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I. Introduction 

The glass materials are used widely in many optical applications. The silica 

glass SiO2 is an attractive matrix for producing the optical fibers, lenses 

(telescopes). It is used in semiconductor industry and in photolithography due to its 

high transparency (nD = 1,4584) and chemical durability. Incorporation of alkali 

ions drives it easier to synthesize the glass because of lower melting temperature. 

Alkali-aluminosilicate glasses are even more rigid than alkali-silicates and they are 

used in various optical applications. 

Phosphate glasses are based on phosphorus pentoxide (P2O5), usually with 

some added chemical components. They are used as laser gain media – both in bulk 

lasers and in the optical fibers. Phosphate glasses have a very low glass transition 

temperature (≈ 365 °C). That makes easier producing the devices based on 

phosphate glasses. Phosphate glasses exhibit a much lower optical damage 

threshold than silica glasses. Moreover, their primary advantages are the favorable 

transition cross sections and upper-state lifetimes of rare earth ions in phosphate 

glasses. The very high solubility of rare earth ions (erbium (Er3+), ytterbium (Yb3+)) is 

well known. This means that higher concentrations of laser-active rare earth ions 

can be incorporated into phosphate glasses without harmful effects such as 

clustering, which could degrade the performance of the glass via quenching effects. 

Yb-containing glasses are implied efficiently in fiber lasers production where 

Yb3+ ion is used as a dopant. In fiber lasers emitting at ~1.06-1.07 µm and in 

amplifiers (Yb/Er-codoping) the simplicity of Yb3+ energy levels structure is 

attractive. It is represented with only 2 energy levels 2F5/2 and 2F7/2 separated by 

10000 cm-1 energy. This advantage is one of the reasons for achieving significant 

powers in IR-lasers [1]. 

For many optical applications of Yb3+, with Yb concentration increase one 

should expect the increase of positive features such as Yb-laser’s power. This is not 

the case; the doping content of Yb3+ ions is strongly limited by Yb-cluster formation, 

which is observed as concentration quenching. The doping concentration of Yb3+ in 

silica-based matrices maintains in range of 1-1000 ppm because of higher tendency 

of Yb clusters formation [2]. 

Studying the behavior of aluminosilicate (AS) or phosphate glasses doped with 

Yb under ionizing irradiation is attractive for different fields. 
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The aluminosilicate Yb-doped glasses under fibers form are exposed to ionizing 

irradiation while being used in space for satellite communication (doses ~103 Gy). 

Among the applications of irradiated phosphate glasses is their participation in 

vitrification process of radioactive waste in long-term storage [7]. Moreover, 

phosphate glasses are applied as dosimeters due to its sensitive response to low 

dose irradiation [8]. 

The irradiation can have a strong impact on luminescent properties of Rare-

Earth Elements (REE) in oxide glasses via radiation-induced point defects whereas 

the REE doping brings some particular modifications into electronic structure of 

irradiated glass [9] [10] [11] [12]. In my Ph.D. the central question is around the role 

of cluster in the glass evolution under irradiation. It is thus essential to understand 

the way of charge trapping by well-diluted Yb3+ ions and those in clusters and their 

interactions with point defects, to predict the response of Yb3+ luminescent 

properties under ionizing irradiation treatment. 

In present work, the characterization of the effect of Yb3+ environment under 

irradiation in oxide glass matrices on the evolution of luminescent properties is 

aimed. In order to compare role of glass chemical composition, 4 different 

aluminosilicate (AS) and 4 phosphate glasses were chosen. The cluster formation in 

those AS and phosphate glasses was carefully studied by B. Schaudel in her Ph.D. 

dissertation [13]. In AS glasses increasing of Al content (decreasing of Non-Bridging 

Oxygens number) leads to more Yb cluster formation whereas in phosphate glasses 

there is less Yb cluster due to structural difference between PO4 and SiO4 

tetrahedra. In phosphate PO4 group on Oxygen is always Non-Bridging leading to 

better dissolution of RE3+ ions in phosphate matrices. 

One of the direct probes of Yb cluster can be cooperative luminescence of Yb3+ 

[3] [4]. It is observed as Yb3+ emission in 450-580 nm region under 970-980 nm 

excitation. Electronic Paramagnetic Resonance (EPR) of RE3+ ions is used as a probe 

of Yb clusters, too [5] [6]. Yb cluster exhibits its characteristic signal at higher g-

values than isolated Yb3+ ions [5]. 

Our purpose is to compare these glasses in terms of irradiation effects. To 

follow that, irradiation with electrons of 2.5 MeV (SIRIUS facility, LSI) was carried 

out in vast achieved dose variation (105-2·109 Gy). Moreover, the question of dose 

rate cannot be neglected, and thus electron irradiation was in comparison with γ-

rays in possible dose range. Investigation of radiation-induced point defects in 

glasses, their evolution within time and temperature and their correlations with 
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luminescent properties of Yb3+ ions under the conditions mentioned above is the 

general approach in this work. 

The work is presented in 6 chapters including Introduction (Chapter I) and 

Conclusions (Chapter VI). In the second chapter, experimental details can be found: 

the synthesis and precised chemical compositions of the samples are given. They 

are followed by the irradiation conditions. The basic principles and experimental 

details of EPR spectroscopy and optical spectroscopy, used in this work, complete 

the Chapter II. 

The third chapter reports the results obtained for the Yb-doped AS glasses. 

The aluminosilicate glass structure is presented. The point defects are analyzed as 

a function of irradiation dose, dose rate and glass composition. Moreover, we will 

analyze the evolution of radiation-induced point defects and Yb3+ luminescence 

properties in time after irradiation. Finally, the particular relations between the 

defects and Yb3+ luminescence are discussed. 

In the forth chapter, Yb-doped phosphate glasses are examined. A big part of 

the chapter concerns the attribution and characterization of point defects. 

The fifth chapter is shorter and dedicated to Er- and Yb/Er-doped AS glasses.  

The Er and Yb/Er glasses are associated with its wide application in the 

optical field. Er-doped glasses are used in telecommunications as Er-doped 

amplifiers, optical fibers and lasers [14] due to its 1.54 µm emission, but up-

conversion process is harmful for the applications where high efficient 1.54 µm 

emission required [15]. 

This study was carried out at the end of my Ph.D. period and consists more on 

preliminary results. The aim was to extract more information on Yb3+ local 

environment by comparing with Er3+. The main used distinction between Yb and Er 

is the absence of divalent state of Er contrary to Yb. Nevertheless, as we have 

obtained a few interesting result on the link between the glass structure and 

luminescent properties and the evolution under irradiation, we decided to add this 

small chapter. 

The dissertation is completed by Conclusions and Perspectives in the last part. 
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II. Sample preparation and 

experimental methods 

Choice of Glass composition 

One aim of the Ph.D. was to study the impact of Yb cluster on the defect 

formation and relaxation, and the evolution of Yb3+ luminescent properties under 

irradiation. So, we wanted to study glass samples with contrasted Yb cluster 

amount, but doped with same Yb content. Such aluminosilicate and phosphate 

glasses were carefully studied in B. Schaudel’s Ph.D. [1]. We based our choice on 

the chemical compositions presented by B. Schaudel [1]. 

Two different kinds of oxide glasses were studied: aluminosilicate (Chapter III) 

and phosphate (Chapter IV). Finally, four aluminosilicate glass compositions with 

different Al content and four phosphate glasses with different P content were 

chosen. For more facility, same sample names than in [1] were used. 

Concerning Er- and Yb/Er-codoped samples (Chapter V), the aim was, first, to 

compare the behavior of Yb and Er glasses (where no Er3+ reduced to Er2+ can be 

found) and, secondly, to evaluate the impact of irradiation on up-conversion and 

Yb→Er energy transfer. The number of studied samples in this Chapter was 

reduced: only 2 aluminosilicate glass compositions giving contrasted results on Yb 

clusters were studied. 

1. Glass synthesis and glass 
compositions 

1. a. Aluminosilicate glasses 

Aluminosilicate (AS) glass samples were prepared with the appropriated 

amounts of preliminary dried powders of SiO2, Al2O3, Na2CO3 and Yb2O3 and/or 

Er2O3. The initial chemicals were mixed and heated slowly (10 hours) in Pt-Au 

crucible up to 1600°C in a furnace under air oxygen. The slow heating was 

necessary for decarbonization (eliminate all CO2 gas that takes place at ~800°C). 

Once the melting temperature 1600°C was reached, the dwell was 4 hours. 

Afterwards the glass was quenched rapidly at room temperature via putting the 

crucible into the water when the mixture’s viscosity was too high (AS23-AS26 
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glasses). Otherwise, the glass was quenched rapidly between two copper plates 

(AS22 glasses). All the glasses were afterwards annealed at 580°C (below Tg) that in 

order to allow releasing the mechanical tensions. 

The nominal glass compositions are presented in Table II-1. Glass 

compositions were refined with microprobe analysis giving <1 mol. % of average 

error (Appendix 1). For Yb the average error is ~0.05 mol. %. 

Sample name  SiO2, 

mol. % 

Al2O3, 

mol. % 

Na2O, 

mol. % 

ASI 

Al/Na 

 

AS22  74  6  20  0.3  

+ 5 wt. % Yb2O3 AS23  68  12  20  0.6  
AS24  62  18  20  0.9  
AS26  58  22  20  1.1  

AS22_0 74  6  20  0.3  
Yb-free 

AS24_0  62  18  20  0.9 

AS24_005  + 0.05 wt. % Yb2O3 
AS24_02  + 0.2 wt. % Yb2O3 
AS24_05  + 0.5 wt. % Yb2O3 
AS24_1  + 1 wt. % Yb2O3 
AS24_2 + 2 wt. % Yb2O3 
AS24_8  + 8 wt. % Yb2O3 
AS22_Er 74  6  20  0.3  + 0.5 wt. % Er2O3 

AS22_YbEr 74  6  20  0.3  + 0.5 wt. % Er2O3 

+ 5 wt. % Yb2O3 
AS24_Er 62  18  20  0.9  + 0.5 wt. % Er2O3 

AS24_YbEr 62  18  20  0.9  + 0.5 wt. % Er2O3 

+ 5 wt. % Yb2O3 
Table II-1. Nominal compositions of aluminosilicate glasses 

In Table II-1 in glass series AS22-AS23-AS24-AS26, the concentration of Yb2O3 

oxide is fixed. The content of SiO2 decreases with increase of Al2O3 content. The 

Na2O content is fixed in all the glasses at 20 mol. %. Thereafter, in AS22-AS23-

AS24-AS26 glass series the ASI (Aluminum Saturation Index) varies. It 

characterizes molar ratio Al2O3/Na2O, it is the lowest in AS22 glass and the highest 

in AS26 glass. 

AS24 glass composition is chosen for Yb concentration variation from 

0.05 wt. % of Yb2O3 to 8 wt. % of Yb2O3. There are also 2 RE-free glasses: AS22_0 

and AS24_0. 

For Er-doping AS22 and AS24 glasses are chosen. In all four obtained glasses 

Er concentration is 0.5 wt. % of Er2O3. In Yb/Er-codoped glasses molar ratio Yb:Er 

is ~10:1 (9.6:1). 
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1. b. Phosphate glasses 

Phosphate glass samples were prepared with the appropriated amounts of 

NH4H2PO4, MgO, Na2CO3 and Yb2O3 (5 wt. %). To avoid the interactions between 

P2O5, forming at high temperature, with Pt-Au crucible, the initial chemicals were 

mixed and melted in silica crucible and then heated slowly to follow degasation 

processes: NH3 is evaporated at 250°C and CO2 at 800°C. The melting temperature 

of phosphate glasses is lower than for AS glasses, 900°C. The glass transition 

temperature Tg of such phosphate glasses is in 370-400°C range [2] [3]. The cooling 

temperature must be not seriously lower then Tg otherwise the glass becomes less 

stable [2]. The melted glass was quenched rapidly into Pt-Au crucible on an electric 

plate at 300°C and immediately annealed at 350°C to release mechanical tensions 

and to avoid high cooling rate. To revoke the interaction with silica crucible at high 

temperature, the glasses were analyzed by microprobe where it was demonstrated 

the absence of Si in all the samples. 

The nominal glass compositions are presented in Table II-2. 

Sample name  P2O5, mol. % MgO, mol. % Na2O, mol. %  

2743 66.7  11.1 22.2 

+ 5 wt. % Yb2O3 
2742 50 16.7 33.3 
2745 45.4 18.2  36.4 
2746 40 20 40  

2743_0 66.7  11.1 22.2 
Yb-free 

2745_0  45.4 18 .2 36.4 
Table II-2 . Nominal compositions of phosphate glasses 

Keeping fixed concentration of Yb, phosphorus content decreases from 2743 to 

2746 glass. The total amount of MgO and Na2O consequently increases. The 

phosphate glass structure can be described by ratio R=(MgO+Na2O)/P2O5 which 

varies as a function of network type. There are also 2 non-doped glasses: 2743_0 

and 2745_0 samples. 

The glass compositions is checked by Raman spectroscopy in Chapter IV (see 

section 1)  
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2. Irradiation conditions 

2. a. Electron irradiation 

The “Laboratoire des Solides Irradiés” has a high energy electron Pelletron 

NEC accelerator, named SIRIUS (Figure II-1). The energy of available electron is 

between 200 keV and 2.5 MeV. The accelerator is equipped with 2 irradiation lines, 

CRYO1 cell is for low temperature irradiations (20K), and CIRANO is for 16-350°C 

irradiations. We used CIRANO cell. 

Massive glass samples (5×5 mm) were continuously irradiated with 2.5 MeV 

electron beam of 20 mm beam size with dose rate close to 25 MGy/h. To obtain 

homogeneous integrated dose, we had to take care about the sample thickness. 

Slices of 500-700 µm thickness were prepared in order to consider as negligible the 

energy loss of 2.5 MeV electrons. The sample holder was maintained around 40°C 

with a water cooling system by measuring 12-14 µA current at the sample 

(Figure II-1). 

The achieved integrated doses were 105Gy, 106 Gy, 3·106Gy, 107 Gy, 

108 Gy and 1.5·109Gy (Table II-3). 

Unfortunately, some current instability (±20%) faced us to use precise 

irradiation conditions. Moreover, few interruptions took place during long-term dose 

collecting – >109 Gy. During the interruption time some relaxation processes should 

occur and thus the final result may be different. Problems of current instability and 

lack of proper irradiated at strong doses samples drive some difficulties into results 

analysis. 

We have also irradiated some samples under powder form to measure the 

cooperative luminescence. To be precise in optical measurements, the glasses were 

grounded into powders of 100-125 µm particle size. For powders, the achieved 

integrated doses were 105 Gy, 3·106 Gy and 108 Gy. 

Moreover, we irradiated slice samples with 3·106 Gy by using a 2.5 MeV 

electron beam of 200 nA current which gives 300 kGy/h dose rate of (2 orders of 

magnitude lower). 
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was 5.64 kGy/h. The energy of γ-rays more than 1.022 MeV implies high 

probability of electron-positron pair induction that can result point defect creation 

[4]. Comparison of electron irradiation with gamma-rays can be carried out also 

because of low mass of electrons. Its lower mass leads to lower losses through 

material penetration in comparison to other particle irradiations such as protons or 

α particle. 

The achieved doses were 104, 105, 106 and 3·106 Gy (Table II-3). It was possible 

therefore to compare 3 same irradiation doses (105, 106 and 

3·106 Gy) of 2 different dose rates. 

Electron 

Dose rate, MGy/h Beam energy, MeV Dose, Gy 

25 
2.5 

105 

106 

3·106 

107 

108 

1.5·109 

Comment: Er-serie 2·109 

0.3 2.5 3·106 

Gamma 

Dose rate, kGy/h Beam energy, MeV Dose, Gy 

5.64 1.25 104 

  105 

  106 

  3·106 

Table II-3 . Irradiation conditions 

More details on the irradiated series and on irradiation conditions are given in 

Appendix 2. 

After the irradiation the samples were stored in dark at room temperature to 

limit the impact of photobleaching of the paramagnetic point defects [5]. 
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3. EPR spectroscopy 

3. a. Theoretical aspects 

Electronic Paramagnetic Resonance (EPR) or Electronic Spin Resonance (ESR) 

spectroscopy is a powerful tool of analysis of atoms, ions, molecules or elements 

with non-zero electron’s spin moment (e.g. with unpaired electron). Paramagnetic 

particles that are analyzed with EPR can be of various origins such as: free radicals 

in gas, liquid and solid state; point defects in materials; transition ions and rare 

earth element. In 1944 E. K. Zavoisky discovered this phenomenon [6]. Most of 

theoretical aspects presented in this section are consulted with A. Abragam and 

B. Bleaney [7] 

3. a. 1 Zeeman effect 

Without any magnetic field, all the magnetic momenta of unpaired electrons 

are of random direction, e.g. the system consists of degenerated energy states. Once 

the magnetic field B is applied (Figure II-2), the degeneracy of the system 

disappears (Zeeman effect) and the gap between electrons’ energy levels is 

∆� = ���� 

where 

1) g is Landé factor, g of free electron ge=2.0023 

2) µB (Bohr magneton) is 9.274·10-24 J/T 

 

Figure II-2. Energy levels splitting under applied magnetic field 

The parameter B can also be used where the permeability of free space is 

µ0=1.257·10-6 H/m. The distribution of the electrons between the sublevels obeys to 

the Boltzmann law n1/n2=exp(-∆E/kT) with k is Boltzmann constant and T is the 
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absolute temperature. If a sample is under an alternating perpendicular magnetic 

field of frequency ν, it induces the transitions between the sublevels with absorption 

or emission of energy ∆E=hν, where 

ℎ	 = ���� 

h=6.6262·10-34J·sec is Plank constant 

3. a. 2 Relaxation times and EPR line’s shape 

To maintain the Boltzmann distribution of energy levels’ populations the 

relaxation processes are essential. The relaxation processes are electron transitions 

from excited states to ground states with energy exchanges with lattice, so-called 

spin-lattice relaxation, and with other electrons, so-called spin-spin relaxation. The 

relaxation times are noted, respectively, T1 and T2. They characterize the system 

recovery after the magnetic field has been applied. 

Intensity – the area under the absorbance curve (integral) is proportional to 

unpaired spin number in the sample. Therefore, the driven integrals are efficient to 

compare the detected paramagnetic species. 

One can register usually the first, more rarely the second, derivatives of 

absorption that increases the sensitivity and the resolution of the spectra 

(Figure II-3). Sometimes, the integral Sint is estimated obeying the equation 


��
 = ����(Δ����)� 

where ∆Bmax is line’s full width at half max. Both the first and the second 

derivatives are strongly sensitive to the absorbance shape. 

 

Figure II-3. Curves recorded with EPR spectroscopy 
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The shape of the EPR line can be fitted either with Lorenz equation � =
�

����� or 

with Gauss equation � = � × exp	(−"#�). The Lorenz’s lines are usually observed in 

materials with low concentration of unpaired spins. Once the line is a superposition 

of many other lines (unresolved hyperfine structure), it is of Gauss type. 

Experimentally, the EPR lines are partly Lorentz partly Gauss types. Full with 

at half maximum $���� is an important EPR parameter. It is in connection with 

both relaxation times T1 and T2 

Δ���� ≈
1

'1
+

1

'2
 

The value T1 is Zeeman level population relaxation time. T1 is the constant 

which characterizes the decay of the z component of the magnetization vector. 

According to uncertainty principle, EPR line broadens at low T1. T1 value of the 

paramagnetic ions is of 10-7 – 10-9 s order, it is the basic relaxation channel 

responsible for many broad lines. In some cases, helium temperatures allow 

carrying out EPR spectra due to higher T1 (Rare-Earth Elements). When the lifetime 

T1 is high(~10-6 s), the parameter $���� depends mostly on T2 value. 

3. a. 3 g-factor 

Landé’s g-factor is 

� = 1 +
*(* + 1) + 
(
 + 1) − +(+ − 1)

2*(* + 1)
 

Where L, S and J are orbital, spin and full momenta numbers, consequently. 

In case of spin magnetism, L=0 (free electron case) and g=2.0023. Any deviation 

from g=2.0023 indicates additional orbital magnetism (spin-orbit coupling) leading 

to dispersion of resonance field. Once there is a strong spin-orbit interaction, which 

is an efficient sensor to the ligand surroundings, it is linked to crystal field. For ions 

g-factor is 

� = 2(1 − ,
Δ- ) 

λ – spin-orbit coupling constant 

∆ – splitting in ligand’s field 

In case of high ∆ and low negative λ, g-factor is close to that of free electron 

and the dispersion of g-value can be in the 0.001 order. 
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Generally, all the interactions in spin system are anisotropic which comes 

from wave functions’ anisotropy except unpaired s-electrons. The value of 

resonance field and g-factor thus depend on relative magnetic field direction and 

crystal axes orientation in case of single crystal samples. In amorphous phase 

anisotropic interactions equalize bringing an isotropic effect on g-factor value: the 

signal does not depend on sample’s orientation. In a crystalline phase the symmetry 

is either cylindrical or inferior as a function of the structure. 

In a cubic symmetry of g-tensor all three components are equal gx=gy=gz. In an 

axial symmetry the g-factor is represented with g││ (parallel to z axe field) and g┴ 

(perpendicular to z axe field). In a lower symmetry (rhombic) one can detect all three 

g-components gx, gy and gz. 

Fine structure is detected when there are more than 1 unpaired electrons 

(S>½). In case for example of S=3/2, 4 equidistant MS sublevels are created. The only 

resonance peak is observed at hν= gµBB. In real systems the energies between the 

sublevels are not equal anymore because of crystal field inhomogeneity. Therefore, 

the absorption can be registered at various magnetic field values giving rise to 3 

resonance lines. 

3. a. 4 Constants of hyperfine structure 

The hyperfine structure of EPR spectra comes from interactions between 

unpaired electron and nuclei momenta. When nuclei momentum is I≠0 one can 

observe 2I+1 lines instead of one. For example, 23% of natural abundance of Er is 

167Er isotope with I=7/2. Thus 8 supplementary lines are detected by EPR 

(Figure II-4). 

 

Figure II-4. ERP spectra of Er3+ in β-Ga2O3 [8] 
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3. b. Experimental aspects  

3. b. 1 EPR spectrometer principle 

Radiation source in EPR spectrometer is provided by a klystron giving a 

monochromatic radiation (Figure II-5). The attenuator allows controlling the power 

at the sample. The cuvette with the sample is of parallelepiped or cylindrical shape. 

The cuvette’s size is enough to form a static wave. The static magnetic field is 

provided by an electromagnet. 

 

Figure II-5. The principal scheme of EPR spectrometer 

After the signal of the sample comes through the detector with an amplifier, it 

is being registered. An important point is that they work with a fixed frequency (X 

band or Q band…) and a variable magnetic field. The amplification is executed with 

modulations of the high-frequency magnetic field. For technical reasons, the 

recorded common EPR signal corresponds to the absorption’s derivatives. 

