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Scintillation materials capable of detecting ionizing radiation are widely used 
in many sectors of human activity. High light yield is one of the main param-
eters of scintillators, along with scintillation decay time, temperature, climate, 
and radiation stability, chemical inertness, ease of mechanical processing and 
the cost of the scintillation detector. Energy separation, in particular, depends 
on the light yield and its proportionality to the excitation energy. In the last 
decade, a number of highly effi  cient scintillators with a light yield of 50,000—
100,000 photons/MeV and an energy resolution of up to 2—5% at an energy of 
662 keV have been developed [1, 2]. Until recently, such indicators were con-
sidered unattainable, and the standard scintillator was NaI:Tl with an energy 
separation of 6—7%. Such progress makes it possible to signifi cantly expand 
the scope of practical application of scintillators, in particular, in spectrometric 
instruments for the identifi cation of nuclear isotopes for monitoring the spread 
of dangerous nuclear materials, where scintillators can compete with semicon-
ductor radiation detectors that have energy separation of about 1%, but also a 
much higher cost. Th e diversity of scintillation materials is due to the fact that 
the ideal scintillator does not exist, and the physical properties of materials can 
vary not only between classes, but also within each class. Along with physi-
cal properties, an important role in the application of scintillation material is 
played by its cost, which depends both on the cost of raw materials and on the 
technology of its production. In this regard, the search for effi  cient scintillators 
at an acceptable cost is certainly an important task.

Over the past two decades, major progress has been achieved in halide 
crystals activated by Eu2+ and oxide scintillators activated by Ce3+. Materials 
based on substitutional solid solutions, in which one of the matrix cations or 
anions that isovalently replaced by another atom, have become one of the main 
areas of scintillator engineering. In the English-language literature, the term 
«mixed crystal» is more oft en used, which is quite equivalent to the term «solid 
solution crystal». Th e diff erence in the ionic radii of substituted atoms in solid 
solutions is usually insignifi cant and does not lead to a change in the type of 
crystal structure. According to the Goldschmidt criterion, the limit of mutual 
solubility of atoms is at the level of 15% of the diff erence in their ionic radii for 
crystals with a perovskite structure, although single crystals are also obtained 
in systems where this diff erence is much larger, for example, Bi

4
Ge

3−x
Si

x
O

12
, 

where the ionic radii of Ge4+ and Si4+ diff er by 32%.
It turned out that some crystals of solid solutions can demonstrate quali-

tatively better scintillation parameters (higher light yield, better energy separa-
tion, faster scintillation decay time) compared to their constituents. Among the 
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10 PREFACE

oxide scintillators, one can mention eff ective mixed scintillators based on solid solutions: 
Lu

2x
Gd

2−2x
SiO

5
:Ce (LGSO:Ce), Lu

3
(Al

x
Ga

1−x
)

5
O

12
:Ce (LuAGG:Ce), Y

3
(Al

x
Ga

1−x
)

5
O

12
:Ce 

(YAGG:Ce), Gd
3
(Al

x
Ga

1−x
)

5
O

12
:Ce (GAGG:Ce). In the GAGG:Ce crystal, a record light 

yield for oxide scintillators of up to 58,000 photons/MeV was achieved [3]. At the same 
time, a record energy resolution in oxides (<5% at an energy of 662 keV) was obtained 
in multicomponent garnet (Y

x
Gd

1−x
)

3
(Al

x
Ga

1−x
)

5
O

12
:Ce3+ [4]. In LYSO:Ce and LGSO:Ce, 

replacing Lu3+ with Y3+ or Gd3+ improves light yield, energy resolution, and reduces the 
intensity of aft erglow [5, 6]. Among halide scintillators the BaBr

1−x
I

x
:Eu2+ (BaBrI:Eu) sys-

tem stands out with a light yield of up to 97,000 photons/MeV and an energy resolution of 
3–4% [7]. Due to the high activator concentration of up to 10% in this and similar systems, 
BaBrI:Eu2+ is, in fact, a solid solution of BaI

2
, BaBr

2
, and EuI

2
, where Eu2+ replaces Ba2+, 

and Br+ replaces I+.
Th e above examples demonstrate a tendency to improve the scintillation characteris-

tics in mixed crystals. In addition, the growth of mixed crystals is also advantageous from 
an economic point when replacing, for example, high-cost lutetium oxide with yttrium 
or gadolinium oxides. Also, the replacement of Lu3+ by Y3+ or Gd3+ in various complex 
oxide systems reduces the energy consumption for the production of scintillation mate-
rials by lowering their crystallization temperatures. For these reasons, Lu

2x
Y

2−2x
SiO

5
:Ce 

(LYSO:Ce) crystals have become an alternative to Lu
2
SiO

5
:Ce (LSO:Ce) as a scintillator 

for positron emission tomography [8]. A similar replacement of lutetium-aluminum gar-
net Lu

3
Al

5
O

12
:Ce (LuAG:Ce) by Gd

3
(Al

1−x
Ga

x
)O12:Ce (GAGG:Ce) is also reasonable for 

several applications.
However, on the other hand, the presence of additional components in the system 

complicates the technological process of crystal growth. During the crystallization of 
solid solutions from the melt, it is necessary to take into account the diff erence in the 
ionic radii of substituted atoms, which leads to their diff erent segregation by the crystal-
lization front in accordance with Pfann’s law [9] and uneven distribution in the volume of 
the crystal. A large diff erence in the melting temperatures of the components of the solid 
solution contributes to the formation of macrodefects in crystals [10].

Before the works that became the basis of this monograph, the factors leading to an 
improvement in the light yield in crystals of solid solutions were studied only in frag-
ments. One of the hypotheses is the heterogeneity of the distribution of matrix cations, 
which leads to the appearance of regions in the crystal enriched in one of the substituted 
atoms [11]. At the boundaries of these areas, jumps in the crystal potential should occur, 
which limit the diff usion of the formalized charge carriers and increase the probability 
of electron and hole capture at the luminescent center. For crystals based on rare-earth 
garnets (GAGG:Ce, LuGAGG:Ce), the increase in light yield was explained by the de-
activation of small electron traps due to the shift  of the the conduction band edge upon 
cation substitution, which suppresses the slow components of luminescence in favor of 
fast scintillations [12]. Th e contribution of the electron-phonon interaction to the scintil-
lation process in mixed crystals was also discussed [13].

Th us, this book is devoted to the processes of obtaining scintillation crystals based 
on solid substitution solutions, their properties, and searching for mixed scintillators 
with improved parameters.



As noted in the Preface, major advances in the development of new 
bright scintillators in recent years have been achieved in Eu2+-activated 
halide crystals and Ce3+-activated oxide scintillators. Let’s take a closer 
look at each of these types of materials.

1.1. Halide scintillators

Th e most signifi cant progress has been made in recent years in the en-
gineering of halide scintillators (mainly iodides), in which the alkaline 
earth cation (Ba2+, Ca2+ or Sr2+) is replaced by the activator Eu2+. Th e 
impetus for this research was the Homeland Security program launched 
in 2002 in the United States, which aimed to strengthen control over 
the movement of dangerous radioactive isotopes, in particular compo-
nents of «dirty bombs», across the country’s land, sea and air borders. 
A key parameter for the rapid and reliable determination of dangerous 
isotopes among those used for peaceful purposes, for example, in medi-
cine, is the energy resolution of the scintillator, which is the main ele-
ment of safety monitoring devices. A large number of vehicles that must 
be checked in a limited period of time required a qualitatively new level 
of energy resolution of detectors in the corresponding scanning equip-
ment (Fig. 1.1). Th ese characteristics that have been achieved in some 
halide materials are listed in Table 1.1. Th e energy resolution of SrI

2
:Eu 

and some other halides reaches 2—4% at 662 keV, compared to 6—7% 
in classical scintillators. Th is increases the scanning speed several times 
and improves the reliability of identifi cation of radioactive isotopes.

