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Abstract

Ce-doped tetracationic garnets (Gd,M);Al,Ga;0,,(M=Y,Lu) form a family of new multipurpose
promising scintillation materials. The aim of this work was to evaluate the scintillation yield in the mate-
rials of quaternary garnets activated by cerium ions with partial isovalent substitution of the matrix-forming
gadolinium ions by yttrium or lutetium ions.

Materials were obtained in the form of polycrystalline ceramic samples, and the best results were shown
by samples obtained from the raw materials produced by the coprecipitation method. It was found that ce-
ramics obtained from coprecipitated raw materials ensure a uniform distribution of activator ions in the
multi-cationic matrices, which enables the high light yield and fast scintillation kinetics of the scintillation.
It was demonstrated that the superstoichiometric content of lutetium/gadolinium in the material is an ef-
fective method to suppress phosphorescence accompanied scintillation. For ceramics with the composition
(Gd,Lu);Al,Ga;0,,, a scintillation yield of more than 50.000 ph/MeV was achieved. The scintillation
kinetics was measured to be close to the kinetics with a decay constant of 50 ns.

In terms of the set of the parameters, the developed scintillation materials are close to the recently de-
veloped alkali halide materials LaBr;:Ce, GdBr;:Ce. Moreover, they have high mechanical hardness, are
characterized by the absence of hygroscopicity, and are better adapted to the manufacture of pixel detectors
used in modern devices for medical diagnostics.
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KoMno3uuuoHHO HEYNOPAI0YEeHHbIe AKTUBHPOBAHHbIE
MOHAMM LePUs KPUCTA/UIbI TUIIA TPAHATA ISl 00Jiee SIPKUX
1 OBICTPBIX CUMHTHILISIIUAN

M.B. Kopxuk

Hucmumym adepuvix npobnem benopycckoeo eocydapcmeennozo ynueepcumema,
va. bobpyuckas, 11, e. Munck 220006, benapyco

Tlocmynuna 14.10.2021
Ipunama k nevamu 18.11.2021

UYereipéxkaTuonssle rpasaTsl (Gd,M);Al,Ga;0,,(M=Y,Lu), neruposannsie nonamu Ce, popMupyOT
CEeMENCTBO HOBBIX MHOTOIENEBBIX MNEPCHNEKTUBHBIX CHUHTHILIISIMOHHBIX MaTepuaioB. Llempio paboTel
SIBIISJIOCH TIPOBECHME OILIEHKH BBIXOJa CIMHTWUIALIMN B CHMHTWUIAIIMOHHBIX MaTepHajaX YeTBEPHBIX
rpaHaToOB, aKTUBHPOBAHHBIX MOHAMH IEpHs MPH YAaCTHYHOW M30BAJICHTHOW 3aMEHE MaTpHUIle00pa3yrommx
WOHOB TaJI0JMHISI NIOHAMH UTTPHUS WITH JIIOTEITUS.

Matepuaisl ObIITH MTOTyYEHBI B BH/IE TTOIUKPUCTAITMYECKNX TUTACTHH, TPUYEM HAWITYUIITHE PE3yTbTaThI
MOKa3ainu oOpasIlbl, MOJyYeHHBIE M3 CHIPbS, MPOW3BEAEHHOTO METOJIOM COOCAXKICHHS. YCTaHOBIEHO,
YTO KepaMHuKa, MOJy4YeHHass M3 COOCAaXIEHHOTO CHIPhsS, O0OECIIEYMBAECT OJHOPOTHOCTH pacCIpeIeTeHHS
aKTHBAaTOPHBIX MOHOB B MHOTOKATHOHHBIX MaTpHUIlax. JDTO, B CBOIO OYepe/b, 00ECIIEUNBACT JTOCTHKEHHE
BBICOKOTO CBETOBBIXOJ]a M OBICTPON KMHETHUKM CUMHTHIUIIMK. [l0oKa3aHo, 9TO CBEPXCTEXHOMETPHUECKOE
coJlepKaHue JIIOTEIHs/TaoIMHAS B MaTepuane IJisi M3TOTOBICHUS KEpaMUKH SBISETCS 3((EeKTHBHBIM
cpencTBoM nozaasieHus pocdopecuenunu. Jna kepamuku cocrapa (Gd,Lu);Al,Ga;0,, 10CTUTHYT BBIXOJ
cimaTHUIAd 6omee 50000 got./M»aB, a ycpenHéHHas KOHCTaHTA 3aTyXaHWs] KUHETHUKU CITUHTHILISIIAN
6mu3ka k 50 Hc.