In this work, the EPR experiments were carried out with a Bruker X-band 

EMX spectrometer. The frequency was 9.8 GHz. The signal was normalized 

afterwards by attenuator’s gain and by sample’s mass. 
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3. b. 2 Parameters for point defects study 

All the paramagnetic point defects were observed at room temperature. For 

each type of defect in AS and phosphate glasses, we determined the microwave 

power by establishing the power saturation curve. In aluminosilicate glasses the 

analysis of hole centers gave the curve in Figure II-6. 

The intensities brought from double integration were plotted versus power’s 

square root. 
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Figure II-6. Power saturation of hole centers in AS glasses 

The chosen power for hole centers in aluminosilicate glasses was 1 mW which 

was under linear law presented above (Figure II-6), therefore, it was in proportional 

range and could be applied to intensity comparison. 

At doses higher than 3·106 Gy, some E’ centers were induced (Figure II-7). It is 

well-known that E’ signal saturates at low powers [9] [10] [11]. Since E’ centers are 

observed together with hole centers, the double integration technique did not 

promise to be as efficient as in previous case. The solution was the absolute 

difference between the maxima of E’ signal (Figure II-7). It was proportional to the 

integrated value because of very narrow shape. 
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Figure II-7. Power saturation curve for E' centers in AS glasses 

Point corresponding to 5 µW power was in the linear region and, consequently, 

was chosen for further experiments (Figure II-7). 

Concerning microwave power in P-containing glasses and fibers, the 

information in literature is too various. The microwave power, announced in 

literature, varies from 0.01 to 20 mW. D. Griscom et al. [12] recorded all the defects 

in P-doped silica at 100K, but there is no information on saturation power. Working 

also with P-doped silica fibers at room temperature, G. Origlio et al. [13] used 

0.19 mW and 1.9 mW powers for POHC and P defects, respectively. H. Hosono et al. 

[14] analyzed phosphate glasses at 77 K using 0.01 mW power to avoid signal 

saturation. Contrary to that, P. Ebeling et al. [15] observed paramagnetic defects in 

phosphate glasses at room temperature at 20 mW to have the whole signal visible. 

There is no principle agreement in this information neither in working temperature 

nor in saturation power. Therefore, it is important to attenuate carefully the 

microwave power to detect paramagnetic defects in our phosphate glasses. 

In phosphate glasses, P centers were detected as well as POHC centers 

(Figure II-8). For each type, the power saturation laws were realized. 
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Figure II-8. EPR spectrum of P centers in phosphate glasses 

The defects in phosphates were presented with double resonances due to 

hyperfine interaction. Its intensity was estimated as the absolute difference between 

2 vertical maxima indicated in Figure II-8. The spectra were registered in vast 

microwave power range in 2500-4500 Gauss. The value of 1 mW was in linear 

region and thus chosen for P centers. 

The narrow part in 3350-3650 Gauss corresponds to POHC defects 

(Figure II-9). Its intensity was estimated in common way as for P defects. 

0 1 2 3 4 5 6 7 8 9 10
0

40000

80000

120000

3450 3475 3500 3525 3550

-6000

-4000

-2000

0

2000

 

 

In
te

n
si

ty
, a

.u
.

magnetic field, Gauss

 

In
te

ns
ity

, ∆
m

ax

√power, mW1/2

1 mW power chosen

 

Figure II-9. EPR spectrum of POHC defects in phosphate glasses (inset) and its 
power saturation 
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At the common plot (Figure II-9) same power of 1 mW was chosen for POHC 

centers in phosphate glasses. 

Thereafter, all the EPR spectra of paramagnetic defects in irradiated 

phosphate glasses were recorded at 1 mW power as it was driven from the power 

saturation experiment above. 

3. b. 3 Parameters for Yb3+ ions study 

Yb is a 4f-element with electronic structure 4f14 5s2 5p6 6s2 (Figure II-10). The 

+3 charge can be reached by leaving out 3 electrons (Figure II-10 red spins). At first, 

2 electrons leave 6s orbital. The 5s and 5p orbitals are complete and screen the 

internal 4f shell with 13 electrons. It is worth to point out here that 4f14 

configuration is stable and it is thus possible to detect Yb2+ ions. Nevertheless, the 

ionization potential of Yb2+ ion (-2.8 V) is higher than that of Yb3+ (-2.22 V) which is 

formed by leaving of 1 4f electron. Yb3+ ions have therefore 13 f-electrons. 

 

Figure II-10. The orbitals in Yb atom and Yb3+ ion formation 

We can now calculate the term symbols of Yb3+ ion. The term is represented as 

2S+1LJ. In our case spin angular momentum S=∑ /�
�0
�  where si is electron’s spin +½ or 

-½. Consequently, S=±½ and spin multiplicity 2S+1 is 2 or 0 which means a 

doublet of energy levels. Orbital angular momentum L=∑ 1�
�2�
3  where li is the 

azimuthal quantum number and n is the principal quantum number, 4 in our case. 

L=3 (0, 1, 2, 3, 4, 5 … are S, P, D, F, G, H …) and it is written thus F. The total 

angular momentum quantum number values are J=│L-S│. Spin angular 

momentum of Yb3+ ion is either +½ (ground state because of positive spin 

projection) or -½ (excited state because of negative spin projection), and J can be 

7/2 and 5/2, consequently. There are finally 2 energy levels of Yb3+ ions 2F7/2 and 

2F5/2 (Figure II-11). 
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Figure II-11. Energy levels of Yb3+ ion 

The f-electrons of lanthanides can be regarded as in weak crystal field due to 

5s and 5p screen. The number of f-electrons of Yb3+ ion is odd. The levels described 

above can be thus degenerated into J+½ sublevels, 4 for 2F7/2 and 3 for 2F5/2 

(Figure II-11). Each sublevel is a Kramers doublet. These transitions can be 

detected with EPR at low temperature only because of short T1 value at room 

temperature. 

Yb is represented with 7 stable isotopes, 2 of them have non-zero nuclear 

momentum: 171Yb (14.31% natural abundance) has I=½ and 173Yb (16.31% natural 

abundance) has I=5/2. Thereafter, the EPR hyperfine signal of Yb3+ ions derives from 

2 isotopes 171Yb and 173Yb. Yb3+ ions in various crystallized compounds occupy sites 

of various symmetry types. The parameters of g-tensors of Yb3+ paramagnetic ions 

in various compounds are given below (Table II-4). 

Composition Symmetry of Yb site g-parameters Source 

YbB12 Oh, cubic g=2.52, slight anisotropy [16] 

β-PbF2 cubic g=3.434 [17] 

KMgF3 C4v, tetragonal │g║│=1.070, │g⊥│=4.430 [18] 

LuVO4 

D2d, tetragonal 

 

 

D2, C2v, rhombic 

g║=6.464,│g⊥│=0.59 

│g║│=2.75, │g⊥│=0.89 

│g║│=2.84, │g⊥│=0.89 

--- 

[19] 

BaY2F8 C2, monoclinic 
Isolated g║=4.91, g⊥=5.09 

Pairs g║=2.216, g⊥=2.241 
[20] 

KYb(WO4)2 C2, monoclinic gx=1.039, gy=0.997, gz=6.62 [21] 

CsCdBr3 D3d, trigonal 
g║=2.503 

g⊥=2.619 
[22] 

Table II-4. The symmetry of Yb sites and g-tensors parameters in various 
compositions 
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EPR was carried out quite a lot to characterize the Yb3+ ion symmetry and 

obtain some information on pairs in crystals [16] [20] [23] but less results could be 

found on glasses in literature [24] [25] [26] due to the broad signal. The intensity of 

Yb3+ EPR line is extremely sensitive to the temperature: it decreases crucially when 

T≥20 K due to the quick relaxation time T1 of rare earth element (except 4f7 

element). The relaxation time T1, some distortion of Yb sites in glassy network and 

the multisite presence bring the Yb3+ line broadening in glass. 

The EPR signal of Yb3+ in AS glasses at 4 K is a broad resonance at g=4.1 

because it is not observed in glasses without Yb (Figure II-12). It was thus 

attributed to Yb3+ ions. 
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Figure II-12. EPR spectra of non-irradiated AS24 glass at 4K. 

The dominant resonance position corresponds to g=4.1. It is close to the g-

values in irradiated Yb-doped aluminoborosilicate (ABS) glasses [25]. 

For power saturation curve, the intensity estimated as ∆max and plotted is 

given in Figure II-13. The power optimal at 4K is 3mW (Figure II-13). 
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Figure II-13. Power saturation for Yb3+ ions in non-irradiated AS24 glass at 4K 

For phosphate glasses microwave power saturation was recorded as well. The 

value 1mW at 4K was chosen. 

4. Optical measurements 
The Yb3+ spectroscopic properties were studied by carrying out absorption, 

lifetimes τIR and τCL and cooperative emission measurements. This part of work was 

executed in fruitful collaboration with Philippe Goldner and Alban Ferrier (ENSCP, 

Paris). 

4. a. IR-luminescence of Yb3+ 

Yb3+ emission 2F5/2→2F7/2 in the IR-region was recorded in LSI by HORIBA 

Jobin Yvon spectrofluorimeter under Xe lamp excitation with a 1200 gr/mm 

grating. The studied glasses were in powders of controlled particle size, 

100-125 µm. 

To follow the post-irradiation relaxation processes, the lifetimes τIR were 

recorded as well using the same equipment. The non-irradiated AS24_8 powder was 

chosen as reference. The established absolute error was estimated to 0.02 ms. 

By reason of complexity and lack of time to irradiate all the samples under 

powders form as well as under slices form, the dose and dose rate effects were 

studied on slice samples only. The results from slices and powder irradiated in the 

same conditions were compared to exclude the serious deviation due to different 

physical substances. Besides, the powders were analyzed in ENSCP (with friendly 
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participation of P. Aschehoug) under 975 nm laser excitation in order to eliminate 

the error originating from equipment change (Table II-5, Table II-6). In all analyzed 

samples the decay curves were single-exponential indicating the absence of other 

processes. 

Sample 

My results 
B. Schaudel 
powders [1], 

ms 

Spectrofluorimeter in 
LSI Laser excitation in 

ENSCP, powder, ms 
Slice, ms Powder, ms 

AS22 2.45 2.55 2.14 1.90 

AS23 1.80 2.17 1.97 1.70 

AS24 1.41 1.31 1.15 1.00 

AS26 1.13 0.87 0.94 0.90 

Table II-5. Lifetimes τIR recorded in non-irradiated AS glasses 

In aluminosilicate glasses the lifetimes were similar between powders and 

slices (Table II-5). The results obtained in LSI and in ENSCP were in good 

agreement, too. The lifetimes from B. Schaudel’s work are shorter than in this work. 

This can come from small variations in synthesis methods: losses of Na at glass 

melting temperatures can affect the network structure and, consequently, Yb3+ 

environment. 

The lifetimes τIR observed in phosphate glasses are given in Table II-6. 

Sample 

My results 

B. Schaudel 

powders [1], 

ms 

Spectrofluorimeter in 

LSI Laser excitation in 

ENSCP, powder, ms 
Slice, ms Powder, ms 

2743 0.82 0.73 0.68 1.00 

2742 0.84 0.84 0.81 0.95 

2745 1.16 1.22 1.15 1.00 

2746 1.43 1.34 1.40 1.15 

Table II-6. Lifetimes τIR recorded in non-irradiated phosphate glasses 
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Despite the values obtained in slices and in powder either in LSI or in ENSCP 

are in good correlation, the lifetimes τIR in B. Schaudel’s work were different. With 

high probability it was generated by deviation in the phosphate glass synthesis. 

4. b. Cooperative luminescence of Yb3+ (CL) 

A weak green emission of Yb3+ in YbPO4 was first observed by E. Nakazawa et 

al. in 1970 [27] where they proposed the term “cooperative luminescence”. 

Pairs of Yb3+ ions absorb simultaneously radiation of energy to excite 2F5/2 

state with consequent emitting of one photon which energy is twice higher than in 

case of common IR luminescence (Figure II-14). That is the mechanism leading to 

an emission in the visible region (480-530 nm). The lifetime value in this case is 2 

times shorter than τIR. In different matrices it varies in the 300-550 µs range [27] 

[28] [29] [30]. 

 

Figure II-14. Scheme of Yb3+ ions pairs energy levles 

The quantitative theoretical interpretation of the experiments on cooperative 

luminescence is not yet well developed [31]. It concerns the cases of Yb cluster 

formation. However, in [32] the authors demonstrated the importance of cooperative 

emission probability in study of Yb-Yb pair interactions. After some particular 

calculations, the probability of cooperative luminescence X was given with formula 

that was applied to compare the intensities of cooperative emission probability [1] 

4 ∝
�6778

9��:
� ;� 

Pabs was the absorbance power of the sample 
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Taking into account that the sample consists on equi-dimensional particles, 

the absorbance power was transformed into the coefficient αD
2 that was calculated 

by multiplying the absorption spectrum of the sample and emission spectrum of the 

diode (normalized at maximum). The coefficient αD was the area under the result 

curve. 

4 ∝
�6778

<=
� ;� 

One more reference was AS24_8 sample that was analyzed each time of 

experiments. Taking into account that its cooperative emission intensity was stable, 

its spectra recorded in all days of measurements were used to normalize the 

intensity as well. 

To measure the cooperative emission, the same approach than B. Schaudel [1] 

was followed (Figure II-15) with the same laser diode [29]. The limited power allowed 

us first to study efficiently the samples with strong Yb3+ cooperative emission only 

(AS23, AS24, AS24_8, AS26). It was applied to follow the evolution in time of 

cooperative emission in these samples. Afterwards, we obtained the possibility to 

use a new laser diode to study the stabilized samples with low Yb3+ cooperative 

emission, too (AS22, AS24_05, phosphates). 

 

Figure II-15. The scheme of experimental setup for cooperative emission 
measurements 
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Figure II-16. Laser emission spectrum normalized at maximum 

The spectrum of laser emission was implied to normalize the probability of 

cooperative luminescence (Figure II-16, Figure II-17). The spectrum was multiplied 

with absorption spectrum giving absorbance power Pabs in laser excitation region. It 

was reasonable in case of variable absorption for different Yb concentrations [1]. 
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Figure II-17. Cooperative emission of Yb-Yb pairs under 975 nm excitation 
(aluminosilicate glass AS24_8) 

4. c. Absorption 

Absorption measurements were carried out with Cary 6000i UV-Vis-NIR 

spectrofluorimeter and InGaAs detector. The wavelength resolution was 0.5 nm. The 
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maximum range was 300-1200 nm. It was mainly useful for cooperative 

luminescence normalization. 

The measurements were performed with powder sample of 100-125 µm 

particles. The measured parameter was Reflectance, after that it was derived into 

Absorbance using Kubelka-Munk formula 

>(?) =
(1 − ?)�

2?
=

@

/
=

A"/ × B

/
 

F(R) – derived value of Kubelka-Munk function 

R – reflectance 

k – absorption coefficient 

s – scattering coefficient 

c – concentration of absorbing species 

Abs – absorbance 

Taking into account that the concentration of absorbing species was the same 

in most of the samples – 5 wt. % of Yb2O3, it was supposed that c/s is identical in 

the samples. Therefore, the comparison of derived from reflectance k/s could be 

used effectively. 

The question of reference was of high importance. Since the interest was 

concentrated on Yb3+ absorption, the non-doped samples were used as the 

reference. Same principle was applied to study the irradiated samples: irradiated 

non-doped samples were used as the references. In Kubelka-Munk formula given 

above the parameter R was presented from 

? =
?:��8CD

?EDFDE
 

To exclude the effect of Yb-clusters on Yb3+ absorption, the experiment was 

calibrated as a function of the Yb concentration. The polished transparent non-

irradiated slices were analyzed. The normalization by the thickness was implied to 

the results. 
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Figure II-18. Maxima of absorption in AS24_Ybx non-irradiated polished slices. 
Normalization by thickness. Absorption spectrum of AS24 glass is in inset 

Yb3+ absorption obeyed to linear dependence within Yb concentration 

(Figure II-18) in the sample except the sample AS24_Yb5, the most used Yb 

concentration in this work. Stronger absorption could take place in case of 

cooperative effects, in particular, cooperative absorption. 

4. d. Photoluminescence of defects (LSI) 

In some particular cases, the radiation-induced point defects were analyzed by 

time-resolved photoluminescence in slices at room temperature. We used 266 nm 

and 532 nm laser excitations (pulsed Nd:YAG laser). For the detection Shramrock 

SR-303i spectrometer is associated to an ANDOR ICCD camera. 

The beam energy of 266 nm excitation at the sample was 1.3 mJ. This 

technique was applied to investigate some diamagnetic defects in phosphate glasses 

which lifetime was estimated 5-6 ms. The power of the laser was optimized to detect 

the signal with the best signal/noise ratio without inducing photobleaching or 

defect creation. 

The 532 nm excitation has been used to investigate NBOHC defects in 

aluminosilicate glasses. The delay was 500 ns and the gate width was 

100 µs. The estimated lifetime of the defect was ~10 µs. The signal of Sm3+ emission 

was taken as reference to control the stability of experimental conditions 

(wavelength and intensity). 
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III. Yb-doped Na-aluminosilicate 

glasses 

In this Chapter III aluminosilicate glasses doped with Yb are discussed. Yb 

cluster content is different from one glass to another in this series AS22-AS26 [1]. 

Therefore, it is interesting to study in aluminosilicate glasses the role of Yb cluster 

on point defects formation which has an impact on the Yb3+ luminescent properties. 

After analysis of differences in glass structure and Yb3+ environment, we discuss the 

evolution of glass properties under irradiation. 

The point defects are investigated as a function of irradiation dose rate, dose 

and time. Yb cooperative luminescence and the lifetime of excited 2F5/2 state are 

studied in a vast dose range. The role of Yb cluster will be discussed. 

We tried to understand the role of point defects in the decrease of the lifetimes 

τIR and τCL. 

1. Glass structure 

1. a. Bibliographic part 

Glass network-forming SiO4 polyhedra are usually corner-linked via Bridging 

Oxygens (BO). They form a three-dimensional extended connected network 

according to Continuous Random Network model of Zachariasen (CRN) 

(Figure III-1 a) [2]. Modifying cations, such as alkalis, destroy the connectivity of the 

oxide network and create Non-Bridging Oxygens (NBO) that are linked to only one 

network-forming cation. The structure of a modified glass can be pictured as a 

combination of a partly depolymerized network and an ionically packed modifying 

oxide according to the Modified Random Network (MNR) model (Figure III-1 b) 

established by Greaves [3]. When tetrahedral network-formers like Al3+ ions are 

incorporated into a modified silicate glass composition they form negatively charged 

(AlO4)- units that must be compensated by the modifying cations and the 

concentration of NBOs is thus reduced proportionally (Figure III-1 c). The structure 
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of aluminosilicate glass is described in Compensated Continuous Random Network 

(CCRN) [3]. 

 

Figure III-1. Structure of silicate glasses [2] 

The contents of Al and alkali ion can be characterized by Aluminum 

Saturation Index (ASI) which is molar ratio Al2O3/Na2O in our case. Variances from 

ideal CCRN tetrahedral aluminosilicate network described above take place with the 

presence of AlO4-AlO4 connections. In the case of glasses modified by high field 

strength cations such as La3+ and Y3+, 27Al NMR studies have detected five- and six-

coordinated Al species [4]. 

Rare-Earth elements diluted in low concentrations are regarded as network 

modifiers because of positive charge +3. They can stabilize [AlO4]- tetrahedra as 

well. Further increase of RE3+ content leads to a cluster formation and their role in 

glass network modification evolves. When the ratio “ionic charge”/“ionic radius” is 

high, as it is for La3+ or Y3+ ions, these cations are believed to compete strongly for 

oxygen with Al3+, pushing the last mentioned into higher coordination. On the other 

hand, AlO5 and AlO6 groups were also observed by 27Al NMR in binary Al2O3–SiO2 

glasses in addition to the prevailing AlO4 groups [5] [6]. AlO6 groups were also 

detected in under-compensated CaO–Al2O3–SiO2 glasses where ASI<1 [7]. In all of 

these cases, the lack of enough charge-balancing modifier ions or its complete 

absence brings the formation of higher-coordinated Al groups in order to stabilize 

the charge balance. 

Rare-earth ions are applied as dopant agents (~1% order) in materials because 

of limited chemical solubility and consequent self-quenching. RE clusters degrade 
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strongly the luminescent properties and they are thus a troublesome feature of 

fabrication RE-containing materials. According to simulation works [8], in Na-

modified silicate glasses Eu3+ ions can form clusters at 1 mol. % concentration, 

mostly consisting 2 ions in a cluster. In Nd-doped SiO2 glasses the formation of 

Nd-O-Nd linkages was shown by Sen [9]. The EXAFS study executed by d’Acapito et 

al. of Er- and Yb-doped silica-titania-alumina [10] and aluminophosphate [11] 

glasses revealed the absence of any RE-RE correlation. The authors do not deny, 

however, the possibility of RE-cluster formation with longer RE-RE distances that 

are detectable by EXAFS (>4 Ǻ) [11]. 

Yb3+ ions have their advantage in study of RE clusters because of cooperation 

effects such as luminescence or absorption that arise from Yb clusters [1]. 

Therefore, Yb is an attractive ion for RE cluster probe. Yb cluster formation is 

impacted by glass matrix composition, too. The number of Non-Bridging Oxygens 

plays a key role [12]. It was demonstrated by S. Sen et al. that in Yb-doped SiO2 

glass at ~1000 ppm concentration of Yb2O3 the second coordination shell of Yb3+ 

ions consists on both Si and Yb giving rise to Yb-O-Yb linkages [13]. 
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1. b. AS22-AS26 glass structure 

I remind here that we studied four AS glasses with 20 mol. % of Na2O and 

varied SiO2 and Al2O3 contents. Raman spectroscopy was executed in LADIR 

(Paris VI) on massive glasses. For each slice several points were recorded and 

homogeneous structure was confirmed in all the glasses analyzed (powders and 

slices). All the Raman spectra of non-irradiated Yb-doped AS22-26 glass are 

presented in Figure III-2. 
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Figure III-2. Raman spectra of non-irradiated Yb-doped AS glasses 

The dominant band is at 495 cm-1 with a quite wide shoulder at 300 cm-1 

(Figure III-3). The shoulder becomes more and more obvious and the band becomes 

asymmetrically broader as Al content increases. We can observe moreover a 

relatively narrow peak at 570 cm-1 of less intensity. Its maximum moves to higher 

values of wavenumbers with increasing Al content. 

