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ARTICLE INFO ABSTRACT

Handling Editor: P. Vincenzini One promising host for actinide radioactive wastes is orthorhombic perovskite-type oxide. Perovskite SrCeO3

ceramic was synthesized by nitrate-fuel combustion, which includes the organic fuel glycine. Powder X-ray

Keywords: diffraction was utilized to determine the structural features, and y-radiation-induced changes and shielding
Perovskite properties were investigated in perovskite SrCeOs. In a mixed-phase sample, a bright sky-blue luminescence was
SrCeO3 observed, and two thermoluminescence (TL) peaks were seen in irradiated SrCeOs ceramic. Electron para-
y-radiation . . . . . . X

EPR magnetic resonance (EPR) spectrum in y-irradiated SrCeOs ceramic had contributions from five defect centers.
Defect centers Center I having an isotropic g-value equal to 2.0283, is ascribed to an O~ ion, while center II with an axial g-
Thermoluminescence tensor with principal values g| = 2.0224 and g, = 2.0068 is determined as an Oz ion. O™ ion relates to the TL

peak at 215 °C. Center III with a g-value equal to 2.0009 is identified as an F' center and is related to the 185 °C
TL peak. The defect center associated with center IV is also identified as an F' center. An additional defect center
in the higher field region of the spectrum is assigned to an F' center, and the center results from an F-center
(oxygen vacancy with two electrons). The mass attenuation coefficients, effective atomic numbers, and half-
value layer thicknesses concerning shielding property effectiveness were computed and it was found that the
perovskite SrCeO3 ceramic provided superior y-shielding properties.

1. Introduction

Investigation of radiation-induced defects in solid materials and their
roles under different applications has greatly improved over the last two
decades [1-4]. Ionizing radiation is increasingly applicable in numerous
research fields, including industry, medicine, and nuclear power pro-
duction [5-8]. It is worth noting that the nuclear industry needs to find
solutions for immobilizing radioactive waste for safe long-term storage.
Borosilicate glass is used to immobilize these materials, and researchers
have also investigated various categories of ceramic hosts and glass for
many years [9-12]. The structure of perovskite-type ceramic hosts is
significant for compacting a wide variety of radioactive waste elements
to convert the crystalline forms of their constituent phases [13-16].
Findings in the literature suggest that the chemical and physical dura-
bility of radioactive waste-loading materials can contribute significantly
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to the successful isolation of nuclear waste [17-20]. Thus, the impacts of
radiation on the chemical stability and physical characteristics of
perovskite-type ceramic are of great importance.

The ABOj3 perovskite-type oxides have been investigated extensively,
considering intriguing properties such as optical, superconductivity,
ferroelectricity, and magnetism [21-24]. Perovskite oxide materials
with large divalent A cations and tetravalent B cations are industrial
functional compounds with several applications due to their magnetic,
ion-exchange, ferroelectric, luminescent, catalytic, and semiconducting
properties [25-30]. In recent years, cerium oxide-based perovskites
have been studied owing to being widely used as catalytic and ceramic
composite materials having fluorescence, high mechanical properties,
and ion exchange [31-33]. The perovskite-oxide ceramics such as
SrCeO3 and BaCeO3 have excellent proton conduction at elevated tem-
peratures [34]. The structural stability of the SrCeOs ceramic is higher
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than that of the BaCeO3 ceramic in a humid atmosphere [35]. In recent
years, the physical properties of SrCeOs have been broadly investigated
for characterizing fission product inclusions in immense burnup UO,
nuclear fuel and potential applications in hydrogen-based fuel cells [36,
371.

The B site of SrCeO3 has moderate exchange by the trivalent rare
earth (RE) cations to improve proton conductivity and chemical stabil-
ity. SrCeO3 doped with Yb>*, Y3*, or Sc* is known to produce a proton-
conductive oxide in a hydrogen-containing atmosphere at elevated
temperatures [38,39]. Yb>*-doped SrCeOs; perovskite materials are
promising for Hy separation membranes [40]. Liu et al. [41] studied the
conductivity and the chemical stability of SrCeO3 by substituting K* and
Y3+ for Sr** and Ce**. They observed that substituting monovalent K*
for divalent Sr’" generated an adequately negative defect that
charge-compensated due to the production of the sufficiently positive
defect. Shandiz et al. [42] reported a low-temperature gas sensor via the
fabrication of SrCeggYbg 103 as a proton conductor. Dong et al. [43]
studied theoretical spin-Hamiltonian parameters in favor of the ortho-
rhombic Pr** ion that occurs onto a SrCeOj crystal, and Sahu et al. [44]
investigated solid-state speciation of uranium ions and their hot struc-
ture in SroCeO4 using time-resolved photoluminescence spectroscopy. In
addition, they have explained the proper understanding of the photo-
physical properties of uranium ions with the help of the host SroCeOy4
model host lattice.