Close values of ionic radii of the matrix cation (r
i
(Sr2+) = 118 pm 

and the activator r
i
(Eu2+) = 117 pm) create conditions for the incor-

poration of a large amount of Eu2+ (up to 10 at.% or more) into the 
crystal of SrI

2
:Eu2+ or other Sr2+- or Ba2+-containing halides without 

signifi cant deformations of the crystal lattice. Due to the high coef-
fi cient of activator inclusion, its distribution throughout the crystal 
volume is uniform. Th e best values of light yield and energy resolution 
are usually observed at Eu2+ concentrations of 3—5 at.%. Such activa-
tor concentrations are unattainable when grown from a melt for the 
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12 CHAPTER 1. Current trends in the development of highly efficient inorganic scintillators

Fig. 1.1. Amplitude spectra of some scintillators when excited by gamma par-
ticles of the Ba-133 isotope [14]: 1 — NaI(TI), 2 — LaBr

3
(Ce), 3 — SrI

2
(Eu) 

vast majority of scintillation crystals activated by Ce3+ or Pr3+ with large ionic 
radii, where the latter replaces the trivalent rare earth element (Lu3+, Gd3+, Y3+) 
with signifi cantly smaller ionic radii. Despite the large number of very effi  cient 
scintillators with an energy resolution of 2—4% (Table 1.1) that have been in-

Table 1.1. Scintillation properties of some halides scintillators

Scintillator r, g/cm3
Light yield 

photons/MeV

Energy 

resolution at 

662 keV,%

Activator 

concentra-

tion, at.%

References

LaBr
3
:Ce,Sr 5.1 78.000 2.0 [16]

CsBa
2
I 5:Eu 4.9 80.000 2.3 5% Eu [17]

KBa
2
I 5:Eu 4.52 90.000 2.4 4% Eu2+ [18]

SrI
2
:Eu 4.55 120.000 3.0 5% Eu2+ [15]

K
2
BaI

4
:Eu 63.000 2.9 7% Eu2+ [18]

Cs
2
LiLaBr

6
:Ce (CLLB) 4.2 50.000 2.9 10% Ce3+ [19]

KCaI
3
:Eu 3.81 72.000 3 3% Eu

2+
[20]

LaCl
3
:Ce 3.8 49.000 3.1 10% Ce [21]

CeBr
3

58.000 3.2 1.9% Ca+ [22]

Cs
2
HfCl

6
3.86 54.000 3.3 [23]

Cs
2
NaGdBr

6
:Ce 4.19 48.000 3.3 4% Ce3+ [24]

KSr
2
Br

5
:Eu 3.98 75.000 3.5 5% Eu2+ [25]

BaCl
2
:Eu 3.86 52.000 3.5   5% Eu [26]

RbGd
2
Br

7
:Ce 4.7 55.000 3.8 5% Ce3+ [27]

CsBa
2
I 5:Eu 5.0 80.000 3.9   3% Eu [28]

Cs
2
NaLaBr

6
:Ce 3.93 46.000 3.9    4% Ce [29]



131.1. Halide scintillators

vented, most of the results presented 
were obtained on samples up to sev-
eral mm in size, and only for a few of 
them, methods for obtaining large-
size crystals are being developed. 
Currently, the commercially avail-
able halide scintillators are NaI:Tl, CsI:Tl, CsI:Na, CsI, LaBr

3
:Ce and SrI

2
:Eu. 

Despite reports on obtaining SrI
2
:Eu crystals with a diameter of up to 63 mm 

by the Bridgman method [30], only SrI
2
:Eu crystals with a diameter of up to 

50 mm [31] produced by C&A (Japan) are commercially available today.Th e 
main obstacle to the development of technologies for the production of new 
large-size halide crystals is their strong hygroscopicity. Th e relative dynamics 
of moisture gain [25] (Fig. 1.2) clearly demonstrates that the hygroscopicity of 
new halide scintillators (KSr

2
I

5
:Eu 4%, KSr

2
Br

5
:Eu 2.5%) is signifi cantly higher 

than the classical NaI:Tl, although it is inferior to LaBr
3
:Ce. Th is signifi cantly 

increases the requirements for the conditions of storage and preparation of 
raw materials, growing/processing of single crystals to prevent their oxidation. 
Another limiting factor in the development of new halide scintillators is the 
extremely high cost of their raw materials due to the lack of large-scale pro-
duction of these substances. For example, the cost of 99.9% EuI

2
 and EuBr

2
 is 

about $15,000 per kilo. Subsequent developments of methods for producing 
large crystals of these compounds are aimed at reducing their cost by opti-
mizing technologies for the production of raw materials for growing single 
crystals and detectors based on them. It is expected that the raw material costs 
of these materials can be reduced to the level of classical scintillators (NaI:Tl 
and CsI:Tl) in large-scale production. Th e development of potentially inex-
pensive scintillator technology will provide the opportunity for a new genera-
tion of equipment for spectrometric identifi cation of nuclear isotopes to enter 
the market. Some new scintillation materials, such as SrI

2
:Eu, do not require a 

license for commercial production.

Fig. 1.2. Curves of moisture gain of 
LaBr3:Ce, KSr

2
I

5
:Eu 4%, KSr

2
Br

5
:Eu 2.5%, 

and NaI:Tl as registered when weigh-
ing samples depending on their expo-
sure time [25]: 1 — LaBr

3
:Ce 5% (8.9%); 

2 — KSr
2
I

5
:Eu 4% (3.8%); 3 — KSr

2
Br

5
:Eu 

2.5% (2.0%); 4 — NaI:Tl (1.6%)
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1.2. Oxide scintillators

Th e key point in the development of activated oxide scintillators in the last 
decades was the discovery of high-melting-point materials based on com-
plex oxides activated by Ce3+ ions: orthosilicates Gd

2
SiO

5
:Ce (GSO), Lu

2
SiO

5
:

Ce (LSO), Y
2
SiO

5
:Ce (YSO) (Lu

1-x
Y

x
)

2
SiO

5
:Ce (LYSO), as well as Ce3+- and 

Pr3+-activated aluminum garnets — Lu
3
Al

5
O

12
 (LuAG), Y

3
Al

5
O

12
 (YAG), and 

perovskites LuAlO
3
 (LuAP), YAlO

3
 (YAP). Th e features of these scintillators are 

high thermal, chemical and radiation resistance, nanosecond luminescence de-
cay, and signifi cant light yield. Table 1.2 enlists many eff ective and popular scin-
tillators of this class. Among their disadvantages, one can highlight the mode-
rate density and Z

ef
 of yttrium-containing crystals, the high cost of lutetium-

containing crystals, high intrinsic background, and aft erglow in LSO:Ce, as 
well as the diffi  culty of obtaining large-sized GSO:Ce, LuAP:Ce/Pr, YAP:Ce/Pr 
crystals. Th e best achieved energy resolution in these materials was about 7%, 
so they cannot compete with halide crystals in spectrometric applications.