To follow the glass network evolution within chemical composition in more 

details, the spectra is hereafter superposed and normalized at 495 cm-1 

(Figure III-3). 
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Figure III-3. Zoom on Raman spectra, normalization at 495 cm-1 

The bands at 495 cm-1 and 606 cm-1 are associated with D1 (4-membered 

rings) and D2 (3-membered rings), respectively [14]. The D2 peak is visible only for 

the lowest Al content (AS22). Insertion of more Al in the silicate network suppresses 

the formation of SiO4 3-membered rings. The band at 570 cm-1 is associated with 

the vibration modes of Al-O-Al linkages [15]. Its presence is more expressive in 

glasses with more Al. We conclude thus that the less intensive band in 

570-600 cm-1 region is attributed to 3-membered rings with involved AlO4 

tetrahedra. 

According to Ellison et al. [16] and Li et al. [17], at 300 cm-1 and 910 cm-1 one 

can see formation of Ln-O-Ln clusters. We note an increase of Yb-O-Yb clusters in 

AS24 and AS26 glasses. This result is in agreement with cooperative luminescence 

measurements. 

The intensities of the bands at 600-900 cm-1 are low (Figure III-2). For glasses 

with low Al content (AS23, AS22) one can observe one band at 780 cm-1 due to both 

Al and O displacements at Al-O stretching motions [15]. As Al content increases, a 

new band at 720 cm-1 appears. At the same time maximum of first mentioned band 

moves to lower wavenumbers. 

It is however difficult to conclude precisely from Raman spectroscopy data on 

the type of Al polyhedra. We realized 27Al MAS NMR analysis for each glass 

composition; the NMR spectra are displayed in Figure III-4. The MAS NMR spectra 

have been acquired in collaboration with Th. Charpentier (IRAMIS CEA). 
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Figure III-4. 27Al MAS NMR spectra of non-irradiated non-doped glasses 

The isotropic chemical shift ~60 ppm corresponds to AlO4 species 

(Figure III-4). We also detect a slight increase of the quadrupolar interaction from 

sample AS22 to AS26 (Al increasing) characterized by the broadening of the band 

indicating a disorder around Al(IV) with Al content increases. 

Let us now discuss in details the Raman spectra in the 800-1300 cm-1 range. 

The spectra, normalized at 1000-1100 cm-1 are in Figure III-5. 
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Figure III-5. Zoom of Raman spectra at 900-1300 cm-1 range 
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The broad Raman band in the 850-1200 cm-1 region can be attributed to 

SiO4 tetrahedra connected to Si or Al and Si(Al)-O-Si(Al) linkages [15] [18]. 

The following linkages and their corresponding Raman modes can be found: 

[15]: Si(OAl) – 1140 cm-1, Si(OAl)2 – 1000 cm-1, Si(OAl)3 – 925 cm-1, Si(OAl)4 –  

890 cm-1. Movement of the broad band’s maximum to lower wave-numbers when Al 

content increases can be assigned to an appearance of more Si ions connected to Al 

through O-bridges. This effect is corroborated by 29Si MAS-NMR measurements: the 

maximum of the NMR band moves from AS22 glass to AS26 towards higher values 

of chemical shift indicating the presence of more Al atoms linked to Qn species [19]. 

It is also possible that increasing of Yb-clustering level as mentioned above, at 

910 cm-1 position impacts the evolution of the Raman spectra. This hypothesis is in 

agreement with cooperative luminescence experiment results. 

1. c. Effect of irradiation at strong doses on 

glass structure 

Since an impact of strong doses on the glass structure can occur, it was 

important to compare irradiated and non-irradiated samples. Irradiation conditions 

can be consulted to Chapter II, section 2. 

Strong dose effect on glass structure has been studied by NMR and Raman 

spectroscopy. For NMR spectroscopy non-doped samples were irradiated to avoid 

the line broadening due to quadrupolar interactions with paramagnetic Yb3+ or Er3+ 

ions, achieved dose was 1.7·109 Gy. 

The shape of 495 cm-1 band is modified (Figure III-6). It becomes narrower 

indicating less dispersion in Si-O-Si angle variation. 
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Figure III-6. Raman spectra of AS22 glasses, normalization at 495 cm-1 

The increase of D2 component is associated to more 3-membered rings in glass 

network. In conclusion, it means the increase of glass densification under 

irradiation with strong doses (>1.5·109 Gy). 

27Al MAS NMR spectrum of this non-doped glass exhibits some distortion in 

Al3+ environment and a very slight shoulder at 20 ppm corresponding to Al(V) 

presence (Figure III-7). 
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Figure III-7. 2D 27Al MAS NMR spectra of AS22_0 glasses 
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2D 27Al MAS NMR experiment confirms this attribution with presence of the 

small component of Al(V) in irradiated Er-doped AS22_Er glass (0.5 wt. % of Er2O3) 

(Figure III-8). 

 

Figure III-8. 2D 27Al MAS NMR spectrum of e-irradiated AS22_Er glass at 

2·109 Gy 

Al3+ in higher coordination needs more positive charge to stabilize their 

polyhedra of Oxygens. So, the presence of Al(V) is in according with the Na+ ions 

migration occurring under irradiation in this glass. 

In other 3 glass compositions AS23, AS24 and AS26 no structural 

modifications are observed under irradiation. No molecular oxygen is observed in 

irradiated glasses. 
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1. d. Yb environment 

1. d. 1 IR-luminescnce 

Yb3+ ions exhibit 2F5/2→2F7/2 emission in the IR-range (Figure III-9). 
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Figure III-9. Yb3+ luminescence in non-irradiated AS glasses 

The particular transitions are marked in Figure III-9; the labels are from 

Figure II-11. The lifetime of 2F5/2 excited state varies in 1-2 ms range in AS22-AS26 

glasses. 

The most intensive component of 2F5/2→2F7/2 emission is 0’→0 in all four 

glasses. One can see the principle difference between emission spectra shape of 

AS22-AS23 glasses and AS24-AS26 glasses. In AS22-AS23 glasses 0’→1 and 0’→3 

components are more intensive. In AS24-AS26 glasses 0’→2 component is well 

distinguished. This result is attributed to different Yb3+ environment in AS22-AS23 

and AS24-AS26 glasses. 

1. d. 2 EPR spectroscopy 

The Yb3+ EPR signal in glasses is represented by a broad line which is recorded 

in the full range of available magnetic field (Figure III-10). 
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Figure III-10. EPR spectra of non-irradiated AS glasses at 4K, normalized 

at maximum. Normalization by mass and attenuation gain is inset 

The series of 4 chemical compositions with same Yb concentrations divided 

into 2 types with different EPR intensities and resonance positions. 

In AS24 and AS26 glasses EPR signal is much lower despite the same amount 

of Yb in all four glasses (Figure III-10 inset). This decrease indicates that a part of 

Yb3+ ion is not detected due to probable too short relaxation time T1. It can occur 

when Yb3+ ions form clusters. The g-factor can be described by an axial symmetry of 

Yb3+ sites in AS glasses. The value of g┴ is ~3.2 in AS22 and AS23 glasses and ~4.1 

in AS24 and AS26 glasses. The parameter g║ is in higher magnetic field range. It is 

difficult without any simulation to give the precise values, but we can estimate that 

g║ is ~1.3-1.4 in AS22 and AS23 glasses while in AS24 and AS26 glasses g║ is ~1.1. 

The separation of Yb3+ environment in AS22-AS23 and AS24-AS26 glasses is in 

agreement with 2F5/2→2F7/2 emission in the IR-region. 

Besides, there can be seen a shoulder at g=12.8 assigned to Yb clusters 

because, according to Sen [13], isolated Yb3+ ions give an EPR signal below g~8. 

The g┴ parameter in AS22 and AS23 glasses is 3.2, close to Yb-doped ABS 

glasses [20] where g-factor varies from 3.17 to 3.32. As in AS22 and AS23 samples, 

in aluminoborosilicate glasses the concentration of Yb clusters is relatively lower 

than in AS24 and AS26 samples [20]. It corresponds to the similarity of Yb3+ 

environments in aluminoborosilicate glasses and aluminosilicate with less Yb 
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clusters. In consequence, the shoulder of Yb cluster at g=12.8 is absent in AS22 

and AS23 glasses. It is also interesting to indicate the similarity between Yb3+ 

environment in a phosphate glass and in AS22 with the least Al content 

(Figure III-11). 
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Figure III-11. EPR spectra of non-irradiated glasses, 4K 

In both 2745 phosphate and AS22 glasses no Yb cluster is detected by EPR 

spectroscopy. 

1. d. 3 Cooperative luminescence 

We remind here that the theoretical aspects of cooperative luminescence 

phenomenon and the experimental technique are given in Chapter II, section 4.b. 

Cooperative luminescence was studied in powders to avoid the effects of 

sample’s geometry deviation. The influence of e -̄irradiation was studied for 105 Gy, 

3.2·106 Gy and 108 Gy doses. To compare the results with γ-irradiation, 105 Gy and 

3.2·106 Gy doses were chosen. In order to study the link between Yb3+ cooperative 

luminescence and the point defects, the evolution of cooperative emission in time 

after the irradiation was followed for 105 Gy dose (both irradiation types) and 108 Gy 

dose in glasses with higher Yb cluster content: AS24, AS26 and AS24_8. The impact 

of glass composition on cooperative luminescence under irradiation was 

investigated after the defects stabilization. 

The probabilities of cooperative luminescence in non-irradiated glasses 

obtained in this work are shown in Figure III-12. 
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Figure III-12. Probability of cooperative luminescence in non-irradiated 

AS2x_Yb5 glasses. Normalization by absorption and lifetime τIR 

The probability of cooperative emission is higher in AS26 and AS24 glasses 

whereas in AS22 and AS23 it is significantly lower. As shown before [12], in AS 

glasses the ASI parameter has an impact on the cooperative emission intensity, and 

thus on Yb cluster formation, despite the same Yb concentration. Our results are in 

agreement with B. Schaudel [12], Raman and EPR spectroscopy at low T. 

Thereafter, the studied AS glasses are confirmed to be divided into 2 series: one of 

high Yb cluster content (AS24 and AS26) and another one of low Yb cluster content 

(AS22 and AS23). 

Concerning our samples, significant variation of Yb cluster was assigned in 

aluminosilicate glasses to Al content variation [12]. The cause is in different amount 

of Non-Bridging Oxygens (NBOs) in studied glasses when SiO2 dioxide was 

coherently replaces with Al2O3 oxide with unchanged Na2O content. Since Al3+ ions 

in contrary to Si4+ ions need to compensate the charge to 4+, more Na+ ions take 

part in this, precluding NBO formation. Yb3+ ions cannot be surrounded equally 

with NBOs, they form thus Yb clusters in glasses with higher ASI. 
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1. d. 4 AS24_Ybx glasses 

Raman spectroscopy 

As Yb concentration increases in AS24_Ybx glasses, one can observe some 

changes in the Raman spectra of AS24 glass (Figure III-13). 
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Figure III-13. Raman spectra of non-irradiated AS24_Ybx glasses, 

normalization at 1050 cm-1 is inset 

Shoulder at 300 cm-1 becomes stronger indicating an increase of Yb-clustering 

in AS24_8 sample [16] [17]. The broad band at ~1050 cm-1 changes its shape to 

asymmetric with tail increasing at lower wave-numbers component (Figure III-13, 

inset). It indicates a lower polymerization of Yb5 and Yb8 glasses showing the role 

of Yb3+ ions as modifiers. The bands at 575 cm-1 and 700 cm-1 corresponding to Al 

polyhedra motions becomes more intensive. Insertion of 8 wt. % of Yb2O3 modifies 

the glass network by Al-O-Al linkages increasing as well as Yb clusters. We suppose 

thus the proximity between Yb3+ and Al3+ ions in aluminosilicate glasses. 
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Cooperative luminescence 

The cooperative emission is logically more intensive in glasses with more Yb 

(Figure III-14). 
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Figure III-14. Probability of cooperative luminescence in non-irradiated 

AS24_Ybx glasses 

This increase of cooperative emission intensity is attributed to Yb cluster 

formation with further incorporating of Yb. We can note that Yb cluster formation is 

significant for ≥2 wt. % of Yb2O3 concentration. 

 

 

• Increasing of Al content leads to more Al-O-Al linkages. Since the Na 

content is the same in all four glasses (AS22-AS23-AS24-AS26), less 

NBOs are formed in glasses with more Al. 

• Yb-doping leads to more Yb-O-Yb clusters and more Al-O-Al linkages. 

• Yb3+ ions have different environment in AS22-AS23 and AS24-AS26 

glasses. Moreover, more Yb cluster is suggested in AS24-AS26 glasses 

according to EPR spectroscopy, and cooperative emission probability. 

• Under irradiation with strong doses (>1.5·19 Gy), in AS22 glass Al3+ ions 

are pushed into 5-fold coordination instead of 4-fold in pristine glasses. 

Glass network densification due to more 3-membered rings is shown as 

well. 
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2. Point defects 

2. a. Paramagnetic defects assignation 

Under ionizing irradiation (electron- , γ-irradiation) in Na-aluminosilicate glass 

the following paramagnetic point defects can be induced: E’-centers, Peroxy 

radicals, Non-Bridging Oxygen Hole Centers (NBOHC), Hole Centers (HC) and 

Al-Oxygen Hole Centers (Al-OHC). 

2. a. 1 E’-centers 

E’-center is represented by an unpaired spin delocalized on dangling sp3 

orbital of Si with three bridging oxygen atoms. This defect can be formed at an 

Oxygen vacancy (VO) via trapping of one electron. The other Si atom, which is 

positively charged, relaxes becoming surrounded by three bridging oxygens in the 

same plane (Figure III-15 B). 

 

Figure III-15. A) fragment of perfect lattice; B) the "classic" model of E'1 

center in α-quatrz or E'γ center in silica, from L. Skuja’s review [21] 

Different E’-type defects were extensively investigated up to now. The 

E’1 center from Figure III-15 B is formed in α-quartz whereas E’γ center corresponds 

to its analogous in glassy SiO2. This type of E’ centers (E’γ) in silica-based glasses is 

the best understood at the present moment [21]. The g-tensor of E’ is of cubic 

symmetry with g1=g2=g3=2.0011 [22] [23]. 

Contrary to many other paramagnetic defects, E’-centers are registered at low 

microwave power ~0.2-1 µW because of quick saturation of their EPR signal [24] 

[25] [26]. 
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2. a. 2 Peroxy radicals 

Peroxy radicals are detected in most irradiated silicate glasses. This is a hole 

center with unpaired spin delocalized on superoxide ion bonded to one or two Si 

atoms (Figure III-16) ≡Si-O-O• [23]. 

 

Figure III-16. Model of peroxy radical in a-SiO2 [27] 

EPR spectrum of Peroxy radicals is similar to that of NBOHC that always 

brings some discrepancy into interpretation (Table III-1). Separate both 

contributions is possible either with further annealing experiments or with 

computer simulations. 

 NBOHC Peroxy  

g1 2.0010 2.0018 

g2 2.0095 2.0078 

<g3> 2.08 2.067 

Table III-1. Parameters of g-tensors of NBOHC and Peroxy radicals in 

amorphous SiO2 [21] 

2. a. 3 Non-Bridging Oxygen Hole Centers (NBOHC) 

NBOHC is electronically neutral and corresponds to a hole center on non-

bridging oxygen ≡Si-O• which EPR spectrum resembles that of Peroxy radicals due 

to close parameters of g-tensors except the g3-components which have more 

broadening, so, put in <g3> [21]. 

2. a. 4 HC defects 

HC defect is a hole center on non-bridging oxygen with close presence of alkali 

ion. They are registered commonly in alkali-silicate glasses. In potassium-silicate 

glasses two types of HC defects can be distinguished: HC1 and HC2 defects 

(Table III-2) [22]. 
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 HC1 HC2 

g1 2.0026 2.0118 
g2 2.0088 2.0127 
g3 2.0213 2.0158 

Table III-2. Parameters of g-tensor of HC1 and HC2 defects [22] 

HC1 is a hole trapped on 2pz orbital of Non-Bridging Oxygen with close 

presence of alkali ion in xy plane which is perpendicular to 2pz orbital 

(Figure III-17). 

 

Figure III-17. Model representation of the HC1 defect [22] 

HC2 defects were presented by Griscom [22] in two configurations that were 

recorded at low and at high temperatures, respectively (Figure III-18). In the first 

mentioned configuration, the hole is delocalized on two Non-Bridging Oxygens lying 

in the same plane (Figure III-18 a). The alkali-ion is along the perpendicular axe to 

these NBOs. 

 

Figure III-18. Model of two HC2 defects configurations [22] 

With temperature increase, the alkali-ion is pushed into another position 

where the hole moves to the only NBO (Figure III-18 b). The properties of EPR signal 

are modified, too. This configuration is similar to HC1 defect. Therefore, HC2 defects 

can easily transform into HC1 defect at higher temperatures. 
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2. a. 5 Al-OHC defects 

There is relatively less information on Al-OHC defects in the literature. 

Griscom reported about two types of Al-OHC defects in Ca-aluminosilicate glasses 

[28]. According to those results, Al-OHC defects are represented by holes trapped 

on non-bonding oxygen p orbitals close to Al atoms. Nuclear spin of 27Al is I=5/2, so, 

one should observe, due to hyperfine interaction, 6 lines in the EPR spectrum. In 

fact, these lines are not well-resolved at room temperature (RT). 

Laguta et al. reported about Al-related paramagnetic defects in YAlO3 single 

crystal of perovskite structure [29]. They presented well-resolved EPR spectra of 

various types of these defects. The parameters of its g-tensor are close to those of 

one of Al-OHC defects in Griscom’s paper (Table III-3). 

 Griscom [28] Laguta [29] 

g1 2.0023 2.0028 

g2 2.0182 2.0143 

g3 2.0353 2.0440 

Table III-3. Parameters of g-tensors of Al-OHC defects 

In [29] it was proposed that the hole is localized on an oxygen 2pπ orbital in 

the plane perpendicular to the Al-O-Al direction. 

2. b. Formation of paramagnetic defects in 

AS22-AS26 glasses 

As it was announced above, the total amount of the defects was estimated 

from double integration of EPR spectra. The error bars are 10%. The total number 

of spins was estimated using Bruker references – two pitches added into KCl giving 

weak and strong signals to establish the bench marks. The magnitude of spin 

concentration ranges between 1015 and 5·1015 spin/cm3 in all irradiated 

stabilized glasses. 

2. b. 1 Influence of the glass composition 

Under electron irradiation below 3.2·106 Gy, only hole centers are detected in 

AS glasses. The shape of EPR spectra of AS22-23 samples (Figure III-19) exhibits 
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the main presence of hole centers on Non-Bridging Oxygens bonded to Si with 

g1=2.0035, g2=2.0095 and g3=2.0187 which are close to those of HC1 defects. It is 

worth to underline that the parameters of g-tensor from the literature are for 

potassium-silicate glasses. Presence of sodium at molar concentration 20% gives 

rise to 10 times broadening of the HC1 EPR line according to carried out calculation 

works [22]. Thereafter, it is difficult to distinguish HC1 and HC2 defects in the 

current samples thus HC notation will be used for hole centers. 
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Figure III-19. EPR spectra of Yb-doped e  ̄-irradiated AS glasses just after 

the irradiation, dose 105 Gy, normalization at g=2.015. EPR spectra 

normalized only by mass and gain are in the inset. 

Another signal characterized by g1=2.0030, g2=2.0104 and g3=2.0381 can be 

also observed mostly in AS24 and AS26 glasses. It can be assigned to NBOHC or to 

POR (PerOxy Radical) defects. The recovery experiments, which will be discussed in 

part 3.c.2, rather indicate the formation of Peroxy radicals. Moreover, in the spectra 

of AS24 and mostly in AS26 glasses one can see the hyperfine structure arising 

from Al-OHC defects. This result is logically explained by the Al content increase in 

these glasses and Al-O-Al linkages detected by Raman spectroscopy. 

When Al content increases while keeping the same quantity of Na in AS22-23-

24-26 glasses, more Na+ ions are used to compensate the charge of [AlO4]- 

tetrahedra. In consequence, less Na+ ions participate in the glass depolymerization 
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as modifiers. Therefore, less HC defects are created. Despite a lower silicon content 

in AS24 glass compared to AS22, less Na+ ions take part in HC defects formation 

because of the increase of Al and thus more hole centers on oxygens bonded to Al 

tetrahedra are trapped leading to– more Al-OHC defects. 

Despite the higher intensity of HC defects’ EPR signal in glasses with less Al - 

AS22 and AS23 glasses (Figure III-19, inset), the glasses AS24 and AS26 contain 

higher value of the total defects’ quantity obtained after double integration of the 

signal (discussion in section 2.d). It originates from Al-OHC defects which bring 

large tails into the spectra. 

Concerning the electron centers, we observe E’ centers at doses higher than 

105 Gy only in AS22_0 and AS22 glasses, at doses higher than 3·106 Gy in AS24_0 

and AS24 glasses doped with low Yb concentrations (<5 wt. % of Yb2O3). 

In non-doped AS22_0 glasses with less Al content, more E’ centers are induced 

than in AS24_0 glasses (Figure III-20). 
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Figure III-20. EPR spectra of e¯-irradiated AS24_0 and AS22_0 glasses, 

dose 107 Gy, stabilized samples. 

2. b. 2 Influence of Yb-doping 

Yb-doping impacts the shape and the intensity of the EPR line (Figure III-21). 

It thus plays a role on relative defect concentration. In AS24 glass the total defects’ 

amount decreases (Figure III-21 inset), but we also point out that the relative 
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content of Al-OHC defects increases (Figure III-21) with Yb doping. This result is in 

agreement with Raman spectroscopy of AS24_Ybx glasses where Al-O-Al linkages 

signal increases with Yb doping (Figure III-13). 
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Figure III-21. EPR spectra of e  ̄-irradiated AS24_Ybx glasses, dose 105 

Gy, normalization at g=2.015. EPR spectra recorded just after the irradiation 

and normalized only by mass and gain are in the inset 

Yb incorporation leads to a decrease of E’ defects (Figure III-22). When Yb 

concentration reaches 5 wt. % of Yb2O3, these defects are not observed anymore. 
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Figure III-22. EPR spectra of AS24_Ybx glasses, dose 107 Gy, stabilized 

samples. 
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The role of Yb-doping in E’ centers formation can be also illustrated by 

Table III-4. One can see that E’ centers are created in glasses with less Al and/or 

low Yb concentrations. We should remind here that in both cases the number of Yb 

cluster is low. 

