
	Ca II	393.3*	396.8			
	Sr I	394.1*				
	Eu II	390.7*				
	La II	394.8*				
	Nd II	384.7*				
	Pr II	391.8*				
	Al I	394.4*	396.2			
	Fe I	372.1	373.6	373.8	374.5*	374.9
	Zr I	388.6	389.1*			
	* Lines selected for μLIBS mapping			

Table 3 -2: Crater sizes (diameter and depth) and the corresponding fitting parameters12, including the linewidth (σ), the amplitude (I 0 ), and the volume (V) of the Gaussian profiles

 3 

		Measured			Fitted	
	Phase	Diameter (μm) Depth (μm)	σ (μm) I 0 (μm) V (μm 3 )
	Glass	7.0	1.2	3.88	1.2	20.5
	Crystalline	5.0	1.2	2.64	1.3	10.3

Table 3 -3: Average diameter and depth of single-laser-shot crater on glassy and crystalline phases (powellite) of Mo-rich borosilicate glass-ceramics

 3 

	Phase	Diameter (μm)	Depth (μm)
	Glass	6.9 ± 0.5	1.3 ± 0.2
	Crystalline	5.2 ± 0.4	1.2 ± 0.1

Table 3 -

 3 4. The ablation craters have a diameter around 20 μm. B, Si, Na, Zn and Cs were not analyzed by LIBS since lines from these elements were not found within the studied spectral range. As can be seen, nearly all the Mo (99 %) are located in crystallites. Concentrations of Ca, Sr and REEs are higher in crystallites then in glass. By comparison, Si, Al, Fe and Zr have much higher concentrations in glass. It is worth noting that, as an important member of the fission products, Cs is prone to remain in the glassy phase. Complementary analysis of the

elements in Mo-rich borosilicate will be conducted using electron microprobe analysis (EMPA).

Table 3 -4: Weight concentrations of the elements detected in Mo-rich glass-ceramic using LA-ICP-MS (average of 10-point measurements) [7]

 3 For single-laser-shot, crater on glass are about 7 μm in diameter and 1.2 μm in depth, while crater on crystal are about 5 μm in diameter and 1.2 μm in depth.According to the crater characterization by AFM, it is possible to perform μLIBS 2D surface scanning with a resolution of 10 μm. Multi-element mapping by μLIBS suggests that REEs and Sr incorporates into CaMoO4 crystallites, while Al, Fe and Zr remain in the glass. Measurements by LA-ICP-MS provide a validation of the μLIBS mapping results.

		Crystal		Glass	
	Element	wt.%	Std.	wt.%	Std.
	Mo	36.60	2.04	0.48	0.09
	Ca	14.48	0.52	2.79	0.06
	Sr	4.82	0.44	0.15	0.22
	B*	2.57	0.30	4.12	0.27
	Nd	2.08	0.18	1.23	0.07
	Pr	1.78	0.18	1.12	0.05
	La	1.59	0.16	0.72	0.07
	Eu	0.56	0.03	0.45	0.02
	Na*	0.86	0.43	8.30	0.55
	Si*	0.65	1.28	23.15	0.11
	Zn*	0.32	0.13	2.18	0.06
	Cs*	0.04	0.03	1.13	0.06
	Al	0.11	0.19	3.30	0.03
	Fe	0.23	0.15	2.30	0.08
	Zr	0.11	0.10	1.97	0.04
	Ba*	0.10	0.04	0.61	0.04
	P*	0.03	0.01	0.09	0.01
	O*	33.07	1.01	45.90	0.62
	*Not analyzed by LIBS			
	Summary of this subsection:				

Table 3 -5: Element concentrations (in weight percent and atomic percent) of the initial Mo-rich borosilicate glass and the corresponding glass-ceramic by using EMPA (average of 100-to-500-point measurements)

