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Abstract

The recent advent of Lu3Al5012:Ce optical ceramics marks a turning point in scintillator material technology.
Because of their lower preparation temperature, brightness, and robustness such materials can now compete with
single crystals. Their further scintillation efficiency optimization includes the thorough control of the defects
responsible for optical and scintillation losses. The choice of sintering agent appears critical to achieve both high
optical transparency and scintillation performance. In this work, the optical investigations coupled with X-ray
absorption near-edge spectroscopy evidence the beneficial role of MgO sintering agent. Mg2+ co-dopants in
ceramics drive the partial conversion of Ce3+ to Ce4+. The Ce4+ center, however, does not impair the
scintillation performance due to its capability to positively influence the scintillation process. The importance of
simultaneous application of such co-doping and annealing treatment is also demonstrated. With 0.3 at% Mg, our
ceramics display a light yield of =25000 photons/MeV with short 1 ps shaping time, a relative fast component
intensity as high as 60%, and very low afterglow. Such performances are better than those of the isostructural
single crystals ever reported. We discuss the role of co-doping and annealing in the scintillation mechanism that

make such combined treatments a positive strategy for material engineering.

1 Introduction

Scintillator materials have been playing a major role in many applications where the detection of ionizing
radiation is needed. Within the last two decades, a number of excellent scintillators based on Ce** and Pr**-doped
materials, together with truly novel nanoscintillators, nanocomposites, and phase-separated material systems, have
been discovered and studied in depth.1-8 This high R&D activity in the scintillator field was triggered by the
pressing needs of modern medical imaging and radiotherapy, of high-energy physics, homeland security, and
environmental applications. Among them, Ce-doped LusAlsO1 (LuAG:Ce) aluminum garnets have attracted much
attention because of their relatively high density of 6.73 g cm, 5d — 4f electric dipole allowed radiative transition
of Ce** with emission at around 500550 nm, fast scintillation response of about 60 ns, and high theoretical light
yield (LY) value of 60000 photons/MeV.9, 10 It was found that LuAG:Ce single crystal containing 0.55 at%

Ce** ions prepared by Bridgman technique is a highly competitive scintillator displaying a LY of about 26000
photons/MeV with a shaping time of 1.5 ps, close to that of Lu:SiOs:Ce (LSO:Ce).11 Based on the understanding
of defect chemistry, an effective bandgap engineering approach was successfully applied to the LuAG system.
Multicomponent garnets, featuring a balanced admixture of Gd and Ga cations in the Lu-based garnet structure,
form a new family of materials with an amazingly high light yield up to 58000 photons/MeV, a value exceeding
that of the best Lu..Y.SiOs:Ce (LYSO:Ce) materials by about 40%.12-15 Therefore, oxides based on garnet

structure are presently considered as competitive candidates for advanced scintillation applications.

However, the low segregation coefficient of Ce** ions in the LuAG lattice is detrimental for the growth of
homogeneously doped large LuAG:Ce single crystals, especially for high Ce* concentrations (Ce*=> 0.2



at%).16 It was also noticed that Lu; antisite defects (AD) can severely deteriorate the scintillation characteristics
of LuAG:Ce single crystals by acting as shallow traps, thus delaying the energy transport to the Ce** emission
centers.17 Therefore, extensive research has recently been aimed at the preparation of ceramic analogues, which
are characterized by lower preparation temperatures, more uniform doping, and lower cost. One point to consider
is that during the fabrication process of transparent ceramics, sintering agents are widely used to improve the
optical transparency and great success has been achieved in Nd:YAG laser ceramics.18, 19 However, differently
from the laser process, which involves localized excitations, carrier migration to the luminescent centers during
the scintillation process could be severely delayed by point defects induced by sintering agents. As a result, the
commonly used simultaneous introduction of sintering agents like (C-Hs0)sSi (tetraethyl ortho-silicate, TEOS)
and MgO in laser ceramics induces a transparency improvement accompanied unfortunately by a deterioration of
the scintillation properties.20 Therefore, strategies different from those employed for laser ceramics should be
investigated and developed to simultaneously improve the optical quality and performance of ceramic
scintillators. In a recent preliminary study, we showed that air-annealing treatment combined with divalent ions
co-doping has a positive influence on the scintillation of aluminum garnet ceramics. A LY of about 21900
photons/MeV was obtained for Mg>* co-doped LuAG:Ce ceramics with a short shaping time of 1 ps, which is
22% higher than that of the latest generation of LuAG:Ce single crystal pixels with the same thickness (2
mm).21 This result is in accordance with previous findings obtained for LSO:Ce crystals, showing that Me?* co-

doping (Me = Ca, Mg) significantly increases the LY and shortens the scintillation decay time.22, 23