ITo COBOKYIMHOCTH TapaMeTpPOB pa3pabOTaHHBIC CIUHTILIAIIMOHHBIC MaTEPHANbl OJTM3KH K HEIaBHO
pa3paboTaHHBIM IleNo4HO-TagouaHeIM MaTepuaiaMm LaBr;:Ce, GdBr;:Ce, k ToMy e 001a1at0T BBICOKOH
TBEPIOCTHIO, XapaKTEPU3YIOTCS OTCYTCTBHEM I'MTPOCKONTMYHOCTH U JTyHIIle IPUCTIOCOOIEHBI K I3TOTOBIICHUIO
MTUKCEIBHBIX JETEKTOPOB, HCIIOJIb3YEMBIX B COBPEMEHHBIX YCTPOHCTBAX A1l MEIUIIMHCKOW TMarHOCTHUKH.
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Introduction

Exploiting the disordered crystalline com-
pounds is found to be a promising approach for im-
parting new features to crystalline compounds. The
disorder of the crystal lattice can be purposely in-
troduced into the inorganic material during produc-
tion, and its effect on their physical properties can be
significant. Among the various types of disorder in a
crystal system [1], the compositional disorder is of
particular interest for the development of materials
for photonics operating on the principles of creation,
transfer, and relaxation of electronic excitations.
Worth noting, scintillation materials utilized to de-
tect various types of ionizing radiation demonstrate
an impressive improvement in parameters due to the
introduction of disorder into the cationic or anionic
sublattices of the crystal [2]. A relatively simple type
of disorder is introduced into the crystal due to iso-
morphic or isovalent substitutions of cations in the
matrix. The advantage of this approach to improve
the scintillation properties of crystalline materials
based on oxides doped with Ce ions was demon-
strated almost two decades ago [3—7]. Ternary mixed
Lu,Y, ,AlO;:Ce crystals of the perovskite struc-
ture and oxyorthosilicate (Lu,Y,_,),Si05:Ce(LYSO)
structure crystals were found to be superior in scin-
tillation performance to binary LuAlO,:Ce and
Lu,SiO4:Ce  correspondingly. A combinatorial
search for the best composition of multicomponent
Ce-doped garnet compounds containing Y, Gd, Ga,
and Al has shown that a balanced combination of
Gd and Ga makes it possible to increase the scin-
tillation light yield (LY) above 40.000 ph/MeV [8].
The incorporation of Gd in the composition of mul-
ticationic garnets for brighter scintillation is prefer-
able because of the ability of the Gd sublattice in the
crystal to be a reservoir for Frenkel-type excitons,
providing further transfer of electronic excitations
to luminescence centers [9]. An influence of the Ga/Al
ratio in the crystal composition on the luminescence
kinetics and other scintillation properties of gadolin-
um-aluminum-gallium garnets was studied in [10—
12]. In addition to the mixing of Ga and Al ions in
the lattice, the isovalent substitution of gadolinium
ions with yttrium or lutetium ions is considered as
well. A competition in occupying the dodecahe-
dral positions in the garnet structure introduces ad-
ditional disorder into the cation sublattice. A very
positive effect of partial substitution of the Gd ions
by Y was confirmed in single crystals grown by the

