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A B S T R A C T   

Advanced ceramic breeder (ACB) pebbles consisting of lithium orthosilicate (Li4SiO4) and the strengthening 
phase lithium metatitanate (Li2TiO3) are accepted as the European Union’s reference solid-state material for 
tritium breeding in thermonuclear fusion reactors. Previously, the influence of various radiation types on 
Li4SiO4-based ceramic breeder materials has already been investigated and described by several groups of re
searchers. Electron paramagnetic resonance (EPR) spectroscopy is one of the most frequently used analytical and 
non-destructive techniques that can be selectively applied for qualitative and quantitative research of radiation- 
induced defect centres with paramagnetic properties (electron spin S ∕= 0). In the present work, individual signals 
of paramagnetic radiation-induced defect centres in the ACB pebbles after irradiation with X-rays were separated 
by EPR spectra simulations for the first time. Multiple signals of spin S = ½ systems with distinctive symmetries 
and g-factor (g) values were identified and characterised. Individual signal decay at room temperature was 
monitored and isochronal annealing of the irradiated ACB pebbles was performed in order to evaluate the sta
bility of accumulated radiation-induced defect centres. Based on the obtained results, it was determined that 
radiation-induced defect centres with EPR signals in the g > 2.00 region are similar to irradiated single-phase 
Li4SiO4 ceramic materials, while additions of Li2TiO3 as the second phase in the ACB pebbles also stimulates 
the formation of several titanium-related electron centres with signals in the g < 2.00 region and different 
thermal properties.   

1. Introduction 

In ITER (International Thermonuclear Experimental Reactor), which 
is currently under construction at Cadarache, France, several designs of 
DEMO (Demonstration Power Plant) relevant Test Blanket Modules 
(TBMs) will be tested in order to verify and compare the developed solid 
and liquid tritium breeding concepts under real operational conditions 
of a thermonuclear fusion reactor [1]. Advanced ceramic breeder (ACB) 
pebbles consisting of lithium orthosilicate (Li4SiO4) and the strength
ening phase lithium metatitanate (Li2TiO3) were first suggested by 
Knitter et al. [2] as a potential solid-state candidate material for tritium 
breeding in the European Union’s (EU) developed Helium Cooled Pebble 
Bed (HCPB) TBM concept. A composition of 65 mol% Li4SiO4 and 35 mol 
% Li2TiO3 is proposed as an optimal crystalline phase content for the 

ACB pebbles [3]. In the past decade, lithium density [4], tritium 
breeding ratio (TBR) [5], mechanical stability [6], melting point [7], 
long-term thermal stability [8], tritium release temperature range [9], 
neutron activation behaviour [10], radiation stability [11], and chemi
cal compatibility with EUROFER97 steel [12] have been investigated for 
the ACB pebbles and directly compared to the former EU reference 
ceramic breeder material, i.e., Li4SiO4 pebbles produced with a 2.5 wt% 
surplus of silicon dioxide (SiO2). 

Electron paramagnetic resonance (EPR) spectroscopy is an indis
pensable tool for the characterisation of radiation-induced defect cen
tres with paramagnetic properties (electron spin S ∕= 0) in irradiated 
solid-state materials [13]. The absolute sensitivity of conventional EPR 
spectrometers reaches 109 spins, allowing the detection of miniscule 
amounts of paramagnetic radiation-induced defect centres. EPR has 
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already been successfully applied in several investigations to analyse 
both, type and concentration of paramagnetic radiation-induced defect 
centres in Li4SiO4 pebbles produced with a surplus of SiO2 after irradi
ation with X-rays [14], accelerated electrons [15], and neutrons [16]. 
The line-shape, g-factor (g) values, and peak-to-peak linewidth (ΔBpp) 
have been used as main comparative parameters in order to identify 
possible origins of the detected EPR signals. Regardless of the type, 
mass, and energy of radiation, similar EPR signals in the g > 2.00 region 
have been reported. Recently, from the detailed analysis of EPR spectra 
annealing behaviour, at least seven S = ½ systems with distinct thermal 
stabilities have been identified and characterised [17]. The introduction 
of Li2TiO3 as a second phase significantly impacts the formation of 
paramagnetic radiation-induced defect centres in the ACB pebbles, 
which is evidenced by the emergence of additional broad and over
lapping EPR signals in the g < 2.00 region [18]. However, a detailed 
analysis deconvoluting these signals into individual components and 
determining the spin-Hamiltonian (SH) parameters has not been pro
vided so far. Recently, the first in-situ tritium release measurements for 
the ACB pebbles under neutron irradiation conditions have been per
formed [19]. Therefore, the SH parameters will be indispensable in the 
near future for reliable identification and local structure assignments of 
radiation-induced defect centres in the neutron-irradiated ACB pebbles. 

