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Chapter

Inf  luence of the Doping Ion 
Nature and Content on Defect 
Creation Processes under the 
Effect of Ionizing Radiation in 
Aluminoborosilicate Glasses
Eugenia Malchukova

Abstract

Effects of ionizing irradiation on defect creation processes have been studied in 
rare earth (RE)-doped (RE = Sm, Gd, Eu, Ce, Nd) aluminoborosilicate glass with 
use of the electron paramagnetic resonance (EPR) and optical spectroscopy. As 
a function of RE ion nature, we observe that doping significantly influences the 
nature of the defects produced during irradiation and more specifically the relative 
proportions between hole and electron defect centers. Strong decrease of defect 
production efficiency under ionizing radiation independence on both the RE dop-
ing content and on the relative stability of the RE different oxidation states is also 
clearly revealed. The results could be explained by dynamical reversible trapping 
of the electron-hole pairs produced during irradiation on the different RE charge 
states as well as by RE segregation and pre-existing defects speciation in ABS glass 
structure.

Keywords: borosilicate, glasses, EPR, luminescence, irradiation, defects

1. Introduction

Irradiation effects are an active research field in amorphous silica (aSiO2) due 
to many technological applications requiring a good maintenance of transparency 
(e.g. fibers, laser optics and radioactive environments) [1–4]. Indeed for aSiO2, the 
optical properties are controlled by the nature and the content of defect produced 
during an ionizing radiation (laser, X, γ, electrons) [5–7]. Different works using 
Electron Paramagnetic Spectroscopy (EPR) and optical absorption have shown that 
two different defects production processes occur during ionizing irradiation. The 
first process called intrinsic defects production [8–10] is correlated to Si–O bonds 
breaking leading to well-known paramagnetic E′ and Non-Bridging Oxygen Hole 
Centers (NBOHC) with self-trap excitons acting as possible precursors [11–13]. 
Peroxy radicals (POR) paramagnetic defect can also be produced with intrinsic 
process by the displacement of oxygen into an interstitial position like Frenkel defects 
[12, 14]. The second defect creation process is called “extrinsic” and is correlated to 
the presence of different impurities (H, Cl, Transition metals, Rare earth, …) inside 



Recent Techniques and Applications in Ionizing Radiation Research

2

aSiO2 materials [8, 15–18]. In that case, the nature of different possible irradiation 
paramagnetic defects produced (E′, NBOHC, and POR) does not differ but an higher 
defect production efficiency is observed associated to saturation processes of defect 
content depending on impurities nature and content, respectively [19]. Defects 
production processes in aSiO2 are therefore mainly controlled by the nature and the 
content of the different impurities.

For more complex oxide glass compositions, the presence of network modifiers 
ions (Na+, K+, Ca2+) and other network formers ions (B3+, Al3+) stabilizes with an 
high efficiency different hole trap like Boron-Oxygen Hole Center (BOHC) [20, 21], 
Aluminum-Oxygen Hole Center (AlOHC) [22] or Hole trapped defects on Non-
Bridging Oxygen (NBO) called HC1, HC2 centers [23, 24]. In addition, the literature 
shows that the content of electron trap defects like E′ centers and equivalent defects 
closed to B3+ (BEC center) and Al3+ ions are generally much more lower than hole 
trap defects content for all oxide glass compositions including silica. Electron trap-
ping on glass impurities like Hydrogen, alkaline, Transition Metals (TM), or Rare 
Earth (RE) ions could explain differences between the content of hole and electron 
trapped defects produced during exposure to ionizing radiation [7, 15]. In general 
for oxide glasses like borosilicate, silicate, and aluminosilicate, the nature and con-
tent of different paramagnetic defects observed by EPR spectroscopy will depend 
on the relative proportion of different network formers (Si4+, Al3+, and B3+) and on 
network modifiers contents introduced inside the oxide glass. In case of aluminobo-
rosilicate (ABS) glasses studied in this work, the nature and proportion of different 
paramagnetic defects have been previously determined using the simulation of EPR 
spectra of different β-irradiated borosilicate glass samples [25].