The presence of Ce* centers in the LSO:Ce* Me?" structure due to local charge compensation following Me** co-
doping was clearly be identified by its charge transfer (CT) absorption located in the UV and considered
responsible for the improved scintillation performance displayed by the material.24, 25 Participation of Ce*" in the
scintillation process was suggested to occur also in sol—gel silica glasses.26, 27 In this case the presence of Ce** is

related to the oxidizing atmosphere during the glass synthesis rather than to a co-doping effect.

We have recently proposed that the stable Ce* ions in LuAG:Ce,Mg ceramics can positively participate in the
scintillation process.21 Similarly to what occurs in the other materials mentioned above,24 these Ce*" ions,
although not luminescent under direct photoluminescence excitation, act as precursors of temporary Ce3* centers
that are created during irradiation with ionizing radiation and contribute to fast scintillation working in parallel
with stable Ce?* centers. The concentration of Ce** ions participating as precursors of temporary Ce’* centers in
the luminescence process is determined by the concentration of Mg>* co-dopant and by the conditions of post-

preparation annealing treatments.

In this paper, we investigate in detail the role of Mg?*" co-doping by considering both as-sintered and air-annealed
LuAG:Ce,Mg ceramics with Mg> concenfrations varying from 0.1 to 0.6 at% and Ce** concentration of 0.3 at%.
Extensive optical investigations coupled with X-ray absorption near-edge spectroscopy (XANES) allow to
evidence the tuning of Ce3*/Ce* ratios by the Mg?* admixture and the quantitative relationship between the

Mg?*" and Ce* ions concentrations. The presence of point defects, related charge traps, and their dependence upon
Mg co-doping is also studied. Discussion on the results of material optimizations includes comparison with

commercially available LuAG:Ce and bismuth germanate (BGO) single crystals.



2 Results and Discussion

2.1 Evidence of Ce4+ — Optical Absorption and XANES

Figure 1 shows the absorption spectra of both as-sintered and air-annealed LuAG:Ce Mg ceramics. The absorption
bands at about 447 and 347 nm are related to the Ce* 4f —5d; and 5d: transitions, respectively. The absorption
pattern below 300 nm is composite due to the overlap of the higher 4f — 5d Ce* absorption bands and various
intrinsic and trace-impurity (Fe*:, Yb*") related absorptions.28, 29 The presence of the Ce* charge transfer (CT)
absorption peaking at about 240 nm, which increases with increasing Mg concentration, also adds to the
absorption band below 300 nm, similarly to what has been observed for LuAG:Ce,Mg and Gd:Al:Gas01::Ce, Mg
(GGAG:Ce.Mg) single crystals.30, 31 Before annealing, this additional CT absorption band is only observable for
the highest Mg concentration (0.6%). It becomes much stronger after the air-annealing process as it can be
observed for all the LuAG:Ce,Mg ceramics in most of which absorption saturation occurs (Figure 1b). The

constant absorption observed in the visible region for high Mg>* co-doped ceramics is due to light-scattering

processes.
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Optical absorption spectra of a) as-sintered and b) air-annealed LuAG:0.3% Ce ceramics with different Mg co-
dopant concentrations.

XANES measurements were also performed to confirm the presence of Ce* ions and the effect of the

Mg? concentration with respect to that of Ce**. The Ce Lm-edge XANES spectra of as-sintered LuAG:Ce, Mg
ceramics are shown in Figure 2, where they are also compared with standard trivalent and tetravalent Ce
compounds. The XANES spectra of all our ceramics showed the evident features characteristic of both Ce** and
Ce*" ions. With increasing Mg co-dopant concentration, the Ce* absorption peak at 5737 eV clearly increases. A
similar trend was also observed in Me?* (Me = Mg, Ca) co-doped LSO single crystals and LuosSco2BOs:Ce
polycrystalline powders.24. 32 By using a linear combination fit method, proportions of the Ce** and