In the present work, EPR spectroscopy was used to separate indi
vidual signals of paramagnetic radiation-induced defect centres in the 
ACB pebbles after irradiation with X-rays by EPR spectra simulations for 
the first time. The exposure to X-rays was selected due to feasibility of 
performing the EPR spectra measurements immediately after irradia
tion. The stability of accumulated radiation-induced defect centres in 
the irradiated pebbles was evaluated by monitoring individual signal 
decay both at room temperature and after isochronal annealing. 

2. Experimental 

The ACB pebbles (diameter: 500–1000 μm) consisting of 70 mol% 
Li4SiO4 and 30 mol% Li2TiO3 were produced using the KALOS (Karls
ruhe Lithium OrthoSilicate) process at Karlsruhe Institute of Technol
ogy, Karlsruhe, Germany [20]. The produced pebbles were thermally 
pre-treated at 900 ◦C for 3 weeks in air atmosphere using a muffle 
furnace in order to achieve an operation-relevant crystalline phase 
composition and microstructure. The crystalline phase composition was 
confirmed using both, powder X-ray diffractometry (p-XRD, D8 
ADVANCE – Bruker AXS) and attenuated total reflection-Fourier trans
form infrared (ATR-FTIR) spectroscopy methods (VERTEX 70v – Bruker 
AXS). The thermally pre-treated pebbles consist of two main crystalline 
phases: monoclinic Li4SiO4 and monoclinic Li2TiO3 [2]. The pebbles 
may also contain negligible amounts of lithium hydroxide (LiOH) and 
lithium carbonate (Li2CO3), which can form on the pebble surface dur
ing handling, storage, and during measurement in air atmosphere [21]. 
The content of main constituents was determined using both, X-ray 
fluorescence (XRF, PIONEER S4 – Bruker AXS) and inductively coupled 
plasma optical emission spectrometry (ICP-OES, iCAP 7600 – 
ThermoFisher-Scientific) methods. Using XRF spectrometry, it was 
determined that the content of silicon is 16.2 ± 0.2 wt% and that of 
titanium is 12.20 ± 0.09 wt%. Using ICP-OES method, the determined 
content of main constituents has an excellent correlation with data ob
tained by XRF spectrometry: 20.10 ± 0.09 wt% lithium, 16.30 ± 0.04 
wt% silicon, and 11.90 ± 0.02 wt% titanium. Based on the determined 
content of silicon and titanium, the actual amount of Li2TiO3 was 
evaluated using data from both methods: 30.6 mol% by XRF and 30.0 
mol% by ICP-OES. The content of trace elements (impurities) was 
determined using only the ICP-OES method. The dominating metallic 
impurity is aluminium (0.0775 ± 0.0008 wt%), which is introduced in 
the pebbles during the production process by raw materials. The content 
of all other measured impurities is negligible, e.g., potassium (0.0067 ±
0.0001 wt%), calcium (0.0067 ± 0.0001 wt%), platinum (0.0061 ±
0.0001 wt%), iron (0.0057 ± 0.0001 wt%), gold (0.0030 ± 0.0001 wt 

%), niobium (0.00286 ± 0.00003 wt%), magnesium (0.00211 ±
0.00001 wt%), sodium (0.00129 ± 0.00003 wt%), and zirconium 
(0.00119 ± 0.00006 wt%). 