Researchers have made considerable effort in the past few decades to
design a novel luminescent system without RE doping because of the
cost involved in RE mining and processing [45-47]. In this context,
numerous studies have been performed on several luminescent systems
without RE elements [48-51]. Cerium (Ce) is the most abundant,
low-cost material among RE elements. Therefore, the alkaline earth
cerium oxide luminescent system has been emerging as a significant area
of research to replace traditional expensive RE luminescence systems
[52,53]. Currently, there is a tremendous demand for focus on designing
self-activated luminescent systems separate from defect-induced
luminescence.

Though many studies are available on the synthesis and the lumi-
nescence properties of alkaline earth cerium oxide ceramics, the influ-
ence of defects in SrCeO3 and their effects on luminescence has not been
well investigated [54-56]. Therefore, we took a step forward using
electron paramagnetic resonance (EPR) spectroscopy to understand the
role and possible defects responsible for thermoluminescence (TL) in
SrCeOs. EPR is an effective technique for studying in-depth physical
characteristics of paramagnetic defects in oxides, and EPR’s
radiation-induced defects have been extensively explored for its ther-
mal, electrical, and optical studies [57-60]. Cerium is one of the
promising candidates in the RE ions having 3+ and 4+ oxidation states
which offers a suitable luminescence output under UV excitation.
Concurrently, the optical properties and radiation-induced trans-
formations have also been investigated for Ce ions in diverse aspects
[61-63]. Many research papers have already been published on the
luminescence studies of numerous cerium-doped systems, but as far as
we found, none of the work has been reported on TL and EPR of
gamma-irradiated SrCeOs.

Generally, ceramic powder is synthesized by conventional solid-state
reaction, which involves mixing powder reactants, such as oxides or
carbonates, then calcining the mixture at a high temperature for a spe-
cific duration to obtain ceramic powders. Among various synthesis
methods, combustion synthesis is a promising approach for obtaining
ceramic with relatively low temperature and time. However, this
method also has some issues of sensitivity that depend on the procedure
of parameters. Thus, to achieve the optimum process, fuels recreate a
substantial role in obtaining the pure phase of the sample by releasing
sufficient heat during synthesis. In the present study, we characterized
the SrCeO3 ceramic prepared by varying amounts of glycine as a prev-
alent fuel. Next, we investigated the prepared products using X-ray
diffraction (XRD) and photoluminescence (PL). We identified several
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defects formed by gamma irradiation in the sample and examined their
roles in the TL glow peaks. In addition, we combined EPR and TL results
to get the details regarding the identification and decomposition of
defect centers in the SrCeOs system, and we investigated the shielding
properties of SrCeOs ceramic using mass attenuation coefficients (p/p),
effective atomic numbers (Zf), and half-value layer (HVL) thickness.