Ce** contributions in the spectra have been estimated. The fitted results are reported in Table 1. In the Mg-free
ceramic, the content of Ce* was about 15%. The Ce*" fraction did not change significantly for Mg concentrations
lower than 0.3%, but it clearly increased from 26% to 37% when the Mg concentration was increased from 0.3%
to 0.6%. This result is in agreement with the optical absorption results. Moreover, it suggests that for Mg
concentrations between 0.1% and 0.3%, the concentration of oxygen-related defects (O~ centers and/or oxygen
vacancies) increased, rather than that of Ce* centers, to achieve overall charge compensation. The incorporation
of Mg co-dopant and the role of defects will be discussed in Section 2.4.

Table 1. Ceramic sample characteristics, Ce**/Ce*" contents, L'Y and ER values, PL decay time, parameters of
scintillation decays, and afterglow amplitudes of LuAG: 0.3 at%Ce ceramics with different Mg co-dopant
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Figure 2
Room-temperature XANES measurements on the cerium Lx-edge (5723 eV) spectral region of a) Ce* and
Ce* reference samples and b) as-sintered LuAG:0.3 at%Ce ceramics with different Mg co-dopant concentrations.

2.2 Luminescence, Scintillation, and Timing Properties

The radioluminescence (RL) spectra of some selected ceramics are displayed in Figure 3a. The 5d; — 4f (*F7»,

s doublet) transition of Ce* peaking at 520 nm was observed in all cases. Moreover, the Lu. antisite related
luminescence could be detected in the UV region. It was very strong in the LuAG:Ce single crystal, weaker in
ceramics without Mg, and almost undetectable after Mg co-doping, as shown in the inset of Figure 3a. This
improvement is due both to the lower fabrication temperature of the ceramics and to the positive effect of Mg co-
doping. The RL intensities depended on the Mg concentration as well as on the annealing conditions. Figure 3b
shows the composition-dependent emission intensities (spectrum integrals in the 440—740 nm region related to
Ce* emission). As has also previously been evidenced,21, 33 air-annealing treatment significantly improves the
RL intensity because of the elimination of oxygen vacancies produced during the vacuum-sintering process. On
the other hand, the RL intensity was reduced after Mg co-doping. In fact, Mg is an aliovalent impurity that can
increase the concentration of some point defects, like oxygen vacancies and O- centers, which trap carriers during
irradiation. However, RL is a steady-state measurement whereas for scintillation applications the most important
quantity is the light yield, i.e. the light intensity emitted within a time window after the irradiation pulse, typically

in the microsecond time scale. The effect of annealing on the LY is similar fo that on RL, whereas the effect of



Mg on this quantity is partially opposite to that on the RL results, as shown in Figure 3b,c. Such difference can be
explained by the influence of both the annealing conditions and the Mg concentration on the defects and their

distinct role played by defects in RL and LY, as it will be discussed in Section 2.4.
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Figure 3

a) RL spectra of air-annealed LuAG:0.3% Ce ceramics with different Mg co-dopant concentrations, together with
that of LuAG:Ce and BGO reference single crystals; b) RL intensity of LuAG:Ce,Mg ceramics versus Mg co-
doping concentrations. ¢) LY of LuAG:Ce, Mg ceramics versus Mg> co-doping (measured with a shaping time of
1ps). In both (b) and (c) data are normalized to BGO, the symbols are experimental data and the lines are just
guides to the eye. The error bars are smaller than the data points.

In Figure 4 the absolute (panel a) and relative (panel b) LY values of LuAG:Ce, Mg ceramics (S and A in the
figures denote “as-sintered” and “air-annealed”, respectively) are reported as a function of shaping time from 0.5
ps to 10 ps. The values for the single crystal are also reported as a reference. The number of photoelectrons
(Nneis(E)), energy resolution (ER), and non-proportionality properties of the best LuAG:Ce Mg ceramic (with
0.3% Mg) and that of a LuAG:Ce single crystal as a function of y-ray energy are shown in Figure S1 and Figure
S2 in the Supporting Information, respectively. The LY, ER. and non-proportionality properties of the samples
were substantially influenced by the Mg content and by the annealing process. Such detailed study showed that: i)
the annealed 0.3% Mg ceramic displays the highest LY among all ceramic samples. In fact it reaches about 25000
photons/MeV when using a short shaping time of 1 ps, which is much higher when compared to the reference

