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Abstract

Background In this study, three sample detectors have been prepared by using cerium-activated YAG nanoscintillator
(Y;Al50,,: Ce®*) synthesized by sol-gel method and heat-treat at 900 °C for 2 h in different atmospheres such as vacuum,
air and nitrogen.

Purpose Many studies about YAG: Ce** single crystal have been carried out, but the material at the nanoscale remains not
enough understood. The objective of the present paper is to investigate the effects of annealing atmosphere on the scintilla-
tion properties and identify the suitable atmosphere that allow to design radiation detectors with high scintillation efficiency.
Methods In order to accurately assess the scintillation properties, the nanoscintillator sample powders have been designed
as a detector, in which, preparation operations such as surface homogenization and efficiency coupling with photomultiplier
tube (PMT) window were developed. The study was performed using y-rays 662 keV released from'?’Cs radioactive source,
the bi-alkali GDB-4FF PMT was used as a photodetector. Nuclear instrumentation chain was set up in order to collect the
pulse height spectra, Nal: Tl single-crystal scintillator was used as a reference detector to estimate the scintillation light yield.
The delayed coincidence method was used for measuring the scintillation decay time of nanoscintillator sample detectors.
Results The sample detector annealed at vacuum atmosphere exhibits the best scintillation properties, the scintillation light
yield was estimated to be 14,600 + 3400 ph/MeV and the fast component in the scintillation decay was 90 ns.

Conclusion The vacuum is the suitable atmosphere which allows the development of radiation detectors with high scintil-
lation efficiency.

Keywords Nanoscintillator YAG: Ce®* - Scintillation properties - y-rays 662 keV - Photomultiplier tube - Sample
detectors - Annealing atmosphere

Introduction

Yttrium aluminum garnet (YAG, Y3Al;0,,) is extensively
used as laser materials, it has been widely studied in the
last decades. Due to its good mechanical, chemical and
optical properties, YAG-based materials are used for many
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applications such as in cathode-ray tubes, field emission
displays, scintillation, phosphorus, electro-luminescent
applications and optical windows [1-4]. However, one of
the most important applications of YAG: Ce** phosphor
is radiation detection because of its high sensitivity, high
density (4.56 g/cm?), high temperature creep resistance and
fast decay [5-9]. Many studies and researches have been
achieved on the structural, morphological and luminescence
properties of Y;Al;0,,: Ce** nanopowder to improve the
crystal quality [10-16]. Jiuping et al. [17] studied the effect
of annealing atmosphere on the luminescence and scintilla-
tion properties of LusAj50 Ce** single crystal, significant
effect of the annealing treatment on the luminescence and
scintillation properties was observed. Furthermore, Chen
et al. [18] investigated the effect of annealing atmosphere
on scintillation properties of GYGAG: Ce, Mg scintilla-
tor ceramics; in their report, the ratio of Ce**/Ce3* in the
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GYGAG: Ce, Mg ceramic increased after the annealing in
oxygen atmosphere and leading to the improvement of the
scintillation efficiency. However, no report about the effect
of annealing atmosphere on the scintillation properties of
YAG: Ce*synthesized at the nanoscale.

Currently, single-crystal YAG is most widely used in
radiation detection applications. Kim et al. [6] have inves-
tigated the scintillation properties of YAG: Ce*" single
crystal under *’Cs gamma radiation source, in their report,
the energy resolution was determined to be 14% full width
half maximum (FWHM), the light yield was estimated to be
20,800 4000 ph/MeV and the measured decay time was
112 ns. Furthermore, Chewpraditkul et al. [19] conducted a
comparative study of LuAG: Ce and YAG: Ce single crystals
under 662 keV y-rays, for the YAG: Ce, the energy resolu-
tion was measured to be 7% and the photoelectron yield was
37504200 ph/MeV. The fast decay time and the coincidence
timing resolution were 96 ns and 660 ps, respectively. Grow-
ing single-phase crystal is highly cost intensive, requiring
highly pure chemicals, highly sophisticated laboratory and
long processing time [20-23]. Chemical methods as sol—gel
combustion [24], co-precipitation [25], solvothermal [26]
and sol—gel method [27, 28] have been employed for the syn-
thesis of YAG: Ce** powders. The sol-gel method provides
an advantageous approach to fabricating low-cost scintil-
lators with high purity, precise control over grain size and
morphology, excellent luminescence properties and the abil-
ity to process at low temperatures [28]. In fact, actually, the
concept of nanoscintillators started being developed due to
their strong enhancement in light emissions, this improve-
ment can be achieved by the optimization of some synthesis
parameters [29-31]. Furthermore, the parameters of elabora-
tion as the pH of the solution, the activator concentration,
the annealing temperature and the annealing atmosphere are
very important and they have a significant effect on the pow-
der characteristics [28, 32, 33].