2. Materials preparation, analysis, and computational method
2.1. Material preparation and analysis

We prepared the SrCeOs; host by combusting Sr(NOs);, Ce
(NO3)3-6H20, CoHsNO9, and H3BOg as precursor materials. We prepared
the SrCeOs; samples with two different compositions. In the first
composition, we calculated the amount of precursor materials, keeping
the oxidizer/fuel molar ratio = 1, the stoichiometric amount of 1.4812 g
[Sr(NOs3)2], 3.0394 g [Ce(NO3)3-6H,0]1, 1.4556 g (CoHsNO3), and 0.047
g [H3BOs] materials were used as precursor materials, and this sample is
here referred to as SC1. In the second composition, we used double the
amount of fuel. We used the stoichiometric amounts of 1.4812 g [Sr
(NO3)2], 3.0394 g [Ce(NO3)3-6H01, 2.9112 g (C;HsNO,) and 0.047 g
[H3BOs] as precursor materials, and we refer to this sample as SC2. To
complete the combustion, we placed all the precursor materials in a 150
ml glass beaker and mixed them into 20 ml of de-ionized water. The
prepared solution was heated on a hot plate for 20 min to find a ho-
mogenous solution which was further transferred inside a preheated
furnace with a temperature of 500 °C. After the reaction was completed,
fluffy masses formed inside the glass beaker after being crushed by
mortar and pestle to achieve a tenuous powder. In the next step, trans-
ferred achieved powders to an alumina crucible, followed by annealing
in a furnace at 1000 °C for 2 h in an air medium. We then used the
resulting powders for characterization. The detailed process of the
synthesis is shown in the pictorial view in Fig. 1.

The crystal structure has been analyzed through powder XRD anal-
ysis with a Rigaku Miniflex-II diffractometer operated with the Bragg-
Brentano focusing geometry, using CuKa radiation (. = 1.5406 A) for
an X-ray source. XRD spectra were taken from the synthesized samples
with a scanning rate of 5°/minute, and the 20 range of 10 to 80°. The PL
emission and excitation spectra were observed using a spectro-
fluorophotometer (RF-5301PC Shimadzu) fitted with a xenon lamp. In
addition, we used a calibrated ®°Co gamma chamber to irradiate the
sample with gamma rays. Thermo Scientific 4500 TL reader has been
used for the TL measurements, and a Bruker EMX ESR spectrometer
operated at X-band along 100 kHz modulation frequency for the EPR
experiments. The g-factors of defect centers were determined by the
diphenyl picryl hydrazyl used for a stock sample. In addition, we studied
the EPR spectra operating a Bruker BVT 2000 variable temperature
accessory with the function of temperature.

2.2. Computational method

Mass attenuation coefficients for gamma radiation of a compound
material are computed by employing the mixture rule as follows,

M/ﬂ =D wilu/p); )

where wj is the fractional weight and (u/p);, is the total mass attenuation
coefficient regarding the ith constituent in a compound. The u/p value at
the specific energy of an element can be calculated by Xcom software
[64].

The half-value layer (HVL) is a suitable material parameter for
gamma-ray interaction. It is used significantly at a certain thickness of
the sample sheet, which is required to decrease the intensity of photon
by 50 % from the initial value. In this instance, HVL described the
effectiveness of gamma-ray shielding. HVL and mean free path (MFP)
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Fig. 1. Schematic representation of the synthesis of SrCeO3 (SC1) and SrCeOs (SC2) ceramics.

were calculated applying the following equation:

HVL 20.393 o)

where y is the linear attenuation coefficient (cm_l), and it is defined by
the product of mass attenuation coefficient value (1) and sample density
().

Effective atomic number (Z) is a fitting parameter concerning
gamma-ray interactions and also comparable to the atomic number of
elements, which explains compounds’ properties concerning corre-
sponding elements. Its properties also vary with energy. It can also be
derived by the following equation [65].

Oq
Oe

Zogs 3

where ¢, and o, are conductivity of atomic and electronic cross-sections
respectively. It can be determined by applying the formula given below,

H/p
g = W (3a)
Np3oit

_1 fi4i
O, = N_A ; <ZJA_J> w; (Bb)

3. Results and discussion
3.1. Crystal structure analysis

The XRD patterns of prepared SrCeOs3 (SC1) and SrCeOs (SC2)
samples are displayed in Fig. 2. The XRD spectra for SC1 showed a
dominant phase of the typical SrCeO3 (JCPDS, 41-1689) and other
peaks corresponding to SrCeO4 and CeO» phases. The pattern for SC2
indicated that the formation of the SrCeO3 phase improved significantly
but that there were few and very weak peaks of SroCeO4 and CeO2
phases. In the XRD pattern for SC2, we observed that the amount of
glycine rises preferred the structure of the SrCeO3 phase; in SC2, the
peak intensity of SroCeO4 and CeO5 decreased significantly and most of
them disappeared altogether. It implies that fuel plays a vital role in
combustion synthesis. Zhang et al. [66] reported that in the SrO-CeOy
system, at low temperature, the Sr,CeO4 is stable; however, as