 3 

		Initial glass			Mo-rich borosilicate glass-ceramic
					Glassy phase	Crystalline phase
		wt. %	std.	at.%	wt. %	std.	at.%	wt. %	std.	at.%
	Al	2.80 0.05	2.14	2.91 0.12	2.16	0.05 0.03	0.07
	B	5.54 0.62 10.58	5.63*		10.46	0.00*		0.00
	Ca	2.96 0.04	1.53	2.97 0.16	1.49	14.53 0.52 12.33
	Cs	1.05 0.04	0.16	1.21 0.28	0.18	0.12 0.16	0.03
	Eu	0.50 0.11	0.07					
	Fe	2.31 0.06	0.85	2.34 0.40	0.84	0.09 0.12	0.05
	La	0.67 0.08	0.10	0.15 0.42	0.02	1.55 0.72	0.38
	Mo	1.67 0.08	0.36	0.73 0.16	0.15	45.38 2.50 16.09
	Na	7.58 0.20	6.81	8.88 2.40	7.76	3.62 0.35	5.36
	Nd	1.42 0.11	0.20	0.71 0.46	0.10	1.95 0.58	0.46
	O	46.69	60.27	47.59 0.46 59.75	30.14 1.28 64.05
	Pr	0.36 0.09	0.05	0.13 0.18	0.02	0.73 0.51	0.18
	Si	21.49 0.29 15.80	22.17 0.29 15.85	0.23 0.09	0.27
	Sr	0.20 0.05	0.05	0.08 0.13	0.02	1.47 0.48	0.57
	Zn	1.67 0.09	0.53	2.30 0.43	0.71	0.23 0.17	0.12
	Zr	2.19 0.09	0.50	2.20 0.58	0.49	0.13 0.04	0.05
		*Estimated value						

Table 3 -6: Some features of the three elemental analysis techniques: μLIBS (in our lab), LA-ICP-MS (commercial), and EMPA (commercial)

 3 

	Feature	μLIBS	LA-ICP-MS	EMPA
	Sample damage	Ablated crater Ablated crater Electron irradiation
	Spatial resolution	5~10 μm	~20 μm	3~5 μm
	Mapping duration (/10 6 pixels)	< 1 h	~ days	> 2 days
		(1 detector)	(1 detector)	(5 detectors)
	Sensibility of REEs			
	Ability to detect light elements			
	Ability to detect heavy elements			
	Quantitative analysis			
		(on progress)		

Table 3 -

 3 7 lists the effective ionic radii and ion valences of the detected elements for eight-oxygen coordination.In a CaMoO 4 structure, each Ca 2+ has a coordination of 8 oxygen atoms, which forms a CaO 8 polyhedra. Effective ionic radius[11] of 8-coordinated Ca 2+ is 112 pm. In the Np 4+ , Np 5+ ) are less likely to substitute Ca 2+ .Here, the monovalent Na plays an important role in the electroneutrality of the powellite crystalline phase, since it compensates the charge imbalance result from the substitution of divalent Ca by the trivalent rare earth ions. Ionic radius deviation of Sr from Ca is relatively high among those elements that fractionate to powellite crystalline phase.However, since Sr and Ca are congeners which both belong to alkaline earth metals, substitution of Ca by Sr is possible due to their similarities of chemical properties.By comparison, effective ionic radii of 8-coordinated Zr 4+ (84 pm), Fe 3+ (78 pm), Zn 2+ (90 pm), and Cs + (174 pm) are quite different from that of Ca 2+ . Particularly, the ionic radius deviation of Cs from Ca reaches as much as 55.36 %, which suggests that Cs is too big to stay in an 8-coordinated Ca site. By comparison, Zr, Fe, and Zn are too small to maintain themselves stably with such a coordination number. Moreover, Si 4+ and Al 3+ do not support an 8-oxygen-coordination. Considering the structural stability, it is difficult for Zr, Fe, Al, Zn, and Cs to show their affinity to the CaMoO 4 structure. Therefore, it is reasonable that these three elements remain in the glass during CaMoO 4 crystallization.