In addition, actually, the novel deep photo-dynamic
therapy (PDT), which is very spectacular minimally inva-
sive therapeutic method used in medical filed [34-37],

Fig.1 Schematic view of the

experimental setup for measur- Preamplifier o MCA
ing the pulse height spectra of AV bias ORTEC 142 Amplifier ORTEC 927
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constitutes another promising tool in cancer treatment. This
method requires nanoscintillators with high light yield to be
conjugates with a photosensitizer to produce therapeutically
relevant results [38]. Indeed, several rare-earth ions-doped
nanoparticle scintillators have been synthesized and stud-
ied as potential light sources for PDT system [39]. Garnet
nanoscintillators are among them, such as Pr’*-doped YAG
[40] and Ce**-doped GAG [41].

In this work, YAG: 0.5% Ce>* nanopowders synthesized
by sol-gel method and heat-treat at 900 °C for 2 h at differ-
ent atmospheres (vacuum, air and nitrogen) were used to
design sample detectors, the objective is to study the effect
of the annealing atmospheres on scintillation properties and
identify the suitable atmosphere that allow to design a radia-
tion detector with high performance.

For doing so, nuclear instrumentation chain was set up,
the designed sample detectors were coupled with GDB-4FF
PMT used as a photodetector, and the samples were excited
by 7-662 keV from '*’Cs radioactive source. The relative
light yield can be determined from the collected spectra.
For the scintillation decay time measurement, the delayed
coincidence technique was used [42, 43].

Experiment and methods
Pulse height spectra measurement

One of the most important analytical measurements for
determining the performance of scintillating materials is
pulse height spectra. Collecting these data allows us to deter-
mine the efficiency of the material in terms of the visible
light produced via the scintillation mechanism. The experi-
mental setup used for recording the pulse height spectra of
the prepared samples is shown in the schematic diagram
depicted in Fig. 1, the produced light under y-ray excitation
from '¥’Cs source (662 keV) was readout by using bi-alkali
GDB-4FF PMT, manufactured by the Beijing Comprehen-
sive Instrument Factory and powered at 1500 V. For the

Pulse Shape
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setup of nuclear electronic system high-voltage power sup-
ply ORTEC 465, preamplifier ORTEC 142PC, pulse shape
amplifier ORTEC 672, multichannel analysis MCA ORTEC
927-ASPEC and PC with Maestro software were used, the
PMT was placed in closed box for all measurements. Abso-
lute light output and energy resolution measurements were
made using the recorded height pulse spectra.

Details of sample detector design

Three sample detectors have been developed based on
the YAG: 0.5% Ce** nanopowder synthesized by sol-gel
method and heat-treat at 900 °C for 2 h at different anneal-
ing atmospheres, namely vacuum (10‘6 mbar), air (atmos-
pheric pressure) and nitrogen (N,, 99.999%), the pH value
of the solution has been stabilized at 1. The final shape was
obtained by using two kinds of Mylar, the face to be coupled
with the PMT window was covered by transparent Mylar
which was used as a substrate, the opposite face was covered
by the aluminized Mylar which was used as a reflector to
prevent light loss, and the sides of the sample were wrapped
by the aluminum foil. In order to fix the powder and get
homogeneous distribution, we sprinkle pure ethanol on the
substrate before laying the YAG powder. Figure 2 shows a
photography of the designed samples.

For simplification, in all that follows, the prepared sam-
ple detectors Ce**-doped Y;AlsO,, (YAG) were named as
YAG_Nitrogen, YAG_Air and YAG_Vacuum according to
the annealing atmosphere used during the synthesis process.

Optimal sample thickness selection

The thickness of the sample detectors developed from YAG:
0.5% Ce* nanopowder has a significant effect on its scin-
tillation properties. It is typically chosen based on a com-
promise between several factors. These factors include the
desired sensitivity of the detector, the energy range to be
detected, the resolution of the detector, the scintillation light
yield and attenuation length of the scintillator material.