. SrCeOs
*8ryCeOy
+Ce0,y

SrCeOy (SC2)

SrCe04 (SC1)

JCPDS File No:- 41-1689
)

JCPDS File No:- 22-1422

| JCPDS File No:- 34-0394
! | |

20 30 40 50 60 70 80
20 (Degrees)

Fig. 2. Powder XRD patterns of SrCeO3 (SC1) and SrCeO3 (SC2) ceramics.

temperature increases, the SrCeO3 phase becomes stable. Therefore, it
can be concluded from the XRD results that the heat released during the
combustion process after we increased the amount of glycine was suf-
ficient to form an adequate crystalline SrCeO3 phase. Fig. 3 shows the
crystal structure of the SrCeOs host, it has an orthorhombic perovskite
type with the Pnma space group. The SrCeOj crystal structure construct
is based on Ce** octahedra states through distributing corners system;
the Sr?* ion occupies the center of the octahedra. Moreover, Sr and Ce
ions have 8 and 6 coordination numbers, respectively.

3.2. Photoluminescence analysis

Fig. 4 shows PL spectra of SrCeOs (SC1) and SrCeO3 (SC2) samples.
Fig. 4 (a and b) represent the excitation and emission spectra (plotted by
a red line) of SC1, respectively. The excitation spectrum exhibits an
intense band over a maximum of 270 nm and a weak shoulder at 334
nm. It is noteworthy that cerium atoms persist in two oxidation states,
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Fig. 3. General view of SrCeOs crystal structure.
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Fig. 4. Photoluminescence spectra of SC1 and SC2 ceramics (a) Excitation
spectrum (Aem = 470 nm) and (b) Emission spectrum (Aexc = 270 nm).

either 3+, which is fully reduced, or 4+ fully oxidized states. Mostly the
lanthanides are stable only in the trivalent structure, while cerium
shows unique stability in the tetravalent structure. It has 4f and 5d
partially filled subshells with the prediction of multiple excited sub-
state. Seema and Nandakumar [67] reported two different bond
lengths in Ce*"-0? lattice structure; hence SroCeO4 phosphor exhibited
a peak at 254 nm excitation, including a small hump near 267 nm.
Furthermore, they conclude that these excitation peaks owe distinct
charge transfer transitions [67]. Gupta et al. [68] studied the lumines-
cence properties of SroCeO4 phosphor, and their excitation spectra
represented dual peaks, a broad peak at 315 nm other a small hump at
360 nm. Moreover, Seo et al. [69] studied the excitation spectra of
SroCe0O4 and found a broadband peak at 299 nm and a small hump at
349 nm owing to the Ce*" ions charge transfer states for t1g-f and ty-f
correspondingly. Grzyb et al. [70] studied SroCeO4 phosphor, and their
excitation spectrum showed a wide asymmetric peak consisting of
several peaks, 243, 296, and 330 nm. Earlier, Li et al. [71] demonstrated
that the peak at 296 nm comes from the overlap of the dual residual
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peaks, and the peak at 243 nm is related to the 01—Ce*" transition; O1
denoted terminal oxygen in SroCeQOy; furthermore, 330 nm peak is due to
the CT transition within the equatorial oxygen ion and Ce*" ion
(02-Ce*h) [711.

Fig. 4(b) represents the emission spectrum of SC1 under the excita-
tion wavelength at 270 nm. A single broadband peak observed at 470
nm was attributed to the Ce** charge transfer emission. Seema and
Nandakumar [67] reported a similar emission broadband peak at 470
nm for the SroCeO4 phosphor, although the excitation wavelength was
267 nm. A previous report stated that the 4f shell is empty in Ce**; hence
the transition is possible because the oxygen ligand excites the electron
upon the ce*t ion (CT transition of Ce4+—02’) [68]. In addition, Seo
et al. [69] reported that owing to the radiative relaxation process, a
broad emission peak observed at 478 nm comes through the CeOg
octahedra excited charge transfer state. Li et al. [71] observed that
SroCe04 exhibits a broadband peak at 475 nm, ascribed to the CT
transition of Ce4+-02'; Seema and Nandakumar [67] reported the broad
emission band at 467 nm with SroCeQOj4.