The irradiation experiments with X-rays were carried out using a 
custom-built setup equipped with an X-ray tube (tungsten anode, anode 
voltage: 45 kV, anode current: 10 mA, irradiation time: 30 min, room 
temperature, air atmosphere). The absorbed dose of the irradiated ACB 
pebbles is evaluated to be about 1 kGy. The low absorbed dose was 
selected in order to induce mainly the formation of primary radiation- 
induced defect centres due to trapping of mobile charge carriers (elec
trons and holes) created by the indirect ionisation on intrinsic defects 
(crystalline lattice imperfections) and extrinsic defects (impurity atoms) 
[17]. EPR spectroscopy investigations of the pebbles before and after 
irradiation were carried out with a Bruker ELEXSYS-II E500 spectrom
eter operated at the X microwave frequency band (9.82 GHz). For cali
bration of g value, a diphenyl-picrylhydrazyl (DPPH) reference sample 
(g = 2.0036) was used. The spectra were acquired at room temperature 
in air atmosphere using 100 kHz magnetic field modulation frequency 
and 2 G modulation amplitude. To separate EPR signals with different 
power saturation characteristics, the microwave power was varied from 
0.2 up to 200 mW. Other relevant EPR acquisition parameters were: 
sweep field width – 700 G; acquisition time – 70 s; number of scans – 4. 
The irradiated pebbles were stored at room temperature in air atmo
sphere for up to 35 days and EPR spectra were taken after certain time 
periods. To study the thermal stability of accumulated radiation-induced 
defect centres, the irradiated pebbles were isochronally annealed in air 
atmosphere using a custom-built furnace with an estimated temperature 
uncertainty of ± 10 ◦C. The annealing temperature was increased 
stepwise from room temperature up to 350 ◦C. The temperature interval 
between two annealing steps was 25 ◦C, while the dwell time of each 
annealing step was 10 min. After each annealing step, the pebbles were 
rapidly cooled down to room temperature for the EPR spectra 
measurements. 

The stability tests of accumulated paramagnetic radiation-induced 
defect centres at room and elevated temperatures provided experi
mental data in order to identify and characterise individual signals 
contributing to the complex EPR spectra of the irradiated ACB pebbles. 
Afterwards, simulations of the experimental spectra as a superposition of 
several individual signals were performed using EasySpin software [22]. 
Solid-state EPR simulation functions pepper and esfit were used for the 
least-squares fitting procedure of the experimentally obtained spectra. 
Line broadenings were modelled using the HStrain function. 

3. Results and discussion 

EPR spectra dependence on microwave power for the ACB pebbles 
after irradiation with X-rays is shown in Fig. 1. No EPR signals were 
detected before the irradiation; therefore, the signals can be ascribed to 
radiation-induced defect centres. EPR spectra acquisition parameters 
were varied in order to analyse the contribution of individual para
magnetic radiation-induced defect centres. Three main groups of signals 
were detected with g values of about 2.04, 2.02–2.00, and 1.99–1.92. It 
is observed that the majority of signals scale with microwave power; 
however, for the signals in the g range of 2.02–2.00, variations in the 
line-shape are also evident. It has been demonstrated that the effect is 
caused by the presence of several overlapping EPR signals with different 
power-saturation characteristics [15,17]. 