F 3 4
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Air Nitrogen

Fig.2 Photography of the prepared sample detectors

YAG: Ce** nanopowder scintillators typically have high
light yield and short attenuation lengths, which can result
in high sensitivity and good energy resolution. However, if
the thickness of the sample is too high, the light yield may
be reduced due to self-absorption and scattering problem.
Additionally, transparency is an important consideration
when selecting the optimal thickness. In fact, YAG: Ce**
nanopowder is an opaque material, which means that it does
not allow light to pass through it easily. On the other hand,
for very thin samples, the total energy absorption may be
lower due to the reduced probability of interactions between
the radiation and the sample material.

In order to determine the optimal thickness of the sam-
ple in terms of produced light yield, four sample detectors
with different thicknesses, namely 0.5, 1, 2 and 3 mm, have
been prepared using YAG: Ce®* nanopowder annealed under
vacuum. The energy spectra of y-rays from a '*’Cs radio-
active source were collected using the developed nuclear
instrumentation system (Fig. 1) and the prepared sample
detectors. The results of this experiment are presented in
Fig. 3. It is important to indicate that the spectra were col-
lected under identical and optimal experimental conditions,
with a fixed high voltage of 1500 V, a shaping time of 3 us
and an amplification gain of 200.

The results show that the sample detectors with thick-
nesses of 2 and 3 mm exhibited transparency and self-
absorption issues, resulting in a significant reduction in
scintillation light output. In addition, the measured spectra
did not show a photoabsorption peak for these thicker sam-
ples in contrast to the 0.5 and 1 mm samples. Furthermore,
the scintillation efficiency of the sample with a thickness
of 1 mm was slightly better than that of the sample with a
thickness of 0.5 mm. Consequently, a thickness of 1 mm
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Fig.3 Energy spectra of y-rays from '*’Cs obtained using sample
detectors prepared with different thicknesses of YAG: 0.5% Ce**
powder annealed at vacuum
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was selected for designing the Ce**-doped Y;As0,, sample
detectors. The final dimensions used for studying the effect
of different annealing atmospheres on scintillation properties
are 20X 15 x 1 mm?>.

Scintillation decay time measurement

The decay time measurements were done by using the
method of a Thomas—Bollinger single-photon method [42],
using fast-slow coincidence setup. For this setup, the two
faces of each sample were covered by transparent Mylar.
Therefore, the emitted light from the sample can be detected
using two photomultiplier tubes PMTs. The schematic of the
experiment is shown in Fig. 4. In this experiment, two PMTs
were used, the first one was GBD-4FF used for the fast chan-
nel, the sample detector was coupled with this PMT, and the
second was Dumont 6292 PMT used for the slow channel, it
was placed opposite to GDB-4FF at a distance of 10 cm. The
time difference between the signal generated in the GDB-
4FF and the signal generated by the single photon detected
in the second PMT (Dumont 6292) was measured using the
CANBERRA Time-to-Amplitude converter model 2145
(TAC). The events were collected by ORTEC 927 MCA,
the sample was irradiated by '¥’Cs radioactive source.

SOURCE
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GDB-4FF
A
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Timing
Filter AMP

dINV3dd
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Results and discussion
Scintillation light yield

The scintillation light yield (SLY) is one of the key scintil-
lator parameters, it shows the efficiency of the scintillator to
convert absorbed radiation energy to photons. It is defined as
the number of photons N, per unit of ionizing energy (ph/
MeV), the measurement of the light yield of scintillator is not
easy because of many considerations [44]. Different results
have been found in the studies for the most popular crystals,
e.g., Nal(Tl) and CsI(T1), it depends on several causes such as
the crystal growth method and the technique used to determine
the light output.

In the present work, the method of comparison is used to
measure the relative light yield (RLY %) of the sample detec-
tors [45—47]. The Nal: Tl single-crystal scintillator is used as
a reference detector, the formula is given in Eq. (1)

Or
w 2R
Og

where PPy and PPg are the peak positions of the reference
detector and sample detector, respectively, Gy and Gg are,

PP
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Fig.4 Block diagram of the experimental setup used for the decay time measurement
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respectively, the gains applied in the reference detector and
the sample detector, Qg = 27.6 % and Qg = 26.7 %, are,
respectively, the quantum efficiency of the GDB-4FF PMT
over the spectral emission of the reference detector and stud-
ied sample detectors.