Doping processes of oxide glasses with rare earth (RE) ions influence a lot the 
nature and the content of different paramagnetic defects produced during exposure 
to ionizing radiation. In case of Sm- [26], Gd- [27], and Yb- [28] doped borosilicate 
glass compositions, the first effect of doping is the decrease of total paramagnetic 
defect contents produced during irradiation to one integrated dose. Moreover for 
Fe-doped soda-lime glasses [29] and Cr-doped silicate glasses [30], a complete 
disappearance of the different paramagnetic defects is observed for doping level 
around 1 mol. %. Associated to the decrease of paramagnetic defects production 
efficiency with the doping ion content, the decrease of different structural changes 
under irradiation detected by Raman spectroscopy [29, 30], (increase of polym-
erization and the molecular oxygen production, and decrease of Si–O–Si average 
angle) are also observed at integrated dose higher than 109 Gy. Structural changes 
in glasses under the effect of ionizing radiation are mainly controlled by alkaline 
mobility in both network modifiers and charge compensator positions [31]. This 
result shows therefore strong relationships between the nature and contents of 
doping ions, irradiation defects creation processes, and the structural changes due 
to ionizing radiation exposure in oxide glasses.

However, these previous studies have mainly focused on the modification of 
the total paramagnetic defect concentration produced during ionizing radiation 
as a function of the doping ion nature and content. The goal of this chapter is to 
systematically present the paramagnetic irradiation defect creation processes in rare 
earth-doped oxide glasses. First, the influence of RE doping ion nature on the relative 
paramagnetic defect proportion observed by EPR spectroscopy in the same ABS 
glass composition will be considered. Then, the influence of both doping ion content 
and integrated radiation dose on the nature, content, and relative proportion of the 
different paramagnetic defects produced during ionizing radiation will be considered 
also. It is known, that the optical spectroscopy is most useful in cases where EPR tech-
niques are not applicable and for diamagnetic defects. Also, transmission and lumi-
nescence experiments will be carried out in order to provide additional information 
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on RE doping effect on ABS glass structure. This approach could improve our knowl-
edge about defect creation processes under irradiation for ion doped oxide glasses. For 
that purpose, different RE-doped ABS glasses (RE = Sm, Gd, Eu, Ce, and Nd where 
the RE doping level between 0.1 and 1 mol. %) have been irradiated to different doses 
between 105 and 2 × 109 Gy using a Van de Graaff accelerator.

2. Experimental part

Rare earth-doped ABS glasses were prepared by adding to the base glass with the 
following composition—59.77% SiO2, 4.00% Al2O3, 22.41% B2O3, 12.12% Na2O, and 
1.70% ZrO2 (in mol. %)—different amounts of doping ions. The doping content 
of RE oxide considered in this work is shown in Table 1. The dried mixed powders 
were heated at 750°C for 10 h in air in a Pt crucible and melted at 1500°C for 2 h, 
then quenched on a copper plate. Before cutting, annealing at 500°C for 1–2 h was 
necessary to remove the internal stress. Samples were polished on a hand grinding 
wheel with a silicon carbide abrasive having the average grain size of 10 μm (1000 
grain) to achieve the average thickness of 0.56 ± 0.05 mm. Each glass was analyzed 
by X-ray diffraction, in order to confirm the amorphous characteristics of the glass.