LuAG single crystal (16390 photons/MeV); ii) the LY values of the best ceramic and that of a LuAG:Ce single



crystal are comparable when using a 10 ps shaping time (28200 and 27600 photons/MeV, respectively); iii) the
difference between the LY values at the shortest (0.5 ps) and the longest (10 ps) shaping time in annealed
LuAG:Ce Mg ceramics, non-annealed ones, and LuAG:Ce single crystal is around 15%, 70%, and 110%,
respectively; iv) annealed LuAG:Ce, Mg ceramics exhibit better ER properties than the LuAG:Ce single crystal
(about 4.9% against 8.1% at 662 keV, see Table 1); v) the single crystal exhibits a slightly better non-
proportionality than that of the ceramics (around 64% against 70% at around 20 keV, respectively). Furthermore,
the deep trapping defects that compete with the luminescent centers for charge-carrier capture could be
permanently filled and made inactive by a pre-irradiation process. As a result of such a procedure, a significant
improvement in the stability of both the RL efficiency and light yield was indeed obtained in several scintillator
single crystals like BaALO7:Eu, YPO4:Ce Nd, Lu:Si>O7:Pr, BisGe:O1, Luo:Yo7AlO0s::Ce, and LuAG:Ce.34-36 For
LuAG:Ce, a RL increase of about 30% was noticed after an X-irradiation at 50 Gy.36 Such a process could

possibly work also for LuAG:Ce. Mg ceramics and give rise to a further improvement of their performance.
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Figure 4

a) Light yield of air-annealed TuAG:0.3% Ce ceramics with different Mg co-dopant concentrations and of a
LuAG:Ce single crystal as a function of shaping time in the 0.5 — 10 ps range; b) Relative light yield of samples
obtained by normalizing the curves in (a) by the LY for a 0.5 ps shaping time; c) Normalized scintillation decay
curves of a Mg-free LuAG:Ce ceramic, of as-sintered and annealed LuAG:Ce,Mg ceramics (0.3% Mg co-doped
samples) and of a LuAG:Ce single crystal (excitation *Na, 511 keV).



Figure S3 in the Supporting Information and Figure 4c show the photoluminescence (PL) and scintillation time
decays, respectively, of all samples. The results of the exponential fit of the curves are included in Table 1.
Neither the Mg”* concentration nor the air-annealing treatment was found to influence the PL decay time, as all
the PL curves were characterized by a single exponential component with a decay time of around 60 ns. The
scintillation decay curves display two components, corresponding to the prompt and delayed radiative
recombination at both the stable Ce** and temporary Ce** (created after electron capture by Ce*) centers,
respectively. A positive role of the combination of Mg co-doping and annealing is evidenced in this case, as the
relative weight of the fast scintillation decay component is about 45% in the as-sintered ceramics and this

increases up to around 60% in the Mg-rich samples after the air-annealing process.

2.3 Role of Defects—Afterglow and TSL

In Figure 35, the afterglow curves of selected ceramics and of the reference LuAG:Ce single crystal are shown
together with that of BGO, which is known to possess an extremely weak afterglow.37 The relative afterglow
values at 4 ms and at 400 ms after X-ray cutoff (the signal level with X-rays being “on” was normalized to 1) are
displayed in Table 1. The afterglow intensity was significantly reduced by the combination of Mg*" co-doping and
annealing. In the annealed Mg co-doped samples, we observe that the afterglow improvement, also with respect to
the single crystal value, is considerable even for the lowest 0.1% Mg>* concentration, while little variations are

detected for higher Mg?* values.
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Spectrally unresolved afterglow time profile of LuAG:0.3% Ce ceramics with different Mg co-dopant
concentrations, and of BGO and LuAG:Ce single crystals after cutting off the 40 kV X-ray excitation.