Another large group of compounds can be summarized by the formula 
RE

2
Si

2
O

7
 (RE = Lu-La, Y, Sc), which comprises pyrosilicates or disilicates of 

rare earth elements. Th e structural properties of REE pyrosilicates were quite 
well studied in the 60s and 70s of the last century. Th e scintillation properties 
of pyrosilicates were not studied until the beginning of the XXI century. Th is 
is explained by the diffi  culty of obtaining due to the incongruent melting (ex-
cept for scandium pyrosilicates and lanthanides with small ionic radii from Lu 
to Er). Crystals of cerium-activated lutetium pyrosilicate, Lu

2
Si

2
O

7
:Ce(LPS:Ce) 

were shown to exhibit characteristics comparable to LSO:Ce [37]. LPS:Ce has a 
lower level of aft erglow than LSO:Ce and better light yield stability above room 

Table 1.2. Scintillation properties 
of some oxide scintillators activated by Ce3+ [32—36]

Crystal
Density, 

g/cm3

Light yield, 
Photons/MeV

Energy 
resolution at 
662 KeV,%

Decay time, 
(ns) at 

g-excitation

Th e 
aft erglow 

aft er 5 ms,%

Gd
2
SiO

5
 (GSO) 6.7  8 000 9—11 50 0.02

Lu
2
SiO

5
 (LSO) 7.4 25 000 7.3—9.7 40 >1

Lu
2
Si

2
O

7
 (LPS) 6.2 26 000 9.5 38 ~0.02

Y
3
Al

5
O

12
 (YAG) 4.55 24 000 7.3 85 + slow ND

Lu
3
Al

5
O

12
 (LuAG) 6.7 12 500 ND 44 ND

YAlO
3
 (YAP) 5.35 21 000 6.7 27 ND

LuAlO
3
 (LuAP) 8.34 11 000 14 16 + slow ND

ND — no data available. 
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temperature, which is important for geological exploration applications. Th e 
potentially lower production cost of LPS:Ce is due to the lower lutetium content 
and lower crystallization temperature compared to LSO:Ce.

Another promising scintillator of this chemical class is cerium-activated 
gadolinium pyrosilicate Gd

2
Si

2
O

7
:Ce(GPS:Ce). In terms of light yield, it is simi-

lar to LSO:Ce and LPS:Ce, but slightly inferior to the latter in density. Th e ad-
vantages of this scintillator over other rare earth pyrosilicates are the relatively 
low cost of starting oxides, the crystallization temperature is 100—200 degrees 
lower compared to orthosilicates, the stability of the light yield at temperatures 
from room temperature to 100—200 °C [38], the possibility of recording ther-

mal neutrons due to the large cross section of their capture by isotopes 155Gd, 
157Gd [39, 40]. Th e impossibility of crystal growth from the melt due to the in-
congruent melting was the main obstacle to the practical application of gadolin-
ium pyrosilicate. Due to the addition of La3+ cations to GPS:Ce, it was possible 
to stabilize the orthorhombic pyrosilicate phase [41] and successfully obtain 
large-sized crack-free crystals up to 2 inches in diameter [42].

High density and eff ective atomic number Z
eff 

 are the most important 
parameters of scintillators in most applications, in particular, in high-energy 
physics. Th ese parameters determine the ability to absorb ionizing radiation 
and, as a result, reduce the required volume of the detector. Th e highest Z

eff 
 

in scintillators can be achieved in Pb, W, Bi, Nb, Ta- or lanthanide-containing 
compounds. Successful examples of the development of dense scintillators in-

clude PbWO
4
 [43, 44], Bi

4
Ge

3
O

12
 [45—48], Gd

2
SiO

5
:Ce [49], Lu

2
SiO

5
:Ce [50], 

Lu
2x

Y
2-2x

SiO
5
:Ce [5]. Lead tungstate is widely used in electromagnetic calorime-

ters in high-energy physics experiments. An example is the successful operation 
of the CMS electromagnetic calorimeter detectors at CERN and the discovery 
of the Higgs boson [51]. In 2017, a new generation of lead tungstate crystals 
with improved light yield and high radiation resistance was selected as scintil-
lation detectors in the PANDA project [52]. LYSO:Ce and GSO:Ce were con-
sidered as candidates for use in calorimeters for recording muon-to-electron 
conversion — in the Mu2e experiment at the Fermi Laboratory (USA) [53], 
and, fi nally, LYSO:Ce was chosen as a scintillator in the COMET experiment 
in KEK, Japan [54]. LSO:Ce and LYSO:Ce are also materials used in medical 
PET scanners [8, 55]. Compounds with the general formula REAO

4
, where RE 

is a rare earth element and A is a transition metal, an element of Group 5 (V, 
Nb, or Ta) of the Periodic Table, have also recently been proposed as eff ective 
high-density luminescent materials for recording X-rays and gamma radiation 
[56—61]. Rare earth vanadates [56, 57] have a light yield of up to 12000 pho-
tons/MeV and were proposed as effi  cient scintillators for recording X-rays and 
gamma rays. Compounds based on yttrium tantalate [60—62] have attracted 
attention as materials for use in optoelectronics and X-ray screens. Less atten-
tion is paid to non-activated REAO

4 
compounds (A = Ta,V) because rare-earth 
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vanadates and niobates possess slow luminescence, which makes it impossible 
to use in applications where fast signal processing is required. It is believed that 
rare earth tantalates exhibit low luminescence intensity compared to vanadates 
and niobates [61]. At the same time, tantalates, due to their extremely high den-
sity from 7.8 g/cm3 for LaTaO

4
 to 9.75 g/cm3 for LuTaO

4
 [62], are the most suit-

able for recording high-energy particles. Luminescence mechanisms in some of 
them were discussed in [63—65]. It was shown that upon UV and X-ray excita-
tion, orthotantalates and orthoniobates with the fergusonite structure exhibit 
luminescence of TaO

6
 or NbO

6
 groups. Th e scintillation properties of rare-earth 

tantalates were not systematically studied until the publication [66], where the 
light yield of 15200 photons/MeV in YTaO

4
 and 9500 photons/MeV in LuTaO

4
 

were reported, along with the scintillation decay time of several microseconds. 
Doped rare-earth tantalates have also been considered as materials for 

X-ray scanners and medical imaging [67, 68]. Th eir luminescent properties were 
studied in [69—71]. Intense luminescence upon activation of Pr3+ was recorded 
in YTaO

4
 with a fergusonite structure [69]. In this case, Ce3+ luminescence is 

quenched in these matrices [69]. In [71], lanthanum orthotantalate was pro-
posed as a matrix for red luminescence upon activation by rare earth ions, for 
example, Eu3+. Attempts to obtain fast quenching in orthotanatalates due to 5d-
4f transitions in divalent and trivalent lanthanides, by analogy with many other 
complex oxides, were unsuccessful because in rare earth vanadates, tantalates, 
and niobates, the excited 5d levels of Ce3+ and Pr3+ are located within the conduc-
tion band [72, 73]. Only in some compounds with GdTaO

4
 and YTaO

4
 activated 

by Sm3+, Tb3+ or Dy3+, Eu3+, bright 5d-4f luminescence with microsecond decay 
was obtained [74]. Th us, the search for new tantaloniobate compositions com-
bining reasonable light output and fast luminescence decay with low contribu-
tion of slow components is an urgent task, and oxide materials in general remain 
popular dense and non-hygroscopic scintillators for a variety of applications.