All glasses were β-irradiated with 2.5 MeV electrons (10 μA) provided by a Van 
de Graaff accelerator (LSI, Palaiseau, France) at different integrated doses from 106 
to 2 × 109 Gy. The used sample thickness made it possible to obtain uniform irradia-
tion on the entire glass volume. EPR measurements were conducted at room temper-
ature on a X band (ν = 9.420 GHz) EMX Brücker EPR spectrometer using a 100 kHz 
field modulation, 3 × 10−4 Tesla of amplitude modulation and an applied microwave 
power of 1 mW. The EPR spectra of all irradiated RE-doped ABS glasses have been 
normalized to the same receiver gain and to a 100 mg sample weight. Paramagnetic 
defects total content has been estimated by the area under the defect absorbance 
EPR spectrum. A maximum error of 10% has been considered in this work taking 
into account uncertainties in the irradiated glass samples weight measurement, the 
sample positioning inside spectrometer cavity and defect absorbance EPR spectrum 
area computation or EPR line intensity measurement. The optical transmission 
spectra were measured on an Agilent Varian Cary 5000 spectrophotometer in 
1 nm steps in the range of 200–1500 nm. The photoluminescence was analyzed by 
a SHAMROCK spectrograph F5303 mm: 150 lines/mm grating and a 400 mm slit 
combined with an ANDOR Istar (Andor Company, Belfast, U.K.) intensified charge 
coupled device. The 266 nm wavelength pulses width of around 8 ns and laser 
repetition rate of 10 Hz of an INDI Nd:YAG pulsed laser spectra physics were used 
for the PL excitation. The laser beam is transported via two mirrors, two lenses, 
and three diaphragms to the sample center with a final diameter of 2 mm. The pulse 

Table 1. 
RE doping concentration.
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energy on the sample was ~2 mJ/pulse. The spectral measurements were carried out 
using different delay time (d) and gate width (G).

3. EPR spectra of RE-doped ABS glass: b-irradiation dose effect

Without doping, the nature of the different defects produced by ionizing radia-
tion has been previously studied in the non-doped ABS glass composition irradiated 
with 2.5 MeV electrons by the simulation of the EPR spectra of irradiated samples 
annealed at different temperatures [25]. The EPR of the non-doped ABS glass irradi-
ated at 1.3 × 108 Gy is presented in Figure 1. The main component of these EPR spec-
tra is associated to the hyperfine structure with 11B (I = 3/2). The defect is called the 
Boron-Oxygen Hole Center (BOHC) (g1 = 2.0029, g2 = 2.0115, and g3 = 2.0500) and 
it is attributed to a hole trap on an oxygen link to a boron atom [21]. The second hole 
center for this glass composition that can be observed at high annealing temperature 
is the peroxy radical (Si–O–O°) named Oxy defect (g1 = 2.0024, g2 = 2.0110, and 
g3 = 2.0439) in the literature for silicate glasses [22]. The last hole center determined 
by the simulation of the EPR spectra for this glass composition is the HC1 center 
attributed to a hole trapped on a non-bridging oxygen in the vicinity of alkaline ion. 
Finally, the EPR line around g = 2.0011 is an electron trap and is attributed to the 
well-known E′ center [11].

Figure 1 presents the EPR spectra recorded at room temperature of the non-doped 
and 0.1 mol% RE-doped ABS glasses (RE = Sm, Gb, Eu, Nd, and 0.2 mol% Ce) irradi-
ated with 2.5 MeV electrons (integrated dose of 1.3 × 108 Gy). First, It can be observed 

Figure 1. 
X band EPR spectra of the lowest RE-doped ABS glasses (RE = Gd, Sm, Eu, Ce, and Nd) irradiated at 
1.3 × 108 Gy.
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clearly on that figure that RE doping at low level (0.1 mol%) influences significantly 
both the amount of defect produced during irradiation and their relative proportions. 
More specifically, a decrease of the different hole centers (HC) is analyzed depending 
on the nature of the doping ion ([HC]Eu > [HC]Sm > [HC]Nd > [HC]Ce). This effect 
is maximum for 0.2 mol% Ce-doped glasses where the content of hole centers is drasti-
cally decreasing in comparison with the non-doped glass composition. For E′ center 
detected at g = 2.0011 in the non-doped ABS glass, a strong increase as a function of 
the RE doping ion nature is observed ([E′]Eu < [E′]Sm < [E′]Nd < [E′]Ce). However, 
for all ABS glass compositions studied, the quantity of electron defect centers (E′) 
remains smaller than the hole defect centers (BOHC, OXY, HC1) showing therefore 
the presence of other mechanisms acting as traps for the electrons produced during 
irradiation.

Evolution of the total paramagnetic defect content for all RE-doped glasses 
(RE = Sm, Gd, Eu, Nd, and Ce) as a function of the integrated dose is presented in 
logarithmic scales on Figure 2 for two different RE doping levels: 0.1 and 1 mol%, 
on Figure 2a and b, respectively.