Thermally stimulated luminescence (TSL) measurements were performed with the aim to explain the role of
shallow and deep traps in the RL, scintillation LY, and afterglow characteristics described above. The TSL data
are reported in Figure 6a,b for the 290-800 K and 10-320 K ranges, respectively. In both graphs, the data were
normalized to the RL intensity of each sample so that the TSL amplitudes depended only on the concentration of



traps in the material. The combined effect of Mg content and annealing can be discussed from comparing the data
above room temperature (RT) (Figure 6a). Prior to annealing, Mg introduction causes a lowering of traps
especially below 400 K. This effect is accompanied by the occurrence of additional very deep traps evidenced by
the signal above 650-700 K, which are, however, reduced by the subsequent annealing. Indeed, after annealing a
very strong reduction of traps concentration is noticed for all Mg concentrations and in the whole temperature
interval. This result suggests the participation of oxygen vacancies in electrons traps in the TSL process.
However, the signal in the highest temperature region (above approximately 400 K) was more intense after air

annealing in Mg codoped samples with respect to the Mg-free ones.
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TSL glow curves of LuAG:0.3% Ce ceramics with different Mg co-dopant concentrations measured: a) in the

290-800 K range and b) in the 10-320 K range after X-ray irradiation at 290 and 10 K, respectively.

The TSL data at low T are presented in Figure 6b for the annealed samples. A monotonically decreasing signal
(probably due to the presence of a continuous distribution of trap levels38 and/or to a-thermal tunneling
recombination39) was observed, accompanied by two peaks at about 230 and 280 K and by another signal above
280 K. In accordance with the data above RT, a clear signal reduction was detected above 200 K by increasing
Mg co-doping. Peaks close to RT are related to traps responsible also for afterglow. Therefore, the lowering of the
amount of traps following Mg co-doping and annealing is in accordance with the afterglow improvement

described above.



2.4 Incorporation of Mg2+ and Annealing—Role in Scintillation and in Defects
Equilibrium
Air-annealed LuAG:Ce Mg ceramics displayed higher LY values, better ER, and faster scintillation response than

the as-sintered Mg-free ceramics and the single-crystal analogue. The defect equilibrium equations after Mg co-
doping and the air-annealing process can be described as:

MgO + Lua(Ce);, c) — Mg'u. + Celuer (Ce*)

tufCe)
MgO+Lu(Ce);, ., = Mg’i. + 0" (O™ center) -
2MgO+2 Luy, =2 (Mg'u) + V5 5

V5 +2Cef, + 0, = 20] +2Cej, (Ce™)

(4)

The cross, apostrophe, and dot annofations represent the neutral, negatively (-1), and positively (+1) charged
species, respectively.

During scintillation, stable Ce** centers first capture a hole from the valence band and become temporarily
tetravalent; then, after capturing a free electron, they are converted into excited Ce** centers whose de-excitation
gives rise to photon emission (Equations 5, 6, 7):

1+ 4+
Ce" +h, = Ce )

Ce* +e. —(Ce™ }
(6)

(Ce“]v — Ce" +hv
(7

Here, e, h., and (Ce*")" represent a conduction band (CB) electron, a valence band (VB) hole, and an excited
Ce** ion, respectively. hv in Equation 7 refers to the emitted photon.

The charge balance required by Mg*" co-doping gives rise to Ce*" or O centers (Equations 1 and 2) and oxygen
vacancies (Equation 3), whereas the air-annealing treatment mainly reduces the oxygen vacancies and increases
the concentration of Ce* ions (Equation 4). In the scintillation mechanism involving stable Ce*" centers, the
process starts from Equation 6, followed by Equation 7 and 5 accordingly. The temporary Ce3* centers need to
trap a hole localized nearby after photon emission so as to be converted back to their initial Ce*" state

(Equation 5). As we previously discussed,40, 41 the O~ centers induced by Mg?* are thus an important “hole
source” for restoring the Ce* centers, which could effectively make such scintillation process more efficient. In
this study, the RL and LY values suggest that for Mg?* concentrations between 0.2 and 0.3%, the O~ and

Ce* centers reach a balanced concentration for which the ceramic shows a maximum LY. Moreover, the

Ce** centers can effectively compete with electron traps of any kind (such as AD and oxygen-vacancies related
traps) for capturing electrons from the conduction band, thus causing a much lower AD-related RL intensity in the
UV spectral region (see Figure 3), lower afterglow, and higher scintillation LY. The opposite trends in RL and LY
dependencies on the Mg concentration displayed in Figure 3b and 3c (a decrease for RL and an increase for LY
with increasing Mg concentration) are only seemingly contradictory. They can be explained with the aid of TSL
measurements. Indeed the TSL data showed that, in Mg-rich annealed samples, the intensities of the peaks above
400 K, related to deep traps probably due to stable defect complexes with oxygen vacancies, were higher

compared to that of the Mg-free material. These defects cause permanent trapping that lowers the steady state RL



intensity. On the other hand, the same combination of Mg co-doping and annealing caused a reduction of the
peaks below 400 K, which are related to shallower traps and give rise to slow scintillation tails and afterglow.
Short-time window measurements, such as LY, are possibly more sensitive to such shallow traps, therefore their
reduction causes a LY increase. For the same reason, we observe an acceleration of the scintillation decay and a

reduction of the afterglow in Mg co-doped ceramics.