Firstly, in order to check the radiation response of the
designed sample detectors for different gamma energy lev-
els, the sample YAG_vacuum was used to collect the pulse
height spectra of y-rays from '*’Cs, >Na and *’Co radio-
active sources with 662, 511 and 122 keV gamma energy,
respectively. The results are presented in Fig. 5a. Therefore,
the energy-channel calibration curve was plotted, as shown
in Fig. 5b. From the plot, one can observe that the energy
versus channel values were well adjusted with a linear func-
tion. Secondly, in order to evaluate the effect of the anneal-
ing atmospheres on the SLY, the pulse height spectra of
sample detectors and reference detector are collected under
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Fig.5 a Pulse height spectra of y-rays from '*’Cs, *Na and *’Co
radioactive sources using YAG_Vacuum sample detector and b

Energy-channel calibration curve

662 keV y-ray from *’Cs radioactive source with 26.1 KBq
and presented in Fig. 6, well-defined photo-peaks can be
clearly observed, the shaping time was set at 3 ps, the high
voltage was fixed at 1500 V for all the samples and even for
the reference detector, Gy and Gg were fixed at 100 and 200,
respectively.

The pulse height spectra (Fig. 6) were fitted with Gauss-
ian function to determine the centroid and the FWHM of
the photo-peaks, the results show that the sample annealed
at vacuum exhibits the higher light yield.

The relative light output of the sample detectors can be
determined by comparing the peak positions of the samples
with that of Nal(Tl) single crystal using the collected pulse
height spectra. The light yield of Nal: Tl was estimated to
be 40,000 + 8000 ph/MeV [48]. Consequently, the absolute
light yield (ALY) of the sample detectors was calculated.
Table 1 summarizes the obtained results.

According to the obtained results, it was noted that the
annealing atmosphere has a significant effect on the scintilla-
tion light yield, the sample detector prepared from nanopow-
der YAG: Ce’* annealed under vacuum atmosphere exhibits
higher light output compared to the others (air and nitrogen).
In our previous work [33], the average crystallite size of the
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Fig.6 Pulse height spectra of y-rays from '*’Cs with Gaussian fit of

sample detectors and reference detector

Table 1 Effect of annealing atmospheres on the scintillation light
yield of YAG: 0.5%Ce

Annealed atmospheres Peak positions RLY (%) ALY (ph/MeV)

YAG_Nitrogen 100.21 27 10,900 2200
YAG_Air 117.23 32 12,800 +2800
YAG_Vacuum 129.15 35 14,600 + 3400
Nal:Tl 189.18 100 40,000 + 8000
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three samples, calculated through the Scherrer formula, is
approximately 18, 20 and 31 nm corresponding to nitrogen,
air and vacuum, respectively. It was observed that the YAG:
Ce** nanophosphor annealed in vacuum atmosphere had the
largest value of the crystallite size. In fact, the crystallite
size of nitrogen annealing is smaller than that of air and
vacuum annealing, because the micro-strain contributions
in the nitrogen are more pronounced, making a difference in
crystallite growing speed, which is greater in vacuum than
in air and nitrogen. Furthermore, a high photoluminescence
(PL) emission intensity was observed for large crystallite
size, which means a linear relation between crystallite size
and PL emission intensity for this nanophosphor. In this
study, we observe that the SLY increases with crystallite
size of the samples as shown in Fig. 7 and Table 2. This
result could be due to the influence of the defects density
at grain boundaries. In fact, for the small crystallite size
obtained with nitrogen annealing atmosphere, the surface-
to-volume ratio (S/V) increases compared to the bigger size
obtained with air and vacuum atmosphere, which lead to the
increase of the defects density at grain boundaries. A higher
defects density aids the non-radiative recombination of elec-
tron—hole pairs that may reduce the scintillation efficiency.
Thus, the experimental results, obtained in this study, are
relative under finite boundary conditions. In addition, the
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Fig.7 Light yield and crystallite size relationship under different
annealing atmospheres

vacuum is clean atmosphere which can provide clean reac-
tion conditions; therefore, the calcination in such atmosphere
allows to get YAG: Ce** nanophosphors with less defects,
which otherwise will act as non-radiative relaxation centers
and perfect incorporation of Ce** ions into the Y lattice [33].
Moreover, the annealing atmospheres affect the concentra-
tion of oxygen vacancies and the reduction degree of Ce**
to Ce** in YAG host [17, 18], which can be responsible to
the increase of the SLY.