For the luminescence of SC1, the excitation and emission spectra
probably appeared because of the mixed phase of SrCeO3 and SroCeOj4.
The differences between the excitation and emission spectra peak po-
sitions are noticeable because SC1 was not pure SroCeQOy; it was a mixed
phase of SrCeO3 and SroCeO4. On the other hand, SC2 prepared under
the same experimental conditions observed no excitation spectrum.
From the XRD results of SC2 (Fig. 2), it was confirmed that there was no
prominent XRD peak in the SroCeO4 phase, whereas SC1 consisted of
several peaks because of SroCeOg4. Therefore, the emission peak of SC1
(470 nm) can be attributed to O2p — Ce4f transition which corresponds
to a band gap of 2.6 eV. This is in agreement with the calculated band
gap of 2.2 eV for SryCeO4 using DFT method, as reported by Goubin et al.
[72]. The band gap calculated through DFT is smaller than the experi-
mental value. This discrepancy is due to the difficulty of properly
describing localized orbitals in DFT calculations [72]. DFT often un-
derestimates band gaps because it struggles to accurately describe the
exchange-correlation energy, especially for materials with strongly
localized d or f orbitals. Moreover, the presence of the shoulder peak and
broadening of the PL peak is associated with the coupling between the
electronic states and phonon energies. SroCeO4 exhibits several phonon
modes associated with the vibrations of the CeOg octahedra and the Sr-O
framework [73]. The Raman active modes typically appear in the range
of 100-1000 cm ™! [74]. These phonon modes lead to a distribution of
emission energies. Fig. 5 (a and b) represent the photographs of the
SrCeOs3 (SC1) and SrCeO3 (SC2) samples in daylight, and Fig. 5 (c and d)
show the pictures of the SrCeO3 (SC1) and SrCeO3 (SC2) samples in UV
light (254 nm), respectively. Similar to the PL results, SrCeO3 (SC1)
shows a strong sky-blue color under UV (254 nm) radiation, whereas
SrCeO3 (SC2) had no color. Next, estimated the Commission Inter-
nationale de I’Eclairage coordinates for SrCeO3 (SC1) and plotted them
in Fig. 6; again, SrCeO3 (SC1) shows emission in the sky blue (0.1436,
0.2284) region. In the next section, we investigated TL and EPR on
gamma irradiated SC2.

3.3. Thermoluminescence and radiation-induced defect centers

SrCeOs3 displays two thermoluminescence glow peaks at about
185 °Cand 215 °C after y-irradiation (dose: 10 Gy). The peak at 215 °C is
prominent; the peak at 185 °C has relatively lower intensity. Glow
curves were analyzed at a heating rate of 4 °C/s, and the observed glow
curve is represented in Fig. 7.

Fig. 8 (a) presents the room temperature EPR spectrum of y-irradi-
ated SrCeO3; material. Several defect centers contribute to the observed
spectrum, and these are indicated in Fig. 8 (a). Center I is described by
an individual line with a g-value of 2.0283 and a line width of 33 G. The
spectrum recorded after annealing at 220 °C of the y-irradiated sample is
also presented in Fig. 8(b). Here, the lines from center II are more clearly
seen with minimum overlap from adjoining EPR lines. Fig. 8(c) is the
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(a)sci1 (b) SC2
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Fig. 5. Typical photographs of SrCeO3 (SC1 and SC2) ceramics (a & b) sample
under a room light and (c & d) under UV-254 nm.
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Fig. 6. Commission Internationale de I’Eclairage (CIE) diagram for SrCeOs
(SC1) ceramic.

spectrum of the unirradiated SrCeO3 phosphor. A single line is seen in
the high field part of the spectrum, and this is labeled as A. This line most
likely arises from an impurity ion.