For non-doped ABS glass, the total defect concentration is increasing with the 
integrated dose. This behavior can be correlated with extrinsic and/or intrinsic 
defect creation processes under the effect of ionizing radiation [8]. Two effects can 
be observed in Figure 2a and b. First, the decrease of the defect produced during 
irradiation at one integrated dose depending on the nature of the RE doping ion. 
The second effect is saturation behavior of the defect content as a function of the 
integrated dose associated to a decrease of the defect content at higher doses for all 
RE-doped glasses. We can therefore conclude that glass doping processes play an 
important role on defect creation processes under the effect of ionizing radiation.

4. EPR spectra of RE-doped ABS glass: RE concentration effect

The influence of RE content on defect production under irradiation is shown in 
Figure 3a and b for two different integrated doses. For all RE doping considered in 
this work, the defect content is decreasing as a function of the RE doping content 
inside the glass but with different efficiency depending on the RE nature.

In addition, the relative proportions between the different paramagnetic defects 
observed by EPR spectroscopy are modified by both the nature of the RE ion and 
also its content in the host glasses. These effects can be seen on Figures 4–7 showing 
the normalized EPR spectra of irradiated (1.3 × 108 Gy) glass samples doped with 

Figure 2. 
Evolution of EPR defects content as a function of integrated dose for the lowest: (a) and the highest; (b) 
concentration of RE doping of β−irradiated ABS glass (RE = Gd, Sm, Eu, Ce, and Nd).
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Ce, Eu, Sm, and Nd ions, respectively. From the Figure 4a one can see the strongest 
influence of doping on defect production in Ce-doped glasses: a huge decreased of 
different holes centers (BOHC, OXY, HC1) in the defect EPR spectrum is observed 
starting from the lowest doping level considered in this work (0.2 mol.% of CeO2). 
The BOHC center becomes undetectable in the EPR spectra at Cerium doping levels 
higher than 0.2 mol.% and the hole defects remaining in the EPR spectra is the OXY 
and HC1 centers as it is shown in Figure 4b for the Ce-doped ABS glass irradiated at 
2 × 109 Gy (arrows in Figure 4b). This effect is more pronounced in the case of the 
highest doses (more than 109 Gy). From Figure 5a and b, it can be concluded that 
Ce doping strongly inhibits the defect production observed by EPR spectroscopy 
and in addition stops the different holes defects production under the effect of ion-
izing radiation. BOHC defect is also detected.

When comparing these results with Eu-doping in the same ABS glass com-
position, similar effects of doping ion content on defect production efficiency 
are observed by EPR spectroscopy (Figure 5). But in the case of Eu-doping, a 

Figure 3. 
Evolution of EPR defects concentration as a function of the RE doping ion content in ABS glasses β−irradiated 
at 6.5 × 106: (a) and 2.6 × 109 Gy; (b) RE = Gd, Sm, Eu, Ce, and Nd.

Figure 4. 
X band EPR spectra recorded at room temperature of 0.2, 0.4, 1.2, and 2 mol.% CeO2-doped ABS glass 
irradiated at 1.3 × 108 Gy (the EPR spectra have been normalized to E′ EPR line intensity): (a) and X band 
EPR spectra of 0.2 and 2 mol.%CeO2-doped ABS glass irradiated at 2 × 109 Gy (b).
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strong decrease of E′ centers contribution in the defect EPR spectra can be seen 
(Figure 5a). The E′ center becomes undetectable in the EPR spectra at Europium 
doping levels higher than 0.6 mol.% and the hole defects re-arrangement in the EPR 
spectra between OXY and BOHC centers can be observed. The highest irradiation 
dose results in more re-arrangement of hole defects as can be seen from Figure 5b 
(arrows in the Figure 5b). The influence of Sm- (Figure 6) and Nd- (Figure 7) 
doping contents are weaker than for Ce-doped ABS glasses for both the decrease in 

Figure 5. 
X band EPR spectra recorded at room temperature of 0.1, 0.2, 0.5, and 1 mol.% Eu2O3-doped ABS glass 
irradiated at 1.3 × 108 Gy (the EPR spectra have been normalized to BOHC EPR line intensity) (a) and X 
band EPR spectra of 0.1 and 1 mol.% Eu2O3-doped ABS glass irradiated at 2 × 109 Gy (b).