Furthermore, it is known that the number of photons N,
produced in the scintillation conversion process per energy E
under X or y-rays excitation can be expressed as [49]:

E

Nype = =—— XS

e = g X570 @
where E, is the band gap of the material, S and Q are, respec-
tively, the quantum efficiencies of the transport and lumines-
cence stages, and f is a phenomenological parameter which,
for most materials, is typically between 2 and 3. If we con-
sider E.;, as the photon energy in UV or visible generated,
the relative efficiency can then be obtained as [50]:

vis

E

n= X Nppe 3)
In fact, the experimentally determined scintillation light
yield is generally inferior to the value given by Eq. (2) and it
represents just a small fraction of generated photons, arriv-
ing to the PMT within a certain time gate or shaping time.
In addition, interaction of X or y-rays with nanoscintillator
materials can lead to changes of the scintillation parameters.
In fact, it was well established that reducing size can affect
the value of the gap and therefore the luminescence yield Q
in the non-doped semiconductor scintillator materials, but
no quantum confinement effect was observed for doped inor-
ganic scintillators nanomaterials [51]. However, the struc-
tural effects generating crystal-field fluctuations in nanoscale
can influence the Q value. The energy transfer efficiency
S can be affected through the presence of surface defects
which become very critically at nanoscale. The understand-
ing of different effects, which can influence the conversion
of gamma energy to visible light photons and therefore
improve the nanoscintillator SLY, is important challenge.

Table 2 Different calculated

Atmospheres YAG_Nitrogen YAG_Air YAG_Vacuum
values of R, Ny, Ry and R; for
different annealing atmospheres  Crystallite size (nm) 18+0.14 20+0.75 31+0.59

R (%) 25+0.22 17+0.15 13+0.14

LY (Ph/MeV) (@662 keV) 10,900+2200 12,800+2800 14,600 + 3400

Nohe (@662 keV) 1926 2262 2580

Ry (%) 5.76 5.32 4.98

R; (%) 24.32 16.14 12.01
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Table 3 Scintillation decay and

tise time of YAG: Ce™* sample Samples Decay components Rise time 7, (ps)
detectors at different annealing Fast Slow
atmospheres - -
7; (ns) Intensity (%) 7, (ns) Intensity (%)
YAG_Nitrogen 130+7 18 640+40 82 2307+18
YAG_Air 104+4 39 605+20 61 2202427
YAG_Vacuum 90+1.2 63 435+ 14 37 2054 +25
Energy resolution photodetector over the emission spectrum of the scintillator

In radiation detection applications, energy resolution is
one of the most important characteristics of the detector,
it measures how precisely the energy of incoming parti-
cles can be determined. When a scintillator is subjected
to different energy radiation, it must be able to distinguish
the sources by having a different response according to
the energy of the incident photon. Therefore, the energy
resolution is the capability of the scintillator to distinguish
two photons of near energies. Generally, four contributions
to the energy resolution R are considered [52]:

2 _ p2 2 2 2
R = RnlD +R, +Rp + Ry, 4)

where: Rp: transfer resolution, which can be ignored in case
of PMT readout. Ry;: photomultiplier resolution: is the sta-
tistical contribution due to the variance in the number of
detected photons Ny, plus the variance due to the electron
multiplication in the PMT, R, : is connected with inhomo-
geneity of the crystal quality causing local variations in the
scintillation light output and R,,: is the contribution of the
non-proportional response of the scintillator. A so-called
nonlinear material will therefore have a light yield which
will depend on the energy of the incident photon. The intrin-
sic resolution R; results from the contribution of R;,;, and R,,,,
it is defined as:

2 _ p2 2
Ri - Rnp + Rinh (5)

The processing of the data presented in Fig. 6 allows to
calculate the energy resolution R of each sample detector
under 662 keV y-ray from '*’Cs radioactive source. The
results are summarized in Table 2.