SrCeOs is among the oxide compounds of ABO3 perovskite in which
large cations occupy A-sites and smaller cations are located at B-sites.
SrCeOs crystallizes in the orthorhombic identical structure to GdFeOs
[75]. CeOg octahedra are perfectly regular; the average bond length is

Ceramics International 50 (2024) 50648-50656

80
i
60 - ,I \
_ ".o',. 1
s I
s I |
%‘ 40 - / \
§ / i
£ | \
J ]
= 204 | \
j ‘.‘Mo"‘" %00 o9,
y ’I @ @.-'....P-....-,.“m
0 -fon e . . .
0 100 200 300 400

Temperature (°C)
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Fig. 8. (a) Room temperature EPR spectrum of irradiated SrCeO3 ceramic
(gamma dose: 10 kGy). The line labeled as I is due to an O~ ion. Centers III and
IV are attributed to F* centers. (b) Spectrum recorded after thermal annealing
at 220 °C. Lines labeled as center II are assigned to an O ion. Center V is
attributed to an F' center. (c) EPR spectrum of the unirradiated SrCeOs
ceramic. Line labeled as A is due to an unknown impurity ion.

2.246 A and Ce®* ions occupy octahedral sites with six-fold coordination
provided by oxygen ions. On the other hand, Sr** ions are coordinated
toward the triangular prism center, as observed in GdFeOs.

Divalent Sr?* ions and tetravalent Ce** are present in SrCeOs lattice.
A partial replacement of Ce** ion by Sr** is possible due to antisite
cation disorder and is shown as point defects in crystalline materials.
Based on theoretical calculations, disorders are calculated to be present
in crystals [76]. The experimental investigations have confirmed the
presence of these defects [77,78]; moreover, such defects were identi-
fied using advanced microscopic techniques [79]. The cation disorder
and non-stoichiometry in SrCeOs result in the generation of oxygen
vacancies in the lattice. There is ease in the creation of oxygen vacancies
in a lattice with cation exchange disorder [80].

Lattice defects form in oxides with cation disorder and non-
stoichiometry, and these defects are the precursors of trapping centers
[81]. For instance, after irradiation, electrons are able to get trapped in
oxygen vacancies to create F™ centers. O~ ions might be generated by
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trapping holes at Sr and Ce vacancies [82]. Holes are localized on oxy-
gen ions and the unpaired spin resides in an oxygen p orbital in O™ ion.
Stability is given by the cation vacancies close to the O3ion by way of
electrostatic attraction. The model of an O~ ion with a hole trapped in a
P -orbital on oxygen achieves a positive g-shift. The obtained g-value of
center I indicates a positive g-shift, and the line is broad (line width ~ 33
G), which suggests a delocalization of the unpaired electron and
connection to the nearby cations or impurities.

Consequently, center I is ascribed to an O™ ion, and the ion’s stability
results from a cation vacancy, i.e., Sr>*/Ce*" vacancy. X-irradiated
MgAl,04 spinel has been studied by Ibarra et al. [83]. The defect center
observed in MgAl,04 has similar characteristics as center I in the present
study. Ibarra et al. have inferred based on optical absorption and ESR
studies that the center results from hole trapping at oxygen ions sur-
rounding cation vacancies [V-type center].

The thermal stability of center I was evaluated by applying the
pulsed thermal annealing technique. The technique involves heating the
sample to a specific temperature and then maintaining it for the next 3
min; after that, cooling it to room temperature for EPR measurements.
The result of thermal annealing of center I is presented in Fig. 9. It shows
that the center turns unstable at 180 °C and decays at a temperature
between 180 °C and 250 °C. This decay of the defect center may
correlate with the TL peak of 215 °C.

In contrast to other defect centers in the SrCeOs system, center II
exhibits hyperfine interaction with a spin ' nucleus. Each line corre-
sponding to parallel and perpendicular components of the g-tensor is
split into two lines. The ESR lines associated with center II can be
described by an axially symmetric g-tensor with principal values g, =
2.0224 and g, = 2.0068, and the corresponding hyperfine splitting are
A =12.6 G and A, = 12.2 G, respectively. y-irradiation of oxide sys-
tems generally create F-centers, F' centers (anion vacancy that has
trapped an electron), and V-centers [78].

Another likely center to be formed is the superoxide ion, O3. The
formation mechanism of O3 ion has been explained by EPR in-
vestigations that invoke a direct transfer of an electron from the oxide
surface to an adsorbed oxygen molecule. An alternate path has also been
considered that takes place with the help of anion intermediates [84].