EPR spectra simulations were performed to reconstruct the experi
mental spectrum as a superposition of several individual signals. In 
general, the principal g values in relation to the free-electron (ge =

2.0023) tipically indicate whether the outer shell is more (g > ge) or less 
(g < ge) than half-filled [23]. Based on the shift from the ge value, the 
analysis of experimental data is divided into two parts: g > 2.00 range 
signals, which are typical for hole centres (HCs), and g < 2.00 range 
signals, which can be assigned to electron centres (ECs). All signals were 
identified as spin S = ½ systems with no apparent hyperfine structure; 
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therefore, the following SH was selected: 

H = gμBBS (1) 

where g is the g-factor; μB – the Bohr magneton; B – external magnetic 
field; S – spin operator [24]. The following symmetries can be distin
guished based on the principal values of the g-factor: isotropic (g1 = g2 =

g3), axial (g1 = g2 ∕= g3), and rhombic (g1 ∕= g2 ∕= g3). 
The EPR simulation results for the g > 2.00 range signals are pre

sented in Fig. 2 and the determined SH parameters are summarised in 
Table 1. The spectrum acquired at 2 mW microwave power was selected 
for the analysis to minimise the contribution of g < 2.00 range signals, 
but still provide a reasonable signal-to-noise ratio. All signals, apart from 
one rhombic symmetry signal, consist of a single symmetric line and can 
therefore be characterised by an isotropic g value. Previously, similar 

signals have been reported in irradiated single-phase Li4SiO4 ceramic 
materials [25,26]. Therefore, the rhombic symmetry signal is attributed 
to the HC1 centre (hole trapped on a single non-bridging oxygen atom), 
and the determined principal components of the g tensor are in good 
agreement with multifrequency EPR analysis of the Li4SiO4 pebbles 
produced with a surplus of SiO2 after irradiation with neutrons and 
photons of different types and energies [17]. However, an isotropic 
signal with g = 2.012 attributed to the HC2 centre (hole delocalised over 
two non-bridging oxygen atoms bonded to the same silicon atom) is not 
detected in this case. The signal with g = 2.00 could be attributed to E’- 
type centres (in the simplest case, an unpaired electron localised on a 
dandling tetrahedral (sp3) orbital of a single silicon atom) [27,28]. 
Presently, the origin of signal with g = 2.02 is unknown. Previously, the 
signal with g = 2.04 has been detected in the ACB pebbles after irradi
ation and could be attributed to various oxygen-related hole centres 
[14,18,21,29]. The signals of Li2TiO3 as the second phase are not 
detected in this case due to the high radiation stability of this compound 
and relatively low absorbed dose [30]. Paramagnetic aluminium-related 
hole centres in quartz have also been reported to exhibit signals in this 
spectral range [27]; however, without the detection of characteristic 
27Al hyperfine structure, definitive assignment, in this case, is prob
lematic. As described previously, the content of other metallic impu
rities in the analysed pebbles is much smaller in comparison to 
aluminium impurities; therefore, the influence of these extrinsic defects 
on trapping of the created electrons and holes is highly unlikely. How
ever, the possibility cannot be completely ruled out as the detection 
limits of commercial X-band EPR spectrometers can achieve sensitivities 
down to 109 spins per G linewidth [31]. 

The stability of the identified paramagnetic radiation-induced defect 
centres was investigated at room temperature; the results are shown in 
Fig. 3. The changes in EPR spectra shape at room temperature are 
related to decay or conversion reactions of unstable radiation-induced 
defect centres associated with shallow traps of mobile charge cariers 
(electrons or holes). Spectra recorded using 20 mW microwaves have 
been selected as representative for all of the detected signals (both g >
2.00 and g < 2.00 range). The signals with g = 2.04, 2.02 and 2.00 
exhibit exponential decay. Nevertheless, the signals with g = 2.04 and 
2.02 are relatively more unstable in comparison to the signal with g =
2.00, which is in line with previous observations for the irradiated ACB 
pebbles [14,29]. EPR signal intensity of the HC1 centre shows a tendency 
to increase; however, it should be noted that the overlap with the 
dominant g = 2.00 signal hinders unambiguous analysis. Signals with g 
< 2.00 exhibit a complicated evolution with time, confirming the 
presence of multiple and overlapped anisotropic signals with similar g 
values. 

A stepwise isochronal annealing experiment of the irradiated ACB 
pebbles was conducted to gain additional insights into the characteris
tics of the individual paramagnetic radiation-induced defect centres. 
The decrease of individual EPR signal intensities upon increasing the 
annealing temperature is caused by thermally stimulated recombination 
processes of the accumulated radiation-induced defect centres. As the 
annealing temperature is gradually increased, mobile charge carriers are 
detrapped from different trapping sites with various thermal activation 
energies, resulting in the decay of the corresponding EPR signals. The 
results, which are shown in Fig. 4, provide complementary information 

Fig. 1. EPR spectra of the ACB pebbles after irradiation with X-rays depending 
on microwave power. 

Fig. 2. Simulations of the experimental EPR spectrum (2 mW microwave 
power) as a superposition of individual signals in g > 2.00 range. 

Table 1 
Determined SH parameters of individual EPR signals in g > 2.00 range for 
paramagnetic radiation-induced defect centres in the irradiated ACB pebbles.  

Designation Symmetry g ± 0.0010 

g = 2.04 Isotropic 2.0414 
g = 2.02 2.0202 
g = 2.00 2.0022 
HC1 Rhombic 2.0172 (g1) 

2.0104 (g2) 
2.0025 (g3)  
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for Fig. 3 about the stability of accumulated radiation-induced defect 
centres at elevated temperature. As expected, EPR signal intensities of 
the least stable signals with g = 2.04 and 2.02 decrease rapidly in the 
25–100 ◦C annealing range. Annealing of the signal with g = 2.00 can be 
divided into 25–150 and 175–250 ◦C intervals which differ by the rate of 
decay. The signal of the HC1 centre exhibits an initial increase, reaching 
maximum intensity after annealing in the 150–200 ◦C range, and a 
gradual decay onwards. The latter process is also correlated with the 
annihilation of signals with g < 2.00, which could be an indication of 
mutual recombination of the radiation-induced defect centres. The ob
tained results are also in good agreement with previous observations for 
the ACB pebbles under the simultaneous action of accelerated electrons 
and high temperature [18]. 

It is noteworthy to compare the obtained results with an analogous 
experiment performed on the irradiated Li4SiO4 pebbles produced with 
a surplus of SiO2 [17]. Firstly, in the present work, the annealing curve 

of the g = 2.00 and HC1 signals is shifted by 25–50 ◦C towards higher 
temperatures, which exceeds the ± 10 ◦C margins of uncertainty of both 
experiments. Secondly, the signals with g < 2.00 are formed only in the 
irradiated ACB pebbles. Therefore, it can be concluded that the addition 
of Li2TiO3 as the second phase introduces additional electron traps, 
which stabilise other paramagnetic radiation-induced defect centres. 

Detailed analysis of the EPR signals in g < 2.00 range, which are 
related to ECs, is challenging, especially in the low-temperature 
annealing range, where the overlapping signals are broad and uninfor
mative. However, some information, which is presented in Fig. 5 and 
Table 2, can be extracted from EPR spectra simulations after sample 
annealing above 150 ◦C. It was determined that, after annealing at 
300 ◦C, the EPR spectrum can be ascribed to a single centre, further in 
text designated as EC(II), with nearly axially symmetric g tensor (g2 ≈ g3) 
and broad linewidths. When analysing the spectra for lower annealing 
temperatures, a contribution from a signal, further in text designated as 

Fig. 3. (a) Evolution of EPR spectra (20 mW microwave power) and (b) stability of individual signals with time at room temperature.  

Fig. 4. (a) Evolution of EPR spectra (20 mW microwave power) and (b) stability of individual signals after sample annealing at different temperatures.  
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EC(I), is observed. The signal is composed of relatively narrow lines, 
which correspond to rhombic symmetry g tensor. Spectra evolution in 
the 150–300 ◦C annealing range suggests that the annealing of EC(I) is 
not a simple decay process but resembles a gradual EC(I) → EC(II) 
transformation. It could be explained as if several radiation-induced 
defect centres with similar SH parameters, but different stabilities, are 
present or changes in the local structure of the paramagnetic centres 
occur. 

The additions of Li2TiO3 as the second phase must be considered to 
discuss the origin of several ECs in the irradiated ACB pebbles. Previ
ously, no EPR signals in the g < 2.00 range were detected in irradiated 
single-phase Li4SiO4 or Li2TiO3 ceramic materials [25,26]. Therefore, it 
can be concluded that Li2TiO3 as the second phase introduces a variety 
of electron traps in the Li4SiO4 phase, which form the detected para
magnetic radiation-induced defect centres after exposure to X-rays. 
Oxygen vacancies and other intrinsic and extrinsic defects are common 
electron traps in oxide materials [32]. Also, titanium-related electron 
centres are plausible candidates for S = ½ systems with different sym
metries and g values presented in Table 2. It cannot be excluded that 
negligible amounts of titanium ions may be incorporated in the crys
talline structure of the Li4SiO4 phase during the production process. 
From previous studies, it is already known that the additions of poly
valent transition metal ions can significantly affect the formation of 
radiation-induced defect centres in single-phase Li4SiO4 ceramic mate
rials during irradiation [33,34]. During exposure to X-rays, electrons 
and holes are created by the indirect ionisation in the Li4SiO4 phase of 
the ACB pebbles. Afterwards, the formed holes are trapped on intrinsic 

defects, resulting in the formation of various HCs (HC1, centres with g =
2.02 and g = 2.04 signals), while electrons could be trapped in oxygen 
vacancies (intrinsic defects), forming E’-type centres (possibly related to 
the g = 2.00 signal), and on titanium impurities (extrinsic defects), 
resulting in the transformation of diamagnetic tetravalent titanium into 
paramagnetic trivalent titanium (Ti4+ → Ti3+). However, the latter 
assignment has to be considered with caution because the detection of 
isolated Ti3+ centres by EPR is usually not feasible at room temperature 
and requires measurements at cryogenic temperatures [35–37]. To 
summarise, the formation of new types of paramagnetic radiation- 
induced defect centres, which modify thermal properties of the exist
ing centres in the Li4SiO4 phase, is stimulated in the ACB pebbles by 
adding Li2TiO3 as the second phase. 

4. Conclusions 

Multiple signals of spin S = ½ systems with distinctive symmetries 
and g values were identified and characterised in the ACB pebbles after 
irradiation with X-rays. It was determined that paramagnetic radiation- 
induced defect centres with EPR signals in the g > 2.00 region are similar 
to irradiated single-phase Li4SiO4 ceramic materials, while additions of 
Li2TiO3 as the second phase in the ACB pebbles also stimulates the 
formation of several titanium-related electron centres with signals in the 
g < 2.00 region. The signals with g = 2.04, 2.02 and 2.00 are unstable at 
room temperature and exhibit exponential decay over time. However, 
the annealing of several radiation-induced defect centres is shifted by 
25–50 ◦C towards higher temperatures in comparison to the irradiated 
Li4SiO4 pebbles produced with a surplus of SiO2, suggesting the stabi
lisation of paramagnetic centres in the ACB pebbles. In addition, after 
annealing in the 150–300 ◦C temperature range, a complex evolution of 
EPR signals with g < 2.00 assigned to titanium-related electron centres 
was observed, which could be attributed to changes in the local structure 
of the respective radiation-induced defect centres. 
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Fig. 5. Evolution of EPR spectra in the 150–300 ◦C annealing temperature 
range and simulations of individual signals in g < 2.00 range. 

Table 2 
Determined SH parameters of individual EPR signals in g < 2.00 range for 
paramagnetic radiation-induced defect centres in the irradiated ACB pebbles in 
the 150–300 ◦C annealing temperature range.  

Designation Symmetry g ± 0.0010 

EC(I) Rhombic 1.9854 (g1) 
1.9568 (g2) 
1.9330 (g3) 

EC(II) Axial 1.9749 (g1) 
1.9283 (g2) 
1.9241 (g3)  
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