8-coordination environment, Sr 2+ (126 pm), Na + (118 pm), La 3+ (116 pm), Eu 3+ (107 pm), Nd 3+ (111 pm), Pr 3+ (113 pm) have very similar effective ionic radii as Ca 2+ , which increases the possibility of substitution. As shown in Table

3

-7, the ionic radii deviations of REEs from Ca are very small (less than 5 %), especially Nd and Pr (less than 1 %). Since REEs are considered as minor actinides surrogates, it is inferred that trivalent minor actinides can also be incorporated in CaMoO 4 . Moreover, it has to be pointed out that the tetravalent and pentavalent actinides (e.g.

Table 3 -7: Effective ionic radii and ion valences of multi-elements for eight-oxygen coordination [11]; the last column lists the ionic radii deviations of detected elements from Ca, with "+" standing for increase of ionic radius and "-" for decrease of ionic radius

 3 

	Ion	valence	Ionic radius (pm)	Deviation (%)
	Ca	+2	112	0
	Sr	+2	126	+12.50
	Na	+1	118	+5.36
	La	+3	116	+3.57
	Eu	+3	107	-4.46
	Nd	+3	111	-0.89
	Pr	+3	113	+0.89
	Zr	+4	84	-25.00
	Fe	+3	78	-30.36
	Al	+3	--	--
	Cs	+1	174	+55.36
	Zn	+2	90	-19.64
	Si	+4	--	--

Table 4

 4 

-1 list the mechanical parameters of borosilicate glass (isotropic material), which are needed for the stress calculation. It is necessary to point out here that irradiation can induce stress inside the powellite crystal. However, the stress at (or near) the surface of the crystal is released by means of dislocation, as it will be stated in Section 4.2 and 4.3.

Table 4 -1: Bulk, shear, and elastic moduli (in GPa) as well as fracture toughness (in MPa•m 1/2 ) of borosilicate glass [5]

 4 

	Bulk modulus	Shear modulus	Young's modulus	fracture toughness
	35-45	31-40	63-81	0.8

Table 4 -2: Orientation of the powellite samples in Ar implantations and Raman measurements (refer to Figure 2-27)

 4 

	Bulk	Ar	FIB	Laser	Porto		
	sample	implantation	sample	incidence	notation	ν 1 (A g )	ν 3 (E g )
	a-slice	//a	a-lamella	//c	c(ar)c	active	--
	c-slice	//c	c-lamella	//a	a(cr)a	active	active

Table 4 - 4 .

 44 According to the SRIM simulation (see Subsection 2.2.2), the predetermined damaged depth in powellite by Ar irradiation is 3 μm. However, the irradiation-affected layers presented by Raman mapping are not the same for powellite at different dpa. Particularly, the thickness of the affected layer for 0.012-dpa sample is much less than 3 μm. It is shown that there may be some theoretical error for SRIM simulation of single crystal, since SRIM is designed for isotropic materials. More discussion on the damage depth in powellite is presented in Section 4.3.

Table 4 -

 4 3)[11] and the difference in peak position (Δω), it is possible to evaluate the compressive stress (Δp) in the compression region of powellite through

	Equation (4-5).

Table 4 -3: Peak positions (ω(0)) of ν 1 (A g ) and ν 3 (E g ) modes from non-irradiated region of FIB sections, as well as their pressure coeffecient (dω/dp) and the mode Grüneisen parameters 14 (γ) [11]

 4 

Table 4 -

 4 3. Equation (4-7) can be deduced from Equation (4-6), which illustrate the relation between the change of volume ( ) and the frequency of

	Raman mode.	is the initial frequency.
			1/
		0
		0	(0)

Table 4 -

 4 5). It is surprising to find out that the percentages of powellite swelling for very low dpa (0.012) are not very different from that for high dpa (5.0), in spite of the extremely different defect types found in these two samples. It is suggested that point defect clusters and perhaps punctual defects (refers to vacancies, interstitial atoms) formed in powellite at very low dpa has a predominant contribution to swelling. By comparison, dislocations formed in powellite only help to release the excessive high compressive stress in the structure but do not have very significant contribution to the swelling. To further study, high resolved TEM could be useful for the characterization of local structure properties and of lattice parameters, which can provide more detail information of the irradiation-induced damage and modification in powellite.