 105 Gy 106 Gy 3.2·106 Gy 107 Gy 108 Gy 

AS22_0 - + + + + 

AS22 - + - - - 

AS23 - - - - ± 

AS24_0 - - - + + 

AS24_005  - + + + 

AS24_02  - - +  
AS24_05 - - - ± + 

AS24 - - - - - 

AS24_8 - - - - - 

AS26 - - - - - 

Table III-4. E' centers detected in stabilized e¯-irradiated AS glasses: red - 

no E', green - E' detected, yellow - traces of E', grey - no sample 

We can see that Yb-doping leads to paramagnetic point defects saturation 

(Figure III-21, Figure III-22). It is in agreement with previous works performed in 

“Laboratoire des Solides Irradiés” [30] [31] [32] [33] where Sm- and Gd-doping of 

ABS glasses was studied as well. RE ions can trap some hole and electron charges 

and thus decreasing the number of point defects observed after irradiation [30] [31]. 

The saturation of total defect amount with Yb-doping in aluminoborosilicate 

(ABS) glasses was already reported by Ollier et al. [30]. In case of ABS glasses, this 

effect was associated with charge trapping by Yb3+ ions and consequent reduction 

Yb3+→Yb2+ [30]. 

The E’ saturation in Yb-doped aluminoborosilicate (ABS) glasses [34] is 

observed from 0.2 wt. % of Yb2O3 in the glass. Even if the reduction of Yb3+ ions into 

Yb2+ in our aluminosilicate glasses is not obviously demonstrated by EPR at low 

temperature, we assume that an effective charge trapping of Yb3+ ions under cluster 

form is responsible for the E’ disappearing when the glass is 5 wt.% doped. 
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2. c. Relaxation of paramagnetic defects 

We have studied the thermal post-irradiation behavior of the paramagnetic 

defects in irradiated glasses within 276 days. The double-integration of the spectra 

drives the value proportional to the total amount of paramagnetic defects. All the 

relaxation curves are normalized at its maxima on the 1st day of EPR recording 

performed less than 1 hour after the irradiation. 

The total amount of the defects decreases in time after irradiation during the 

first 2 months, before remaining stable. The most rapid relaxation is observed 

during the first 7 days (Figure III-23, Figure III-24). 
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Figure III-23. Relaxation curves of Yb-doped e— -irradiated 

AS2x_Yb5glasses, dose 105 Gy 

The relaxation rate is the same for all the glasses during this first period 

whereas after 1 week of storage it becomes slower in glasses with higher Al content 

– AS24 and AS26 (Figure III-23). 

Finally, in AS24 glass the total bleaching of defects does not exceed 40% of the 

initial amount whereas in AS22 it reaches about 60%. 
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We observe a contrasted evolution of relaxation curve in glasses with different 

Yb cluster amount. It is slower in AS24 and AS26 glasses where Yb cluster content 

is higher. We assume that Yb cluster amount impacts on the defect recovery. We 

propose that e¯-hole recombination leading to the defect fading is less active when a 

high amount of cluster is present in the glass, due to an effective charge trapping 

by Yb clusters. 

If we compare now the relaxation of non-doped glasses with Yb-doped in 

Figure III-24, we observe a clear acceleration of the relaxation rate with Yb doping. 
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Figure III-24. Relaxation curves of Yb-doped e— -irradiated AS24_Ybx 

glasses, dose 105 Gy 

The higher relaxation rate with Yb-doping can be explained by the presence of 

electrons trapped on Yb3+ ions close to the defects such as Al-OHC. We thus 

assume due to this proximity that defects recovery is more efficient. The vicinity of 

Yb and those defects is demonstrated by the influence of Yb concentration and 

Al-OHC defects formation (Figure III-21). This effect was already observed in 

borosilicate glasses [30]. 

When analyzing the role of Yb-doping in the defect relaxation rate, we remind 

here that in Yb5 and Yb8 glasses the number of Yb cluster is higher than in Yb05 

glass. Therefore, with further increase of Yb concentration from 0.5 wt. % to 5 wt. % 
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and 8 wt. %, there is no acceleration of defect recovery. It confirms thus our 

hypothesis that presence of Yb cluster inhibits the defect relaxation in time. 

2. c. 1 Analysis of relaxation curves 

As described before, relaxation curves exhibit two regions (Figure III-25). The 

first region can be expanded to 20 days, the curve can be fitted with a sum of two 

first-order kinetics with 2 half-times 
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Figure III-25. Relaxation curves of Yb-doped e  ̄-irradiated AS22 and AS24 

glasses, dose 105 Gy. The axes of abscissas are in logarithm 

The second region can be fitted by a first-order decay. Similar relaxation curve 

type can be found in the literature despite the curve is obtained from optical 

absorption of the defects in the visible region [35] [36]. It implies a fast defects 

recovery in the first region and slower processes in the second one. 

The 1st region is characterized with similar values of half-time τ2 for all the 

glass series: ~0.3 days. The quick part of the relaxation curve up to 10-15 days 

could be associated to similar fast processes of defects recovery in all four glasses. 
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Along this period the best seen change in EPR spectra is the decrease of relative HC 

and Peroxy defects intensity. 

The second region represents the long-term fading. It can be fitted with a first-

order exponential law with longer half-time τ1 values. Generally the second part of 

the relaxation curve corresponds to electron diffusion [37] and it presents different 

slope in our glasses according to the ASI/Yb cluster amount. Therefore it 

demonstrates that the Yb cluster amount is involved into e¯-diffusion in irradiated 

glasses. More precisely, when cluster amount is high, the half time is longer 

implying a very efficient charge trapping by the Yb cluster. The lifetime τ2 varies 

from 19 days in glass AS22 to 36 days in glass AS26. 

The long-term fading half-times of the defects in soda-lime silicate glasses 

were obtained as 276-530 days depending on irradiation conditions [35]. These 

values are probably longer because the glasses are Yb-free. In our case, Yb-doping 

accelerates the defects recovery (Figure III-24). 

2. c. 2 Recovery of individual defect type 

In Figure III-26 we observe an evolution of the EPR spectra shape within time 

implying different recovery rate of each point defect. In e -̄irradiated AS23 glass a 

relative increase of HC defects has been observed in parallel to an Al-OHC defects 

decrease (Figure III-26). 
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Figure III-26. Evolution in time of e¯-irradiated AS23 glass,dose 105 Gy, 

normalization at g=2.013 
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A linear anticorrelation between Al-OHC defects and HC defects (Figure III-27) 

can be underlined: Al-OHC defects’ concentration decreases with time while the 

content of HC defects increases. It implies that the relaxation of Al-OHC defects is 

quicker than HC. 
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Figure III-27. Evolution in time of Al-OHC and HC defects in e -̄irradiated 

AS23 glass, dose 105 Gy 

Concerning the linear anti-correlation between Al-OHC and HC defects, it 

implies structural modifications of those point defects during post-irradiation 

processes. This could be due to hole migration from NBO linked to [AlO4]¯ to a close 

NBO linked to [SiO4] in AS glasses. 

2. d. Effect of irradiation dose and dose rate 

2. d. 1 Total amounts of the defects 

Dose effect 

All the results presented below in the section 2.d have been obtained from 

stabilized samples (>6 months after the irradiation). 

In electron-irradiated samples the effect of irradiation dose has been analyzed 

due to collection in a large dose range 105-1.5·109 Gy. 

All 4 glass compositions expose similar behavior within dose increase 

(Figure III-28). In the range of medium doses 105 – 3·106 Gy, defects concentration 

maintains unvaried with the dose. Thereafter, in 3·106 – 108 Gy dose range, the 
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defects concentration increases reaching its maxima at 108 Gy. Irradiation at strong 

integrated dose 1.5·109 Gy leads to a decrease of the defects content. 
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Figure III-28. Dose dependence in electron-irradiated glasses 

AS22 and AS23 glasses are more sensitive to dose effect whereas AS24 glass 

exhibits the smallest deviation of defects amount within dose. This result is in 

accordance with the results of relaxation processes. Once again, we can suspect 

that the presence of Yb clusters drives the system into a higher stability regarding 

to the radiation-induced paramagnetic defects. 

Same curve with 2 regimes – constant in medium doses and reaching its 

maximum in higher doses – was already reported for Yb-doped aluminoborosilicate 

glasses [30] [34]. Ollier et al. showed a non-linear increase of the defects with 

log(dose) in non-doped ABS glasses [30]. It is interesting because it indicates rather 

the influence of Yb-doping than the glass matrix and the nature of defect. 

The influence of Yb-doping has been investigated in more details in AS24 glass 

series where the samples are doped with Yb2O3 in various concentrations: 0.05, 0.2, 

0.5, 5 and 8 wt. % as described in Chapter II. The total amount of paramagnetic 

defects in these samples is plotted vs. lg(dose) in Figure III-29. 
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Figure III-29. Dose dependence in AS24_Ybx samples, electron irradiation 

In non-doped glasses and in glasses with low Yb concentrations (up to 

0.2 wt. %), the number of defects increases linearly within lg(dose) (Figure III-29). 

We notice that the slope is lower for 0.2 wt %. Doping with Yb2O3 of at least 

0.5 wt. %. leads to a maximum of point defects at 108 Gy. This effect associated to 

saturation effect at high doses and can be seen more efficiently for 5 and 8 wt. % of 

Yb2O3. For these 3 glasses Yb05, Yb5 and Yb8 the cooperative emission has been 

detected. Therefore, even at 0.5 wt. % of Yb2O3 Yb clusters are formed. It is worth 

underlying the similarity of obtained curves between those glasses and AS22-AS26 

glasses (Figure III-28). 

As shown for ABS glasses [34], Yb-doping at 0.5 mol. % leads to a strong 

saturation of paramagnetic defects with dose. In this study one can see the similar 

result for 5 and 8 wt. % In AS24 and AS24_8 glasses where Yb cluster content is 

higher, Yb clusters trap the charge efficiently preventing further increase of 

radiation-induced point defects with irradiation dose. 

In conclusion, AS22, AS23 and AS24_05 glasses with low Yb cluster content 

exhibit similar defects amount dependence vs. lg(dose). Whereas in AS24, AS26 and 

AS24_8 with higher Yb cluster content, the total amount of paramagnetic defects 

varies slowly with lg(dose). We attribute this evolution type to Yb cluster influence 

on paramagnetic defects creation under irradiation. 

Dose rate effect 

If we analyze now the dose rate effect, let’s compare the results between 

γ-irradiated and e¯-irradiated samples with 2 currents 25µA and 200nA. The dose 
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rate during γ-irradiation was 5.64 kGy/h; the dose rate of e -̄irradiation of 25µA 

current was 25 MGy/h and in the case of 200nA it was 0.3 MGy/h. In both types of 

electron irradiation the beam energy was 2.5 MeV while the gamma rays energy was 

1.25 MeV. 

Figure III-30 presents the total amount of paramagnetic defects as a function 

of the integrated dose for each dose rate. 
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Figure III-30. Dose dependence in gamma irradiated samples. Dose rate 

effect. Full signs – 25 MGy/h (e¯), empty signes – 5.64 kGy/h (gamma) and 

stars – 0.3 MGy/h (e )̄ 

The first remark concerns the 104 Gy dose (γ-irradiation) where the point 

defect number is almost the same whatever the glass composition. 

No difference is observed between 0.3 MGy/h or 25 MGy/h (2 orders of 

magnitude) dose rates on defects’ intensity. However, γ-irradiated samples show a 

lower amount of the defects. This difference is visible for AS24 and AS26 glasses. 

This effect can be connected to the difference between dose rates (3 orders of 

magnitude) and implies that for a lower production of excitons (γ-rays), the 

presence of Yb cluster leads to a lower content of the defects. 
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2. d. 2 Relative amounts of defects (dose effect) 

To study the relative defects concentrations all the spectra are normalized at 

their maxima at g=2.013. In all irradiated glasses the resonance position moves 

within dose to lower g-values (Figure III-31). The shape modification implies that the 

relative amount of defect is different according to the dose. 
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Figure III-31. Normalized EPR spectra of AS2x_Yb5 glasses, electron 

irradiation 

With irradiation dose increase the most significant modifications take place in 

AS24 and AS26 glasses with more Al content. In particular, in AS24 and AS26 

glasses more Peroxy radicals are induced with dose increase. Moreover, in AS24 

and AS26 glasses irradiated at dose ≥108 Gy the number of Al-OHC defects 

enhances significantly (Figure III-31). 

The effect of strong doses >109 Gy on point defects should be discussed 

separately from other results because when irradiation dose is stronger than 

109 Gy, some glass structural modifications can occur linked in particular to the 

alkali ions migration [38], section 1.c. 
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The evolution within time of EPR spectra of AS26 glass, where Al content is 

the highest, is shown in Figure III-32. 
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Figure III-32. EPR spectra of AS26 glass irradiated at 1.5·109 Gy. 

Normalization by mass&gain in inset 

In all the samples the total amount of the defects decreases with time 

(Figure III-32 inset). However, the analysis of relative concentrations of 

paramagnetic defects reveals some important features. In particular, relatively more 

Al-OHC defects are observed within time after the irradiation (Figure III-32). This 

effect has been detected in glasses with more Al: AS24_Ybx series and AS26. It 

corresponds to different relaxation rates of the paramagnetic defects. Contrary to 

lower doses (105 Gy), the relaxation of Al-OHC defects is slower than Peroxy 

radicals. It means that the relaxation of point defects is impacted by the irradiation 

dose. 

In glasses with less Al (AS22 and AS23) in medium dose range (105 – 

3.2·106 Gy), the number of HC defects rises up (Figure III-31). In glasses with low Al 

and/or low Yb clusters, at doses stronger than 105 Gy E’ centers are observed 

(Table III-4). The non-doped AS22_0 sample has the largest dose range available to 

study E’ formation in aluminosilicate glasses. Its EPR spectra are plotted in 

Figure III-33. 
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Figure III-33. EPR spectra e¯ -irradiated with various doses AS22_0 

glasses, stabilized samples 

In e -̄irradiated AS22_0 glass E’ intensity increases up to the dose 107, and 

then one can see the decrease of E’ signal (Figure III-33). It is assigned to additional 

electrons trapping by E’ centers which become EPR-silent defect [23]. 
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• More Al-OHC and Peroxy radicals are induced in glasses with more Al 

(AS24-AS26) and more HC defects in others (AS22-AS23). It is in 

correlation with more Al-O-Al linkages in AS24-AS26 glasses. Al-OHC 

defects are induced in higher quantity under >108 Gy. Adding of Yb 

leads to more Al-OHC defects 

• Point defect recovery is slow down by the presence of Yb cluster. The 

increase of point defects within irradiation dose in 3·106-1.5·109 Gy is 

also attenuated. 

• The defects dependence on lg(dose) exhibits 2 regimes – constant in 

medium doses and reaching its maximum in higher doses. The variation 

in high dose range is less sensitive in glasses with more Yb cluster. 

• More paramagnetic point defects are induced under e¯-irradiation of 3 

order dose rate higher than under γ-irradiation in glasses with more Al 

(AS24-AS26). 

• After irradiation at strong doses (1.7·109 Gy) in AS glasses the 

paramagnetic defects relax with different rates. The relaxation rate of 

Al-OHC defect is slower than in case of 105 Gy dose. 
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3. Luminescent properties of Yb3+ 

3. a. Cooperative luminescence (CL) 

3. a. 1 CL in AS glasses with high content of Yb clusters 

All the spectra of CL might be normalized by absorption and lifetime τIR as 

described in Chapter II. The evolution of absorption spectra of Yb3+ in AS24 glass 

irradiated at 105 Gy is presented in Figure III-34. 
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Figure III-34. Absorption of e¯-irradiated AS24 glass, 105 Gy. Evolution in 

time. Maximum of absorption is in inset 

It is clear to see that absorption increases seriously under irradiation. 

Afterwards, its intensity varies quite ambiguously in time. It is difficult to explain 

rationally the non-stability of absorption spectra within time. To understand the 

origin of this variation it is worth to remind that the plotted absorption is derived 

from Kubelka-Munk formula 

���� =
��� × �

�
 

In Figure III-34 the presented value F(R) is applied as a value proportional to 

absorption Abs supposing that both, concentration of absorbing species c and 

scattering coefficient s, are the same in different samples. This is true for the value 

c because of same Yb-doping level in AS2x_Yb5 glasses. This is true also for the 
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value s in non-irradiated samples because they were prepared as powders of similar 

particle size 100-125 µm. We suspect that under the irradiation and afterwards 

within time, the evolution of the powder surface could impact on the absorbance. 

Therefore, the final parameter F(R) cannot be used to normalize the spectra of CL of 

irradiated samples because of the scattering coefficient that is unknown in this 

series. Hereafter, the cooperative emission spectra will be normalized without 

normalization with absorption; only lifetime τIR normalization will be applied. 

Yb3+ cooperative luminescence intensity decreases crucially in irradiated AS24 

and AS26 glasses (Figure III-35). 25MGy/h dose rate (e -̄irradiation) instead of 

5.64 kGy/h dose rate (γ-irradiation) has no impact on the intensity decrease. So, 

neither dose rate, nor dose effect seem to impact on the intensity of CL decrease. 
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Figure III-35. The spectra of cooperative emission in e¯-irradiated AS24 

glasses, doses 105 Gy and 108 Gy 

Among the mechanisms responsible for the CL decrease, one can suggest the 

formation of point defects due to re-absorption of the photons in 500 nm region. 

The absorption of the defects in 450-580 nm region is the same whatever the 

dose or dose rate (Figure III-36). 
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Figure III-36. Absorption spectra of irradiated AS24 glasses 

Cooperative emission has been followed within time from 12 days to 146 days 

after the irradiation. Consequently, the CL stability presented in Figure III-37 is in 

the period of “slow” paramagnetic defects relaxation, see section 2. Moreover, it is 

important to point out higher stability of paramagnetic defects in AS24 and AS26 

glasses. The observed stability is similar whatever the dose and dose rate. 
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Figure III-37. Cooperative emission of e¯-irradiated AS24 glass, 

dose 105 Gy 

The stability of cooperative luminescence in time is observed not before than 12 

days after the irradiation. The most rapid defect recovery has been already 

completed to that moment. Therefore, it is impossible to make any correlation of 

with paramagnetic defects during their most expressive evolution. However, we 

conclude that cooperative emission stability is in agreement with slow evolution of 

paramagnetic point defects after irradiation. 
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3. a. 2 CL in AS glasses with less content of Yb clusters 

In non-irradiated AS22 and AS23 glasses with less Al content low Yb3+ 

cooperative emission is observed. So, only the powerful diode allowed us studying 

the stabilized AS22 irradiated samples. The CL intensity change in AS22 and AS23 

glasses under irradiation is negligible (Figure III-38). 
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Figure III-38. The CL spectra in e¯-irradiated AS22 (left) and AS23 (right) 

glasses 

Neither effect of dose rate is detected in irradiated AS22 and AS23 glasses, the 

intensity of CL maintains similar. This result shows that a decrease of the Yb pair 

number by trapping some e¯/h is for both glasses poorly efficient. 

In both AS22 and AS23 glasses, the Al-OHC defect is poorly detected. Among 

the defects that could affect the decrease of CL under irradiation, it is strongly 

suspected because at first Yb3+ and Al proximity and also because of Al-OHC 

absorption at 550 nm [39]. 

3. b. Lifetime of Yb3+ 2F5/2 excited state 

The lifetime τIR of 2F5/2 excited state in Yb3+ ions was measured under 975 nm 

excitation; the monitored emission was at 1000 nm. The lifetimes τIR were measured 

in both powders and slices. The evolution in time was followed in powders, but the 

dose and dose rate effects were completed also by using the samples in slices. 

The lifetimes τCL of “virtual 2F5/2 state” with emission at 510 nm under 975 nm 

excitation were obtained for powders only. 

The powders have been analyzed in ENSCP (in coll. with Ph. Goldner and 

A. Ferrier) under laser excitation whereas the slices have been studied in LSI under 
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lamp excitation. In both cases the samples were excited by λex=975 nm and the 

detection was carried out at λdet=1000 nm (for more details see Chapter II, 

section 4.a). 

3. b. 1 Before irradiation 

The lifetimes τIR values in non-irradiated glasses depend on the glass 

composition. In particular, it decreases when the number of Yb cluster increases in 

AS24 and AS26 glasses (Table III-5). 

Sample τIR, ms τCL, ms 

AS22 2.14 0.84 

AS23 1.97 0.78 

AS24 1.15 0.52 

AS26 0.94 0.43 

AS24_8 1.00 0.45 

Table III-5. The lifetimes τIR and τCL in non-irradiated samples 

Lifetime registered in the IR-region τIR originates from all Yb3+ ions while the 

lifetime registered in the visible region τCL originates from Yb-Yb pairs only. The 

lifetimes τCL are usually 2 times lower than τIR. We observed that in glasses with low 

Yb cluster content (AS22-AS23) τCL is lower than τIR/2. When Yb3+ ions are well-

diluted in the matrix, the minor presence of Yb-Yb pair interactions leads to a τCL 

lifetime lower than τIR/2. Whereas in case of high Yb cluster content the lifetimes τIR 

and τCL obey to the rule τCL≈τIR/2 more properly. 

3. b. 2 Dose and dose rate effects 

The effects of irradiation dose and dose rate on τIR and τCL have been analyzed 

on stabilized samples (after 1 year). It was impossible to irradiate all the powders 

with 2.5 MeV electrons because of lack of beamtime on SIRIUS accelerator. 

Therefore, both powders and slices of the glasses were used. The comparison of 

massive samples’ and powders’ results has not revealed any principle difference (see 

Chapter II, section 4.a). Nevertheless, the two series are presented below separately. 

Powders 

In all the glasses the lifetimes τIR decrease under irradiation (Table III-6). The 

reduction is higher under strong dose while no effect of dose rate is seen at 105 Gy. 
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Whatever the irradiation dose and dose rate, the lifetime decrease is stronger in 

glasses with more Al and/or Yb clusters. In e -̄irradiated AS22 glasses (the lowest 

concentration of Al) the lifetimes τIR are 86% and 71% of its initial value, for 105 Gy 

and 108 Gy respectively. In e¯-irradiated AS26 glasses (the highest concentration of 

Al) the lifetimes τIR are 65% and 51% of its initial value, for 105 Gy and 108 Gy 

respectively. 

Sample Non-irradiated 
Electron-irradiation Gamma-irradiation 

105 Gy 108 Gy 105 Gy 

AS22 2.14 1.83 1.53 1.72 

AS23 1.97 1.52 1.35  
AS24 1.15 0.82 0.69 0.84 

AS26 0.94 0.61 0.48 0.61 

AS24_Yb8 1.00 0.52 0.42 0.52 

Table III-6. Lifetimes τIR in irradiated powders, ENSCP 

Besides, the ionizing irradiation affects the lifetime τIR stronger when the Yb 

concentration is higher, see AS24_8 glasses in Table III-6. It confirms the impact of 

Yb clusters. 
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Slices 

The dose effect on lifetime τIR has been studied in more details with slices (7 

doses). Figure III-39 presents the lifetimes τIR plotted vs. lg(dose) in stabilized 

samples. 
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Figure III-39. Lifetimes τIR in irradiated slices, LSI. Fulled symbols - e¯-

irradiation, empty symbols – γ-irradiation 

The first result concerns the dose rate effect. No impact on τIR lifetime is 

observed whatever the glass composition for 3 doses: 105, 106, 3·106 Gy. 