Figure 6. 
X band EPR spectra recorded at room temperature of 0.1, 0.2, 0.4, 0.6, and 1 mol.% Sm2O3-doped ABS glass 
irradiated at 1.3 × 108 Gy (the EPR spectra have been normalized to BOHC EPR line intensity).
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defect production efficiencies and the changes in the relative proportions of defects 
composing the EPR spectra of these irradiated glass samples. However, a decrease in 
the relative proportion of the different defect holes centers (BOHC, Oxy, HC1) for 
the different Nd-doped ABS glasses (Figure 7) can be observed.

This effect could also be correlated to the evolution analyzed for Ce-doped 
ABS glasses. The changes of the relative proportions of defect as a function of 
Sm-doping content in ABS glasses (Figure 6) show mainly the decrease of E′ defect 
component in the EPR spectra. Associated to this decrease, an increase in the rela-
tive proportion of OXY center relative to relative to BOHC defect is also detected.

The experiments testify that glass doping processes can influence the proportion 
between different defects produced during irradiation compared to the non-doped 
glass composition. This change has been usually correlated to the capacity of the 
doping ion to act as a trap for the holes and electrons produced during irradiation. 
Eu3+ ions are known to be good electron traps and one can observe on Figures 1 and 
5a the strong decrease of the E′ proportion relatively to the non-doped ABS glasses. 
Sm3+ ion can also be reduced during the exposure to ionizing radiation but with a 
weaker efficiency than Eu3+ ions, this effect is also observed on the decrease of the 
relative proportion of E′ centers in the defect EPR spectra (Figures 1 and 6). By 
contrast, Ce3+ ions produced during irradiation or during the synthesis of Ce-doped 
glasses is a well-known hole traps [32, 33]. So these ions (Eu3+, Sm3+, and Ce3+) can 
therefore compete with the hole trap defects production as represented for Eu-, Sm-, 
and Ce-doped ABS glasses. Relative proportion between hole and electron defects in 
the EPR spectra of irradiated RE-doped ABS glasses can be considered as a param-
eter for the estimation of the interaction of doping ions with the ionizing radiation.

However, other parameters can influence the nature of the different defects 
produced during irradiation and more specifically the speciation of the RE ions 
inside the host glasses. Indeed, some authors like Li and coworkers have studied the 
solubility and the environment of gadolinium in borosilicate glass compositions 
[34, 35]. They show that this RE ion is preferentially located in the vicinity of boron 
network former. According to literature, this RE ion is not therefore homogeneously 
distributed inside glass. This result influence strongly the EPR spectra of irradiated 

Figure 7. 
X band EPR spectra recorded at room temperature of 0.1, 0.2, 0.6, and 1 mol.% Nd2O3-doped ABS glass 
irradiated at 1.3 × 108 Gy (the EPR spectra have been normalized to BOHC EPR line intensity).
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Gd-doped ABS glasses (Figure 1) where the defect EPR spectrum is broad and not 
resolved due to dipole-dipole interaction between BOHC centers and paramag-
netic Gd3+ ions. This effect could also explain the evolution of the EPR spectra of 
Eu-doped ABS glasses (Figures 5a and 5b) as a function of doping ion content. 
This figure shows both decrease of the relative proportion of BOHC and E′ centers 
contributions in the defect EPR spectra. As Eu ions can be considered as an electron 
trap, the changes in relative proportion between OXY and BOHC defects shown 
in Figure 6a could show Eu speciation in the vicinity of boron network former. In 
order to understand the RE doping influence on defect production under ionizing 
radiation, Magic Angle Spinning Nuclear magnetic resonance spectroscopy (MAS 
NMR) of 11B could be a way for studying as a function of RE nature in glasses, their 
possible influence on BOHC defect production.