Garrone et al. [84] have observed in their study of MgO that super-
oxide ion O3 displays an axial g-tensor with principal values g; = 2.070
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and g, = 2.0080. O3 ion has also been identified in several oxides and
zeolites [85-87] and exhibits considerable g-anisotropy. Moreover, g
value of Oz ion depends on the host system and can vary between
2.0150 and 2.0800. The crystal field produced by the neighbouring
cations controls the magnitude of g- value. Considering these results,
center II in SrCeO3 with a comparatively large anisotropy in g-value is
ascribed to an O3 ion. Fig. 9 shows the thermal annealing results of
center II. As there is overlap from the center I, center II intensity could
not be appropriately measured up to 200 °C. It is noticed that center Il is
unstable around 270 °C and decays in the range 270 °C-330 °C. As the
observed TL peaks in SrCeOs are at 185 °C and 215 °C, center II could
not be associated with the TL peaks.

In oxide systems, a likely center that can form is the F' center. In the
first observation of this center in an alkali halide, it displayed a large line
width of approximately 100 G [88]. F' centers display g-values close to
the free-electron value (2.0023). The intrinsic linewidth of the center is
very small and is about 1 Gauss [89].

The amount of electron delocalization and consequently the spin
density at the nearest neighbours determines the line width. Generally,
in alkali halides, there is an interaction of the unpaired electron with
neighbours and also with ions from successive shells resulting in large
line widths. Such is the case in systems like KCI and LiCl which display
line widths of 20 Gauss and 58 Gauss respectively [90].

Besides alkali halides, F' centers can also be seen in oxides. As a
result of irradiation, an electron is trapped at an anion vacancy. F'
centers display positive or negative g-shifts, and the g-value is observed
to be close to the free-spin value (2.0023). Center III in the present study
displays a g-value (g = 2.0009) close to the free-spin value. Considering
the possible defect centers that can be formed in SrCeOs; and the
observed features, center III is assigned to an F' center. Due to the
reasons mentioned earlier, oxygen vacancies are present in the lattice,
and it is not difficult to envisage the formation of an F* center wherein
an electron is trapped due to irradiation at an oxygen vacancy. The
thermal annealing behavior of the center is displayed in Fig. 9. It can be
seen that center III decays in the temperature range of 110 °C-220 °C.
This decay is related to the observed TL peak at 185 °C.

The line labeled as Center IV in Fig. 8 is characterized by the g-value
2.0040 with a line width of 8 Gauss. Considering the reasons for the
assignment of center III, Center IV is also identified as an F' center.
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Fig. 9. Thermal annealing behavior of center I (O~ ion), center II (O3 ion), center III (F* center), and center IV (F* center) in SrCeO5 ceramic.
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Fig. 9 presents the thermal annealing behavior of the center. There is a
considerable overlap of nearby lines with the ESR line of center IV and it
was not possible to measure the intensity of the center till 300 °C. It is
seen that the center starts decomposing around 440 °C and decays
around 520 °C. It was not possible to associate the center with the
observed TL peaks in the phosphor.

Fig. 10 shows the EPR spectrum after thermal annealing of the
irradiated phosphor at 400 °C. Here, other centers have decayed, and
lines from centers IV and V are seen. Center V shows an axially sym-
metric g-tensor with principal values g = 1.9464 and g, = 1.9604. The
g-shifts are relatively small, and the line width is approximately 15 G.
Center V is also assigned to an F' center. F" center normally exhibits an
isotropic g-value, and center V displays an axially symmetric g-tensor. In
some previous studies, for example in yttria-stabilized zirconia (ZrO,:Y,
YSZ) [91] as well as in CaZrO3:Tb [92], a center that displays an axially
symmetric g-tensor is observed. The g-values were found to be lower
than the free-electron value in YSZ (gH =1.996 and g, = 1.972) and the
centers in these systems were assigned to F' centers. The axial nature of
the g-tensor in YSZ was ascribed to the existence of a symmetry-breaking
defect at a nearby anionic site. A neutral F center (oxygen vacancy with
two electrons) was considered as the symmetry-breaking defect. The
neutral F-center can form due to the large density of oxygen vacancies in
YSZ. Center V in SrCeOs is tentatively identified as an F" center and to
explain the observed features, it needs to be located close to an F center.
Due to the reasons stated previously, oxygen vacancies also appear in
the SrCeOj lattice. Thus, F-center can form close to center V after
irradiation.