Finally, it is worth noting that a LY decrease was detected in LuAG:Ce,Mg ceramics for Mg concentrations
higher than 0.3%. For LuAG:Ce Mg single crystals, a maximum LY of 23100 photons/MeV was observed already
at very low Mg?* concentrations (100 ppm, 30 times lower than the 0.3% Mg in our ceramics).30 A LY decrease
for high Ca? concentrations (0.1-0.4% in the melt) has also been reported in LYSO:Ce,Ca single

crystals, 42, 43 but the real concentration of the Ca co-dopant in this kind of crystals was measured as low as 60
ppm.25 Even though our ceramics are more heavily doped, we expect that only a small fraction of the Mg ions
diffuses into the grains and influences the scintillation, whereas the majority acts mostly as sintering aids between
the grains. Moreover, phase separation may also occur for high doping concentrations. In fact, the presence of a
secondary phase possibly related to the Mg compound is suggested to occur in the 0.6% Mg ceramic, as seen in
the SEM image shown in Figure 7. Lattice distortion and the presence of a secondary phase were also considered
to be the reasons behind a decrease in the RL efficiency and LY in LuAG:Ce, Mg ceramics when concentrations

higher than 0.3% of Mg*" were introduced into the ceramics.

Figure 7
SEM images of mirror-polished and thermally etched surfaces of LuAG:0.3 at%Ce ceramics with different Mg
co-dopant concentrations, as indicated in the panels.

3 Conclusions

Our investigation has proven that the combination of both annealing and Mg co-doping by using MgO as a
sintering agent is the key to success for material optimization so that the performances of Ce-doped LuAG optical
ceramics are significantly improved. By comparing the light-yield values at different shaping times and
scintillation decays, we found that our ceramics displayed a more intense and faster scinfillation response than
commercially available isostructural single crystals. These features indicate that LuAG:Ce,Mg ceramics could be
important and cost-efficient candidates in various applications, such as high-energy physics, medical imaging, and

security-related techniques.

We highlighted the similarities and differences concerning the role of sintering aids in laser and scintillator
ceramics. In both cases the transparency and lack of scattering were important requirements that can be fulfilled
by the introduction of sintering aids. These chemical agents, like MgO employed here, were able to improve

material densification, grain growth, and reduce residual porosity. For scintillators an additional and very



important role of the sintering aid consisted of modifying the point-defect concentration. Defect reduction
improved the carrier-transport stage of free carriers towards the luminescent centers—a critical stage occurring
only in the scintillation process—and finally this improved the scintillation performance. We have positively
demonstrated this possibility for LuAG:Ce and MgO sintering aids, where defect reduction is also accompanied
by tuning of the valence of the luminescent rare-earth material. These effects occur thanks to a very tight
interaction of Mg with the lattice due to the real diffusion of some of the Mg ions inside the crystalline grains and

their incorporation as isolated aliovalent impurities.

In the light of these considerations, future research on LuAG:Ce,Mg ceramics should be focused on the study and
control of Mg diffusion into crystalline grains. Taking into account the reported radioluminescence intensities,
there is ample room for further light-yield improvements. The final scope would be to tune and optimize the
concentration of ions that are effectively incorporated into the LuAG lattice and contribute to the scintillation
improvement, as well as the content of sintering aid, which works mostly in the interfacial regions between the
grains to improve material densification. Such an investigation should also contribute to a deeper, general
comprehension of the complex microscopic processes involving sintering agents, which occur during optical

ceramic preparation procedures.