Table 4 -5: Percentages of swelling in a-and c-oriented irradiated powellite based on swelling measurement and TEM observation

 4 

		Swelling	Damaged depth	Swelling
	DPA	(nm)	from TEM (μm)	(%)
	a-oriented			
	0.012	33	1.6	2.1
	5.0	64	2.8	2.3
	c-oriented			
	0.012	23	1.7	1.4
	5.0	43	2.5	1.7

Table 4 -6: Three main C 2v sites and their corresponding Eu 3+ : 5 D 0 7 F 1 transition in the studied pristine powellite structure

 4 

	Symmetry	Selective excitation (nm)		Emission(nm)
	C 2v	5 F 0	7 D 0		5 D 0	7 F 1
	Site 1	580.0	590.0	591.6	596.5
	Site 2	579.3	589.7	591.8	595.5
	Site 3	577.9	584.7	591.7	597.0

  Figure4-44 shows the polarized emission spectra of Eu 3+ : 5 D 0 7 F 0, 1 in pristine powellite under 532 nm CW excitation at room temperature (300 K). α, σ, and π on the figure refer to different polarized spectra17 which help to separate the transitions from 5 D 0 to different sub-Stark levels of 7 F 1 (according to the selection rules). Eu 3+ in both S 4 and C 2v sites can be excited from the ground state to 5 D 1 by using a 532-nm laser. Accordingly, the resulted emission spectrum is contributed by the emission from Eu 3+ in all the sites in the sample. Seven different emission peaks were observed within the Eu 3+ : 5 D 0 7 F 1 range.
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Table A -2: Mineral data of borosilicate glass 2 and powellite 3 ; λ and μ are calculated from K and G.

 A 

			Modulus (GPa)	Lamé		Density
		Bulk	Shear Young's	constants	(g/cm 3 )	Poisson's ratio
		K	G	E	λ	μ	ρ	ν
	Borosilicate 35-45 31-40	63-81	16.3 35.5 2.23-2.51	0.2-0.206
	Powellite	81.0	39.9				

Table A -3: Components of the stiffness tensors of borosilicate and powellite 3

 A Mineral data of borosilicate and powellite are listed inTable A-2 and Table A-3.

		C11	C33	C44	C66	C12	C13	C16
		87.3	--	35.5	--	16.3	--	--
	Powellite	144	127	36.8	45.8	65	47	-13.5

Table A -4: Absolute swelling (Δa and Δc) and the strain (ε c11 and ε c33 ) of the powellite crystal, as well as the stress (σ and σ ) in the surrounding glass matrix

 A 

			ε c11	σ 11	Δc	ε c33	σ 33
	dpa	(nm)		(GPa)	nm		(GPa)
	0.012	33.1	4.16E-03	1.02	22.9 3.11E-03	0.59
	0.06	50.3	6.33E-03	1.53	32.1 4.36E-03	0.85
	0.6	58.9	7.41E-03	1.79	37.8 5.13E-03	1.00
	1.2	63.6	8.00E-03	1.94	41.3 5.61E-03	1.09
	5	64.0	8.05E-03	1.96	42.9 5.83E-03	1.12
							xix

The term high-level radioactive waste (HLW) generally refers to the highly radioactive wastes requiring permanent isolation from man's environment that arise as a byproduct of nuclear power generation.

In the manuscript, glass matrix and residual glass both refer to the glassy phase of the Mo-rich borosilicate glass-ceramic; while powellite crystallite or crystal refers to the crystalline phase.