Two regions can be distinguished separated by 3.2·106 Gy dose for AS22 and 

AS23 glasses. 

In AS24 and AS26 glasses only one linear variation is observed (Figure III-39). 

The lifetime τIR decreases slowly linearly with irradiation dose. In AS22 and AS23 

glasses the τIR lifetime decrease is more expressive in 3.2·106-1.5·109 Gy dose range. 

Let’s observe now the variation of the lifetime τIR within the lg(dose) in 

AS24_Ybx glasses (Figure III-40). 
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Figure III-40. Lifetimes τIR in irradiated slices. Yb-doping effect 

We observe the same two steps of behavior described in Figure III-39 for Yb05 

sample. In Yb8 and Yb5 glasses the lifetime τIR linear variation with lg(dose) looks 

like AS24 and AS26 glasses. The common point between those glasses is their high 

content of Yb cluster. So, we would attempt to associate this effect to the Yb 

repartition in the glass. 

In glasses with significant amount of Yb cluster the evolution of lifetime τIR 

with lg(dose) decreases linearly whereas for glasses with lower amount of Yb cluster 

a two-step variation is observed. It is very interesting to remark that same two-step 

behavior was visible in ABS glasses [31] and in phosphate glasses (Chapter IV). We 

will discuss it is also for Er-containing AS glasses in Chapter V. Moreover, it is 

worth to correlate also those effects with the variation of paramagnetic point defects 

within irradiation dose. We observe this two-step variation of total defect amount 

with dose. We saw that the impact of dose on the defects’ amount is lower for 

glasses presenting a linear variation of the τIR lifetime with lg(dose) (Figure III-28, 

Figure III-29). 

The lifetimes τCL of Yb-Yb pairs evolution under 105 Gy and 108 Gy doses are 

presented in Table III-7. 
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Sample Non-irradiated 
Electron-irradiation Gamma-irradiation 

105 Gy 108 Gy 105 Gy 

AS22 0.84 0.52 0.70 0.55 

AS23 0.78 0.65 0.62  
AS24 0.52 0.38 0.33 0.39 

AS26 0.43 0.29 0.23 0.29 

AS24_Yb8 0.45 0.25 0.26 0.21 

Table III-7. Lifetimes τCL in irradiated AS glasses, powders 

Under irradiation, the lifetime τCL decreases slightly. It can be noticed that no 

dose rate effect is visible, as for the lifetimes τIR. However, it is interesting to 

mention the dose effect on the lifetimes τCL. This result is important because it 

suggests that the mechanisms limiting the lifetimes τIR and τCL are different. A 

saturation effect is visible for Yb pairs at dose 105 Gy. 
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3. c. Analysis of the role of defects in CL and 

lifetime evolution under irradiation 

In order to understand the role of the defects in the lifetime τIR evolution, we try 

now to correlate the evolution of the defects within time and under thermal 

annealing with the lifetime τIR evolution. 

3. c. 1 Post-irradiation evolution in time 

We have measured for 105 Gy (e¯- and γ-irradiations) and 108 Gy 

(e¯-irradiation) doses the τIR lifetimes evolution in AS glasses during 120-180 days. 
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Figure III-41. Lifetime τIR evolution in time: after the e¯-irradiation in AS 

glasses, dose 108 Gy (left) and after the γ-irradiation in AS glasses, dose 105 Gy 

(right). Bigger signes are initial values 

The curves of Figure III-41 show that the lifetime decrease is stable in time in 

glasses with high content of Yb clusters (AS24, AS24_8 and AS26). This is true also 

for γ-irradiated samples at 105 Gy. 

In e¯-irradiated AS22 and AS23 glasses a slight recovery of τIR is detected. 

Same effect is noticed for γ-irradiated AS22 sample (Figure III-41, right). 

More specifically, we focus now on the first week where 50% of paramagnetic 

defects have recovered, whereas the lifetime seems stable. 

Correlation can not be done in absence of lifetime measurements each day of 

the first week. It is thus difficult to associate the lifetime evolution with the total 

amount of the paramagnetic defects. However, it corroborates the idea of stable 
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charge trapping by Yb clusters in AS24 and AS26 glasses implying a higher stability 

of τIR such glasses. 

3. c. 2 Thermal annealing treatments 

In order to investigate the thermal stability of induced point defects and to 

look for any correlation between defects formation/relaxation and Yb3+ lifetime τIR, 

some thermal annealing treatments were carried out on AS22_10e8 and AS24_10e8 

glasses, both electron-irradiated. These glasses exhibit contrasted content of Yb 

clusters (AS22<AS24). 

The bulk samples were annealed for 10 min in corundum crucibles under air 

atmosphere. The temperature range was 100-400°C with ~20°C step. The time 

necessary to stabilize the temperature after the crucible with samples had been 

placed into the oven was 100 sec. Each annealing step was followed by EPR and, in 

case of changes of spectrum, by the lifetime τIR measurements and PL under laser 

excitation at 532 nm as well. Finally, Yb3+ cooperative emission was registered once 

the whole annealing cycle had been completed. 

AS22_10e8 glass 

The lifetime τIR in AS22 decreases from 2.14 ms to 1.53 ms under 108 Gy 

irradiation dose. As it has been shown above, in AS22 irradiated glasses, mostly HC 

and few Peroxy defects are induced. It is worth to remind here that in Yb-free AS22 

glasses E’ centers are created at 108 Gy irradiation dose. Almost no Al-OHCs are 

seen. 

Under annealing, the total amount of all paramagnetic defects decreases 

implying the thermal recovery of defects (Figure III-42). One can better see the 

signature of E’ centers from 120°C with HC reduction, a further increase of E’ signal 

and, finally, recovery at 224°C. At 399°C almost no paramagnetic defects are 

detected. 
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Figure III-42. EPR spectra of AS22_10e8 after annealing at high 

temperatures 

The Figure III-43 presents the emission band under a 532 nm excitation in 

irradiated sample only. We assume thus that this band corresponds to a point 

defect created under irradiation. Even if the emission is centered at 730 nm instead 

of usual 650 nm for SiO2 [21], the band was attributed to NBOHC defects because 

the lifetime corresponding to the band was estimated ~10µs which is close to 

NBOHC defects [21] [40]. 

After annealing at 203°C, 224°C and 309°C, the lifetime τIR and the PL of 

NBOHC were registered as well (Figure III-43). 
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Figure III-43. Photoluminescence of NBOHC in AS22_10e8 after annealing 

treatments 

The lifetime τIR increases with annealing up to its initial value ~2.1 ms at 

224°C. After annealing at this temperature some HC defects are still observed 

(Figure III-44). Moreover, the luminescence band at 730 nm is still detected. It 

eliminates at 309°C. 
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Figure III-44. EPR spectra of AS22_10e8 glass during the annealing 

treatments 
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Therefore, in AS22 glass with low Yb cluster content neither NBOHC nor 

HC defects can be the only responsible for the stable decrease of the lifetime 

τIR. 

AS24_10e8 glass 

In AS24 glasses the defects composition is different than in AS22 glasses. In 

particular, Al-OHC defects are clearly detected and mostly Peroxy radicals. The 

question of attribution of EPR lines either to NBOHC or to Peroxy radicals was 

resolved here. 

The thermal annealing treatment of AS24_10e8 glass was carried out in 

parallel with AS22_10e8 glass with the same experimental conditions. 

The total amount of defects in AS24_10e8 decreases logically when the 

annealing temperature increases (Figure III-45). 

2,10 2,08 2,06 2,04 2,02 2,00 1,98 1,96

-0,004

-0,002

0,000

0,002

2,04 2,02 2,00 1,98

-0,0006

-0,0004

-0,0002

0,0000

0,0002

0,0004

0,0006

 

In
te

ns
ity

 n
or

m
al

iz
ed

 a
t b

y 
m

as
s 

an
d 

ga
in

g-factor

 

In
te

ns
ity

 n
or

m
al

iz
ed

 b
y 

m
as

s 
an

d 
ga

in

g-factor

 RT
 101°C
 120°C
 141°C

 159°C
 181°C
 202°C
 225°C
 246°C
 267°C
 287°C
 309°C
 326°C
 350°C
 375°C
 400°C

 

Figure III-45. EPR spectra of AS24_10e8 sample at annealing treatments 

In the final EPR spectrum a signal with g1=2.0037, g2=2.0086, g3=2.0502 is 

still visible (Figure III-45, inset). It confirms the presence of Peroxy radicals. They 

are more stable at higher temperatures than NBOHC [41]. The singlet at g=2.0026 

can be assigned to carbon contamination [41]. 
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One can see that Al-OHC defects are active until their recovery at 225°C 

(Figure III-45). The thermal stability of Al-OHC defects is in agreement with the 

results of annealing treatments of Yb-doped Al/P-containing glass fibers [39]. 

The lifetime τIR and the emission of NBOHC were carried out after annealing at 

202°C, 309°C and 400°C (Figure III-46). 
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Figure III-46. Photoluminescence of NBOHC in AS24_10e8 under 

annealing treatment 

Up to 200°C there is no evolution in the lifetime τIR while the NBOHC emission 

decreases crucially. The lifetime τIR is not yet back at 225°C to the pre-irradiation 

value. We conclude thus that Al-OHC defects cannot be the only defect responsible 

for the lifetime τIR decrease under the irradiation. At the last temperature the 

photoluminescence band at 730 nm disappears. However, the lifetime τIR is 13% 

lower than its pre-irradiation value. We assume thus that NBOHC defects are not 

responsible for the lifetime τIR decrease under irradiation. 

However, some Peroxy radicals were still detected after annealing at 400°C. Its 

absorption band is at 1.97 eV (630 nm) [21] which tail is superposed with Yb3+ 

absorption. It implies their participation in the τIR lifetime decrease under the 

irradiation. 
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• Cooperative emission of Yb3+ decreases under the irradiation in AS24 

and AS26 glasses. Neither dose, nor dose rate effect is observed. This 

effect is stable in time (146 days). 

• The lifetimes τIR and τCL decrease under the irradiation in all studied 

glasses. No dose rate effect is observed for both lifetimes τIR and τCL. The 

lifetime τIR stability is higher in glasses with more Yb cluster (AS24-

AS26, AS24_8) 

• In glasses with less Yb cluster (AS22-AS23, AS24_05) the lifetime τIR 

dependence vs. lg(dose) exhibits 2 regimes: stable in medium dose range 

(104-3.2·106 Gy) and linear decrease in stronger dose range (3.2·106-

1.5·109 Gy). With increase of Yb cluster content in glass, the lifetime τIR 

dependence is modified into one-regime with linear decrease in a vast 

dose range (104-1.5·109 Gy). 

• The lifetime τIR is sensitive to the dose whereas no dose effect is visible 

for τCL. We suppose the saturation effect for Yb pairs at low doses 

(105 Gy). 

• In glasses with high Al content, Peroxy radicals could be partly 

responsible for the lifetime τIR decrease under the irradiation. 
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4. Conclusions 

Yb clusters are less formed in case of more Non-Bridging Oxygens (AS22-

AS23) [1]. Presence of Yb clusters in Na-aluminosilicate glasses stabilizes the 

system regarding at point defects relaxation and lifetime τIR evolution in time. We 

have demonstrated thus the efficiency and stability of Yb cluster’s in charge 

trapping impacting the recovery of point defects and, in consequence, the lifetime τIR 

evolution. 

In addition, the Yb cluster presence attenuates also the increase of point 

defects with irradiation dose increase. 

The decrease of cooperative luminescence under irradiation seems to be more 

impacted by the defect creation such as Al-OHC and Peroxy radicals than the 

formation of Yb3+-Yb2+ or Yb2+-Yb2+ pairs. 

There is no dose effect in the lifetime τCL decrease contrary to the lifetime τIR. 

This result shows saturation in charge trapping by Yb pairs at low doses (105 Gy). 
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IV. Phosphate glasses 

In this Chapter IV another glass type is studied: phosphate glasses. Many studies 

concerning RE3+ luminescent properties in phosphate glasses can be found [1], but 

poor information is available on radiation-induced point defects. Therefore, a big part 

of Chapter IV is dedicated to paramagnetic point defects. The interpretation is 

complicated because of too complex composition of paramagnetic point defect created 

under irradiation and analyzed by EPR spectroscopy. Comparison with literature is 

limited as well. We observe, moreover, a P-related diamagnetic defect poorly studied in 

literature except by Origlio et al. in 2009 [2]. Its relations with paramagnetic defects 

are discussed. 

Despite less attention paid to the evolution of Yb3+ luminescence under irradiation 

in Chapter IV, we studied the lifetime of 2F5/2 excited state in vast irradiation dose 

range as for AS glasses. We also tried to correlate the lifetime τIR evolution under 

irradiation with point defects. 

1. Structure of phosphate glasses 

1. a. Bibliographic part 
The structure of phosphate glass consists on a continuous random network of 

phosphorus tetrahedra (Figure IV-1). Each phosphorus tetrahedron is sourrounded by 

four oxygen atoms: one oxygen atom shares a double bond with the phosphorus atom, 

while the remaining three oxygen atoms can either be bridging (bridging oxygen: BO) 

forming a P-O-P bond or Non-Bridging Oxygen (NBO) forming a mixed ionic-covalent 

bond. P-tetrahedra can be classified using Qn terminology like for silicate glasses, 

where n represents the number of bridging oxygen atoms. Figure IV-1 illustrates the 

different forms of P-tetrahedra that can exist in phosphate glasses. The proportion of 

each form of P-tetrahedra is determined primarily by the stoichiometry of the glass, 

specifically the ratio of oxygen atoms to phosphorus atoms. Q2, Q1, and Q0 P-

tetrahedra are negatively charged units; charge neutrality is preserved through the 

presence of network modifiers, typically alkali, alkali earth or rare earth metal ions. 
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For binary xR2O·(1

tetrahedra generally follow simple predictions 

In the ultra-phosphate

given by 

f(Q2)=x/(1-x) 

f(Q3)=(1-2x)/(1-x) 

Meta-phosphate glasses (x=0.50) have network based entirely on 

rings. 

Between the meta-phosphate (x=0.500) and 

the fraction of Q1 and Q2

f(Q1)=(2x-1)/(1-x), 

f(Q2)=(2-3x)/(1-x). 

According to the glass composition

1.b), we should expect the following distribution of fractions of structure groups and 

phosphate glass types according to the 

sample type 
mol. Na

2743 Ultra- 

2742 Meta- 

2745 Poly- 

2746 Poly- 

Table IV-1 . Types of phosphate glasses studied in the work
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The phosphate glass structure can be described by ratio R=(MgO+Na2O)/P2O5 

which varies as a function of network type. It increases with phosphorus content 

decrease (Table IV-1). We underline here that 2743 glass is the only composition with 

Q3 species. 

In phosphate glasses the RE cluster amount is lower than in aluminosilicate 

glasses because in PO4 tetrahedra at least one oxygen is non-bridging –O3P=O. This 

particularity leads to easier dissolution of RE3+ ions in phosphate matrices [3]. 

1. b. Analysis by Raman spectroscopy 
The analysis of phosphate glass structure by Raman spectroscopy is important to 

check the theoretical structure described in Table IV-1 and to better understand the 

glass composition influence on the point defect formation. 

The Raman spectra of non-irradiated glasses are displayed in Figure IV-2. 
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Figure IV-2. Raman spectra of non-irradiated Yb-doped phosphate glasses 

According to Brow’s review [4] the Raman bands in the 1000-1400 cm-1 range are 

due to the symmetric and asymmetric stretching modes of P-non-bridging bonds, 

whereas bands in the 620-820 cm-1 range are due to the symmetric and asymmetric 

vibrations of bridging oxygens. 
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With monotonic decrease of P content from 2743 glass to 2746, the Raman 

spectra evolve. Because of phosphate network depolymerization with decreasing of P-

content (and increasing of Na2O and MgO contents), one can see that P=O motions 

(due to presence of Q3 tetrahedra) disappear in 2742-2745-2746 glasses. The shifts of 

the band attributed to Q2 (1153-1177 cm-1) and ν(POP)sym bands (663-694 cm-1) are 

assigned to glass network depolymerization [5]. The motions of non-bridging oxygens 

in Q1 tetrahedra, as a shoulder in 2745 glass, become clearly visible in 2746 glass only 

(Figure IV-2). In 2742 glass, however, in agreement with the prediction (Table IV-1) 

only Q2 tetrahedra are seen. 

The glass 2743 is the only sample where P=O double bondings are detected. 

The Raman spectra confirm the Qi fraction that should be present in each glass 

according to its theoretical composition. 

 

 

 

• In only ultra-phosphate glass (2743) P=O bondings are detected 

• In meta-phosphate glass (2742), only Q2 tetrahedra with 2 bridging 

oxygens are detected 

• In poly-phosphate glasses (2745 and 2746) Q2 and Q1 tetrahedra are 

detected 
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2. Structure of P-related point defects 

(bibliography part) 

In Yb-doped phosphate glasses (2743-2746) under ionizing irradiation P-related 

point defects are created. The unpaired spins delocalized on P5+ ion give rise to P1, P2, 

P3 and P4 defects. Once an unpaired spin is delocalized on Non-Bridging Oxygens, 

Phosphorus Oxygen Hole Center (POHC) defects are created. There is a detailed review 

of Griscom et al. on P-related paramagnetic point defects in P-doped silica fibers [6]. 

There are also some rigorous works of D. Ehrt on RE-doped phosphate glasses [7] [8]. 

We will use these informations in order to attribute the defects and to interpret the 

results. 

The nuclear momentum of 31P is I=½ that leads to a hyperfine structure in EPR 

spectra of P-related paramagnetic defects. Thereafter, all these defects are presented 

with double resonances (2I+½ lines). The value between the doublet characterizing the 

hyperfine structure is called A. 

2. a. POHC defects 
In literature, 2 types of POHC defects are mentioned: r-POHC and l-POHC. 

r-POHC 

The r-POHC is stable at room temperature. In this defect, phosphorus atom is 

linked to 2 NBOs and one hole is delocalized on both of them (Figure IV-3). 

 

Figure IV-3. The structure of r-POHC defect [2] 

In EPR spectra of r-POHC defects, the g1 doublet strongly dominates. The g2 

doublet is hardly distinguished with X-band and g3 doublet is observed as a broad 

shoulder. The recently calculated parameters of g-factor with hyperfine parameters are 

given in Table IV-2 [9]. 
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l-POHC 

Contrary to r-POHC defects, l-POHC was initially detected at low temperatures in 

P-doped silica fibers [6]. Nowadays, there is some assumption about l-POHC stability 

at RT [2]. In l-POHC defect there is one NBO with hole delocalized on it (Figure IV-4). 

 

Figure IV-4. The structure of l-POHC defect [6] 

The parameters of g-factor of l-POHC are close to those of r-POHC defect 

(Table IV-2). The simulated EPR spectra of l-POHC defects are alike as for r-POHC with 

g1 doublet’s domination. 

 r-POHC l-POHC 
g1 2.0071 2.0032 
g2 2.0097 2.0076 
g3 2.0143 2.0459 

A1 (exp.) 47 44 
A2 (exp.) 49 50 
A3 (exp.) 54 55 

Table IV-2. The parameters of g-factor of POHC defects [9] 

2. b. P1 defects (PO3
2-) 

Phosphorus atom P5+, being network former, has tetrahedral environment with 

four oxygen atoms, one of them is double-bonded to phosphorus whereas the other 

three are bonding oxygens. Once there is an oxygen vacancy VO, [:PO3]0 can trap an 

electron forming P1 defect [6] (Figure IV-5). P1 defect is regarded as an analogue of 

E’-center in SiO2 [6]. 

 

Figure IV-5. The structure of P1 defect [4] 



Chapter IV. Phosphate glasses 

104 
 

2. c. P2 defects (PO4
4-) 

P2 defect corresponds to one electron trapped by a 4-coordinated P atom [6]. 

(Figure IV-6). In phosphate glasses P2 defects are observed in case of high content of P 

[7] [10], enough to form PO4 tetrahedra. It takes place in ultra-phosphate glasses 

where there is ≥50% of P. 

 

Figure IV-6. The structure of P2 defect [6] 

2. d. P3 defect 
There is very poor information on P3 defect in phosphate glasses. It was observed 

in alkali- and alkali-earth–phosphate glasses with 38-50 mol. % of phosphorus by 

Weeks et al. in 1968 [10]. The structure of P3 defect has not been understood yet. 

2. e. P4 defect (PO2
2-) 

The same precursor as for P1 defect [:PO3]0 can give P4 defect via electron 

trapping. P4 defect is formed when P5+ ion has 2 NBOs, 2 paired electrons and one 

un-paired which gives rise to an EPR signal [6]. 

 

Figure IV-7. The structure of P4 defect [6] 

The parameters of g-factor of P defects are summed up in Table IV-3 [6]. The g-

tensors of P1, P3 and P2 defects are of isotropic signals whereas P4 defect has a g-

tensor of axial symmetry. 

 P1 P2 P4 P3 [10] 
giso 2.005 2.0013  2.01 
Aiso 950 Gauss 1200-140  Gauss  660 Gauss 

g║   2.0014  
g┴   1.9989  
A║   310 Gauss  

Table IV-3. The parameters of g-factor of P-centers [6] 



Chapter IV. Phosphate glasses 

105 
 

3. Analysis of paramagnetic point defects 

formed under ionizing irradiation 

In irradiated Yb-doped phosphate glasses both paramagnetic and diamagnetic 

defects are observed and analyzed. In this section we discuss the paramagnetic defects 

that have been studied by EPR spectroscopy. Obtained EPR spectra are much more 

complex than those described in literature. Thanks to comparison between samples, 

following the effects of chemical composition, irradiation dose (104-2·109 Gy), dose rate 

(5.64 kGy/h and 25 MGy/h) and annealing treatments, we could attribute at least 4 

defects in the 3350-3650 Gauss region and 4 defects in the 2600-4200 Gauss region. 

3. a. Formation of paramagnetic defects 

3. a. 1 Hole centers 

In all irradiated samples (2743, 2742, 2745 and 2746) r-POHC defects are 

detected (Figure IV-8). One can observe that g1=2.00957 doublet with A=37 mT 

strongly dominates the EPR spectra. In 2742, 2745 and 2746 glasses this is the only 

hole center observed just after the irradiation (Figure IV-8). 
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Figure IV-8. EPR spectra of just-irradiated phosphate glasses, e¯-irradiation, 

dose 105 Gy. Normalization by mass&gain is in inset 
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The intensity of r-POHC doublet decreases from 2742 sample to 2746 sample 

(Figure IV-8, inset). The Q2 molar fraction in 2742 glass is 100% followed by 2745 

glass (80%), then by 2743 and 2746 glasses where it is 50% in both samples. The Q2 

species concentration in phosphate glass determines thus the number of induced 

r-POHC defects is in agreement with Griscom [6]. 

The EPR signal of 2743 glass is more complex implying the presence of other 

defects than r-POHC. In just-irradiated 2743 glasses a new signal is detected whatever 

the dose or dose rate (indicated with stars, Figure IV-8). The g-components 

(g1=2.04407, g2=2.01002, g3=2.00451) are similar to so-called Signal I in Berger’s 

article [11] (g1=2.040, g2=2.0152, g3=2.0055). According to Berger et al. [11], its 

structure could be close to Peroxy radicals where two bonded Oxygens are linked to a 

phosphorus atom. Indeed, the shape of its EPR spectra reminds strongly the Peroxy 

radicals in silica and its annealing temperature is high, close to Peroxy radicals 

(>500°C) [12]. So, we attribute this signal to Peroxy radicals and hereafter we use the 

same label Signal I. 

3. a. 2 P centers 

P centers (P1, P2, P3 and P4) are attributed by using hyperfine coupling 

constants A that are larger than in the case of POHC defects. Moreover, P centers 

exhibit significantly lower intensity than POHC defects, thus the region of POHC 

defects is saturated in the following EPR spectra. 

In only ultra-phosphate 2743 glass where P=O connections are detected by 

Raman spectroscopy, P2 defects (A=127 mT) are created under irradiation 

(Figure IV-9). This is in agreement with D. Ehrt [7] where P2 defects are seen in 

phosphate glasses with P=O bondings. 
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Figure IV-9. EPR spectrum of just-irradiated with electrons at 105 Gy 2743 glass 

Its formation requires all 4 bonding-oxygen atoms; consequently, it can be 

formed in presence of Q3 tetrahedra only. 

Like P2 defect, in just-irradiated samples P1 defect with A=93 mT is detected in 

2743 glasses only (Figure IV-9). Its formation requires 3 BOs which are present in the 

only ultra-phosphate 2743 glass with the highest P content in our series. 

Another doublet is detected in other irradiated glasses than 2743 and attributed 

to P3 defect because the hyperfine coupling constant A is lower than for P1 (Figure 

IV-10). It is characterized by A=73-81 mT in different glass compositions. The A 

parameter is higher in glasses with more P. 
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Figure IV-10. EPR spectra of e¯-irradiated at 107 Gy phosphate glasses, stabilized 

samples 
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The information about P3 observation is poor. Weeks et al. in 1968 analyzed 

paramagnetic defects in phosphate glasses as a function of glass composition [10]. 

They showed the P3 formation in glasses with 38-50 mol. % of phosphorus. It is in 

agreement with our result because 2742, 2745 and 2746 glasses contain 

40-50 mol. % of phosphorus. 

D. Ehrt et al. [7] showed the EPR spectra of paramagnetic point defects in  X-ray 

irradiated Tb-doped fluoride phosphate (10 mol. % of Sr(PO3)2 and 90 mol. % of 

fluorides), strontium-metaphosphate (SMP) and ultraphosphate (UP) glasses. In all 

three glasses the observed doublet was assigned to P1 defect. We suppose that in the 

only fluoride phosphate glass the resonance with A=68 mT could be attributed to P3 

defect. In this work, however, we assign the doublet of A=73-81 mT in our glasses to 

P3 defect. 

3. b. Relaxation of paramagnetic defects 

3. b. 1 Relaxation of hole centers 

The number of r-POHC defect decreases in time after irradiation. Moreover, it 

seems that the relaxation rate of r-POHC defect is quicker than other defects from this 

region because its relative intensity decreases (Figure IV-11). 
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Figure IV-11. EPR spectra of e-irradiated at 105 Gy 2746 glass, 

Signal I marked with stars 
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A signal is more clearly visible within time (marked with stars) (Figure IV-11). It 

is attributed to Signal I. Its relative intensity increases within time after irradiation in 

all the phosphate glasses, but is the highest in 2746 glass with the lowest P content 

(Figure IV-11, stars). 

One more signal is detected with EPR in irradiated phosphate glasses 

(Figure IV-12). Its g-parameters (g1=2.02612, g2=2.01592, g3=2.00154) are similar to 

those of Signal II described by Berger’s et al. [11] (g1=2.0245, g2=2.0124, g3=2.0027). 

Its structure is associated with Peroxy radicals bonded to a phosphorus atom. The 

differences between Signal I and Signal II originate from different local environments of 

these defects [11]. Hereafter, we also use the label Signal II for it. 
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Figure IV-12. EPR spectra of e¯-irradiated at 105 Gy 2743 glass, recorded in 
different dates 

The Signal II marked with green rhombs in Figure IV-12 in just-irradiated 

samples is hardly visible, but can be easier observed after 142 days in ultra-phosphate 

2743 glasses with the highest P content (Figure IV-12). In other glasses, the Signal II 

is even less intensive, but it can be seen during the annealing treatments 

(Appendix 3). 

The signals observed in all our glasses and marked with green stars in 

Figure IV-12 are difficult to attribute. One attribution was proposed thanks to Q-band 

EPR analysis executed in collaboration with F. Trompier (IRSN, Fontenay-aux-Roses) 

(Figure IV-13). We suggest that one component of these signals at g=1.96-1.99 

(Figure IV-12) corresponds to 55Mn (II) impurity in the glasses. 
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Figure IV-13. Q-band EPR spectrum of γ-irradiated at 150 Gy 2743 glass 

We observe a signal including a hyperfine structure. Since the nuclear spin of 

55Mn is I=5/2, one should expect 6 transitions. Five of them with A=98 mT are clearly 

seen, the last one is superposed with POHC defect signal. The g-value (g=2.0075) that 

is close to g=2.0000 could correspond to 55Mn (II) impurity. 

The total number of hole centers can be estimated via double integration of EPR 

signal (see Chapter II, section 3.b.2 and Chapter III, section 2.c). In 2742-2745-2746 

glasses it concerns essentially r-POHC defects. In 2743 glass the result is impacted by 

Signal I presence. That is why we compare the relaxation rates of r-POHC defects in 

2742-2745-2746 glasses without 2743 sample (Figure IV-14). 
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Figure IV-14. Relaxation curves of hole centers in e¯-irradiated with 105 Gy 
phosphate glasses, normalization at the 1st day 
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The relaxation of r-POHC defects is strong the first week, same result was observed 

for the hole centers in AS glasses (Chapter III, section 2.c.1). 

One can see that the relaxation rate is the quickest in glass with less P content 

(2746). We assume that in more depolymerized glasses the r-POHC recovery is 

quicker. 

Concerning Yb-free 2745 glass, presence of Yb inhibits the relaxation of hole 

centers. This effect could be assigned to Yb cluster presence because no difference in 

relaxation rates is observed between 2743 and 2743_0 glasses where there is no Yb 

cluster (Figure IV-15). 
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Figure IV-15. Relaxation curves of hole centers in e¯-irradiated with 105 Gy 2743 
glasses, normalization at the 1st day 

Similar influence of Yb cluster on paramagnetic defects recovery within time has 

been already demonstrated for Yb-doped aluminosilicate glasses in Chapter III. 

3. b. 2 Relaxation of P centers 

In the only ultra-phosphate 2743 glass the content of P2 defects decreases 

crucially with time after irradiation (Figure IV-16). 1 month after irradiation only ~35% 

of initial amount of P2 defects is detected in Yb-free glass and ~25% in Yb-doped 

glasses irradiated at 105 Gy by 2.5 MeV electrons. 
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Figure IV-16. EPR spectra of e-irradiated at 105 Gy 2743 glasses 

The recovery of P1 defects is slower than P2 defects. 
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3. c. Dose and dose rate effect 

3. c. 1 Dose effect 

r-POHC 

The effect of irradiation dose on r-POHC together with Signal I and Signal II is the 

best seen in 2743 glasses (with the highest P content) (Figure IV-17), but similar 

tendency is observed for the other glasses, too. 
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Figure IV-17. EPR spectra of e¯-irradiated 2743 glasses, 1 month after the 
irradiation 

The intensity of Signal I (Peroxy I) increases efficiently at 108 Gy (Figure IV-17). In 

parallel with that, we observe the slight decrease of r-POHC defects formation 

Figure IV-18. It can be associated with saturation of r-POHC defects with further 

formation of Peroxy I. This situation can be illustrated by r-POHC dependence 

vs. lg(dose) (Figure IV-18). 
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Figure IV-18. Total amount of r-POHC defects in e¯-irradiated phosphate glasses 

Within irradiation lg(dose) increase the number of induced r-POHC defects 

increases linearly up to 107 Gy (Figure IV-18), the most intensively in meta-phosphate 

2742 glass. In 2743 and 2746 glasses the defects’ amount variation is lower. We 

remind here that in 2742 glass the molar fraction of Q2 tetrahedra is the highest. The 

slope of r-POHC amount vs. lg(dose) is in correlation with Q2 tetrahedra content. At 

strong doses (>107 Gy) one can observe a saturation of r-POHC. The saturation is 

observed together with an enhancement of Peroxy I defect. 

Our results are in agreement with Griscom [6] where in 105-107 Gy dose range 

the POHC defect amount increased. There is no information in literature up to now on 

P-related defects behavior under irradiation doses ≥108 Gy. 

The EPR spectra of stabilized 2743 glasses irradiated in vast dose range are given 

in Figure IV-19. The EPR spectra are different from those in Figure IV-17 which are 

recorded 1 month after irradiation. 
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Figure IV-19. EPR spectra of e¯-irradiated stabilized 2743 glasses 

One can see some modifications of r-POHC signal within irradiation dose 

(Figure IV-19). They are more expressive at 1.5·109 Gy. It implies some symmetry 

modifications of r-POHC under irradiation with strong doses linked to the motions of 

alkaline ions in glasses. 

The evolution of Signal II within irradiation dose is too complex due to the weak 

intensity and superposition of other defects. Its precise investigation requires thus the 

simulation study. 

In ultra-phosphate 2743 glass with the highest P content an isotropic resonance 

at g=2.00389 called “S center” appears under irradiation at strong doses such as 

1.5·109 Gy (Figure IV-19). It is best seen via annealing treatments (see Appendix 3). It 

appears once the recovery of all the other defects has been already completed. 

Griscom et al. associated the S center with silicon rather than with phosphorus 

[6] because of isotropic character and absence of any superhyperfine structure. 

However, according to microprobe analysis, there is no silicon in our studied Yb-doped 

phosphate glasses. We assume thus that this S center cannot be related to silicon in 

our case. This signature is not assigned at this stage of the study. 

P centers 

The EPR spectra of P defects recorded in vast irradiation dose range of 

e -̄irradiated ultra-phosphate 2743 glasses are presented in Figure IV-20. 
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Figure IV-20. EPR spectra of e¯-irradiated 2743 glasses 

With irradiation dose increasing, we see that the intensity of EPR signal 

corresponding to each P defects evolves separately (Figure IV-20). We observe first a 

decrease of P2 defects’ content from 3·106 Gy. It is in agreement with Griscom who 

rather mentioned a saturation effect for P2 defect [6]. 

The intensities of P1 doublet do not vary seriously in 105-108 Gy dose range 

(Figure IV-20), but at strong dose 1.5·109 Gy its intensity enhances 2 times. 

One can see the presence of P4 defect (A=30.5 mT) in 2743 glass irradiated with 

strong dose 1,5·109 Gy (Figure IV-20). 

It is remarkable that P4 defects are seen together with P1 and P2 defects in 2743 

glass (with the highest P content). Griscom et al. supposed some structural linkages 

between these three types of defects [6]. In particular, P1 and P4 defects have the 

same precursor [:PO3]0 which is transformed into P1 via hole trapping or into P4 via 

electron trapping [6]. This interpretation seems to be confirmed by the high dose 

behavior. We assume that, via breaking of P=O bondings in four-fold PO4 tetrahedra, 

more PO3 structural elements are created leading to the formation of P1 and P4 

defects. As it has been already demonstrated in section 1.b, double bondings P=O are 

present in only ultra-phosphate glass 2743. 
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For meta-phosphate 2742 glass, we observe an increase of P3 defects within 

irradiation dose. However, the shape of EPR spectra evolves, too. These spectra 

normalized at g=1.884 are displayed in Figure IV-21. 
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Figure IV-21. EPR spectra of e¯-irradiated 2742 glasses, normalization at g=1.844 

We observe an increase of the hyperfine structure parameter A from 74 mT in 

105 Gy to 84 mT in 1.5·109 Gy (Figure IV-21). It can be noticed that the shape is 

asymmetrically modified with dose around g=2.35. This asymmetric variation indicates 

the presence of another defect. It could correspond to a modification of P3 defect or to 

P1 defect which exhibits close positions of its doublet to P3 defect. It is difficult now to 

give the right answer without proper simulations. 

It is worth to notice here that further decrease of P content in poly-phosphate 

2745 and 2746 glasses decreases asymmetrical modifications of P3 signal 

(Figure IV-22). No other defects are supposed to be formed with irradiation dose 

variation. The dose effect in poly-phosphate glasses is displayed in Figure IV-22. 
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Figure IV-22. EPR spectra of e¯-irradiated 2746 glasses, normalization at g=1.884 
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3. c. 2 Dose rate effect 

The comparison between electron- and gamma-irradiations recorded at two 

different dates is presented on ultra-phosphate 2743 glass in Figure IV-23. 
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Figure IV-23. EPR spectra of irradiated at 3·106 Gy 2743 glasses, 2 days and 1.5 

year after the irradiation 

One can see no dose rate effect 2 days after irradiation (Figure IV-23, left). In 

stabilized samples (Figure IV-23, right) the amount of Signal I is higher in electron-

irradiated sample. Such a difference indicates rather different relaxation rates in these 

samples; in case of e¯-irradiation this defect is more stable. The similar tendency is 

seen for all the other phosphate glasses. 

Concerning P centers, the situation is identical whatever P-center and glass. No 

difference is seen 2 days after irradiation. Whereas in stabilized γ-irradiated glasses 

the signal is less intensive. It indicates a slower relaxation of all paramagnetic defects 

in e -̄irradiated Yb-doped phosphate glasses. 

So, the dose rate impacts more the relaxation rate of the defects than its 

formation. 
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Finally, the information on POHC defects and P centers is summarized in 

Table IV-4 and Table IV-5, respectively. 

The g-parameters of all the defects in 3350-3650 Gauss region discussed in this 

Chapter IV, their attribution are sum up in Table IV-4. 

defect g-values glass dose, Gy 

r-POHC 
g1 2.0096 all 

  

Signal I – Peroxy I 

g1 2.0441 
2743 – just after irradiation 

2742-2745-2746 – in time  
g2 2.0100 

g3 2.0045 

S center 
giso 2.0039 with T 

 

 
108 - 1,5·109; 

2743 

Signal II – Peroxy II 

g1 2.0261 
2743 – with T and dose 

2745 – with T  
g2 2.0159 

g3 2.0015 

55Mn, unattributed 
g 1.9845 all 

 

g 1.9647 
 

<108; 2743 

Table IV-4. The summary of paramagnetic defects recorded in 3450-3550 Gauss 
in irradiated phosphate glasses 

Precise determination of Peroxy I and Peroxy II structures requires a rigorous 

simulation study. To attribute properly S center, the simulations are essential, too. 

The basic characteristics of discussed above P -centers are sum up in Table IV-5. 

defect structure glass A, Gauss annealing T doses, Gy 

P1 PO32- 2743-2742/ 

less in 2745-2746 

910 323°C 105-1.5*109 

P2 PO44- 2743 1257 224°C 105-1.5*109 

P3 ? 2742-2745-2746 740 >425°C 105-1.5*109 

P4 PO22- 2743 305 394°C >108 

Table IV-5. The characteristics of P centers in Yb-doped phosphate glasses 
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• r-POHC defects formation is controlled by Q2 tetrahedra quantity. Its 

influence is followed in r-POHC relaxation in time and its variation with 

dose. 

• Due to Yb cluster presence the relaxation of r-POHC is inhibited as well. 

• Two types of P-related Peroxy radicals are observed in phosphate glasses: 

Peroxy I and Peroxy II. Their relaxation is slower than for r-POHC. In 

consequence, its signal becomes better seen within time. 

• The saturation of r-POHC defects is observed at strong doses. However, 

with an increase of the intensity of Signal I at doses >108 Gy, we suggest a 

competitive character between r-POHC and Peroxy I formation. 

• P1, P2 and P4 defects are observed in ultra-phosphate 2743 glass with 

presence of PO4 tetrahedra. Its formation requires 4-coordinated P atom 

for P2 and 3-coordinated P atom for P1 and P4 defects. 

• At strong doses, enhancement of P1 and P4 signals is linked with possible 

breaking of P=O bondings in ultra-phosphate glass leading to the common 

precursor. 

• P3 defect is observed in 2742-2745-2746 glasses with P content less than 

50 mol. %. 

• A new isotropic signal of S-center is detected at g=2.0039. Contrary to 

Griscom, we cannot assign it to silicon presence. 

• No dose rate effect is detected on any defect formation in any glass. 

However, in e¯-irradiated glasses paramagnetic defects relax slower than in 

γ-irradiated. 
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4. Diamagnetic defect 

A diamagnetic defect has been registered in phosphate glasses. Contrary to 

paramagnetic defects, this one is detected also in non-irradiated glasses. 

4. a. Attribution of the defect 
This defect gives an emission band at 425 nm under 266 nm laser excitation at 

room temperature. Its lifetime is estimated at 5-6 ms. 

The emission spectra of non-irradiated samples are displayed in Figure IV-24. 
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Figure IV-24. Emission spectra of diamagnetic defect in non-irradiated 
phosphate glasses, λex=266 nm; normalization at the maximum in inset 

The emission intensity increases in 2743-2742-2745-2746 glasses raw where the 

glass depolymerization increases (Figure IV-24). The content of this diamagnetic defect 

is higher for less polymerized glasses. Together with increasing of the emission 

intensity, the FWHM decreases from 127 nm in 2743 glass to 78 nm in 2746 

(Figure IV-24). It is associated with a shift of the maximum position from 450 nm in 

2743 to 425 nm in 2746 glasses. 

The emission band position and the associated lifetime allow us to attribute this 

defect to four-folded [PO4]+ defect reported by Origlio et al. [2] in P-doped silica. 

One can suspect the presence of another emission at 500 nm (Figure IV-24, 

inset). Its lifetime is estimated ~0.5 ms. This band is not seen in irradiated glasses. 

Hereafter, our attention will be concentrated on the first mentioned P-related 

diamagnetic defect. 
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4. b. The diamagnetic defect in irradiated 

phosphate glasses 
The emission spectra of irradiated 2745 glasses at the same 106 Gy dose are 

shown in Figure IV-25. 
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Figure IV-25. The emission spectra of irradiated at 106 Gy 2745 glasses, 
normalization at the maximum in inset 

The comparison with non-irradiated sample reveals the strong enhancement of 

diamagnetic defect’s content under ionizing irradiation (Figure IV-25). The lifetime 

decreases under irradiation to 4-5 ms. 

Moreover, one can see the serious impact of dose rate: under e¯-irradiation more 

diamagnetic defects are induced. The FWHM decreases twice under irradiation, 

without dose rate effect on it (Figure IV-25, inset). It can be attributed to the absence 

of the emission at 500 nm in irradiated samples. 

Comparison of e¯-irradiated glasses at the same 106 Gy dose is shown in 

Figure IV-26. The enhancement of emission is the most expressive in poly-phosphate 

2746 glass. 
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Figure IV-26. The emission spectra of e¯-irradiated phosphate glasses compared 
with pristine glasses, dose 106 Gy 

The increase of 425 nm emission is higher in irradiated glasses with less 

phosphorus content. It follows the same variation with P content that in non-

irradiated samples (Figure IV-24). 

In [2] the authors proposed the following scenario of structural transformations 

under the irradiation (Figure IV-27): the diamagnetic defect would be formed from the 

P=O ionization giving rise to (PO4)+ defect that leads to POHC and P2 defects. 

 

Figure IV-27. The scheme of diamagnetic center formation and its consequent 
transformation [2] 
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In the case of our phosphate glasses, the diamagnetic center is detected even in 

glasses without P=O bonding (2742, 2745, 2746). Moreover, this defect created under 

irradiation, is in higher quantity in glasses with less P, when there are no P=O 

bonding. We assume thus the possibility of other precursor type for this diamagnetic 

defect in phosphate glasses. 

Moreover, r-POHC defect is observed in all the glasses contrary to P2 defect 

which is seen in 2743 glass only, with P=O bondings. So, Origlio’s model is not fully 

reproduced in our phosphate glasses. Another structure than P(-O)4 exists as a 

possible link between diamagnetic and r-POHC defects. 

 

 

 

 

• The diamagnetic defect formation does not require the presence of P=O 

bondings. Moreover, its formation is favored under irradiation in glasses 

with less P content. 
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5. The lifetime of 2F5/2 excited state 

evolution under e¯-irradiation 

As in case of irradiated Yb-doped aluminosilicate glasses, the lifetime of 2F5/2 

excited state measurements have been carried out for different doses. The 

experimental details can be consulted in Chapter III, section 3.b. In non-irradiated 

glasses the values are the following: 0.73 ms (2743 glass), 0.84 ms (2742 glass), 

1.22 ms (2745 glass) and 1.34 ms (2746 glass). It decreases with glass polymerization. 

One of the reasons can be a higher hygroscopic character of the glasses with more P. 

The absorption of water from the air leads to non-radiative energy transfer via OH  ̄

groups resulting in shorter lifetimes τIR. 

5. a. Dose and dose rate effect 
The lifetimes τIR decrease slightly in all the phosphate glasses under the 

irradiation. The obtained values for stabilized samples are displayed as a function of 

lg(dose) in Figure IV-28. 
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Figure IV-28. The lifetimes τIR in e¯-irradiated phosphate glasses, empty symbols 

– γ-irradiation, full symbols - e¯-irradiation 

In 2746 and almost 2745 glass series two regimes are observed: below and above 

3.2·106 Gy irradiation dose. In 2742 and 2743 glass series there is only one linear 

regime with slight decrease of the lifetime. 
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In aluminosilicate glasses 2-regime lifetime dependence vs. lg(dose) is observed in 

glasses with less Yb clusters. This is not the case for the phosphate glasses. The Yb 

pairs content in phosphate glasses can be characterized by cooperative luminescence 

of Yb3+, (Figure IV-29). 
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Figure IV-29. The probability of cooperative emission in non-irradiated 

phosphate glasses 

The lowest cooperative emission probability is seen in 2746 glass where 

2-regime lifetime curve is detected. The second glass series with 2-regime curve are 

2745 glasses. The cooperative emission probability in this glass is the highest but is 

still low (probability <0.030). Its probability is close to AS23 (0.020) glass with low 

amount of Yb cluster. 

Taking into account that in all phosphate glasses the probability of cooperative 

emission is low, one should expect a 2-step curve of the lifetime τIR vs. lg(dose). Such 

behavior is the most expressive in 2746 glass with the lowest probability of cooperative 

emission. The decrease of the lifetime τIR begins at 3·106 Gy that could correspond to a 

particular defect presence. However, in aluminosilicate (Chapter III, section 3.b.2) and 

in ABS glasses [13] the decrease begins at the same dose. Therefore, this effect cannot 

be attributed to point defects because of different chemical compositions of glasses. 

We assign this effect to Yb cluster influence. Indeed, the 2-step curve is observed for 

glasses with low Yb cluster content. 

In phosphate glasses Yb cluster content is significantly lower in all 4 

compositions than in AS glasses. Nevertheless, only 2 of them (poly-phosphates 2745 

and 2746) exhibit 2-regime curve. Another 2 glasses (2743 and 2742) with linear 

decrease of the lifetime τIR have higher content of phosphorus. It implies that 2743 
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glasses are more hygroscopic than the others as it has been noticed at the beginning 

of this section. In particular, it leads to a shortening of the lifetime τIR values. This 

effect makes difficult the analysis of the lifetime τIR behavior within irradiation dose in 

phosphate glasses. 

5. b. Relation with point defects 

5. b. 1 Evolution in time 

The only phosphate glass composition, for which the lifetime evolution within 

time has been followed for 2 doses, is 2745 glass. The lifetime τIR of excited 2F5/2 

energy state of Yb3+ ion increases in time after the irradiation (Figure IV-30). 
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Figure IV-30. The lifetime τIR evolution in time in e¯-irradiated 2745 glasses 

In 2745 glass irradiated at 105 Gy, the lifetime τIR is close (1.09 ms) to its pre-

irradiation value after 140 days followed the irradiation. In 2745 glass irradiated with 

108 Gy the lifetime τIR is not recovered. We should remind here the enhancement of 

Peroxy I in phosphate glasses at 108 Gy. So, Peroxy radicals could be responsible for 

the non-reversibility of the lifetime τIR. 

5. b. 2 Relation between the diamagnetic defects and the 

2F5/2 lifetime 

The diamagnetic defect number decreases logically, as for paramagnetic defects, 

within time after the irradiation (Figure IV-31). 
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Figure IV-31. The emission band of diamagnetic defect in e¯-irradiated at 105 Gy 

2745 glass, lamp excitation at 266 nm 

It is interesting that in parallel with defects amount decrease, the lifetime τIR 

increases slowly after the irradiation. It illustrates the influence of point defects on the 

lifetime τIR evolution. 

We performed some thermal annealing treatments on 2743_10e8 and 2745_10e8 

glasses in order to make easier the attribution of paramagnetic point defects, to 

investigate its thermal stability and to look for any correlation between defects 

formation/relaxation and Yb3+ lifetime τIR. The detailed description of these annealing 

treatments can be consulted in Appendix 3. 

During the annealing treatments of 2745_10e8 glass, the emission at 400 nm 

has been registered as well. The corresponding spectra are presented in Figure IV-32. 
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Figure IV-32. The emission of the diamagnetic defect under 266 nm laser 

excitation in 2745_10e8 glass during the isochronal annealing treatments, zoom 
on low intensities is inset 

The crucial decrease of emission intensity at 400 nm is observed after 203°C 

annealing (Figure IV-32). In parallel, the r-POHC defects have been recovered and the 

lifetime τIR is closely back to its pre-irradiation value. From this result one can confirm 

the structural links between the diamagnetic defect and r-POHC defects. The 

structural link between the diamagnetic defect and r-POHC is in agreement with 

Origlio’s report [2]. Moreover, this defect or r-POHC participation in the lifetime τIR 

decrease under ionizing irradiation can be suspected. However, POHC defect displays 

3 absorption bands at 325, 430 and 540 nm [7]. The last one could overlap with the 

Yb3+ absorption band (~900 nm). So, r-POHC defect is more credible than the 

diamagnetic defect to play a role in the τIR lifetime decrease. 
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• The 2-regime curves of the lifetime τIR vs. lg(dose) are observed for 

phosphate glasses containing the lowest amount of Yb cluster. 

• Structural link between r-POHC and the diamagnetic defect is confirmed. 

• Peroxy radicals are supposed to play a role in the decreasing of the 

lifetime τIR within time and in particular in the non-reversibility at high 

dose 

• POHC defects are supposed to have an impact on the lifetime τIR decrease 

under irradiation. 
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6. Conclusions 

In this Chapter IV we have characterized P-related point defects induced under 

e -̄ and γ-irradiation in Yb-doped phosphate glasses. Our experimental results are 

quite in agreement with literature. However, some new results have been obtained. 

We confirm the formation of 2 hole centers in phosphate glasses under ionizing 

irradiation labeled Signal I and Signal II (Peroxy I and Peroxy II) which structure is 

supposed to be close to Peroxy radicals. We report also P3 defect formation in less 

polymerized glasses. 

Structural relations between the diamagnetic defects and r-POHC are confirmed. 

However, it has been demonstrated that P=O bondings are not necessary to form the 

diamagnetic defect in phosphate glasses. 

We report also 2-regime curves of the lifetimes τIR vs. lg(dose) in phosphate 

glasses. The crucial influence of Yb cluster on this behavior is corroborated by poly-

phosphate 2745 and 2746 glasses. 

Concerning the influence of point defects on the lifetime τIR of 2F5/2 excited state 

of Yb3+ ion, we suppose the impact of r-POHC defect. 
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V. Yb/ Er- and Er-doped AS 

glasses 
It was interesting to compare Er-doped glasses with Yb-doped under 

irradiation. The principle difference between these 2 Rare-Earth elements is the 

absence of stable divalent state for Er, so, it can change the mechanism of point 

defects formation (relaxation and thus the impact on luminescent properties). 

However, we expect that the same glasses AS24 and AS22 contain the same 

contrasted number of Er cluster as for Yb doped AS glasses. We will study in the 

same way the impact of RE cluster on glass properties. 

Moreover, the aim in this part of the Ph.D. is to study the irradiation effect on 

Er3+ luminescent properties. We expect that some mechanisms (up-conversion, 

Yb→Er energy transfer) can be modified under ionizing irradiation. The results 

obtained in this Chapter can be interesting for the active fiber-radiation hardening. 

In modern use of Internet and in telecommunication field, the satellites in space are 

required to be of smaller size and processing higher energies. Er- and Yb/Er-

containing glasses under fibers form are thus attractive materials for space and 

nuclear industry. 

The part dedicated to irradiation in this Chapter is rather small. In particular, 

Er3+ emission is studied only for one dose 108 Gy. This study was carried out at the 

end of my Ph.D. program, so, irradiation possibilities were strongly limited. 

Therefore, this Chapter can be more considered as preliminary result that will be 

useful for the following studies. 

1. Spectroscopy of Er3+ 

Before presenting the results of Er-containing samples, it is necessary to 

remind here the structure of energy levels in Er3+ ions. 

1. a. Transitions of Er3+ ion in IR-region 

Er3+ is a 4f11-element with completed 5s and 5p orbitals and 11 electrons on 4f 

orbital. One can see in Figure V-1 that under 0.98 µm excitation in the 4I11/2 state 

after a non-radiative transition 4I11/2 → 4I13/2 the well-known near-IR region  
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the level 4F7/2. The probability of this mechanism is much higher than ESA 

(≈10-3 (cm2/W)n-1 [2]). 

The consequent emission is observed from 2H11/2 and 4S3/2 states to 4I15/2 state 

in the green part and from 4F9/2→4I15/2 transition in the red part (Figure V-3). The 

other possible consequent transitions from 2H11/2 and 4S3/2 states to 4I13/2 are 

observed at 750 nm. This emission cannot be observed in our case due to 

instrumental limitation. 

 

Figure V-3. Transitions in Er3+ ion, dicussed in the Chapter V. Solid lines – 

radiative transitions, dotted lines – non-radiative transitions 

1. c. Yb → Er energy transfer 

Yb3+ ions are implied efficiently to transfer the absorbed energy from 2F5/2 state 

to 4I11/2 state of Er3+, increasing the 4I11/2 population. The photons from 4I11/2 state 

can move through non-radiative de-excitation to the state 4I13/2 populating the state 

4I13/2 (Figure V-4). 
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Figure V-4. Energy transfer from Yb3+ ion to Er3+ ion 

1. d. Experimental details 

Er3+ luminescence in the IR-region (1450-1650 nm) has been studied in Er- 

and Yb/Er-doped powders at room temperature in ENSCP. 

To obtain more general results on the influence of Yb/Er-codoping and 

irradiation on Er3+-luminescence properties, the lifetimes τIR of excited 4I13/2 state 

have been measured. The experiment has been performed in ENSCP under laser 

excitation at 975 nm with 1.53 µm detection on slices because we did not have 

irradiated powders in vast dose range. 

The study of up-conversion has been carried out on powders at room 

temperature using the same device as for cooperative luminescent measurements in 

ENSCP. The excitation line was 975 nm, the spectra have been registered in 400-

700 nm range using afterwards lamp correction. 
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2. Link between the Er3+ environment 

and its luminescent properties 

2. a. The samples 

Two glass compositions with contrasted effect on Er cluster amounts have 

been chosen. They correspond to the same aluminosilicate glass compositions 

studied in Chapter III (cluster in AS22 < cluster in AS24). Both have been Er-doped 

and Yb/Er-codoped. Relative Er concentration is 10 times lower (0.5 wt. % of Er2O3) 

than Yb (5 wt. % Yb2O3) giving Yb:Er molar ratio 10:1 (9.6:1). This ratio drives some 

positive effects on Yb→Er energy tranfer process in the samples [3]. So, finally, 

there are 4 pristine glasses (Table V-1). 

Sample name 
SiO2, 

mol. % 

Al2O3, 

mol. % 

Na2O, 

mol. % 

ASI 

Al/Na 
Er2O3/Yb2O3

 

AS22_Er 
74 6 20 0.3 

+ 0.5 wt. % Er2O3 

AS22_YbEr 
+ 0.5 wt. % Er2O3 

+ 5 wt. % Yb2O3 
AS24_Er 

62 18 20 0.9 
+ 0.5 wt. % Er2O3 

AS24_YbEr 
+ 0.5 wt. % Er2O3 

+ 5 wt. % Yb2O3 
Table V-1. Nominal compositions of Er-doped aluminosilicate glasses 

2. b. Characterization of Er3+ and Yb3+ 

environment by EPR spectroscopy 

2. b. 1 Er-doped glasses 

Both Yb3+ and Er3+ are paramagnetic ions. EPR spectroscopy is a powerful 

technique to study the environment of these ions not only in crystals [4], but also in 

glasses [5] [6]. Even if more important information can be found in crystals, for 

instance, on RE pair formation [7] [8], due to a more resolved signal, we will show 

that despite a broad signal and poor literature, some information on Er3+ 

environment can be extracted from EPR spectra. 

Er3+ ions give their paramagnetic signal at low temperatures (4K) as most of 

REE, because of short spin-lattice relaxation times T1 at room temperature. The 
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EPR spectra of Er3+ at 4 K in AS22_Er and AS24_Er glasses are displayed in 

Figure V-5. 

The signal of Er3+ can be seen with a very broad asymmetric negative part 

(Figure V-5). 
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Figure V-5. EPR spectra of non-irradiated AS22_Er and AS24_Er glasses at 4 K. 

Normalization by mass&gain is in inset 

The EPR line shape corresponds to an axial symmetry of Er3+ ions in both 

AS22 and AS24 glasses (Figure V-5). The g┴ is estimated at 7.47 whereas the g║ 

could correspond to ~2.2. The resonance position at 848 Gauss and its shape are 

identical in both glasses AS22 and AS24. The conclusion thus drives to identical 

Er3+ environment symmetry in AS22_Er and AS24_Er glasses. 

Despite the same amount of Er in glasses, the signal is strongly lower in 

AS24_Er glass than in AS22_Er (Figure V-5, inset). This can be interpreted by the 

presence of Er-Er pairs. It is corroborated by the shoulder at g=21.5. Indeed, the g-

value for Er3+ ion cannot exceed 2·Λ·Μ, where Λ is Landé factor g and Μ is the 

maximum value of the projection of the full angular momentum [9]. Besides, no 

zero field splitting is expected due to S=1/2. Since Λ=6/5 and Μ=15/2, gmax=18 for 

isolated Er3+ ions. 

It is worth to underline the formation of Er cluster at 0.5 wt. % of Er2O3. This 

situation is similar for AS24_Yb05 glass. However, Yb site symmetry is different in 

AS24 and AS22 glasses (see Chapter III). Usually, we extrapolate from one research 
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to another the results concerning REE properties. This is not the case for Yb- and 

Er-doped aluminosilicate glasses. 

One reason to explain such difference can be the difference in doping 

concentrations (0.5 wt. % of Er2O3) instead of 5 wt. % of Yb2O3. It would be 

interesting to compare Er and Yb glasses doped with the same amount of REE. 

2. b. 2 Yb/Er-codoped glasses 

The influence of Yb-incorporating on Er3+ environment can be seen in 

Figure V-6 where EPR spectra of non-irradiated AS24 glasses are shown. 
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Figure V-6. EPR spectra of non-irradiated AS24 glasses recorded at 4K 

One can note that in Yb/Er-codoped glass the Er3+ EPR signal decreases 

strongly (Figure V-6). The Er3+ signal becomes of the same order of intensity than 

Yb cluster in AS24_YbEr glass. This result is associated with possible Yb3+-Er3+ pair 

formation. Once Er3+ ions involved into pairs, the EPR signal of isolated Er3+ ions 

decreases. 

In AS22 glasses, there is no so important change in EPR spectra suggesting 

that the incorporation of Yb and Er into the glass leads to less Yb-Er pairs. This 

result is in agreement with lower tendency to form Yb cluster in AS22 composition 

linked to the glass structure (more NBO). 
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2. c. Er-doped glasses 

2. c. 1 IR-luminescence 

In 1450-1650 nm range the only 4I13/2 → 4I15/2 transition in Er3+ ions is observed 

(Figure V-7). 
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Figure V-7. IR-luminescence spectra of non-irradiated Er-doped AS glasses, 

corresponding to 4I13/2 → 4I15/2 emission under a 975 nm excitation 

In both AS22_Er and AS24_Er glasses the intensities are of the same order. 

The shape of the spectra, its’ FWHM do not change indicating similar crystal fields 

of Er3+ ions in each glass. This result is in agreement with the similarity of Er3+ EPR 

line shape in both glasses. 
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2. c. 2 Up-conversion process 

The up-conversion spectra in Er-doped non-irradiated glasses are presented in 

Figure V-8. 
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Figure V-8. Up-conversion spectra in non-irradiated Er-doped AS glasses under 

a 975 nm excitation 

Since the experimental conditions are strictly the same for all glasses, we can 

assume our results as semi-quantitative. 

The intensities of up-conversion emission (green and red) are of same 

magnitude in AS22_Er glass. The higher intensity of the red emission in AS24_Er 

could be assigned to a depopulation of 4S3/2 level due to cross-relaxation process 

(4S3/2, 4I15/2)→(4F9/2, 4I13/2). As a result, 4F9/2 is more populated; the red emission is 

thus more intensive. Such difference in the ration red/green emission can originate 

from different Er-Er distances in AS22_Er and AS24_Er glasses. More effective 4S3/2 

depopulation requires closer displacements of Er3+ ions that take place in AS24_Er 

glass. 

The up-conversion process illustrates shorter Er-Er distances in AS24_Er 

glass than in AS22_Er. 

  



Chapter V. Er- and Yb/Er-doped glasses  

146 
 

2. d. Yb/Er-codoped glasses 

2. d. 1 IR-luminescence 

Yb3+ incorporating into Er-containing glasses increases 2,5 times the intensity 

of  the 1.54 µm emission band of Er3+. As in case of Er-doping only, the 1.54 µm 

emission intensities do not differ a lot in AS22_YbEr and AS24_YbEr glasses 

(Figure V-9). 
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Figure V-9. Emission spectra of non-irradiated Yb/Er-codoped AS glasses, 975 

nm excitation 

However, the Stark components are better resolved in AS22_YbEr sample due 

to narrower lines; FWHM is 27 nm instead of 17 nm. The width of the emission 

band is a sensitive parameter for telecom applications where this particular feature 

is required. 

We can suspect in AS24 glass that the adding of Yb leads to a wider 

distribution of environment for Er3+ ions. In particular, by EPR we have shown Yb3+-

Er3+ pair formation. The vicinity of Yb3+ and Er3+ ions could lead to a larger 

distribution of Er3+ environment and can be the reason for broadening of the Stark 

components. 
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The values of lifetimes τIR in non-irradiated samples are presented in 

Table V-2. 

No RE cluster RE cluster 

sample lifetime τIR, ms sample lifetime τIR, ms 

AS22_Er 13.7 AS24_Er 11.7 

AS22_YbEr 14.8 AS24_YbEr 10.5 

Table V-2. The lifetimes τIR of excited 4I13/2 state in non-irradiated glasses 

The shorter lifetimes of 4I13/2 state in AS24 glasses can be associated with 

higher probability of 4I13/2 →4I15/2 transition [10]. Yb incorporating does not bring 

any significant τIR variation. The lifetime of 4I13/2 state is in error bar which is 10% 

(1.0-1.3 ms). The lifetime variation in non-irradiated AS glasses is in agreement 

with literature data where the lifetime τIR in silicates varies in 9.5-14.7 ms range 

[11]. 

2. d. 2 Up-conversion 

In both glass compositions AS22_YbEr and AS24_YbEr, Yb/Er–codoping 

drives to higher up-conversion intensity 200 and 600 times, respectively, in 

comparison with Er-doped glasses. Comparison of up-conversion enhancement in 

AS22 and AS24 glasses reveals that in AS24_YbEr sample this process exhibits ~3 

times stronger emission (Figure V-10) than in AS22_YbEr glass. One can see in the 

spectra of up-conversion (Figure V-10) in both glasses AS22_YbEr and AS24_YbEr 

the ratios between the intensities of green and red emissions are the same with a 

red emission ~3 times more intensive. 
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Figure V-10. Up-conversion spectra of non-irradiated Yb/Er-codoped AS 

glasses 

By adding Yb into the glass the red/green emission ratio is enhanced in both 

glasses. Thus the processes of up-conversion emission are strongly influenced by 

doping with Yb. We can suspect that the up-conversion from 4I13/2 state is more 

efficient when Yb is added. A more detailed spectroscopic study would be necessary 

to interpret properly those results. 

 

 

 

 

• In AS22_Er and AS24_Er glasses Er3+ has the same environment (0.5 wt. %) 

and, consequently, the same IR emission. 

• The adding of Yb leads to the formation of more Yb-Er pairs in AS24_YbEr 

glass than in AS22_YbEr glass. 

• The 1.54 µm emission is broader in AS24_YbEr than in AS22_YbEr glass 

due to a probable higher environment dispersion of Er3+ site symmetry in 

AS24_YbEr glass. 

• The adding of Yb enhances the red and green up-conversion lines. The red 

one dominates strongly in both AS24_YbEr and AS22_YbEr glasses. 
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3. Effect of irradiation on Er3+ 

luminescent properties 

3. a. Er3+ lifetime τIR 

Er-containing samples were irradiated with 2.5 MeV electrons in large dose 

range (Chapter II, section 2). The effect of irradiation dose on excited state 4I13/2 

lifetime τIR in aluminosilicate glasses can be observed in Figure V-11. All the decays 

are single-exponential indicating the absence of short component with energy 

transfer presence. 

The lifetimes τIR in irradiated samples are plotted vs. dose logarithm. 
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Figure V-11. The lifetimes τIR of 4I13/2 in irradiated Er-containing AS glasses 

The example of error bars is given for AS24_YbEr glasses only, to avoid too 

much complexity of the Figure. The lifetime τIR decreases under irradiation. The 

values of lifetime are comparable in medium dose range (105 –107 Gy) in all four AS 

glasses (Figure V-11). Then it decreases with further dose increasing more 

significantly (107-2·109 Gy) in AS22_Er glasses whereas in other glasses the 

response is less sensitive to the dose. Once again, as for Yb-doped AS glasses, we 

obtain two types of curves. It is interesting to remark that Er3+ and Yb3+ display 
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same behavior. It should be underlined, however, that the absolute decrease of the 

lifetime τIR is lower for Er3+ ions than for Yb3+ ions. So, the two-step behavior 

observed in AS22_Yb glasses is reproduced in AS22_Er whereas in AS glasses a 

linear variation with lg(dose) takes place due to formation of Er cluster. Codoping 

with Yb seems to attenuate the dose-dependence behavior of AS24 samples. This 

could be linked to Yb-Er pairs formation. The lifetime stability is associated with the 

presence of RE clusters in Er/Yb-codoped glasses and in AS24_Er glasses. Similar 

behavior has been observed in irradiated Yb-doped AS glasses (Chapter III, 

section 3.b.2). 

The decrease of the lifetime τIR in Er-doped fibers under γ-irradiation was 

already observed by B. Tortech in her Ph. D. [11]. She obtained a 10% decrease of 

the lifetime τIR recorded at different wavelengths of detection, the most significant at 

longer wavelengths. The lifetime τIR decrease under irradiation was linked to other 

channels of non-radiative de-excitation from 4I13/2 level, in particular, to radiation-

induced point defects [11]. Indeed, Al-related point defects play a role in the 

response of Er-doped fibers [3]. 

We cannot attribute the lifetime τIR decrease to the presence of P-related 

defects in aluminosilicate glasses. Nevertheless, we also suppose the influence of 

color centers in the lifetime τIR decrease. 
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3. b. Er3+ luminescence in Yb/Er-codoped 

glasses 

The effect of e-irradiation at 108 Gy on 4I13/2→4I15/2 emission can be seen in 

Figure V-12. 
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Figure V-12. Er3+ emission under 975 nm excitation in non-irradiated 

AS24_YbEr glasses and irradiated with 2.5 MeV electrons, dose 108 Gy 

The emission band at 1.5 µm becomes narrower and less intensive 

(Figure V-12). The decrease of intensity could be assigned to partial Yb3+→Yb2+ 

reduction in Yb-Er pairs which decreases the efficient Yb→Er energy transfer and 

thus IR-emission. 

Concerning the shape evolution, we can suspect that reduction of Yb3+ into 

Yb2+ operates in the glass reducing thus the Yb3+→Er3+ energy transfer for one part 

of the Er3+ ion. This mechanism could lead to an emission resulting from a more 

homogeneous group of Er3+ ions. 

