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A novel process for transparent oxide ceramic scintillator with a composition of

Gd, 94., Y. Eug, 0605 was developed. The process consists of a glycine—nitrate
combustion synthesis of nano-sized starting powder and subsequent controlled sintering
and annealing steps. The organic molecules remaining in the as-combusted powder
were efficiently removed by the combined heat-treatment at vacuum and air
atmospheres. Hot-pressed ceramic scintillators show transparent optical state and

high light output. Transparent optical ceramic scintillator with a high content of

Gd (up to 80 mol%) was fabricated by the process. The measured light output of

Gd, 5,Y( 4Eug 605 ceramic scintillator was about two times higher that that of

CdWO, single crystal.

In a typical radiation detection system, the scintillator
plays the key role of converting the incident energy of
ionizing radiation into scintillation light photons, then the
emitted lights are collected by the under-laid photosen-
sor. This specific application requires an ideal scintillator
that has high light output, fast decay property, low after-
glow, and so forth. Recently, a large number of new
scintillator systems has been reviewed,' resulting, in part,
with the development of a new class of scintillator: the
polycrystalline ceramic scintillator.”

Discrete CdAWO, single crystals are generally used in
medical/industrial x-ray computed tomography (CT).
Newly developed ceramic scintillators offer uniform co-
doping on a molecular level with special additives and a
complex composition that cannot be obtained by single-
crystal methods. A typical shortcoming of polycrystalline
ceramic as a discrete scintillation element is its low op-
tical transmittance due to microstructural heterogeneities,
such as pores and grain-boundaries in the polycrystalline
body. Light photons generated by the scintillation
mechanism can be practically utilized when they suc-
cessfully escape from the discrete scintillator element.
Lowered optical transmittance by light scattering results
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in a decreased light escape probability and, thus, finally
lowers light output. Only a few kinds of ceramics, such
as Gd;Gas0,,:(Cr**,Ce),** Gd,0,S:(Pr,Ce,F),>° and
(Gd,Y),05:Eu,” have successfully been prepared as a
transparent ceramic scintillator because the perfect elimi-
nation of pores is very difficult through the normal sin-
tering step. To achieve highly transparent ceramic scin-
tillator, it is necessary to have a specific scintillator ce-
ramic powder that is nanocrystalline in size, of high
purity, has a high specific surface area and less agglom-
eration, and shows full densification by the subsequent
controlled sintering step.” For example, the starting pow-
der of Gd;Gas0,,:Cr’*,Ce was prepared by the ammo-
nium hydroxide method®>* and that of Gd,0,S:Pr,Ce,F
was synthesized by the halide flux method’ and the sul-
fite precipitation method. In cases of (Gd,Y),0;:Eu’ and
Lu,05-based® ceramic scintillators, the oxalate copre-
cipitation method was used to obtain a powder for the
sintering of the ceramic scintillator.

The glycine—nitrate combustion method, used in this
study, is an advantageous process for the synthesis of
nanocrystalline powders’ in many complex oxide ce-
ramic systems, especially Y,Os-based systems,'® be-
cause the glycine forms a complex salt with various
metal ions. The compositional control with the combus-
tion method is easier than with the wet chemistry
method. The combustion method was recently used for
Lu,O; ceramic scintillator.'' The Lu,O, ceramic scintil-
lator, however, shows a low optical transmittance. There
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has been no report on the successful fabrication of the trans-
parent optical ceramic scintillator with the combustion-
synthesized powder.

In this study, a glycine—nitrate combustion method and
the subsequent controlled sintering step were used to
produce (Gd,Y),05:Eu ceramic scintillator, which is a
promising scintillator system for the medical/industrial
x-ray CT-scanner.” Previous studies about this com-
pound showed that maximum content of Gd,O5; was 50
mol% to obtain the optical transmittance, and the optimal
composition was chosen as Gdy oY 3.EUg 0s05." A
higher content of Gd element in the (Gd,Y),0; scintil-
lator is expected to have a high scintillation intensity due
to its larger x-ray stopping power. The increase of Gd
content in transparent ceramic scintillator is one of the
purposes of this study. The emitted scintillation light
spectra were measured and compared with those of
CdWO, single-crystal scintillator.