The Grüneisen parameter (γ) is a term used to describe the response of the lattice vibrations to the change of lattice volume

Properties Database, 2013, http://www.makeitfrom.com/
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Summary of this subsection:

Ion-beam-induced delamination was found on the a-oriented irradiated powellite, which is an additional effect for powellite under external irradiation and unlikely to happen under internal self-irradiation. This phenomenon can be ascribed to the cleavage on the (001) plane due to the excess of stress for the corresponding mechanical resistance of powellite structure.

4-15, the linewidth of ν 1 (A g ) mode decreases gradually from the surface down to the interior of the irradiation-damaged layer. It means that the disorder of structure in the irradiation-damaged layer decrease in the depth direction of irradiated powellites.

For a-oriented irradiation, linewidth of ν 1 (A g ) mode at the irradiated surface of powellite (corresponding to 0-μm on the FIB sections of a-lamellae) are 11.8, 14.4, 13.5, 15.3 cm -1 for 0.012, 0.12, 1.2 and 5.0 dpa, respectively. By comparison, linewidth from irradiated surface of c-oriented powellite are 11.8, 12.4, 13.8, 15.5 cm -1 for 0.012, 0.12, 1.2 and 5.0 dpa. The linewidth from non-damaged region of each FIB section is about 6.8 cm -1 .

It is proposed that the surface acts as a sink to accommodate defects in the damage layer [16], resulting in more structural disorder on the surface than the other regions.

b) Comparison of depth profile of ν 1 (A g ) linewidth between a-and c-oriented powellite under the same irradiation

Figure 4-22 shows a comparison of depth profiles of ν 1 (A g ) mode between a-and c-oriented irradiated powellites. As can be seen from the figure, there is no significant difference in linewidth profiles between a-and c-oriented irradiated powellites, except the 0.012-dpa one which exhibits more linewidth broadening under a-oriented irradiation. It suggests that the irradiation-induced structural disorder in powellite structure is not depended on crystal orientation, which is different from the anisotropic stress effects.

c) Evolution of linewidth broadening of ν 1 (A g ) mode with increasing dpa

In the irradiation-damaged layer of 0.012-dpa powellite, linewidth decreases continuously with depth before reaching the non-damaged region for both a-and c-oriented irradiate powellites. However, as dpa increases (from 0.12 to 5.0), the depth profiles of ν 1 (A g ) linewidth become different from the 0.012-dpa one. After a dramatic decrease in the near-surface region, the linewidth of ν 1 (A g ) mode is then maintained in a certain level in the compression region. A plateau on the depth profiles can be well recognized in Figure 4-15 for irradiated powellite with 0.12, 1.2 and 5.0 dpa in both a-and c-orientations. It can be inferred that the irradiation-induced disorder in powellite structure tends to be stabilized in this region. Therefore, the mean linewidth of ν 1 (A g ) mode in the plateau region of each irradiated powellite were calculated to determine the average structural disorder inside the damaged layer, as shown in Figure 4-23.

Summary of this subsection:

Several regions corresponding to different structural modification were defined in the irradiated-damaged layer of powellite single crystal according to the depth profile of ν1(Ag) peak position, including expansion region, compression region, and transition region. The depth of the compression region increases with increasing dpa (from 0.012 to 5.0). Anisotropic effect in the lattice volume change was observed along two crystallographic axes (a-and c-axes) by comparing the depth profile of ν1(Ag) peak position. By determining the position shift of ν1(Ag) peak, the irradiation-damaged layer is less compressed in the compression region and more expanded in the expansion region for powellite with a-oriented irradiation. Irradiation-induced compressive stresses in the powellite structure were determined by the shift of ν1(Ag) and ν3(Eg) peak positions, which shows that c-oriented irradiated powellite can endure more stress in the structure. Moreover, according to the estimated volume change, the expansion effect is more significant than the compression ones, which explains why swelling is always observed for each irradiated powellite. a-oriented irradiated powellites always have more expansion and less compression than the c-oriented ones under identical irradiation condition, which finally leads to the larger swelling. According to the linewidth of Raman ν1(Ag) mode, the irradiation-induced disorder in powellite structure does not depend on crystal orientation. No significant anisotropic effect was found for the structural disorder in a-and c-oriented irradiated powellites. The most disordered structure was always found at the irradiated surface for each powellite sample due to the most broadened linewidth. However, the disorder in the compression region of irradiated powellite (0.12 to 5.0 dpa.) is quite constant since the linewidth reaches a plateau in this region. Although the structural disorder increases with irradiation level, the powellite structure still remains crystallized at 5.0 dpa. No amorphization was observed by Raman spectroscopy. 3-1: Spectral lines of detected elements in the range of 364 to 398 nm (atomic lines are with "I" and ionic lines are labeled with "II") 72 