The second hypothesis consisting in a modification of the site symmetry of Er3+ 

is less probable at this dose (108 Gy) because no big change in the glass network is 

expected. It is corroborated by EPR spectroscopy at low T of irradiated at 2·109 Gy 

AS24_YbEr glass. No changes in Yb3+ or Er3+ environment are seen. It is thus hardly 

possible to obtain any modification of Er3+ environment at the dose lower than 

2·109 Gy. 
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3. c. Up-conversion 

In Figure V-13 the up-conversion spectra of Er3+ in non-irradiated and e¯-

irradiated AS24_Er and AS24_YbEr glasses (108 Gy) are compared. 
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Figure V-13. Up-conversion spectra of glasses, comparison with 

e¯-irradiated at 108 Gy 

Under irradiation the intensity of green and red emissions in AS glasses 

decreases (Figure V-13). The decrease is variable according to the glass 

composition. However, the red/green emission ratio is maintained. On the other 

side, no shape evolution in up-conversion spectra is observed (Figure V-13), which 

is associated with no variation in Er3+ symmetry sites. 
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The main credit is of radiation-induced defects which have their absorption 

band in 500-700 nm range. Their absorption spectra are presented in Figure V-14. 
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Figure V-14. Absorption spectra of AS24_YbEr glass, comparison with 

e¯-irradiated at 108 Gy 

 

 

 

 

• Under irradiation the lifetime decreases, no dose effect between 105 and 

2·109 Gy doses is seen except for AS22_Er glasses. The role of Er cluster is 

suspected as it was for Yb-doped AS glasses. 

• The 1.54 µm emission broadness decreases in AS24_YbEr glass under 

irradiation. 

• The up-conversion emission decreases under irradiation. It is assigned to 

radiation-induced point defects absorption in the visible range. 
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4. Conclusions 

In this short Chapter we show some interesting structure/properties results 

as the impact of Yb adding into Er-doped glasses leading to a broadening of the 

1.54 µm emission. This effect is impacted by irradiation. In addition, we have shown 

a slight decrease of Er3+  excited state 4I13/2 lifetime under irradiation as well as the 

decrease of up-conversion emission. 
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VI. Conclusions and Perspectives 

In terms of the present Ph. D. work, we have investigated the effects of ionizing 

irradiation on the Yb3+ luminescent properties in aluminosilicate and phosphate 

glasses by trying to understand the impact of initial Yb environment and mostly the 

role of Yb cluster. 

We have tried to understand the particular links between the luminescence of 

Yb3+ and the radiation-induced point defects. The study has been carried out 

looking for the impact of some principle factors such as glass chemical composition, 

irradiation conditions (dose, dose rate). 

The main result concerns the demonstration of the role of Yb cluster on point 

defect relaxation and the evolution of 2F5/2 lifetime with irradiation. 

We demonstrate that Yb clusters trap the holes and electrons efficiently 

produced by irradiation limiting thus the charge recombination and defect recovery. 

The consequence has been followed in higher stability of both paramagnetic defects 

and the lifetime decrease of 2F5/2 excited state in time after the irradiation. 

This result is in agreement with phosphate glasses with less Yb cluster. In 

Yb-doped phosphate glasses paramagnetic point defects relax quicker than in 

aluminosilicates. Moreover, the lifetimes τIR increase, in some cases to its pre-

irradiation value, as it is shown for AS glasses almost without Yb cluster (AS22 and 

AS23). Finally, the lifetimes τIR are reversible in phosphate glasses under annealing 

treatments as in AS22_10e8 glass with neglectable Yb cluster content. 

The cooperative emission of Yb3+ in AS glasses decreases under the 

irradiation. It maintains stable within time in glasses with more Yb cluster. The 

decreases of the lifetimes τIR and of the cooperative luminescence are associated 

with different radiation-induced point defects. In particular, Peroxy radicals are also 

responsible for the lifetime τIR decrease. Al-OHC defects are supposed to participate 

in the decrease of Yb3+ cooperative emission. For the phosphate glasses, the link 

between POHC defects and the lifetime τIR evolution has been shown. 

Concerning dose effect on point defects, we have observed almost no 

variation of total amount of paramagnetic defects in medium dose range (105-

3.2·106 Gy), increase of it in stronger doses (107-108 Gy) and the decrease at strong 

doses (>1.5·109 Gy) when some glass network modifications are seen. Such 

behavior had been already reported for Yb-doped ABS glasses [1]. Moreover, the 
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same evolution as irradiation dose function has been observed in this work in Yb-

doped phosphate glasses for r-POHC defects. The similarities obtained for three 

different glasses (aluminoborosilicates, aluminosilicates and phosphates) can be 

assumed as a general result for paramagnetic point defect evolution in glasses 

under irradiation. 

Moreover, the lifetime τIR dependence vs. lg(dose) in Er-containing glasses is 

in agreement with RE cluster effect obtained for Yb-doped AS glasses (Chapter III), 

phosphate glasses (Chapter IV) and ABS glasses [2]. In Chapter V we have 

demonstrated such type of behavior for another REE than Yb. We conclude thus the 

role of RE cluster in glasses in the lifetime τIR evolution under irradiation. 

We have demonstrated in this work than number of radiation-induced 

paramagnetic point defects in phosphate glasses is more complex that it was 

considered to be. In particular, together with r-POHC defects we observe the signals 

of P-related Peroxy radicals. We report also S-center presence in Si-free glasses. 

Moreover, the evolution of so-called P3 defect as a function of dose, dose rate, time 

and temperature has been followed. The obtained results will be useful for the 

future studies to determine P3 defect’s structure. In addition, a diamagnetic defect 

is observed even in non-irradiated phosphate glasses. This defect exhibits under UV 

excitation strong emission at 420 nm with long lifetime ~5-6 ms. Our data revisits 

the conclusions from Origlio et al. [3]. 

Even if the last Chapter is less developed, we have obtained interesting 

results inferring the role of Er and Yb environment on 1.54 µm width and up-

conversion process. We have shown clearly Er3+ luminescent properties (emission) 

and the lifetime τIR are affected under irradiation as well as Yb→Er energy transfer. 

However, this study should be followed by some others because there are still 

some ambiguous points. 

We have shown that in AS glasses irradiated at strong doses (>108 Gy) the 

relaxation of paramagnetic point defects is different that with medium dose (105 Gy). 

Unfortunately, we had no possibility to investigate this relaxation in more details in 

order to find any correlations with lifetime τIR variation under strong doses. 

Among the different ways to be go on we can cite: 

o The results obtained in study of irradiated phosphate glasses cannot be 

interpreted clearly without rigorous simulation experiments. Our 

experimental results will help simulations to propose a model for high-



VI. Conclusions and Perspectives 

160 
 

temperature singlet in phosphate glasses and for the evolution of P1 or P3 

defect line under irradiation. 

o In Yb/Er-codoped AS glasses, Yb3+ ions have an impact on Er3+ environment 

via creating of Yb3+-Er3+ pairs. The consequences are seen in up-conversion 

process and in 4I13/2→4I15/2 emission at 1.54 µm. Moreover, ionizing 

irradiation has an impact on both of these properties, which cannot be 

neglected. 

o A more detailed study of REE environment would help to understand the 

spectroscopic features. Among the different study, pulsed EPR spectroscopy 

that has been already initiated on AS24_Ybx glasses would help to 

characterize Yb-Er interactions as well as analysis of decay time of 2F5/2 

excited state of Yb3+ ions. 

o Yb clusters were not detected by Transmission Electron Microscopy that 

indicates the size of Yb cluster less than 3 nm. Concerning Yb cluster 

characterization and Yb environment, it will be interesting to correlate the 

original EPR results that we have obtained with further EXAFS and XANES 

experiments in order to characterize better the site symmetry (coordination 

number obtained by EXAFS) and information on Yb-Yb distance. 
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VII. Appendix 
Appendix 1. Aluminosilicate glass compositions 

Table VII-1. Aluminosilicate glass compositions (molar fractions), microprobe 

analysis 

  theory experiment difference 

AS22 O 62,1 60,54 1,56 

Na 11,88 11,64 0,24 

Al 3,56 3,78 0,22 

Si 21,98 23,55 1,57 

Yb 0,47 0,52 0,05 

AS23 O 61,77 60,04 1,73 

Na 11,44 11,31 0,13 

Al 6,86 7,25 0,39 

Si 19,45 20,86 1,41 

Yb 0,48 0,53 0,05 

AS24 O 61,47 59,65 1,82 

Na 11,03 11,03 0 

Al 9,93 10,61 0,68 

Si 17,1 18,15 1,05 

Yb 0,48 0,54 0,06 

AS26 O 61,28 60,4 0,88 

Na 10,77 10,23 0,54 

Al 11,85 12,09 0,24 

Si 15,62 16,73 1,11 

Yb 0,48 0,55 0,07 

AS24_0 O 58,53 61,14 2,61 

Na 12,49 10,87 1,62 

Al 10,64 10,35 0,29 

Si 18,33 17,63 0,7 

Yb 0 0,01 0,01 

AS24_05 O 59,19 60,22 1,03 

Na 11,82 11,25 0,57 

Al 10,63 10,67 0,04 

Si 18,31 17,77 0,54 

Yb 0,05 0,06 0,01 

AS24_2 O 59,96 59,36 0,6 

Na 11,55 11,39 0,16 

Al 10,39 10,82 0,43 

Si 17,9 18,2 0,3 

Yb 0,2 0,23 0,03 

AS24_8 O 62,92 60,72 2,2 

Na 10,54 10,43 0,11 
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Al 9,48 9,91 0,43 

Si 16,33 18,02 1,69 

Yb 0,73 0,87 0,14 

 

Appendix 2. Irradiation conditions 

Table VII-2. Electron-irradiated samples: chemical compositions and doses 

required. In yellow - May 2011, in blue November - December 2011, in green 

both periods. 

100 kGy 1 MGy 3,2 MGy 10 MGy 100 MGy 1,5 GGy 2 GGy 

ALUMINOSILICATE GLASSES 

slices 

AS22 AS22 AS22 AS22 AS22 AS22 AS22_0 

AS23 AS23 AS23 AS23 AS23 AS23 AS24_0 

AS24 AS24 AS24 AS24 AS24 AS24 AS24_0 

AS26 AS26 AS26 AS26 AS26 AS26 AS26_0 

AS24_0 AS24_0 AS24_0 AS24_0 AS24_0 AS24_0  

AS24_05 AS24_05 AS24_05 AS24_05 AS24_05 AS24_05  

AS24_8 AS24_8 AS24_8 AS24_8 AS24_8 AS24_8  

 AS24_005 AS24_005 AS24_005 AS24_005 AS24_005  

 AS24_02 AS24_02 AS24_02  AS24_02  

AS22_0 AS22_0 AS22_0 AS22_0 AS22_0 AS22_0  

powders 

AS22  AS22  AS22   

AS23  AS23  AS23   

AS24  AS24  AS24   

AS26  AS26  AS26   

AS24_0  AS24_0  AS24_0   

AS24_05  AS24_05  AS24_05   

AS24_8  AS24_8  AS24_8   

PHOSPHATE GLASSES 

slices 

2743 2743 2743 2743 2743 2743  

2742 2742 2742 2742 2742 2742  

2745 2745 2745 2745 2745 2745  

2746 2746 2746 2746 2746 2746  

2743_0 2743_0 2743_0 2743_0 2743_0 2743_0  

2745_0 2745_0 2745_0 2745_0 2745_0 2745_0  

powders 

2743 2743 2743  

2742 2742 2742  

2745 2745 2745  

2746 2746 2746  
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2745_0 2745_0 2745_0  

 

Table VII-3. Gamma-irradiated samples. 

10 kGy 100 kGy 1 MGy 3,2 MGy 

ALUMINOSILICATE GLASSES 

slices 

AS22 AS22 AS22 AS22 

AS23 AS23 AS23 AS23 

AS24 AS24 AS24 AS24 

AS26 AS26 AS26 AS26 

AS24_0 AS24_0 AS24_0 AS24_0 

AS24_05 AS24_05 AS24_05 AS24_05 

AS24_8 AS24_8 AS24_8 AS24_8 

powders 

 AS22  AS22 

 AS23  AS23 

 AS24  AS24 

 AS26  AS26 

 AS24_0  AS24_0 

 AS24_05  AS24_05 

 AS24_8  AS24_8 

PHOSPHATE GLASSES 

slices 

2743 2743 2743 2743 

2742 2742 2742 2742 

2745 2745 2745 2745 

2746 2746 2746 2746 

2745_0 2745_0 2745_0 2745_0 

powders 

2743 2743 

2742 2742 

2745 2745 

2746 2746 

2745_0 2745_0 
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Table VII-4. Electron-irraidiation conditions in November - December 2011. 

samples T, °C 
Isample, 

µA 

dose rate, 

MGy/h 

irradiation 

date 

Dose 

exp. , µC 

Diff. , 

µC 
Diff. , % 

10e5 Gy 181.81 µC 

2743 32,6 
  

16 Nov 

2011 
204 -22,19 12,205 

2742 29 
   

197 -15,19 8,3549 

2746 29 
   

195 -13,19 7,2548 

10e6 Gy 1363,575 µC 

AS24_0 

AS24_005 

AS24_05 

AS24_02 

AS22_0 

AS23 

33 14 2,76 
16 Nov 

2011 
1436 -72,425 5,3114 

AS22 

AS24 

AS24_8 

AS26 

38 14,4 2,84 
 

1420 -56,425 4,138 

3*10e6 Gy 5454,3 µC 

AS24_005 

AS24_05 

AS24_02 

AS22_0 

33 
15,0-

16,0 
2,95-3,15 

17 Nov 

2011 
5621 -166,7 3,0563 

AS22 

AS23 

AS24 

AS24_05 

AS24_0 

AS26 

2743 

2743_0 

36 
14,0-

16,3 
2,76-3,21 

 
5610 -155,7 2,8546 

10e7 Gy 18181,81 µC 

AS22_0 

AS24_0 

AS24_005 

AS24_05 

AS24 

AS24_8 

AS22 

AS23 

AS26 

35 

13,7-

15,6 

(14,6) 

2,70-3,07 

(2,88) 

24 Nov 

2011 
18216 -34,19 0,188 

AS24_02 

2743 

2743_0 

2745 

34 
14,2-

15,5 
2,80-3,05 

 
18236 -54,19 0,298 
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2745_0 

2746 

2742 

AS23 

AS24_8 

AS24_02 

2745_0 

AS24 

2742 

AS22 

AS24_005 

AS24_05 

37 
14,6-

15,6 
2,87-3,07 

 
18218 -36,19 0,199 

10e8 Gy 181818,1 µC 

AS22_0 

AS23 

AS24_005 

AS24_0 

AS24_8 

2743_0 

2746 

AS24 

36-39 14,2 2,8 5 Dec 2011 182119 -300,9 0,1655 

AS24 32-34 
15,0-

16,6 
2,95-3,27 

 
182183 -364,9 0,2007 

AS22 40-42 
15,2-

17,2 
2,99-3,39 

 
182169 -350,9 0,193 

AS26 45-46 
15,2-

16,4 
2,99-3,23 

 
182197 -378,9 0,2084 

AS22 

AS24_05 

AS26 

2743 

2742 

2745 

2745_0 

2746 

35-37 
13,6-

15,6 
2,68-3,07 

 
182176 -357,9 0,1968 

2742 32-36 
14,7-

16,1 
2,89-3,17 

29 Nov 

2011 
183041 -1222,9 0,6726 

2743 43-45 
15,4-

16,4 
3,03-3,23 

 
183045 -1226,9 0,6748 

2746 34 
14,6-

15,4 
2,87-3,03 

 
183021 -1202,9 0,6616 

>10e9 Gy 



VII. Appendix 

167 
 

AS22 

AS23 

AS24 

AS24_0 

AS24_005 

AS24_8 

AS26 

2745 

2745_0 

30-35 
13,6-

15,0 
2,68-2,95 

30 Nov 

2011 
2633121 

  

 

Appendix 3. Annealing treatments of phosphate glasses 

The bulk samples were annealed in corundum crucibles under air 

atmosphere. The temperature range was 100-430°C with ~20°C for 10 min step. 

The time necessary to stabilize the temperature after the crucible with samples had 

been placed into the oven was 100 sec. Each annealing step was followed by EPR 

and, in case of changes of spectrum, by the lifetime τIR measurements and PL under 

laser excitation at 266 nm as well. 

2743_10e8 glass 

During the annealing treatments a new isotropic signal is revealed 

(Figure VII-1). The position of this defect, its shape and its behavior under 

annealing treatments are close to S centers in P-doped silica [1] where it appears at 

T>477°C. 
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Figure VII-1. EPR spectra of e¯-irradiated at 108 Gy 2743 glass, isochronal 

annealing treatments 
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This isotropic signal at g=2.00389 appears once the recovery of all the other 

defects has been already completed. 

Griscom et al. associated the S center with silica rather than with phosphorus 

[1] because of isotropic character and absence of any hyperfine structure. However, 

according to microprobe analysis, there is no Si in our studied Yb-doped phosphate 

glasses. We assume thus that this S center cannot be related to silica in our case. 

Under annealing treatments the intensities of Signal I and Signal II increase 

until its recovery at 365°C (Figure VII-2). 
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Figure VII-2. EPR spectra of e¯-irradiated at 108 Gy 2743 glass 

In alkali-tungsten-phosphate glasses both Signal I and Signal II were detected 

even after annealing at 420°C [2]. It can be associated with higher thermal stability 

of A2WO4-containing phosphate glasses [2]. 

The P2 defect’s recovery is observed at 224°C. It is lower than in P-doped silica 

where the P2 recovery was observed at 352°C [3]. 

P1 defect is detected until 302°C and after annealing at 323°C it has been no 

more seen. Instead, P3 defect is observed (Figure VII-3). Its resonance at higher g-

value is still observed after 426°C. In P-doped silica P1 defect is one of the most 

thermally stable, its recovery was detected in 400-450°C range [3]. 

P4 defect becomes easier visible during the annealing treatments until its 

recovery at 394°C (Figure VII-3). 
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Figure VII-3. EPR spectra of 2743_10e8 glass during the annealing treatments 

As in case of P-doped silica fibers, P4 defects are more stable at high 

temperatures than POHC [3]. It is important because once there is high content of 

POHC defects, its signal can overlap P4 defects which is observed in close range of 

magnetic field. So, it is difficult to know if P4 are formed just after the irradiation or 

via structural transformations during the annealing treatment. 

The concentration of r-POHC and P1 defects is estimated as reported in 

Chapter II, section 3.b.2. The obtained values are plotted in Figure VII-4. 
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Figure VII-4. The defects recovery in 2743 glass under annealing treatments 
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The recovery of P1 defects takes place in parallel with r-POHC defects 

illustrating its structural relations. 

2745_10e8 glass 

In e¯-irradiated glasses at 108 Gy, r-POHC defects recovery temperature is 

224°C in 2745 glass and 302°C in 2743 glass. In both glasses, the annealing 

temperature is lower than in P-doped silica where r-POHC defects were eliminated 

at ~352°C [3]. We would attempt this effect as a fundamental consequence of more 

complex chemical composition of our Yb-doped Na-Mg-phosphate glasses than P-

doped silica. 

As it is mentioned above, the lifetime τIR is back to its pre-irradiation value once 

all the r-POHC defects have been recovered. 

Peroxy I exhibits higher stability under isochronal annealing treatments than 

r-POHC defects (Figure VII-5). 
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Figure VII-5. EPR spectra of annealed at various temperatures of e¯-irradiated 

at 108 Gy 2745 glass, normalization at maximum 

The Signal I intensity increases under annealing until its rapid recovery at 

365°C. 

In 2745 glass less Signal II is seen with annealing. However, the thermal 

stability of paramagnetic defects is higher in this sample. It can be attributed either 

to the impact of glass network or to Yb cluster presence in 2745 glass. 
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Résumé 

Nous avons étudié les effets de l'irradiation ionisante (e¯- et γ-) sur les 
propriétés luminescentes des ions Yb3+ et Er3+ dans des verres aluminosilicates (AS) 
et phosphates en essayant de comprendre l'impact de l’environnement initial de 
Yb3+ et surtout le rôle des clusters d’Yb. Pour cela, des verres AS et phosphates 
contenant les quantités différentes de clusters d’Yb ont été irradiés à des doses 
comprises entre 104 et 2·109 Gy. Nous avons montré que la relaxation des défauts 
ponctuels est ralentie en présence de clusters d’Yb dans le verre. La quantité de 
défauts ponctuels en fonction du lg(dose) est stable aux faibles doses puis décrit 
une courbe en cloche. La présence des clusters d’Yb limite la production de défauts 
aux doses élevées, quelle que soit la composition du verre (AS ou phosphate).En 
conséquence, la variation de la durée de vie de l’état excité 2F5/2 en fonction du log 
de la dose décrit deux régions. Pour un fort contenu de cluster d’Yb, la durée de vie 
diminue linéairement avec le log de la dose. Ce résultat ne dépend pas du type de 
verre, ni de la nature de l'élément terre rare (Er3+). Ceci signifie qu’il existe un 
mécanisme plus général n’impliquant pas un 'un type de défaut particulier. De 
plus, la complexité du signal RPE dû aux défauts ponctuels dans les verres 
phosphates a été interprétée grâce à la forte évolution de celui-ci en fonction de la 
composition du verre, de la dose et du temps. Au moins 8 défauts ponctuels 
paramagnétiques ont été identifiés ainsi qu’un défaut diamagnétique luminescent 
dont l’origine est discutée. 

Mots clefs : verre aluminosilicate, verre phosphate, terres rares, l’irradiation, 
défauts ponctuels, luminescence, durée de vie 

 

 

 

Abstract 

We have investigated the effects of ionizing irradiation (e¯- and γ-) on the Yb3+ 
and Er3+ luminescent properties in aluminosilicate (AS) and phosphate glasses by 
trying to understand the impact of initial Yb3+ environment and mostly the role of 
Yb cluster. For that, AS and phosphate glasses containing different amount of Yb 
clusters were irradiated in 104-2·109 Gy dose range. At first, we have shown that 
the point defect fading is slow down by a clustering effect in the glass. We have 
obtained a 2-step dependence of point defects quantity versus lg(dose). The cluster 
presence limits the defect production in the high dose range, whatever the glass 
composition (AS or phosphate). Consequently, we observed the same two-regions 
trends for the 2F5/2 lifetime as a function of the lg(dose). But for high content of 
cluster, the lifetimes value decreases linearly within lg(dose). This result does not 
depend on the glass type nor on the rare earth element (Er3+), implying a more 
general mechanism that implying one type of defect in particular. Secondly, we have 
interpreted the strong variation of the complex EPR signal in phosphate glasses 
within glass composition, dose and time with the formation of at least 8 point 
defects. In addition, the origin of the luminescent diamagnetic defect is discussed. 

Keywords: aluminosilicate glasses, phosphate glasses, rare earths, 
irradiation, point defects, luminescence, lifetime, cluster 