Czochralski method. A GYAGG: Ce single crystal
with equal atomic percentages of Y and Gd ions in
the composition demonstrates a high light yield of
52.000 ph/MeV and a scintillation decay time of
50 ns [13]. The drawback of the material is arelatively
low density of 5.9 g/cm’. Low density leads to a low
stopping power to gamma-quanta, the measurement
of which is widely used in medical diagnostics. For
this reason, the material proved to be less competi-
tive for computer tomography and positron emission
tomography scanners. Replacement the Y with Lu in
a quaternary garnet would solve this problem. At a
Gd/Luratio of 1/1, the density of the material reaches
7 g/em’®, which is comparable to the density of lute-
tium orthosilicate, in which 20 at.% Lu is substituted
by Y ions. However, the use of Lu in the garnet ma-
trix creates some technological problems, the main
of which are: creation of defect-centers due to the
possible localization of small Lu®" ions in oxygen
octahedra [14—-16] in the garnet matrices. This cre-
ates cation vacancies in the dodecahedral positions
of lutetium ion localization, and, therefore, gives a
rise to the formation of traps of nonequilibrium car-
riers, which cause the phosphorescence of the mate-
rial.

This work is devoted to a comparison of the
spectroscopic and scintillation properties of ceram-
ic scintillators (Gd,Y);Ga;AlL,0,,(GYAGG) and
(Gd,Lu),Ga;AL,0,,(GLAGG) obtained from non-
stoichiometric raw material compositions and to
assess the prospects for their use in novel medical
imaging equipment.

Samples

Quaternary polycrystalline compounds with
a garnet structure exhibit various type of disorder.
First, the polycrystalline material consists of sepa-
rate grains, misoriented relative to each other. Se-
cond, in such crystallites, there is a disordering of the
cation sublattice, which arises due to the competi-
tion of different cations for identical crystallographic
positions. In the studied compounds, Gd, Lu, and Y
can occupy positions with a dodecahedral oxygen
environment, and Ga and Al — with octahedral and
tetrahedral sites (Figure 1). Samples of GYAGG and
GLAGG translucent ceramics were obtained at the
National Research Center Kurchatov Institute (Rus-
sia) from coprecipitated raw materials with a purity
not worse than SN, compacted into tablets 15 mm in
diameter by uniaxial pressing at a pressure of 60 MPa
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and annealed in an argon atmosphere at a tempera-
ture of 1600 °C for 4 hours. An additive in the form
of a suspension of Gd,O, oxide was dropped into the
solution at the final stage during the coprecipitation
of the composition. After sintering, the samples were
polished on both sides to a thickness of 0.5 mm, their
density was no less than 98.6 % of the theoretical
value, and the optical transmission was no worse than
30 %. The hardness of the samples was 8§ (Moos). The
studied samples of ceramics, according to X-ray lu-
minescence analysis, contained a single garnet phase
(PDF [00-046-0448]), and the grain size according to
scanning electron microscopy was 5—10 pum.

Figure 1 — Schematic presentation of the crystal structure
of the quaternary garnet Gd, ;Y sAl,Ga;0,, created with
VESTA software package [17]

A single crystal sample (Gd,Y),;Ga;Al,0,,:Ce
[13] with a scintillation yield of 50.000 ph/MeV was
chosen to be a reference. To mimic translucent ce-
ramic the crystal surface was ground. Since the ce-
ramic scintillator samples were translucent, the scin-
tillation yield was estimated by comparison of the
radioluminescence (XRL) spectra. The radiolumi-
nescent properties were evaluated at excitation with
BSV-2 X-ray tube (copper anode, 30 kV, 10 mA)
by MDR-23 LOMO monochromator (spectral width
2 nm) and FEU-106 V photomultiplier tube in a pho-
ton counting mode. The spectra were corrected for
spectral sensitivity. The scintillation kinetics was
measured by the standard start-stop method as de-
scribed in [2].