List of tables

List of publications

Wang, X., Motto-Ros, V., Panczer, G., De Ligny, D., Yu, J., Benoit, J. M., Dussossoy, J. L., Peuget, S., Motto-Ros, V., Sancey, L., X. C., Ma, Q. L., Lux, F., Bai, X. S., Panczer, G., Tillement, O., Yu,

Mapping of earth elements in nuclear waste

Mapping nanoparticles injected into a biological tissue using laser-induced breakdown

Acta Part B: Atomic Spectroscopy, 2013. 87(0): p. 168-174.

V., Ma Q. L., Gregoire S., Lei W. Q., X. C., Pelascini F., Surma F., Detalle V., Yu J.,

Dual-wavelength differential spectroscopic imaging for diagnostics of laser-induced plasma.

Spectrochimica Acta Part B-atomic Spectroscopy, vol. 74-75, p. 11-17 (2012) V., Sancey L., Ma Q. L., Lux F., Bai X. S., X. C., YU J., Panczer G., Tillement O., Mapping of native inorganic elements and injected nanoparticles in a biological organ with plasma. Applied Physics Letters, vol. 101, p. 223702 (2012) YU J., Ma Q. L., Motto-Ros V., Lei W. Q., X. C., Bai X. S., Generation and expansion of laser-induced plasma as a spectroscopic emission source. Frontiers of Physics, vol. 7, p. 649 Grégoire S., Motto-Ros V., Ma Q. L., Lei W. Q., X. C., Pelascini F., Surma F., Detalle V., Yu J.

Correlation between native bonds in a polymeric material and molecular emissions from the laser-induced plasma observed with space and time resolved imaging. Spectrochimica Acta Part B-atomic Spectroscopy, vol. 74-75, p. 31-37 (2012) Q. L., Motto-Ros V., Lei W. Q., X. C., Boueri M., Laye F., Zeng C. Q., Sausy M., Wartelle A., Bai X. S., Zheng L. J., Zeng H. P., Baudelet M., Yu J., Characteristics of Laser-Induced Plasma a Spectroscopic Light Emission Source. 17th International Conference On Atomic Processes In 

A.1 Estimation of the equivalent fluence for multi-energy irradiation

Based the induced atom displacements (D atom , vacancies/A/ion) given by SRIM, dpa can be calculated depending on determined fluence of the beam (ψ, ion/cm 2 ), as shown in the following equation. 

D N Z M

Five implantations with different energies (7, 3, 2, and 0.9 MeV) were performed successively on powellite to reach each required dpa. Here, D i and ψ i are the atom displacements and the fluence for the i th implantation. ρ (g/cm 3 ) and M (g/mol) are respectively the density and the molar mass of CaMoO 4 , while N A is the Avogadro constant Z is number of atoms in one CaMoO 4 molecular unit. For CaMoO 4 , ρ 4.26 g/cm 3 , M = 200.02 g/mol, Z = 6 and N A = 6.02×10 23 The equivalent fluence of each multi-energy irradiation can be calculation by transforming the above equation, as shown below: