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Advanced ceramic breeder (ACB) pebbles, primarily composed of lithium orthosilicate (Li4SiO4) with lithium
metatitanate (Li;TiO3) as a second phase, are currently under development and testing as the European Union’s
reference material for tritium breeding in future thermonuclear fusion reactors. In the present work, the for-
mation and accumulation of paramagnetic radiation-induced defect centres is investigated and compared for the
first time in the untreated and thermally pre-treated ACB pebbles under exposure to different types of ionising
radiation. Electron paramagnetic resonance (EPR) spectroscopy is employed, with particular focus on correlating
the detected EPR signals with the optical properties of the irradiated pebbles. The stability of the radiation-
induced optical absorption bands and the positions of the main peaks in the thermally stimulated lumines-
cence (TSL) glow curves are correlated to the annealing of the EPR signals at g = 2.04 and g = 2.00. Within the
same temperature range, transformations occur among various radiation-induced electron-type centres, origi-
nating from structurally related sites formed in the bulk of the material. The annealing of these electron-type
centres proceeds in multiple stages up to 350 °C, involving recombination with hole-type centres that exhibit
different stabilities. The obtained results highlight the important role of paramagnetic centres in determining the

optical properties of the irradiated ACB pebbles.

1. Introduction

Advanced ceramic breeder (ACB) pebbles, primarily composed of
lithium orthosilicate (Li4SiO4) with lithium metatitanate (LioTiO3) as a
second phase, have been designed and extensively tested as the Euro-
pean Union’s reference material for tritium breeding in the helium
cooled pebble bed (HCPB) blanket concept [1]. The HCPB concept is
part of test blanket module (TBM) program within the international
thermonuclear experimental reactor (ITER) project [2] and is also
intended for application in the demonstration power plant (DEMO) [3].
Under operational conditions, the biphasic ACB pebbles will be sub-
jected to extreme conditions, e.g., high-energy neutrons and other types
of ionising radiation, elevated temperatures, strong magnetic fields, etc.

Therefore, to investigate their in-situ tritium release behaviour under
neutron irradiation at temperatures ranging from 400 to 900 °C, the
ACB-TREND (Advanced Ceramic Breeder’s in situ Tritium Release
Experiment under Neutron irraDiation) campaign was recently initiated
[4]. Although a limited number of short, preliminary neutron irradiation
experiments have been conducted with various parameters, and the
release behaviour of the generated tritium and helium by nuclear
transmutation reactions of lithium with neutrons has been analysed in
in-situ [5] and ex-situ modes [6], access to neutron irradiation facilities
remains constrained. Consequently, alternative irradiation sources and
ionising radiation of different types, masses, and energies have previ-
ously been applied in order to characterise radiation-induced effects in
the untreated and thermally pre-treated ACB pebbles: (1) photons (X-
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rays, gamma rays, and bremsstrahlung) with energies up to 6 MeV; (2)
electrons (beta particles and accelerated electrons) with energies up to
10 MeV and irradiation temperatures up to 1000 °C; (3) accelerated ions
with masses up to 127 amu (hydrogen, deuterium, helium, oxygen, sil-
icon, argon, iron, and iodine) and energies up to 20 MeV [7,8]. It is well
known that the interaction mechanisms and penetration depths of ion-
ising radiation in matter depend on the mass, electric charge, and energy
of the incident particles [9,10]. Therefore, by combining results from
various irradiation studies, a comprehensive understanding of radiation-
induced effects in the ACB pebbles can be achieved.

In the present work, the formation and accumulation of para-
magnetic radiation-induced defect centres (containing unpaired elec-
trons) is investigated and compared for the first time in the untreated
and thermally pre-treated ACB pebbles under exposure to different types
of ionising radiation using electron paramagnetic resonance (EPR)
spectroscopy. Special emphasis is placed on understanding the correla-
tion between the detected EPR signals and the optical properties of the
irradiated ACB pebbles. Optical microscopy is commonly employed as
one of the standard techniques for visual inspection and geometrical
characterisation, including colour changes, of neutron-irradiated
Li4SiO4 and LiyTiO3 pebbles [10,11]. The observed colour changes for
Li4SiO4 (from “pearl” white to black/grey) and LipTiO3 pebbles (from
off-white to blue) after irradiation using neutrons at elevated tempera-
tures (up to 850 °C) are probably related to the formation and accu-
mulation of optically active radiation-induced defect centres
(hereinafter referred to colour centres) that absorb ultraviolet—visible
light. As part of this work, diffuse reflectance spectroscopy is used to
analyse radiation-induced colour centres, while thermally stimulated
luminescence (TSL) technique provides insights into the radiative
recombination processes of electrons (e”) and holes (h™) trapped in
radiation-induced defect centres in the irradiated ACB pebbles (resulting
in emission of light with specific energy and wavelength) during heat-
ing. To directly compare the obtained results of EPR and diffuse
reflectance spectroscopy with TSL data, the isochronal annealing
method was applied, allowing to investigate annealing behaviour of
radiation-induced defect centres with various properties as a function of
temperature. Afterwards, these results can also be correlated with
tritium release behaviour from the neutron-irradiated ACB pebbles,
which has previously been analysed using thermal desorption spec-
trometry (TDS) [6].

2. Experimental

To investigate the influence of different types of ionising radiation on
the formation and accumulation of paramagnetic centres (Table 1), the
ACB pebbles with a nominal composition of 65 mol% Li4SiO4 and 35 mol
% LipTiO3 were fabricated using the melt-based process at the KALOS
(KArlsruhe Lithium OrthoSilicate) facility [1]. Using powder X-ray
diffractometry (PXRD, Bruker AXS Advanced) and inductively coupled
plasma — optical emission spectrometry (ICP-OES, iCAP 7600 — Ther-
moFisher Scientific), it was confirmed that the fabricated pebbles con-
sisted of 65.3 mol% Li4SiO4 (monoclinic form) and 34.7 mol% Li;TiO3
(cubic form). For irradiation using X-rays, the untreated pebbles were

Table 1
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exposed at room temperature (20-25 °C) in air for 30 min to an X-ray
source operated at a voltage of 45 kV and a current of 10 mA, resulting in
an estimated absorbed dose of about 1 kGy. The dosimetry of the X-ray
source was conducted using an RTI Piranha meter. For irradiation using
accelerated electrons, the pebbles were inserted into a plastic bottle with
dry air and subsequently sealed inside a vacuumed plastic bag. After-
wards, the irradiation was performed using 10 MeV accelerated elec-
trons at the Institute of Nuclear Chemistry and Technology in Warsaw,
Poland, with the “Elektronika 10/10” linear accelerator [12,13]. The
process was carried out step-wise with 25 kGy increments, up to a total
absorbed dose of about 0.5 MGy. The dosimetry was carried out using a
graphite calorimeter according to ASTM 51631-20el. During each
irradiation cycle, the sample temperature remained below 50 °C, as
determined by calorimetric measurements. For irradiation using accel-
erated ions, a pressed pellet with a diameter of about 13 mm and
thickness of about 2 mm was used instead of the pebbles to allow easier
handling and precise positioning during irradiation. Prior to irradiation,
the prepared pellet was thermally pre-treated at 400 °C in vacuum to
remove physisorbed and chemisorbed water (H,0) vapour from the
surface [14]. The thermally pre-treated pellet was then irradiated using
2.1 MeV H" ions at the Centre for Micro Analysis of Materials (CMAM)
[15] in Madrid, Spain, under vacuum and without external heating, up
to a total fluence of 5 e 10'® jons/cm?. It is expected that the surface
irradiation temperature during irradiation remained below 100 °C.
Penetration depth and damage profiles of accelerated ions were
modelled using SRIM (Stopping and Range of Ions in Matter) software
with full damage cascade simulations. Assuming a material density of
about 2.5 g/cm3 [11, the calculated penetration depth of 2.1 MeV H*
ions in the pebbles was about 45 pm (Fig. 1). The total absorbed dose
was estimated to be about 1.5 GGy and was calculated by dividing the
deposited energy of accelerated ions by the mass of the irradiated pellet
volume. Before characterisation using EPR spectroscopy, the irradiated
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Fig. 1. SRIM plots for the distribution of ionisation losses and collision events
in the untreated ACB pebbles induced by 2.1 MeV H" ions.

Summary of irradiation conditions for the untreated and thermally pre-treated ACB pebbles exposed to different types of ionising radiation.

Applied type of
ionising radiation

Description of irradiated sample

Sample shape

Irradiation Penetration Measurement time

conditions depth

Up to 45 keV X-rays Un-treated ACB pebbles (65 mol% LisSiO4
and 35 mol% Li,TiO3)

Thermally pre-treated ACB pebbles (70 mol
% Li4SiO4 and 30 mol% Li»TiO3)
Un-treated ACB pebbles (65 mol% LizSiO4
and 35 mol% Li,TiO3)

Un-treated ACB pebbles (65 mol% Li,SiO4
and 35 mol% Li,;TiO3)

10 MeV accelerated
electrons
2.1 MeV H" ions

Pebbles (250 — 1250 pm size)

Pebbles (250 — 1250 pm size)

Pressed pellet (~13 mm
diameter, ~2 mm thickness)

~1 kGy, 20-25 °C, Entire pebble
air volume

Immediately after the
irradiation

~0.5 MGy, <50 °C, Entire pebble ~1 year after the

dry air volume irradiation
~1.5 GGy, <100 °C, <45 pm depth ~5 years after the
vacuum irradiation
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pellet was carefully crushed into fine powder using an agate mortar at
room temperature in air to ensure sample homogenisation. EPR spectra
of the untreated ACB pebbles were measured immediately after irradi-
ation using X-rays, about 1 year after irradiation using accelerated
electrons, and about 5 years after irradiation using accelerated ions.
Since unstable paramagnetic centres decay over time at room temper-
ature [16,17], the obtained EPR spectra were normalised before
isochronal annealing, and the intensities of individual signals after
annealing were compared to the initial spectra of the irradiated pebbles.
Annealing was performed from room temperature up to 350 °C in a
custom-built furnace with an estimated temperature uncertainty of
+10 °C, maintaining each annealing step for 10 min.

To investigate radiation-induced colour centres and their correlation
to paramagnetic centres, the fabricated ACB pebbles with a nominal
composition of 70 mol% LisSiO4 and 30 mol% Li;TiO3 were used
(Table 1). To obtain a crystalline phase composition and microstructure
representative of operational conditions, the fabricated pebbles were
thermally pre-treated at 900 °C for 24 h in air by a muffle furnace. Ac-
cording to previous studies [18], thermal pre-treatment above 700 °C
prior to irradiation can influence the distribution of paramagnetic cen-
tres in the pebbles due to the reversible polymorphic phase transition of
Li4SiO4 between 600 and 750 °C. Using ICP-OES and PXRD, it was
confirmed that the thermally pre-treated pebbles consisted of 70.5 mol%
Li4SiO4 (monoclinic form) and 29.5 mol% Li>TiO3 (monoclinic form).
Afterwards, the thermally pre-treated pebbles were irradiated using an
X-ray source operated at 45 kV and 10 mA for 30 min at room tem-
perature in air, corresponding to a total absorbed dose of about 1 kGy.
The exposure to X-rays was chosen due to the practical advantages of
allowing immediate EPR spectra measurements following irradiation,
which is crucial for detecting unstable paramagnetic centres [16,17].
After irradiation, the pebbles were stored at room temperature in air for
up to 8 days, and characterisation was conducted at selected time in-
tervals. Annealing was performed immediately after the irradiation from
room temperature up to 350 °C.

EPR spectroscopy investigations of the irradiated ACB pebbles and
crushed powder before and after annealing were conducted using a
Bruker Elexsys-II E500 spectrometer. The EPR spectra were acquired at
room temperature using 9.83 GHz frequency microwave radiation with
10 mW power, 100 kHz magnetic field modulation frequency, and 0.4
mT modulation amplitude. For EPR spectra simulations, the EasySpin
software [19] integrated into a custom code was used.

Diffuse reflectance spectra were measured using a double-beam
spectrophotometer Specord 210. The ACB pebbles were pressed into a
pellet prior to irradiation using X-rays to ensure even light scattering in
all directions during spectra measurements. The intensity of radiation-
induced absorption was calculated by subtracting the diffuse reflec-
tance signal before and after irradiation.

TSL glow curves and spectra were measured using the Lexsyg
research TSL/OSL reader from Freiberg Instruments GmbH. Before each
measurement, the ACB pebbles were preheated to 350 °C in the reader to
eliminate previously formed radiation-induced defect centres. The
pebbles were irradiated using X-ray source VF-50 J/S operated at 40 kV
and 0.5 mA. The signals were detected by a photomultiplier tube
R13456 from Hamamatsu and a DV420A-BU2 CCD camera coupled to
an Andor SR-303i-B spectrometer. A 1 °C/s heating rate was used for TSL
glow curve measurements.

3. Results and discussion
3.1. Influence of different types of ionising radiation

Fig. 2 compares the normalised EPR spectra of the untreated ACB
pebbles subjected to different types of ionising radiation: (1) up to 45
keV X-rays (measured immediately after the irradiation); (2) 10 MeV
accelerated electrons (about 1 year after the irradiation); (3) 2.1 MeV H™
ions (about 5 years after the irradiation). The resulting EPR signals vary
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Fig. 2. Normalised EPR spectra of the untreated ACB pebbles after irradiation
using different types of ionising radiation.

depending on the ionising radiation energy, penetration depth, absorbed
dose, and the time elapsed since irradiation. Fig. 3 presents an alterna-
tive EPR spectra comparison with graded intensity scales to address
discrepancies in the absorbed doses and times elapsed between irradi-
ation and measurements. Both X-rays and accelerated electrons have the
necessary energy to irradiate entire volume of the pebbles with a size
distribution of 250-1250 pm, while in the case of accelerated ions, only
the surface of the pressed pellet will be irradiated (up to about 45 pm
depth). During irradiation using X-rays, the electrons and holes created
by the indirect ionisation are trapped at both intrinsic (crystal lattice
imperfections) and extrinsic (impurity-related) defect sites of the crystal
structure forming paramagnetic centres. During irradiation using
accelerated electrons, the formation of paramagnetic centres is induced
by direct ionisation, electronic excitation (radiolysis), and single atomic
displacements. During irradiation using accelerated ions, the ionisation
losses (i.e., direct ionisation and radiolysis) are induced along particle
penetration depth in the material, while matrix distortions due to
collision events and atomic displacements are mainly at the stopping
range of the implanted particles.

EPR signals formed in the untreated ACB pebbles following irradia-
tion using X-rays are consistent with previous studies [16,18]. As the
spectra were detected several minutes after the irradiation at room
temperature, the least stable signals associated with trapped holes
(labelled as g = 2.04 and g = 2.02) can still be detected. These para-
magnetic centres anneal in the 25-100 °C range (Fig. 3(a) and (d)). The
g = 2.00 region is constituted by several overlapping signals originating
from the LisSiO4 phase of the ACB pebbles [17]. These are usually
attributed to trapped electrons in oxygen vacancies, based on the g-
factor similarities to E’-type paramagnetic centres in quartz [20].
Additionally, a group of overlapping signals appears in the 352-367 mT
(g < 2.00) range. The origin of these signals is still unclear; however,
their formation has been suggested to be linked to electron-type centres
(ECs) due to the trapping of titanium from the Li;TiO3 phase in the
Li4SiO4 phase during the rapid solidification process of the ACB pebbles
[21].

The EPR spectrum of the ACB pebbles after irradiation using accel-
erated electrons (Fig. 2) shows a higher signal-to-noise ratio but a
smaller variety of EPR signals. The enhanced signal-to-noise ratio is
attributed to the significantly higher absorbed dose during irradiation
using accelerated electrons (about 0.5 MGy) compared to exposure
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Fig. 3. EPR spectra and annealing kinetics of individual signals after irradiation of the untreated ACB pebbles using (a), (d) up to 45 keV X-rays; (b), (e) 10 MeV

accelerated electrons; (c), (f) 2.1 MeV H" ions.

using X-rays (about 1 kGy), resulting in a larger concentration of para-
magnetic centres. However, as a result of the prolonged storage time of
the accelerated electron-irradiated ACB pebbles prior to EPR spectra
measurements, the less stable centres (g = 2.04, 2.02, 2.00) have already
decayed. Consequently, only minor changes are observed for these
pebbles after annealing in the 50-100 °C range (Fig. 3(b) and (e)).
Instead, a rather synchronous decay of the stable hole-type centre (HC I)
and g < 2.00 EPR signals occurs within the 125-250 °C annealing range.
The annealing behaviour of these stable paramagnetic centres can be
directly compared across different irradiation types and absorbed doses,
regardless of time elapsed since irradiation. According to previous
studies [16,17], the HC I signal originates from a hole trapped at an
oxygen ion resulting in the formation of O™ -type centre in the Li4SiO4
phase of the ACB pebbles during irradiation.

The penetration depth of accelerated ions is an important factor to
consider when evaluating formation of paramagnetic centres in the ACB
pebbles. Compared to X-rays and accelerated electrons, 2.1 MeV H' ions
have a limited penetration depth (Fig. 1), resulting in a reduced irra-
diated volume and, consequently, a worse signal-to-noise ratio in the
EPR spectrum (Fig. 2). Only the presence of stable paramagnetic centres
is expected, given the extended storage time of the sample at room
temperature. Notably, the HC I signal position and shape are essentially
the same for both the accelerated ion- and electron-irradiated ACB
pebbles. However, the generation efficiency of the g < 2.00 signals is
significantly lower after irradiation using accelerated ions. This suggests
that the formation of paramagnetic ECs occurs predominantly within the
bulk volume of the ACB pebbles. As a result of a small irradiated volume
in the case of accelerated ions, the g < 2.00 signals are weaker despite
the higher absorbed dose (about 1.5 GGy).

A comparison of the annealing kinetics following irradiation with
different types of ionising radiation (Fig. 3) provides additional insights
into the accumulation and stability of ECs in the ACB pebbles. Three
stages can be distinguished in the annealing kinetics of the g < 2.00
signals following irradiation using X-rays (Fig. 3(d)): (1) the initial
decline 50-100 °C, likely associated with the annealing of the less stable

g = 2.04 signal; (2) a subsequent decrease between 125-200 °C, corre-
lated with the decay of g = 2.00 signal; (3) final stage at 200-300 °C,
which overlaps with the annihilation of the HC I signal. In contrast, the g
< 2.00 signal in both the accelerated electron- (Fig. 3(e)) and ion-
irradiated ACB pebbles (Fig. 3(f)) shows a more gradual, monotonic
decrease. This behaviour is consistent with the presence of only the more
stable HC I signals in these samples. These observations support the
interpretation that the complex g < 2.00 region arises from multiple
overlapping EC signals, each with distinct thermal stabilities and suggest
the existence of several recombination pathways. Additional details on
the complex annealing behaviour of ECs in the thermally pre-treated
ACB pebbles after irradiation using X-rays will be provided in Section
3.2 of the article.

3.2. Optical properties and their correlation to paramagnetic centres

Both paramagnetic and non-paramagnetic centres can contribute to
the optical properties of the irradiated ACB pebbles. To investigate and
compare the signals of radiation-induced defect centres with various
properties, TSL glow curves and diffuse reflectance spectra were ana-
lysed. The TSL glow curve of the thermally pre-treated ACB pebbles after
irradiation using X-rays (Fig. 4) consists of at least two overlapping
peaks with maxima at 88 °C and 150 °C. The dominant signal in TSL
spectra for these two peaks contains a broad luminescence band with a
maximum at 408 nm. The changes in the local structure of the emitting
centres could explain the decreased width of luminescence band for TSL
peaks as the annealing temperature increases. The obtained results
suggest the coexistence of several trapping and emitting centres in the
irradiated pebbles. Similar emission spectra have been reported in
Li4SiO4 associated with intrinsic point defects [22,23].

Diffuse reflectance spectra were measured (Fig. 5(a)) to characterise
the formation of colour centres upon exposure of the thermally pre-
treated ACB pebbles to X-rays. The diffuse reflectance spectra before
irradiation consist of two dominant absorbance bands in the blue and
green spectral ranges with maxima at 405 nm and 540 nm. Similar
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Fig. 4. TSL glow curve of the thermally pre-treated ACB pebbles after irradi-
ation using X-rays; inset: TSL spectra detected at 88 °C and 150 °C.

absorption bands have been reported previously [22] and could be
related to both intrinsic defects and impurity ions. After irradiation, an
additional broad absorbance band was detected, indicating the forma-
tion of radiation-induced colour centres. After storage of the irradiated
sample in darkness, a gradual decrease in intensity was detected, most
likely due to thermal liberation of trapped mobile charge carriers in
intrinsic and extrinsic defects.

Fig. 5(b) shows an analogous experiment monitoring the changes of
radiation-induced EPR signals with time. Gradual decrease of g = 2.04
and g = 2.00 signals is observed, while the intensity of the signal in the g
< 2.00 range increases, which is consistent with previous studies [16].
As shown in Fig. 6, the changes in the integral absorption intensity of
radiation-induced colour centres are correlated with the g = 2.00 EPR
signal.

Annealing of the irradiated ACB pebbles led to a reduction in the
absorbance intensity of radiation-induced colour centres. Fig. 7(a)
shows the changes in the diffuse reflectance spectra after annealing at
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different temperatures, while Fig. 7(b) illustrates the correlation be-
tween the TSL glow curve and the annealing behaviour of radiation-
induced optical absorption and EPR signals. To evaluate the quantita-
tive relationship between the integral radiation-induced optical ab-
sorption band and the EPR signal at g = 2.00, the Pearson correlation
coefficient (PCC) was calculated between their temperature de-
pendences. The resulting coefficient r = 0.96 indicates a strong positive
correlation. Linear regression analysis (See Fig. S1 of the Supporting
Information file) confirms that 92 % of the variance in the optical ab-
sorption can be explained by the EPR signal intensity. This supports the
conclusion that both signals arise from the same radiation-induced
defect centre.

A comparison of the annealing kinetics of individual EPR signals
following irradiation using X-rays (Fig. 3(d) and Fig. 7(b)) reveals dif-
ferences between the untreated and thermally pre-treated ACB pebbles.
While slight compositional differences of the pebbles may contribute,
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Fig. 6. Comparison of radiation-induced optical absorption and EPR signal
stabilities for the thermally pre-treated ACB pebbles after irradiation using
X-rays.
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the primary factor is associated with thermal pre-treatment prior to
irradiation. Quantitatively, intensity variations of up to a factor of five
for individual EPR signals of the generated paramagnetic centres have
been reported [18]. Despite these differences, both untreated and
thermally pre-treated pebbles exhibit similar EPR signals after irradia-
tion using X-rays (g = 2.04, 2.00, HC L, and g < 2.00). In the thermally
pre-treated pebbles, the paramagnetic centres anneal at slightly higher
temperatures. The annealing kinetics of the g = 2.04 and g = 2.00 signals
correlate with the thermal stability of the diffuse reflectance curve, and
their rapid decline in the 25-150 °C range overlaps with the major peaks
of the TSL glow curve (Fig. 4). These observations suggest that para-
magnetic centres play a key role in determining the optical properties of
the irradiated pebbles. However, these correlations do not necessarily
mean that the paramagnetic centres themselves serve as the colour or
recombination centres.

Multiple experimental observations and literature reports indicate
the complex nature of the g < 2.00 signal. Notably, the signal structure
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varies significantly depending on the applied type of ionising radiation
(Fig. 2). Additionally, changes in the spectral shape are observed upon
annealing (Fig. 3) and during storage at room temperature over varying
time intervals (Fig. 5(b)). Previous studies have attempted partial sim-
ulations of individual components contributing to the EPR spectrum in
the g < 2.00 range [16,21].

Fig. 8 provides a solution based on EPR spectra simulations, which
can account for the full thermal annealing behaviour of the g < 2.00
signal in the thermally pre-treated ACB pebbles after irradiation. The
simulations were performed using the following spin-Hamiltonian:

H = guyBS )]

where g is the g-factor; y; — the Bohr magneton; B — external magnetic
field; S — electronic spin operator [24]. The fitted principal g-factor
values of individual components are listed in Table 2. Simulations of
individual EC components after annealing of the irradiated pebbles are
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Fig. 8. (a) Simulations of radiation-induced g < 2.00 signal components after annealing of the thermally pre-treated ACB pebbles at selected temperatures; (b)

annealing kinetics of individual components constituting the g < 2.00 signal.
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Table 2
Simulated g-factor values of the ECs in the thermally pre-treated ACB pebbles
after irradiation.

Component &1 & 83

1 1.981(2) 1.956(5) 1.926(2)
2 1.993(1) 1.958(5) 1.937(1)
3 1.986(1) 1.965(5) 1.933(1)
4 1.964(2) 1.941(5) 1.924(2)

shown in Fig. 8(a). Their relative contributions to the experimental “EPR
g < 2.00” spectrum for different annealing temperatures are shown in
Fig. 8(b). The errors associated with EPR parameter fitting were minor
compared to those introduced by temperature deviations during the
annealing process. For Component 1, a three-parameter inverse logit
function was used, yielding a PCC value of r = 0.928, indicating a
satisfactory correlation. Components 2 and 3 displayed nearly identical
EPR parameters, annealing behaviours, and intensity profiles. These
paramagnetic centres were not detected immediately after irradiation
but appeared during annealing. Both were well described by a three-
parameter Gaussian distribution, achieving an r = 0.994 - an excellent
correlation relative to other centres. Component 4, similar to Compo-
nents 2 and 3, increased in intensity following annealing but exhibited a
small initial signal. This suggests that Component 4 may consist of at
least two overlapping centres; however, due to its broad linewidth and
low initial intensity, further separation was not feasible. It was therefore
modelled using a six-parameter double Gaussian distribution, with an r
= 0.978. The total “EPR g < 2.00” intensity was represented as a three-
parameter linear convolution of all preceding fits, resulting in an overall
r = 0.972 for the four-component model — demonstrating a good cor-
relation between the experimental data and the proposed model.

Although unambiguous deconvolution of a broad EPR spectrum into
overlapping signals is challenging, several conclusions can be drawn
from the obtained simulation results. The g-factor values of the simu-
lated components suggest the presence of a family of structurally related
ECs in the thermally pre-treated ACB pebbles after irradiation. The g <
2.00 signal structure observed between 25 and 100 °C is primarily
governed by the broad Component 1, while at higher annealing tem-
peratures, Component 4 becomes dominant. Components 1 and 4 most
likely do not correspond to single, well-defined paramagnetic centre, but
rather to distributions of centres exhibiting similar annealing behaviours
and broad linewidths. The pronounced signal broadening is attributed to
structural disorder, which causes a distribution of g-factor values. Ti —»
Si substitution in semi-amorphous regions of the Li4SiO4 phase could
explain a broad distribution of SH parameters. The formation of Com-
ponents 2 and 3 in the 100-200 °C annealing range is noteworthy, as
their powder spectra show better-resolved signal structure. A similar
effect was observed in ref. [16] (EPR signal EC(I)), where a gradual
transformation between different ECs was proposed. The specific point
defects and disorder effects appear to be sample-dependent, as slightly
different sets of parameters have been reported in previous studies
[16,21]. Consequently, both the material composition and thermal pre-
treatment history must be considered when describing charge trapping
processes in the pebbles under exposure to ionising radiation.

On the basis of the obtained results, it can be concluded that the
formation and accumulation of similar paramagnetic centres occur in
the untreated and thermally pre-treated ACB pebbles during irradiation,
regardless of the type, mass, or energy of the ionising radiation. Varia-
tions in the overall shape and intensity of the experimentally recorded
EPR spectra are most likely due to differences in absorbed dose, particle
penetration depth within the material, and the time elapsed between
irradiation and measurements. The positions of the main peaks in the
TSL glow curves during heating up to 250 °C, as well as the stability of
the radiation-induced absorption bands, correlate with the decay of the
g = 2.04 and g = 2.00 EPR signals. Within the same temperature range,
transformations take place among various electron-type centres, which
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originate from structurally related sites formed in the bulk of the ma-
terial. The annealing of these electron-type centres proceeds in multiple
stages up to 350 °C, as they recombine with hole-type centres exhibiting
different stabilities. Since the onset temperature of tritium release in the
neutron irradiated ACB pebbles has been reported at about 300 °C [25],
the most thermally stable paramagnetic centres should be taken into
account in the analysis of tritium release kinetics. In addition, a colour
change from off-white to dark blue-grey was observed for the ACB
pebbles under exposure to neutrons at irradiation temperatures below
50 °C, while after TDS measurements up to 900 °C, the dark colouration
disappeared, probably due to annealing of radiation-induced colour
centres.

4. Conclusions

The formation and accumulation of paramagnetic radiation-induced
defect centres was investigated and compared for the first time in the
untreated and thermally pre-treated ACB pebbles under exposure to
different types of ionising radiation: (1) up to 45 keV X-rays; (2) 10 MeV
accelerated electrons; (3) 2.1 MeV H' ions. The time interval between
irradiation and analysis was identified as a critical factor, as several
generated paramagnetic centres are unstable and decay at room tem-
perature. The structure and distribution of stable paramagnetic centres
were found to be similar in X-ray and accelerated electron-irradiated
pebbles. In contrast, samples irradiated with accelerated ions exhibi-
ted a reduced formation efficiency of electron-type centres and a lower
overall concentration of paramagnetic centres, primarily due to the
limited penetration depth of the ion beam. However, drawing definitive
conclusions about the formation mechanisms of paramagnetic centres in
the ACB pebbles exposed to different types of ionising radiation is
inherently challenging due to the varying interaction mechanisms and
the limitations of the spectroscopic methods employed.

The accumulated radiation-induced point defects act as colour cen-
tres, resulting in visible colouration of the ACB pebbles. The stability of
the radiation-induced absorption bands, as well as the positions of the
main peaks in the TSL glow curves, correlates with the decay of the EPR
signals at g = 2.04 and g = 2.00 within the 50-200 °C temperature range.
In the same range, transformations take place among various electron-
type centres, which originate from structurally related sites formed in
the bulk of the material. The annealing of these electron-type centres
proceeds in multiple stages up to 350 °C, as they recombine with hole-
type centres exhibiting different stabilities. The obtained results high-
light the significant role of paramagnetic centres in determining the
optical properties of the ACB pebbles. These findings provide a valuable
reference framework for interpreting future neutron irradiation experi-
ments of the ACB pebbles, where similar paramagnetic centres and
radiation-induced absorption bands are expected to occur under ther-
monuclear fusion reactor-relevant conditions.
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