1.3. Development of scintillators 
based on substitutional solid solutions

During the development of new scintillation materials of diff erent chemical 
composition, it was shown that in many crystals based on solid substitution 
solutions, it is possible to achieve a signifi cant improvement in the basic scintil-
lation parameters — light yield, energy resolution, luminescence decay rate. For 
example, according to [11, 75], the light yield in Ce activated lutetium-yttrium 
perovskite increases approximately three times compared to YAlO

3
:Ce (YAP) 

and LuAlO
3
:Ce (LuAP). A similar result was demonstrated for multicompo-

nent garnets (Lu
1-x

Gd
x
)

3
(Al

1-x
Ga

x
 )

5
O

12
:Ce (LuGAGG:Ce) [76]. An earlier but 

very successful example of mixed rare-earth silicate engineering is LYSO:Ce 
with improved light yield and homogeneity of characteristics in the crystal 
volume, as well as a reduced crystallization temperature compared to LSO:Ce 
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[5, 77]. Th e deviation of the light yield from additive values is, as a rule, maxi-
mal at a 1:1 ratio of components [13], although there are systems, for example, 
BaBr

2-x
I

x
:Eu2+ [78], La

3-x
Ce

х
F

3
, La

3-x
Ce

х
PO

4
 [79], Zn

x
Cd

1-x
S:Ag [80], where the 

dependence of the light yield or other scintillation parameters is clearly asym-
metric with respect to the light yields of the components of the mixed crystal.

New effi  cient Eu2+-activated halide scintillators with a light yield of up to 
112,000 photons/MeV are represented by anion-substituted solid solutions, 
typically Br−/I−, Br−/Cl−, Cl−/I−, F−/I−. In addition to the already mentioned 
BaBr

2-x
I

x
:Eu2+ system, we can note BaBr

2-x
Cl

x
:Eu2+ with a light yield of 52,000 

photons/MeV [81], BaCl
2-x

I
x
:Eu2+ with a light yield of 54,000 photons/MeV 

[82], BaF1
x
I

x
:Eu2+ with a light output of 55,000 photons/MeV [83]. Cation sub-

stitution in Eu3+-doped K(Ca,Sr)I
3
 iodide was explored as well [84]. In oxide 

scintillators, the best parameters are achieved in Gd
3
(AlyGa

1-x
)

5
O

12
:Ce3+ — 

58,000 photons/MeV [3], while the highest energy resolution <5% [85] is reg-
istered in the multicomponent crystal (Y

x
Gd

1-x
)

3
(Al

y
Ga

1-x
 )

5
O

12
:Ce3+, which is 

a qualitatively new indicator for oxides. A similar energy resolution of 4.4% at 
662 keV in oxide scintillators was previously noted only in YAP:Ce [86].

In accordance with the fundamental limitation on the light yield in scintil-
lators [87], the light yield is inversely proportional to the bandgap, E

g
, and the 

number of generated photons in the scintillator is determined by the formula

                                 N
ph 

= SQE
g
/E

e-h 
= SQE/2.5E

g
,                                        (1.1)

where S is the transport coeffi  cient, Q is the quantum effi  ciency of the lumines-
cent center, E is the energy of the ionizing particle, E

e-h
 is the number of gener-

ated electron-hole pairs. 
Th e multifold increase in light yield in certain mixed crystals can only be 

attributed to an increase in S due to an improvement in the effi  ciency of the car-
rier transport to the luminescent center. According to the diagram of the fun-

Fig. 1.3. Increase in light 
yield in some mixed scin-
tillators (shown by ar-
rows) [88], illustrated on 
the basis of the diagram 
[87] of the fundamental 
limitation on light yield 
depending on the band-
gap in scintillators



18 CHAPTER 1. Current trends in the development of highly efficient inorganic scintillators

damental limitation of light yield [88], the experimental values of light output 
in many mixed crystals reach the theoretical limit (i.e. S = 1), for b = E

e-h
/E

g
 =

= 2—3 (Fig. 1.3). In the most eff ective scintillation matrices, Q(Ce3+) and 

Q(Eu3+) are already close to unity [89, 90], E does not depend on the ratio of 
substituted atoms in a certain matrix, and E

g
, as will be shown below, varies by 

at most 20%, which cannot cause a signifi cant increase in N
ph

.
Considering the practical value of obtaining scintillators with improved 

characteristics, studying the concentration dependence of the light yield in 
mixed scintillators is a new and relevant topic of research. Previously, a relative-
ly small number of such systems were studied. Despite the scintillation mecha-
nisms that lead to an increase in the light yield in mixed crystals having been 
addressed in some studies, there has been no general approach to predicting the 
light yield in them. When clarifying the concentration dependence of the light 
yield in a solid solution, two approaches could be distinguished: modifi cation 
of the energy structure of the crystal, and the limitation of the thermalization 
length and/or thermal diff usion of charge carriers.

1.3.1. Engineering of energy structure 
in solid solutions

According to formula 1.1, the number of electron-hole pairs generated when a 
certain energy amount is absorbed is inversely proportional to the bandgap of 
the material. In the case of mixed crystals, this change is not signifi cant and can-
not remarkably aff ect the light yield value. Among the literature analyzed, the 
largest change in the bandgap is 1.6 eV in the (Y

x
Gd

1-x
)

3
(Al

y
Ga

1-x
)

5
O

12
 system 

[76, 91], which is about 20% relative to the 7—8 eV bandgap in these crystals. 
Th at is, the change in E

g
 is insuffi  cient to cause an increase in the light output 

by several times due to a change in the number of generated electron-hole pairs 
per unit of ionizing radiation energy.

At the same time, the substitution of atoms and the change in the strength of 
the crystal fi eld also lead to a shift  in the energy levels of the activator and traps 
relative to the bandgap edges. Th e correlation of these processes with scintilla-
tion parameters in LaBr

3-x
I

x
:Ce was described in [92]. When Br+ is substituted 

for I+, the 5d and 4f levels in Ce3+ become closer to the edges of the conduction 
band and valence band, respectively. As a result, the energy interval between 
the lowest 5d level of Ce3+ and the bottom of the conduction band gradually 
changes from ~1 eV in LaBr

3
:Ce to 0.1—0.2 eV in LaI

3
:Ce (Fig. 1.4).

Th e decrease in light yield with the addition of I+ occurs due to the quen-
ching of Ce3+ luminescence through the autoionization of electrons from the 
5d level of Ce3+ to the conduction band. However, it was not commented why 
the light yield increases at intermediate concentrations with a maximum for the 
LaBr

1.5
I

1.5
:5% Ce3+ crystal.
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Fig. 1.4. Modifi cation of the energy structure of LaBr
3−x

I
x
:Ce when substituting Br+ for I+ [92]

Th is approach (engineering of the energy structure of a mixed crystal, or 
«bandgap engineering») was developed in [93] when elucidating the reasons for 
a strong increase in light yield in solid solutions of aluminum-gallium garnets 
activated by Ce3+. It was shown that, along with the energy levels of cerium, the 
position of the levels of small traps located under the bottom of the conduction 
band and competing with cerium for the capture of charge carriers, changes 
relatively to the conduction band (Fig. 1.5). Substitution by anion should cause 
similar eff ects for traps whose energy levels are close to the valence band. At 
a certain Al3+/Ga3+ ratio and the composition of rare earth cations in multi-
component garnets, the levels of these traps are completely absorbed by the 
conduction band and do not capture electrons. At the same time, the light yield 
of cerium luminescence increases. At a certain concentration of Ga, the low-
est 5d