The second influence of RE doping inside ABS glasses concerns the efficiency 
of defect production as a function of both nature of the doping ions and its con-
tent (Figure 3). The decrease of paramagnetic defects concentration can be due 
to the fact that the electron-hole pairs produced during ionizing radiation can 
support dynamical balance between the two different charge states of RE ions 
(REn + 1 + (h°/e−) = > REn + h° = > REn + 1 or REn + (h°/e−) = > REn + 1 + e− = > REn). 
Therefore, this process efficiency of defect production can be correlated to the 
stability of different oxidation states for different RE ions. Moreover, it is known 
that increase of the dopant content up to 1 mol.% in highly irradiated (3 × 109 Gy) 
Fe3+- and Cr3+-doped glasses may lead to the complete disappearance of the defect 
EPR spectrum [29, 30]. But it is necessary to take into consideration the Fe3+ (Cr3+) 
ions dipole-dipole interaction effect on the defect EPR spectrum. In that case, the 
disappearance or decrease of defect EPR spectrum in the doped glasses as a func-
tion of doping ion content could also be associated with heterogeneous speciation 
of defects produced during exposure to ionizing radiation in the vicinity of dop-
ing ions.

For all RE doping ABS glasses considered in this work, saturation behavior of 
defect EPR spectra is analyzed as the function of the integrated dose. This result is 
explained by the strong efficiency of the dynamical trapping processes of electron-
hole pairs on different redox states of RE doping ions with respect to the defect 
production efficiency under the effect of ionizing radiation in this ABS glass. In 
addition in Figure 2a and b, the defect content is decreasing in some cases at inte-
grated doses higher than 5 × 108 Gy. Structural changes were observed for irradiated 
glass samples at doses around 109 Gy due to the effect of ionizing radiation and 
might be correlated to the alkaline migration [31]. The decrease of defect content 
at higher doses could therefore show an important role of precursor defect on the 
alkaline migration processes leading to glass structural changes.

5. Optical spectra: Effect of RE doping on defect band

The available structural information on defects in glass was derived mainly from 
the results of electron paramagnetic resonance (EPR) spectrometry. It should be 
noticed that this method is directly applicable only to the subclass of defects which 
are paramagnetic. A more formidable problem is the pre-existing intrinsic point 
defects, which are not of paramagnetic nature. Examples of intrinsic diamagnetic 
defects believed to occur in silica glass include neutral oxygen vacancies (≡Si-Si≡), 
two-coordinated silicone (O–Si–O–), and peroxy linkages (≡Si–O–O–Si≡) [5]. 
The most common extrinsic defects are associated with hydroxyl and chloride 
impurities [16]. It is obvious that the defect designation in multicomponent glasses 
is extremely complex. Thus, the combined information obtained from EPR- and 
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optical (absorption and photoluminescence (PL)) spectra can give an additional 
data on the structure of the glasses and of the pre-existing/radiation-induced 
imperfections. Often some defects can provide large EPR signal but the induced 
optical extinction (transmission loss) is very low and vice versa.

A compendium of EPR/optical correlations was reported in the literature 
[36, 37] and pointed to the most likely origins of many defect-related optical 
absorption bands in the visible, ultraviolet, and vacuum-ultraviolet spectral 
regions. But the assignment of the bands is still controversial in some cases. In 
this section, some preliminary results on optical study of pristine and irradiated 
ABS glass doped with RE ions are presented.

Non-doped ABS glass has high ultraviolet transmission. No significant defect 
generation was detected (Figures 8 and 9, black line) in pristine glass. Only small 
transmission losses in the UV spectral region 230–240 nm were found (Figure 9) to 
be, it seems, connected with oxygen-deficient centers formed on the basis of silicon 
[15]. Oxygen-deficient centers (ODC, “oxygen vacancies”) are the natural type of 
intrinsic defects in non-stoichiometric silicon dioxide [38]. By the existence of these 
types of defect in silica optical and luminescent properties are defined as described 
in [38, 39]. The dominating opinion has been still to consider vacancies of bridging 
oxygen atoms as the precursors of radiation E′ centers [38, 39]. Thus, ODCs play the 
key role in E′ center formation and their concentrations in glass. In irradiated ABS 
glass (BK7 or Duran type) the silicon and boron related electron centers (SiEC and 
BEC are considered to be responsible for this absorption) [37]. Also after irradia-
tion with high dose (more than 109 Gy) some additional transmission losses can 
be observed in visible part of the spectra at ~360 and 600 nm (Figures 9 and 10, 
red line) caused by intrinsic radiation defect generation. In [37], these bands are 
attributed to the BOHC defects in ABS glass.

Photoluminescence (PL) was detected in both pristine and irradiated ABS 
glasses. As aforementioned in the spectra of pristine ABS glass the ODCs are 
displayed in the form of an absorption band at 230–240 nm. According to [15] 
ODSs emission is observed at 280 and 450 nm. Under excitation of forth harmonic 

Figure 8. 
Transmission and PL spectra of pristine and irradiated (109 Gy) non-doped ABS glasses.
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of Nd:YAG laser (266 nm) we can see only the appearance of broad PL band at 
~500 nm for both pristine (Figure 8, black line) and β-irradiated glass samples 
(Figure 8, red line). It should be noticed that the position, shape, width, and 
intensity of this band are different for these two glass samples (Figure 8).

Time-resolved luminescence measurements carried out with laser excita-
tion (266 nm) revealed the variety of pre-existing point defects in ABS glass 
(Figure 10a) most of them are not identified and described in the literature on our 
opinion. For one exception: the band at 442 nm can be attributed to ODC which is 
consistent with data [15]. Especially taking into account that β-irradiation termi-
nates this emission completely as well as two others at 336 and 510 nm. At the same 
time the new one (540 nm (5.3 eV); perhaps attributed to NBOHC [36]) is arising 

Figure 9. 
Absorption spectra of pristine and irradiated (109 Gy) non-doped ABS glasses.

Figure 10. 
Time-resolved luminescence spectra of pristine: (a) and irradiated (109 Gy); (b) non-doped ABS glasses 
measured at different gate width and time delay (λexc = 266 nm Nd:YAG laser).
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but emission band at 490 nm is still observed with higher intensity in irradiated 
ABS glass (Figure 10b). It should be marked here that the band at 336 nm can be 
also assigned to the ODCs since as it is indicated in [15] “Si ODCs in the silica glass 
network are an ensemble of defects such as ‘oxygen vacancies’, which differ in local 
structural environment, i.e., in the symmetry and strength of the local crystalline 
fields around the ODC.” That is why the ODCs to be characterized by a rather wide 
variety of spectral characteristics.

The incorporation of RE ions into the ABS glass matrix affects its optical proper-
ties. The evolution of optical characteristics is discussed in frame of the non-bridg-
ing oxygen formation in the glass structure, as well as color centers as a function 
of the nature of the RE element. By increasing the number of Nd (Gd) ions in ABS 
glass, it is possible to observe a decrease in the number of non-bridging oxygen per 
silicon tetrahedron in the glass studied which is confirmed by the estimate of the 
optical band gap and the Raman spectroscopy data. The presence of two charge 
states of multivalent Eu and Ce ions having absorption in the UV region compli-
cates the consideration of the effect of the processes on the observed change in the 
optical band gap energy. The effect of irradiation results in color centers content 
increase (observed as more intense brown coloration of the irradiated glass) in the 
following sequence, Nd < Gd < Sm = Eu < Ce. This evolution is reflected on the opti-
cal band gap narrowing [40]. Figure 11 presents transmission and PL spectra of the 
highly Sm-doped (1 mol.%) pristine and irradiated ABS glass. Some transmission 
losses can be observed for pristine glass from Figure 12: firstly, due to the pres-
ence of Sm3+ ions in glass structure (sharp lines in the spectra) and secondly, due 
to the presence of ODCs (similar to the non-doped ABS glass, see Figure 8). The 
emission spectra consist of the well-known bands belonging to the Sm3+/Sm2+ ions 
and the broad band around 500 nm, attributed to the ODCs: intensity of this band 
decreases significantly by β-irradiation (Figure 11).

The transmission spectra of Gd-doped ABS glass do not change significantly in 
comparison with non-doped glass except the fact that no prominent transmission 
losses are observed at 360 and 600 nm in irradiated glass (Figure 12). Emission of 
ODCs are located in the visible part of PL spectra at ~500 nm as it was seen before 

Figure 11. 
Transmission and PL spectra of pristine and irradiated (109 Gy) Sm-doped ABS glasses.
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for non-doped and Sm-doped ABS glass (Figures 8 and 11, respectively). It was 
shown [41] that this emission can also be excited by third harmonic of Nd:YAG laser 
(355 nm). Unfortunately, no information about ODCs optical characteristics could 
be obtained in Eu- or Ce-doped ABS glasses because of strong Eu2+, Ce3+/4+ absorp-
tion in the UV studied spectral region [40]. It is clearly seen that the absorption and 
PL characteristics of ODCs in non-doped ABS glass, as well as in glass doped with 
Sm or Gd ions, are analogous to each other with the exception of unresolved PL 
bands structure in case of doping (Figure 13).

Figure 12. 
Transmission and PL spectra of pristine and irradiated (109 Gy) Gd-doped ABS glasses.

Figure 13. 
Evolution of the defect emission band on RE dopant nature.
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It was natural to suppose that we have similar types of defect. But for the 
moment it is not absolutely clear whether these ODCs have essentially different 
structure or whether they are the same vacancies with distorted environment. 
Moreover, the modified shape of the PL band can be consistent with the assump-
tion about the effect of segregation of defects and impurities that can influence the 
variations of the spectral characteristics of the ODCs. In the previous section, the 
relative increase in the proportion of peroxy radicals (Si–O–O°: Oxy defects) with 
the Eu concentration as well of the Oxy and the HC1 (Si–O Na+) centers with Ce 
concentration (Figures 4 and 5) was reported. Probably it means that the structural 
model of the OXY and HC1 centers tightly depends on the structural model of the 
ODC and it is still open for discussion. As to our point of view observed experimen-
tal facts can be most naturally explained by segregation of impurities and defects 
in the glass network. The effect of selective incorporation of a RE dopant into 
the glass due to the heterogeneous glass structure, leading to a RE concentration 
dependent dopant displacement as well as concentration dependent optical and 
physical-chemical glass properties which was firstly mentioned in the 1970 [42]. 
Then phase-separation model was suggested in order to explain structural evolution 
of RE-doped borosilicate glass [34, 35].

Analysis of the results presented allowed to draw a conclusion that due to RE 
speciation in the ABS glass structure and heterogeneous distribution between 
different environments RE doping affects strongly defect production (firstly, pre-
existing defects). Additional studies on RE concentration dependent time-resolved 
luminescence ABS glass might be required.

6. Summary and outlook

The presented study has shown significant changes in defect creation processes 
under ionizing radiation in ABS glasses as a function of the nature and the content 
of different rare earth-doping ions (RE = Sm, Gd, Eu, Ce, and Nd). We observe 
first that doping processes influence significantly the nature of the different defect 
produced during ionizing radiation and more specifically the ratio between hole 
and electron defect centers observed by EPR spectroscopy. The specific role of RE 
doping ion acting as a hole or an electron trap could control the population of dif-
ferent defects produced during irradiation. The second result of doping is a strong 
decrease in defect production efficiency under the effect of ionizing radiation 
depending on both the RE doping content in the glass and on the relative stability 
of the RE different oxidation states. This result could be explained by dynamical 
reversible trapping of the electron-hole pairs produced during irradiation on the RE 
ions as well as by RE segregation and pre-existing defects speciation in ABS glass 
structure.

In order to understand the RE doping influence on defect production under the 
effect of ionizing radiation, Magic Angle Spinning Nuclear magnetic resonance 
spectroscopy (MAS NMR) of 11B could be a way for studying as a function of RE 
nature in glasses and their possible influence on BOHC defect production.
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