Furthermore, Ry, can be estimated if the number of
photoelectrons (N,.) generated in the photodetector for a
gamma-ray event in the scintillator is known. In fact, Ny,
can be estimated as [53]:

Npne = LY X E, X fgee (6)

where LY is the light output of the scintillator (in photons/
MeV), E, is the energy of the incident gamma-ray in MeV
(0.662 in this case), #4, is the quantum efficiency of the

taken as 26.7%. Furthermore, the statistical contribution Ry,
can be estimated using the traditional Poisson distribution
[53, 54]:

2 » _ ENF
Ry = (2.36)" X —— @)

N, phe

where ENF is the excess noise factor of the photodetector
(~ 1.15 for PMTs) [55]. Then, one can estimate N., Ry
and the intrinsic resolution R; values of the studied sample
detectors using Egs. (4), (6) and (7).

On Table 2, we present the different calculated values
of R, Nphe, Ry and R, for different sample detectors. The
sample detector annealed under vacuum atmosphere exhib-
its the better energy resolution compared to the samples
annealed at air and nitrogen. The number of photoelectrons
Nype 18 higher for the YAG_Vacuum detector which can be
connected with increasing the crystallite size by changing
the treatment atmosphere, R); remains practically constant,
R; decreases with crystallite size, one can think that the
improvement of R is related to R,.

The most important factor that can alter the energy
resolution is the non-proportionality of the light yield. It
acts by many secondary gamma and X-ray quanta and scat-
tering of secondary electrons. A study suggests a correla-
tion between the impurities in the crystal and the intrinsic
resolution, a pure crystal can give a better energy resolu-
tion [56].

In fact, the calcination under vacuum allow to get YAG:
Ce nanopowder with a large size of crystallite compared
to that obtained under air and nitrogen atmospheres [33],
this can improve the crystal quality and decrease the con-
tributions of the non-proportionality and non-homogeneity
responses.

Scintillation decay time
Room temperature scintillation decay curves of studied
samples were measured under y-rays from 37 Cs radioac-

tive source and presented in Fig. 8, the decay curves were
well fitted by the following equation:
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Fig.8 Scintillation decay time of studied sample detectors under
137Cs y-rays

-t —t —t
1(t) = Ae /% “Ae Tt Ae /7, 4 Yo ®)

where 7; and 7 are, respectively, the decay time constants of
the fast and slow components, z, is the rise time constant. A,
A and A, are the corresponding intensities. The decay time
components with their corresponding fractional intensity
ratios and the rise time are summarized in Table 3.

From the obtained results, one can observe that
the sample YAG_Vacuum shows the fast decay time
with higher relative intensity compared to the samples
YAG_Air and YAG_Nitrogen. Also, it was noted that
the scintillation decay time of the sample YAG_Vacuum
was slightly better than that of YAG: Ce single crystal
reported in refs [6, 19].

The improvement of the scintillation decay time may be
related to the decrease of the defect density. Additionally,
the higher intensity of fast component can be due to the
decrease of re-trapping of free charge carriers at shallow
trap when vacuum is used as annealing atmosphere.

Conclusion

In this paper, the effect of the calcination atmosphere on
the scintillation properties of YAG: Ce>* nanopowder has
been investigated under y-ray 662 keV excitation. The results
showed that the annealing atmospheres can strongly affect
the scintillation properties. The sample YAG_Vacuum with
1 mm thickness exhibits the best characteristics compared
to YAG_Air and YAG_Nitrogen samples. Consequently,
the vacuum annealing is a suitable method for developing
YAG: Ce*" nanoscintillators for use in radiation detection

@ Springer

applications. Future work will focus on investigating the
impact of additional parameters, such as annealing tempera-
ture and pH of the solution used during the elaboration of
YAG: Ce** nanophosphor. Furthermore, besides their use
as standalone detectors, the evaluation of sample detectors
in powder form is a crucial step in identifying the optimal
synthesis conditions. By conducting this initial assessment,
we can streamline the development of transparent scintil-
lator ceramics that hold significant potential for future
applications, thereby paving the way for further research
in this field. Moreover, mixed doping is another promis-
ing approach for achieving high optical output in scintilla-
tor materials. For instance, it has been reported that mixed
doping can result in an optical output of 4 x 10* ph/MeV,
making it a significant research direction for crystal powder
applications.
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