Results and discussion

Figure 2 shows the XRL spectra of ceramic
samples in comparison with a single crystal sample,
measured in the geometry of 45°. Comparison of
the areas under the XRL curves allows to estimate
the scintillation yield of GLAGG samples as 52650

+/-1000 ph/MeV, respectively, while for GYAGG
ceramics at the level of 48250 +/- 1000 ph/MeV.
The good coincidence of the X-ray spectra of the
GLAGG samples is remarkable, which indicates the
reproducibility of the technology for the scintilla-
tion ceramics. All bands have a complex structure;
a long-wavelength shoulder is observed in the XRL
spectra, which is apparently due to the difference in
the emission spectra of Ce*" ions depending on the
cationic environment of Ga and Al ions.
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Figure 2 — Radioluminescence spectra of GLAGG ce-
ramic samples (violet and red curves), a GYAGG ceramic
sample (blue curve) and a GYAGG single crystal (black

curve) measured at room temperature

Table shows some of the physical and scintilla-
tion properties of the obtained ceramics in a compari-
son with the GYAGG single-crystal sample, which
allows considering the possibility of the application.

The sample with lutetium shows the highest scin-
tillation yield. An incorporation of Lu ions into the lat-
tice leads to an increase in the role of scintillation cre-
ation mechanisms due to interaction with self-trapped
states in the lattice: auto-localized holes (ALH) and
auto-localized excitons (ALE). In contrast to the yt-
trium ion, lutetium has a high nucleus charge, higher
than that of gadolinium; therefore, the formation of
photoelectrons when interacting with gamma-quanta
occurs mainly on electronic shells of lutetium ions.
For this reason, holes are formed and localized pri-
marily in polyhedra occupied by lutetium ions. Lat-
tice excitons of the ALE type are rapidly converted
into excitons of the Frenkel type, localized on the
gadolinium sublattice; however, self-trapped holes
can additionally excite Ce*" ions both due to dipole-
dipole interaction and due to sequential capture:

e +ALH +Ce’" — ALH*+ Ce*" — Ce**,
e+ ALH +Ce*" — Ce*'+e- — Ce*',

where * means an excited state.
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Table

Density and scintillation parameters of the materials

. Light yield Decay constant XRL maximum
3 ghty 9 y 9 5
Sample Dencity, g/cm ph/MeV ns (%) am
GYAGG 36 (80)
(single crystal) 386 50000 97 (20) 335
20(10)
?Z;:glc‘ ) 5.85 48 250 51(85) 535
ceramics 120(5)
23(60)
E(}:I;;:rii(zs) 7 52 650 61(30) 525
600(10)

This additional channel for the transfer of the
electronic excitations leads to an increase in the scin-
tillation yield in GLAGG, respectively.

Thus, it can be argued that an enlarging in the
structural disorder in the crystal upon partial replace-
ment of gadolinium by lutetium ions leads to an in-
crease in the set of mechanisms for the transfer of
excitations of nonequilibrium carriers to Ce** ions,
which enhances the scintillation yield.

As seen from Table 1, the presence of a ten per-
cent fraction of 600 ns slow scintillation component
in the GLAGG sample is noteworthy. At the same
time, ceramics samples do not exhibit phosphores-
cence, which is a characteristic property of the crys-
tals of the gadolinium-aluminum-gallium garnet
family [2].

Conclusion

The results of evaluating the scintillation proper-
ties of ceramic samples of Ce doped quaternary gar-
nets (Gd,Y),Ga;Al,0,, and (Gd,Lu);Ga;Al,0,, are
presented. It was shown that the samples prepared
with deviation from the stoichiometry in Gd content,
particularly the Lu-containing sample, demonstrate a
light yield of = 52.000 ph/MeV. This is comparable
to the GYAGG single crystal scintillator, which was
recently produced. At the same time, a significant
fraction (=60 %) of the component with a decay
constant of =20 ns is observed in the scintillation
kinetics. A combination of GLAGG density, high
scintillation yield, and short decay time makes this
material a promising candidate for use in the next
generation of medical diagnostic devices, especially
in positron emission tomography scanners.

The disordered materials of quaternary garnets
have a great potential for further improvement. It
can be assumed that in a four-cation system with a
garnet structure, the additional disorder introduced
by the random distribution of Gd and Lu ions, like
Al and Ga ions, also affects the multiplicity of non-
equivalent positions of the localization of Ce ions.
Of particular interest is the search for technologi-
cal solutions that preferentially stabilize Ce ions
in polyhedrons that provide the fastest scintillation
kinetics.
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