The powder synthesis method used in this work was
the glycine—nitrate combustion process.'> An experimen-
tal composition was chosen as Gd; ¢4_,. Y, Eug cO5 (x =
0.0, 0.2, 0.4, 0.6, 0.97, and 1.34). The stoichiometric
molar ratio of glycine/nitrate was calculated by the
method of Jain et al."* and was used for the synthesis of
all of the powder composition. The as-synthesized pow-
der was ball-milled for 24 h using zirconia balls in an
isopropanol liquid medium. After drying, heat-treatment
was conducted for 8 h at 400 °C. Heat-treatment condi-
tions were (i) vacuum 8 h, (ii) vacuum 4 h and air 4 h,
and (iii) air 8 h. The prepared powder was sintered
to transparent ceramic by the hot-pressing process at
1400 °C for 2 h with a pressure of 30 MPa in an Ar
atmosphere. A post heat-treatment was conducted at
1150 °C for 2 h in air to improve the optical transparency
and the light output. Crystalline structures of specimens
were investigated with an x-ray diffraction (XRD) analy-
sis. Powder morphology was examined using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The content of the organic molecule
in the scintillator powder was detected by Fourier trans-
form infrared (FTIR) spectroscopy (FTLA2000-154,
ABB Inc., Quebec, Canada) and an elemental analyzer
(EA; EA1110, CE Instruments, Milan, Italy).

For the excitation of the scintillator, an x-ray generator
with a tungsten target was operated at 100 kVp. The
emitted scintillation light spectrum as a function of
wavelength was measured by the spectrometer
(USB2000, Ocean Optics Inc., Dunedin, FL) incorporat-
ing the linear charge-coupled device (CCD) array as a
photosensor. The relationship between the measured
scintillation light spectrum emitted from the scintillator,
Sm(N), and the generated scintillation light spectrum
within the scintillator, Sy(N\) can be given by

Sul0) = [ Sy mouaan M

where \ is a wavelength and the kernel m(\,\)’ is the
spectral response function or simply the quantum ef-
ficiency of the spectrometer. The light output is calcu-
lated by

Y= f Sy(Vdh (2)

The correction for nonuniformity of the quantum effi-
ciency of the spectrometer with the wavelength variation
was not considered in this study. All ceramic specimens
have the same thickness of 1 mm, which is much smaller
than the lateral dimension. The escaped light was col-
lected by an optical fiber with an aperture size of 1 mm
in diameter.

The synthesized powder shows a single cubic phase in
the XRD result. Gadolinium and yttrium oxides form the
complete solid solution. The as-synthesized powder has a
foamy and porous structure, as shown in Fig. 1(a), which

(b)

FIG. 1. Electron micrographs of the synthesized (Gd,Y),05 ceramic
powder. (a) SEM micrograph shows a foamy shape in as-combusted
state, and (b) TEM micrograph shows a nano-sized primary particle of
powder. Primary particle size was 58 nm from the measurement from
TEM micrographs.
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is a typical microstructure of powders prepared by the
glycine—nitrate combustion process. The TEM micro-
graph, shown in Fig. 1(b), shows the shape and size of
primary particles. Equiaxed and nanometer-sized pri-
mary particles are essential for the full densification of
ceramics. The measurement of TEM images showed the
mean size of primary particles to be 58 nm. Due to the
light agglomeration of the as-synthesized powder, ball-
milling was enough to get the submicrometer secondary
particles, which is necessary to improve the forming abil-
ity of powder.

The as-synthesized powders produced by the combus-
tion method commonly contain some carbon and nitro-
gen ligands that are caused by incomplete reaction at the
combustion process. For the full densification of ceram-
ics, organic molecules need to be removed from the pow-
der because the organic molecules leave the trapped gas
molecule which is one of major reasons for residual
pores.” Temperatures of the powder heat-treatment
must be carefully determined because nanocrystalline
powders synthesized by the combustion method show
an exaggerated particle growth when subjected to a
high-temperature heat treatment.” Based on the report
that Gd,O; powder synthesized by the combustion
method maintains the initial particle size and shape at
300~500 °C,'* 400 °C was selected as the heat-treatment
temperature of the powder.

Figure 2 shows the results of the FTIR analysis. At a
wavenumber of 3446.5 cm™, a broad peak was detected
that was caused by the —OH ligand. A peak of 1635.5
was also caused by —OH. Other peaks were identified
as: 1384.7 NO;7; 1417.6 C-0O; 1508.2, 1521.7, and
1541.0 -NH,.">° Amounts of these organic molecules
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FIG. 2. FTIR results of Gd, (Y, 34Eu, 0O3 powders after each heat-
treatment step. A plot of the as-synthesized powder (a) was compared
with those of heat-treated powders. Heat-treatment conditions were (b)
vacuum 8 h, (¢) vacuum 4 h and air 4 h, and (d) air 8 h at 400 °C.

were decreased after the powder heat-treatment. But, the
heat-treatment at air atmosphere was not sufficient to
remove NO; ™ ligand. A sharp NO,™ peak at 1384.7 cm™
was observed even after the heat treatment in the air
atmosphere. As shown in Table I, the elemental analysis
reveals more quantitative results. Air heat-treatment re-
moved the carbon and hydrogen most efficiently, and
vacuum heat-treatment was efficient for the removal of
nitrogen. Because most of the carbon molecules exist as
C-0 bond, oxygen is needed to transform C-O ligand
into carbon dioxide. Nitrogen exists in the form of —-NH,
or NO;™ and is transformed into N,, NO, or NO, dur-
ing vacuum heat-treatment. Therefore, it is concluded
that the combined heat-treatment in vacuum and air
atmosphere is most efficient at removing the organic
molecules.

Figure 3 shows a macroscopic view of Gdg oY 34
Eu, (,O5 transparent ceramic scintillator. The thickness
of the specimen is 1 mm and the diameter is 18 mm. In
the composition range from Gd; 5,Y 40EUg 0605 to
Gdy 60 Y 1 34EU( 0603, (up to 80 mol% of Gd), the ceramic
scintillators give a transparent optical state. In Fig. 4, the
measured light spectra of Gd, ¢4Eug 0603, Gd; 54Y (.40
Euy 0605, and Gd, 60Y 34EU, 0605 ceramic scintillators
are compared with that of CAWO, single crystal. Trans-
parent ceramic scintillators show higher scintillation in-
tensity. At higher compositions of Gd,0O5;, such as
Gd, o4Eug 0605 and Gd, 7,Y,0Eu, 0605, the phase of
scintillators was changed from cubic to monoclinic. The
sintered ceramic scintillators of these compositions show
optically opaque states and low scintillation intensity.
From Fig. 4 and Eq. (2), the transparent Gd; 5,Y 4
Eu, 605 ceramic scintillator shows about two times
higher light output than that of CdAWO, single crystal.

In conclusion, the glycine—nitrate combustion process
was used to synthesize nano-sized starting powder for the
Eu-doped (Gd,Y),0; ceramic scintillator. The synthe-
sized powder shows the single cubic phase, and gadolin-
ium and yttrium oxides form the complete solid solution.
As-synthesized powder has a foamy agglomerated struc-
ture; the equiaxed nanometer-sized primary particles
were lightly agglomerated to form porous secondary par-
ticles. The organic molecules remaining in the as-
synthesized powder were efficiently removed by the
combined heat-treatment at vacuum and air atmospheres.

TABLE I. Elemental analysis result of Gd, Y 34Eu o605 powders
after heat-treatment step. Heat treatment was conducted at 400 °C.

In vacuum
Element As- In vacuum (4 h) + in In air
(Wt%) synthesized (8 h) air (4 h) (8 h)

N 0.122 £0.004  0.097 £0.004 0.094 +0.002 0.113 +0.006
C 0.663 £0.014 0.299 £0.002 0.210+0.01  0.187 +0.016
H 0.276 £ 0.016 0.192+0.003 0.180 +0.004 0.184 +0.004
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FIG. 3. Macroscopic view of the transparent Gd, Y 34Eu 605 ce-
ramic scintillator. Thickness of specimen is 1 mm.
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FIG. 4. Emitted scintillation light spectra of Eu-doped (Gd,Y),05 ce-
ramic scintillators and CdWOj; single-crystal scintillator. Thickness of
specimen is 1 mm. Selected compositions are Gd; g4Eug (503,
Gd, 54Y( 4Euy 0605, and Gd 40Y; 34Eug 06O5. Inset shows the detail
light output spectra of transparent optical ceramic scintillators.
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Hot-pressed ceramic scintillators show transparent opti-
cal state and high light output. Transparent optical ce-
ramic scintillators with a high content of Gd (up to 80
mol%) could be fabricated by the process. The measured

light output of the Gd, 5,Y, 4Eu, ,cO5 ceramic scintilla-
tor was about two times higher than that of CdAWO,
single crystal.
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