The thermal annealing behavior of center V is shown in Fig. 11. The
impurity ion EPR line (A) is seen till 100°C. At about 110 °C, center V
line becomes visible at about the same position as the impurity ion and
its intensity increases till about 190 °C. This kind of behavior has also
been observed for the Ej-center (an oxygen vacancy having an unpaired
electron in a sp® hybrid orbital) in quartz. Jani et al. have explored in
detail the formation and thermal annealing of Ei—center [93]. This
investigation enabled Jani et al. to propose that an oxygen vacancy with
two electrons in a singlet state (S = 0) is the precursor of Ei—center. It
was suggested that the precursor releases an electron during
post-irradiation annealing leading to the formation of Ej-center. On the
basis of these observations in SiOy, it is suggested that the increase in the
concentration of F' center (center V) in SrCeOs phosphor during the
100 °C-190 °C annealing region is due to the release of an electron from
the precursor of F' center (i.e., F center). Oxygen vacancies present in
SrCeOs lattice, due to non-stoichiometry and other reasons mentioned
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Fig. 10. EPR spectrum of irradiated SrCeOs ceramic after thermal anneal at
400 °C. Lines from centers IV and V are clearly seen.
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earlier, are converted into F centers (oxygen vacancies with two elec-
trons) due to irradiation. During heating, these F centers release an
electron leading to the growth of F" center (center V). The thermal
annealing behavior shown in Fig. 11 is in accordance with this
expectation.

3.4. Shielding properties

Table 1 provides shielding parameters (j/p, HVL, and Z.¢) of SrCeO3
ceramic compared with ordinary concrete for photon energy 1 keV to
100 GeV. We found that the p/p for both materials initially reduced to
the lowest values and then increased. Z¢ showed random patterns for
both materials, and its variation was insignificant in the high-energy
region. However, HVL for both materials was also reduced to the
lowest values and then increased to become constant (i.e., negligible
variation). It is to be noted that the shielding parameters (y/p, HVL and
Z.ff) for SrCeO3 ceramic were superior to those for ordinary concrete,
and it required less thick shielding material than ordinary concrete. It
was evident that the SrCeO3 ceramic also needed less material and space
to achieve the same level of protection against radiation. The differences
in shielding parameters can be divided among three regions, low, me-
dium, and high-energy photons, to explain the dependency of an atomic

Table 1
Shielding properties of SrCeO3 ceramic and ordinary concrete.

Energy SrCeO3 Ordinary Concrete
(MeV)
wp HVL Zest wp HVL Zegt
0.001 6683.90 1.84 x 31.94 3348.00 9.00 x 9.27
10-° 10°°
0.01 126.64 9.72 x 51.15 22.93 1.31 x 13.82
1074 1072
0.1 1.54 8.01 x 48.30 0.17 1.74 10.34
102
0.06 2.07 24.94 0.06 4.73 9.91
10 0.04 3.44 32.30 0.02 1.32 x 10.25
10!
100 0.06 2.09 38.96 0.02 1.31 x 10.84
10!
1000 0.07 1.70 39.26 0.03 1.09 x 10.88
10
10000 0.08 1.63 39.24 0.03 1.05 x 10.89
10!
100000 0.08 1.62 39.22 0.03 1.04 x 10.88
10
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number of elements and photon energy for the photoelectric effect,
Compton scattering, and pair production, respectively.

4. Conclusions

We investigated defects induced in perovskite SrCeOs by a ®°Co
gamma source and shielding effectiveness against gamma radiation. We
found that the amount of glycine played a vital role in the synthesizing
orthorhombic perovskite SrCeOs; specifically, increasing the amount of
glycine completed combustion and brought results with better crystal-
linity. SC1 showed a bright sky-blue emission at 470 nm upon excitation
at 270 nm. The luminescence from SC1 was most likely because of the
presence of the SroCeO4 secondary phase. SrCeO3 ceramic shows two TL
peaks at 185 °C and 215 °C. Several defect centers have been identified
in the irradiated SrCeO3 phosphor and these are assigned to an O ion,
03 ion, and F' centers. It is observed that the O~ ion correlates with the
215 °C TL peak while the F* center (center IIT) correlates with the 185 °C
TL peak. We also found that the SrCeO3 ceramic was a superior shielding
material to ordinary concrete with improved radiation protection.
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