1
 level of cerium shift s too close to the bottom of the conduction band, 

thermal ionization of electrons to the conduction band occurs, and the light 
yield rapidly decreases both in lutetium gadolinium garnet [94] and in yttrium-
aluminum-gallium garnet YAGG:Ce [95]. Regulation of the cation composition 
made it possible to obtain the above-mentioned extremely high values of light 
yield in GAGG:Ce crystals [3, 94, 96]. Th e concentration dependence of light 
yield in Lu

1-x
Sc

x
BO

3
:Ce crystals is explained similarly to garnets [97, 98]. In 

certain systems, for example, lutetium-yttrium oxyorthosilicate Lu
2x

Y
2-2x

SiO
5
:

Ce (LYSO:Ce), shallow traps have little eff ect on the effi  ciency of the scintilla-
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Fig. 1.5. Lu
y
Gd

1-y
(Al

x
Ga

1-x
)

5
O

12
:Ce energy structure according to [12] 

tion process, and deep traps associated with oxygen vacancies are responsible 
for electron capture; then the increase in luminous fl ux can be caused by an 
increase in the thermal stability of luminescence centers by moving them away 
from the edge of the conduction band. Such a phenomenon was observed in 
[99], where the introduction of Y increases the energy interval between the 5d 
level of Ce3+ and the bottom of theconduction band.

In general, although the factor of modifi cation of the energy structure in 
the behavior of the light output in some systems is obvious, its contribution to 
the scintillation process in most known mixed systems remains unclear.

1.3.2. Limitation of the thermalization length 
and/or thermal diffusion of charge carriers

Another factor infl uencing the concentration dependence of the light yield 
in a mixed crystal is associated with a decrease in the thermalization lengths 
and thermal diff usion of charge carriers, which increases the probability of 
radiative recombination of geminate charge carriers (i.e., carriers that formed 
in one multiplication act) by their capture at the luminescent center. So, let’s 
consider the factors that lead to a decrease in the carrier thermalization length 
in a solid solution. Data on light yield in several scintillators based on mixed 
crystals were presented in [13]. It was concluded that the deviation of the 
light yield in mixed crystals from a linear dependence is systematic, and there 
should be a general mechanism that explains this phenomenon. Electron-
phonon interaction, which aff ects the effi  ciency of the primary excitation of 
the luminescent center, was proposed as such a factor in [13]. In a simple bi-
nary crystal, AC or BC (A, B are cations, C is an anion) there is only one type 
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of longitudinal optical phonons. If the energy of optical phonons is higher 
than the thermal energy k

B
T, thermalization takes place in two stages [100]: 

the electron loses energy due to the emission of optical phonons until the 
kinetic energy of the electron reaches the interval from 0 to the energy of the 
optical phonon. Aft er this stage, electrons continue to lose energy much more 
slowly through interactions with acoustic phonons. Th e higher the energy of 
the optical phonon is compared to k

B
T, the longer the thermalization stage 

of the acoustic phonons, and the longer the average thermalization length of 
the electron until it reaches the thermal energy. Th e simulation results indi-
cate that when going from a pure to a mixed crystal, its phonon spectrum is 
signifi cantly modifi ed. In crystals with two or more types of optical phonons 
(in particular, in the A

1-x
B

x
C solid solution of two binary crystals), the ther-

malization process is accelerated due to an increase in the energy relaxation 
rate. In particular, if the phonon frequencies are signifi cantly diff erent, the 
rapid relaxation of high-energy phonons is followed by the relaxation stage of 
optical phonons with lower energy. Th us, the thermalization length becomes 
shorter than that in a «pure» crystal. Consequently, the appearance of new 
bands in the phonon spectrum corresponds to the concentration of electron-
hole pairs at distances less than the Onsager radius and the minimization of 
stochastic carrier recombination and nonradioactive losses.

Th e diff usion length decreases not only due to the increase in inelastic 
scattering. It is also assumed that another reason for the decrease in the ther-
malization length in a mixed crystal is the elastic scattering of hot carriers on 
inhomogeneities in the crystal. Th erefore, the diff usion length of thermalized 
carriers should also depend on the spatial heterogeneity in the mixed crystal. 
Th e classifi cation of condensed media into ordered or disordered ones is deeply 
idealized. A theoretical analysis that takes into account the real arrangement 
of atoms in space is very complicated and can be carried out only with signifi -
cant simplifi cations. Th e atoms in a crystal are ordered according to the type of 
crystal lattice, on which compositional fl uctuations (alternation of atoms, rows 
of atoms, or planes) are superimposed when it comes to a substitutional solid 
solution. Th ese fl uctuations in the distribution of atoms and their complexes 
are associated with the peculiarities of statistical physics, which considers the 
behavior of atoms and other particles or quasi-particles, as well as with the pe-
culiarities of the formation of ordered structures [101]. Th e real distribution 
of atoms in a disordered system cannot be considered chaotic. Fluctuations in 
the composition and interatomic distances in this case lead to the emergence of 
atomic complexes (clusters), which is a characteristic feature of the structure of 
disordered substances. Th ese clusters are local formations in which the short-
range part of interatomic interactions plays a special role in the formation of the 
structure and physical properties [102].

Historically, short-range order refers to the distribution of atoms in amor-
phous or liquid substances, for example, in liquid crystals. In this case, we are 
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considering the short-range ordering of atoms of diff erent types in a solid. Along 
with long-range (translational) order in single crystals, short-range order exists 
at distances of up to several periods of the crystal lattice. Short-range ordering 
in mixed crystals is the inhomogeneity in the distribution of substituted atoms 
in a solid solution. At the same time, the type of crystal structure, as a rule, 
remains unchanged, although the parameters of the crystal lattice must change 
depending on the size and other properties of substituted atoms. Using the ex-
ample of metal alloys, it was shown [103, 104] that the size of substituted atoms 
and their relative concentrations aff ect the short-range ordering, i.e., their rela-
tive distribution in the crystal lattice. Th ere are regions (domains, clusters) en-
riched with one of the substituted atoms. Such fl uctuations in the composition 
of metal alloys lead to the modulation of the crystal potential and the reduction 
of the electron diff usion length, which changes many physical characteristics of 
the alloy, for example, increasing the electrical resistance. Th erefore, the short-
range ordering factor should also aff ect the length of thermalization/thermal 
diff usion of secondary charge carriers. In scintillation crystals, which are most-
ly dielectrics, the existence of such domains should lead to fl uctuations in the 
value of the crystal potential at the boundaries of such clusters, a decrease in 
the diff usion length of secondary electrons and holes, and contribute to the lo-
calization of electronic excitations inside the Onsager sphere. As was indicated 
above, the diff erence in bandgap widths of the mixed crystal components can 
exceed 1 eV, i.e., on the boundaries of domains enriched in one of the compo-
nents, the amplitude of the E

g 
fl uctuation is signifi cant.

Electrons with energies <E
c,mob

 and holes with energies >E
v,mob

 (Fig. 1.6) 

can be localized in the same fl uctuation with a lower E
g
 or in diff erent energy 

«pits». Genetic recombination is enhanced if the localization radius R
loc

 is ap-

Fig. 1.6. Th e eff ect of inhomogeneities on the transport of charge carriers in mixed crys-
tals. With isovalent substitution of atoms, inhomogeneities of the electronic structure 
and potential barriers are formed that limit the diff usion length of electrons and holes 
(a). Th is leads to the concentration of electron-hole pairs inside the Onsager sphere (b) 
and minimizes the probability of stochastic recombination [88]
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proximately equal to the average distance between an electron and a hole. Ef-
fi cient recombination does not occur if the localization radius is smaller than 
the Onsager radius. Too large domains will not aff ect the thermalization length 
because R

loc
 will exceed the average distance between electrons and holes.