4 Experimental Section

LuzAs012:0.3 at% Ce, x Mg (x = 0.1-0.6 at%) ceramics were fabricated by a solid-state reaction and vacuum-
sintering method. The detailed technological route has been described in previous works.20, 33 After sintering in
vacuum, a set of LuAG:Ce Mg ceramics was further annealed at 1450°C for 20 h in air. In order to clarify the role
of the Mg co-dopant, a 0% Mg (Mg-free) LuAG:0.3 at% Ce ceramic was also included as a reference.44 A
commercial LuAG:Ce single crystal grown by the Czochralski method (Crytur Ltd., Turnov, Czech Republic), as
well as a Bridgman grown BGO single crystal provided by SICCAS Corp. (Shanghai, China) were also used for
comparison. All the ceramic samples were @15 mm plates with a thickness of 0.5—-1 mm and their surfaces were
optically polished. The thickness difference between the samples did not significantly influence the measurements
because of the small penetration depth of the X-rays in the material. For 40 keV photons (photons with the
maximum energy in the X-ray unfiltered polychromatic beam spectrum) 90% attenuation occurs within 0.5

mm.45 The lower energy photons present in the X-ray beam were attenuated over even shorter distances.

Absorption spectra in the 200-800 nm range were measured using a Varian Cary 5000 (Varian Inc., USA) and a
Shimadzu 3101PC spectrometer (Shimadzu Co., Japan). X-ray absorption near-edge structure (XANES) spectra
were obtained at Beijing Synchrotron Radiation Facility (BSRF). Measurements were performed at room

temperature, at the Ce Lm-edge (5723 eV). The uncertainty in the energy value in this measurement was = 0.1 eV.

All spectra were normalized in the same way using Athena software,46 by which the Ce*/Ce* ratio was evaluated
with an accuracy of + 10%. Radioluminescence (RL) spectra were measured using an X-ray tube (Seifert GmbH,
Germany, 40 kV) with excitation by a custom-made 5000M model Horiba Jobin Yvon fluorometer (Horiba Jobin
Yvon Co., France) and equipped with a TXB-04 photon counting detector. For afterglow measurements, samples
were irradiated by X-rays with the same X-ray tube (operated at 40 kV for 15 min), after which the beam was cut

off and the luminescence emitted from the samples was recorded as a function of time. This set-up was also used



to measure the photoluminescence decay under a nanosecond pulse nanoLLED 450-nm (Horiba Jobin Yvon Co.,
France) excitation source. The scintillation LY and ER were investigated using hybrid photodetectors (HPMT
hybrid photomultipliers PP0470 or PP0475B manufactured by DEP, The Netherlands).47, 48 The quantum
efficiency (QE) calibration of the HPMT allowed us to evaluate the LY values from Nei(E) photoelectron yields
even in the green spectral range where QEs are below 10%; the error of the LY values was + 5%. The Nykeis(E)
values were measured from 8 to 1300 keV using different radioisotopes, such as 22Na, 1*’Cs, 1®Cd, 1**Ba, ’Co, etc.
The scintillation decay curves were obtained using a Hamamatsu PMT U7600 (Hamamatsu Co., Japan) and
digital oscilloscope (Tektronix TDS3052, Tektronix, Inc., USA) under excitation by 511 keV photons from a ?Na
source. To enhance the collection of scintillation photons, a Teflon reflection tape was used to cover the samples.
A good optical coupling between the samples and the photocathode window was ensured by applying Dow
Corning Q2-3067 optical grease (Dow Corning Co., USA).

Thermally stimulated luminescence (TSL) measurements from 290 to 800 K were performed after X-ray
irradiation at room temperature (RT) by a Machlett OEG50 X-ray tube (Machlett Labs, Inc. Stanford, USA)
operated at 30 kV. A 1 K s7! heating rate was adopted. The emitted light was detected by an EMI9635QB
photomultiplier (Thorn. EMI Gencom, Inc., USA). Wavelength-resolved TSL measurements were also performed
in the same temperature range using a home-made apparatus featuring a Jobin-Yvon Symphony CCD detector.
TSL measurements in the 10-320 K range were performed after irradiation at 10 K by a Philips 2274 X-ray tube
(Philips, the Netherlands) operated at 20 kV, using a homemade wavelength-resolved apparatus featuring a Jobin-
Yvon Spectrum One 3000 CCD detector. In this case a 0.1 K s heating rate was adopted. The glow curves from
10 to 320 K were obtained after integration of the wavelength-resolved data from 460 nm to 660 nm (in the range

of Ce* emission).
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