In [100], an attempt was made to estimate the size of clusters and the 
amplitude of E

g
 fl uctuations at their boundaries. For this, the eff ect of statisti-

cal disorder on the distribution of substituted ions in the crystal lattice was 
considered. For the appearance of clusters consisting of atoms of the same 
type, there must be a certain interaction between them. Without clarifying 
the nature of these interactions, authors of [100] use the concept of the affi  n-
ity of atoms AA and BB, or AB in the A

x
B

1-x
C solid solution, which is given 

by the probability of neighboring crystallographic positions being occupied 
by atoms of the same or diff erent type. Th e calculations were performed for a 
conventional crystal with a cubic structure consisting of components AC and 

BC, in which Е
gАС 

>Е
gВС

, ΔE 
g 
= Е

gАС 
− Е

gВС
 = 1 eV, and substitution occurs in 

the cationic sublattice.

It turned out that the modulation amplitudes are signifi cantly higher than 
in the case of a chaotic distribution of atoms and approach ΔE

g
. Th e largest 

clusters occur at x = 0.3 or x = 0.9. Th is indicates the formation of nanoscale 

Fig. 1.7. Dependence of light yield of Lu
1−x

YAlO
3
:Ce crystals (a) luminescence excitation 

spectra of Ce3+ in a series of LuYAP:Ce solid solutions (b) [11]
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clusters with sizes up to several lattice parameters in the ranges 0.1< x < 0.3 
and 0.7 < x < 0.9. Th ey are enriched with one of the cations and are surrounded 
by domains enriched with cations of another type. At low affi  nity, short-range 
ordering occurs in the solid solution, while at a strong affi  nity of AA and BB
 the size of these clusters can increase to 8 lattice parameters. Regarding the 
situation with AB affi  nity, as expected, the modulation values ΔE

g
 are mini-

mal, since in this case the formation probability of the clusters enriched in 
one of the cations with a size at least on the order of the elementary crystal 
lattice is low.

Th at is, if the electron-phonon interaction aff ects the reduction of the dif-
fusion length of carriers with energies slightly above kT, then spatial inhomoge-
neities can slow down carriers with signifi cantly higher energies. In addition, if 
the domain size coincides with the electron-hole interaction radius, the proba-
bility of exciton formation and its subsequent transfer to the activator increases. 
For the fi rst time, this hypothesis was presented in [11] when considering the 
reasons for the increase in light yield in the LuYAP:Ce mixed crystal in the con-
centration range of 30—70% (Fig. 1.7).

Indirect evidence of the infl uence of domain formation on scintillation ef-
fi ciency at a certain component ratio in a mixed crystal is an increase in the 
effi  ciency of carrier transfer to the activator, which is determined by the type 
of excitation spectrum in vacuum ultraviolet (Fig. 1.7b). One pair with energy 
close to E

g
 is formed upon excitation near the edge of the fundamental absorp-

tion. 2—4 electron–hole pairs can be formed upon excitation by photons with 
energies of 3–5E

g
, and the average energy of electrons and holes is approxi-

mately 1/2E
g
 in relation to the bottom of the conduction band and the upper 

edge of the valence band. During thermalization, some of them can fl y to a dis-
tance greater than the radius of capture by the cerium ion and not participate in 

Fig. 1.8. Effi  ciency of 
charge transfer to excitons 
(upper curve) and sequen-
tial capture of electron-hole 
pairs (lower curve) [11] 
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the scintillation process, but leads to aft erglow and other slow processes. Th us, 
the ratio of luminescence intensities upon excitation at 20—30 eV (~4E

g
) and

6—7 eV (~E
g
) is an evidence of the participation of electron-hole pairs in the 

scintillation process. In LuYAP:Ce, the highest effi  ciency was obtained in the 
medium concentration range (Fig. 1.8), where the maximum light yield was 
observed [11]. However, the increase in the effi  ciency of energy transfer to 
the activator estimated by the ratio I(~4E

g
)/I(~E

g
) can also be associated with 

other factors listed in subsections 1.3.1.—1.3.2, in particular with the minimi-
zation of trapping of carriers at these concentrations of lutetium and yttrium. 

In Chapter 4 of this monograph, an attempt is made to estimate the con-
tributions of all the listed factors to the scintillation process in solid solution 
crystals. Other possible reasons for the increase in light yield in mixed crystals 
are also discussed.



Melt growth methods are most common for solid solution-based scin-
tillation crystals. Th is is because the size of the crystals in these me-
thods is, in principle, limited only by the size of the crucible and the 
possibility of growing a crystal with a certain crystallographic orienta-
tion on a single-crystalline oriented seed. One of the main require-
ments for a compound to be obtained from a melt in the form of a 
single crystal is its ability to melt and crystallize congruently, that is, 
not to decompose into other compounds. 

Th erefore, the process of obtaining crystals of solid solutions from 
the melt is complicated by the presence of many components with dif-
ferent melting temperatures, which can crystallize at diff erent speeds 
and enter the crystal unevenly, resulting in the appearance of inclu-
sions and even cracks. To obtain high-quality crystals of solid solu-
tions, they are usually crystallized at a slower rate. Th is eff ect was stud-
ied [10] in the example of RE

3
Ga

5
O

12
 single crystals (RE is a rare earth 

element). A correlation was shown between the diff erence in melting 
temperatures of the components of the solid solution and the maxi-
mum allowable rate of crystal growth, at which no visible inclusions 
are observed. Th e growth rate of the Nd

1.5
Gd

1.5
Ga

5
O

12
 crystal with a 

diff erence in melting temperatures of 140 °С between its components 

Nd
3
Ga

5
O

12
 and Gd

3
Ga

5
O

12
 should be ~0.8 mm/h, although specifi cally 

for these components of the mixed crystal, the growth rates of 5.6—6.8 
mm/h were acceptable.

Another important factor, which will be discussed in detail in later 
chapters, is the rate of evaporation of melt components in mixed crys-
tals. Diff erent partial pressures of the melt components lead to its non-
stoichiometry and the formation of structural defects. Th is eff ect is es-
pecially signifi cant at a large ratio of the open surface of the melt to its 
volume, for example, in the micro-pulling (m-PD) method. So, let us 
dwell in more detail on the main melt growth methods that were used in 
our work to obtain scintillation crystals based on solid solutions.

Th e authors of this book obtained several oxide scintillation crys-
tals based on substitutional solid solutions. Melt growing methods 
(Czochralsky and micro-pulling-down (m-PD)) as well as the ceramic 

TECHNOLOGICAL CONDITIONS 
FOR OBTAINING SCINTILLATORS 
BASED ON SOLID SUBSTITUTION 
SOLUTIONS
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solid-phase synthesis were used (Table 2.1). Th e latter method is more relevant 
for obtaining a series of samples of rare earth tantaloniobates with very high 
melting points.

Th e most common crucible methods are the Czochralski method, the Ky-
ropoulos method, and the Bridgman-Stockbarger method. Among the above-
mentioned methods, the Czochralski is the most suitable because of no con-
tact of the crystal with the crucible surface, unlike the Bridgman-Stockbarger 
method. Th erefore, the Czochralski method was chosen to obtain bulk crystals 
of LGSO:Ce, GAGG:Ce, YAGG:Ce, YAGP:Ce, GAGP:Ce, and GTNO. 

For some new applications of scintillators, for example, new experiments in 
particle physics with simultaneous registration of scintillation and Cherenkov 
signals, detectors should be manufactured in the form of single-crystal fi bers 
with a cross section of 1—4 mm2. One of the eff ective methods of obtaining 
such fi bers are the micro-pulling method, which allows obtaining fi bers of the 
desired size and shape without further mechanical processing. Crystal fi bers 
of YAGG:Ce and LGSO:Ce were obtained by this method in our work. Taking 
into account the need to reduce the growth rate in mixed crystals to prevent the 
formation of defects [10], the optimal growth rates of solid solutions crystals 
by the Czochralski and micro-pulling methods were lower (Table 2.1) than is 
usually accepted for their components — 0.5—2 mm/h instead of 2—4 mm/h 
in the Czochralski method and 6—12 mm/h instead of 12—30 mm/h in the 
micro-pulling method.

2.1. Obtaining crystals by the Czochralski method

2.1.1. YAGG:Ce and GAGG:Ce

Due to the need to obtain mixed crystals with isovalent substitution by rare earth 
cation and/or Al3+/Ga3+, the conditions for obtaining single crystals of yttrium-
aluminum-gallium garnet Y

3
(Al

1-x
Ga

x
)

5
O

12
, YAGG, and gadolinium-aluminum-

gallium garnet (Gd
3
Al

5-x
Ga

x
O

12
, GAGG), activated by cerium were determined. 

Both mixed crystals containing gallium cannot be grown using W/Mo crucibles 
Th erefore, growth was carried out exclusively from iridium crucibles. Crystals 

Table 2.1. Dimensions and growth rates of solid solutions crystals

Method 
for obtaining

Czochralski
Micro-pulling-down 

(m-PD) method
Solid phase 

synthesis

Growth rate, mm/hour 0.5—2 3—60

Grown crystals 
(their maximum 
dimensions, mm)

LGSO:Ce (45 × 150)
YAGG:Ce (35 × 150)
GAGG:Ce (45 × 200)
GTNO (15 × 50)

LGSO:Ce (2 × 2×100)
YAGG:Ce (2 × 70)

GTNO
YTNO
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of Y
3
Al

5-x
Ga

x
O

12
:Ce (YAGG:Ce), x = 0, 0.2, 0.4, 0.6, 0.75, 0.85, 1 (concentra-

tions in the melt) with a diameter of 22—35 mm and up to 150 mm in length 
were grown on seeds with the orientations [111] and [100] by the Czochralski 
method using iridium crucibles with a diameter of 40—60 mm and a height of 
30—40 mm. Appropriate mixtures of oxide powders of Y

2
O

3
, Al

2
O

3
, Ga

2
O

3
, 

and CeO
2
 with a purity of 99.99% were used as raw materials. Th e growing 

atmosphere was Ar + 1% O
2
. Oxygen was added to the atmosphere to suppress 

evaporation of melt components. Th e concentration of CeO
2
 in melts was main-

tained at the level of 1 mol.%. A crystal with a Ga content of 75 at.% was grown 
from a melt containing 0.15 at.% Ca2+. Th e concentration of CeO

2
 in melts was 

maintained at the level of 1 mol.%. A crystal with a Ga content of 75 at.% was 
grown from a melt containing 0.15 at.% Ca2+. Th e process of synthesis of the 
charge as a whole is described by the equation of solid-phase synthesis 3Y

2
O

3
 +

+ (5−x)Al
2
O

3
 + xGa

2
O

3
  (T)  2Y

3
Al

5-x
Ga

x
O

12
. Single crystals of YAGG:Ce 

are characterized by:
• the existence of the garnet phase and congruent melting in the entire 

range of concentrations of substitution of aluminum by gallium;
• cubic crystal lattice (isotropy of physical properties);
• melting temperature from 1800°C to 1950°C depending on gallium con-

centration;
• high isomorphic capacity of the crystal lattice.
However, there are several complications in their fabrication technology, in 

particular:

Fig. 2.1. Th ermal 
insulation element 
(a) and seed hold-
er (b) covered with 
gallium oxide con-
densate. Gallium 
oxide condensate 
on the seed holder 
aft er adding oxy-
gen to the growth 
atmosphere (c)
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• the presence of a volatile compo-
nent of gallium oxide, which begins to 
evaporate from the melt in the form of 
Ga

2
O + O

2
 at temperatures >1500 °С, 

which leads to the non-stoichiometry of 
the melt;

• the tendency of mixed crystals to 
crack due to the large diff erence in the 
radii of the trivalent ions of gallium and 
aluminum.

An excess of gallium oxide in the 
amount of 1—3 at.% was added to the 
crucible with the melt to compensate for losses during its evaporation from the 
melt. However, in practice, this modifi cation only led to stronger evaporation 
of gallium oxide that can be illustrated by Fig. 2.1. Such intense evaporation 
could be the reason for the growth of crystals with a large number of inclusions 
and cracks (Fig. 2.2). In some experiments, due to the condensation of gallium 
oxide on the seed surface and the reaction between them, the crystal detached 
from the seed and fell into the crucible with the melt. To reduce the intensity 
of gallium evaporation, 1 vol.% of oxygen was added to the inert growth atmo-
sphere. Th is reduced the amount of gallium oxide that deposited on the insula-
tion, but evaporation remained strong. In Figs. 2.1b, c, one can see a seed holder 
covered with gallium oxide condensate. 

As a result of the implementation of this technological approach, it was 
possible to obtain single-crystalline YAGG:Ce without cracks and with a small 
number of inclusions. A feature of this mixed crystal was its uneven surface 
with numerous grooves, as can be seen, for example, in Figs 2.2, 2.3. Small 
iridium particles trapped on the YAGG:Ce surface were also observed. Th e 
iridium inclusions, probably, arose due to a suffi  ciently high concentration of 
oxygen in the growth atmosphere, which was used to prevent gallium oxide 
from volatilizing.

 When crystals are grown in an inert gas atmosphere protected by iridium 
equipment, color centers associated with oxygen vacancies are formed. Th e lat-
ter negatively aff ects the optical and scintillation properties. Oxygen defi ciency 
aft er crystal growth was neutralized by diff usion of oxygen to the crystal lattice 
during annealing of crystals in an oxygen-containing atmosphere at tempera-
tures of 1300—1500 °C for a long time (depending on the size of the sample). 
Annealing also signifi cantly reduces the thermoelastic stresses generated in 
the crystal during growth. Th e latter manifests themselves in the cracking of 
crystals during mechanical processing, and sometimes even with the slightest 
mechanical contact. Th e crystal coloration weakened aft er annealing, which in-
dicates compensation for oxygen vacancies formed when growing crystals in an 
inert atmosphere.

Fig. 2.2. YAGG:Ce crystal (75 at.% Ga) 
with cracks grown under non-optimal 
thermal conditions
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Fig. 2.3. Th e appearance of the grown 
crystals: a — YAGG:Ce (75 at.% Ga); b — 
YAGG:Ce,Ca (75 at.% Ga), C(Ca2+) =
= 0.15 at.%; in — YAGG:Ce (85 at.% Ga) 
[105]

Experiments confi rmed that there is a continuous series of solid solutions in 
the Y

3
(Al

1-x
Ga

x
)

5
O

12
:Ce system. Th e lattice parameter increases smoothly with Ga 

concentration (Table 2.2). Deviation from Vegard’s law is not observed for YAG 
and YAGG, in contrast to the results in [106]. According to the X-ray diff raction 
data, the proportion of Ga in the crystals is 15.4, 36.6, and 66.2 at.% when grown 
from a melt containing a proportion of Ga of 20, 40, 60 at.%, respectively. Th us, 
the distribution coeffi  cient of Al and Ga in crystals is approximately 1.

 Due to the proximity of the ionic radii of Y3+ and Al3+, Y3+ can occupy Al3+ 
or Ga3+ positions in the crystal lattice («antisite defect»), and vice versa [107]. In 

Table 2.2. Th e concentrations of matrix atoms in YAGG:Ce crystals 
determined by the AES-ICP method [105]. X-ray data (XRD) column 
is provided for comparison

Melt composition Measure

Concentrations, 
at.% 

Ga/(Al + Ga) Y/

(Y + Al + 

+ Ga)

k
ef
(Ce)

Y Al Ga
ICP-
AES

XRD

Y
3
Аl

5
O

12
Top
Bottom

13.11
13.52

22.59
23.47

— 0 0 0.367
0.365

0.075

Y
3
(Аl

0.8
Ga

0.2
)

5
O

12 Top
Bottom

13.13
13.37

18.73
19.25

4.03
4.06

0.177
0.174

0.154 0.366
0.364

0.074

Y
3
(Аl

0.4
Ga

0.6
)

5
O

12
Top
Bottom

13.92
14.05

8.24
8.27

15.43
15.48

0.652
0.652

0.662 0.370
0.372

0.133

Y
3
Ga

5
O

12
Top
Middle
Bottom

14.74
14.82
14.87

—
23.48
23.79
23.74

1 1 0.386
0.384
0.385

0.166
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general, the formation of such defects 
in rare-earth garnets is considered as a 
negative factor, which leads to a dete-
rioration of the light yield and an in-
crease in the contribution of the slow components of the scintillation response 
[108, 109]. Th e probability of such substitution increases when the diff erence 
between the ionic radii of Al3+ (Ga3+) on the one hand, and Y3+ or lanthanide, on 
the other hand, decreases. It was shown [108] that in the YGG crystal, the ex-
cess Y is formed due to the substitution of Ga3+ for Y3+ in octahedral positions. 
Th at is, the real composition of the crystal should be determined by the formula 
Y

3
(Y

x
Ga

2-x
)Ga

3
O

12
 [109]. Th e lattice constant is 12.274 Å in stoichiometric YGG 

it increases with x in the case of Y
3
(Y

x
Ga

2-x
)Ga

3
O

12
 substitution.

In accordance with this data, the lattice constant value of 12.295 Å in the 
YGG crystal grown by us corresponds to x about 0.1, i.e., 5 at.% of Ga3+ in oc-
tahedral positions is replaced by Y3+. However, this is a rough estimate because 
the data [108] were obtained on powders or crystals grown from solution. In 
addition, in our case, the crystals also contain large Ce3+ cations, which can 
increase the lattice constant. As a result, there is a deviation of experimental 
points for YGG from Vegard’s law (Fig. 2.4). 

AES-ICP data give a detailed picture of the cation distribution in the solid 
solution. AES-ICP and X-ray diff raction data for the Ga/(Al + Ga) ratio agree 
within 1% (see Ga/(Al + Ga) column in Table 2.2). A certain increase in the 
Y/(Al + Ga) ratio is observed with increasing Ga content. Th e Y/(Y + Al + Ga) 
ratio clearly increases from YAG to YGG, evidencing the increase in the number 
of antisite defects. However, the experimental value is only ~1% higher than the 
theoretical value (3/8 = 0.375) for YGG. Measurements of Al and Ga concentra-
tions in diff erent parts of the crystals indicate extremely small fl uctuations of 
the Al/Ga ratio along the crystals, which indicates their good homogeneity. Th e 
Ce segregation coeffi  cient increases with the addition of Ga to the melt from 
0.07 in YAG to 0.17 in YGG due to lattice loosening with the addition of larger 
Ga3+ atoms. According to these results, k

ef
(Ce) in YAGG:Ce with a Ga content 

of 75—85% is about 0.15.
Unlike the YAG-YGG system, the garnet phase in GAGG is formed in the 

interval from approximately x = 2 [3] and the highest light yield and energy reso-
lution are observed at x = 2.5—3 [4, 85]. In our work, crystals of GAGG and 
GAGG:Ce, x = 2.5 (concentration in the melt) with a diameter of up to 45 mm 
and a length of up to 200 mm without cracks and visible inclusions (Fig. 2.5) were 

Fig. 2.4. Dependence of the YAGG:Ce unit 
cell volume on the Ga concentration in the 
solid solution. Filled symbols correspond to 
experimental values, empty squares corre-
spond to data [105]
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Fig. 2.5. Crystallization unit covered with a layer of kaolin blanket (a); manufactured 
GAGG (b) and GAGG:Ce (c) crystals 

grown on a seed with [100] orientation by the Czochralski method using iridium 
crucibles with a diameter of 60—90 mm and a height of 60—90 mm. Undoped 
GAGG crystals, due to the lack of crystal seeds of acceptable quality with a garnet 
structure that does not contain an activator, were grown on iridium wire with 
a diameter of 1 mm. Appropriate mixtures of oxide powders of Gd

2
O

3
, Al

2
O

3
, 

Ga
2
O

3
, and CeO

2
 with a purity of 99.99% were used as raw materials. An excess of 

Ga
2
O

3
 in the amount of up to 1 wt.% was added to the melt to compensate for its 

evaporation during growth. Th e growth atmosphere was Ar + 1% O
2
.

Th us, the features of the technology for obtaining single crystals of gadoli-
nium-aluminum-gallium garnet GAGG:Ce are:

«the existence of the garnet phase and congruent melting only in a certain 
range of gallium concentrations, since the garnet phase does not form at a gal-
lium concentration <20 at.%;

• the melting temperature of the order of 1800 °C (decreases with gallium 
concentration) allows using the same technological equipment as for the other 
systems listed above;

• a large isomorphic capacity of the crystal lattice.
Technological complications of the process of obtaining GAGG:Ce single 

crystals are as follows:
• as in the YAGG system, in GAGG, there is a volatile component, gallium 

oxide, which begins to evaporate from the melt in the form of Ga
2
O + O

2
, start-

ing at a temperature of 1500 °С, which shift s the stoichiometry of the melt and 
the crystal;
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• the tendency of crystals to crack due to the large diff erence in the ionic 
radii of the trivalent gallium and aluminum ions;

• the high cost of gallium oxide with a purity of 4N or higher.
Th e process of preparing the charge, loading the crucible for GAGG:Ce is 

described by the solid-phase synthesis equation 2.3:

                  3Gd
2
O

3
 + (5−x)Al

2
O

3
 + x Ga

2
O

3
 T  2Gd

3
Al

5-x
Ga

x
O

12
.            (2.3)

Judging by the amount of gallium oxide that deposited on the walls of a 
standard thermal unit when growing GAGG:Ce with the addition of oxygen in 
the chamber atmosphere, the intensity of gallium oxide evaporation was similar 
to YAGG:Ce crystals. However, in the case of GAGG:Ce, it was not possible 
to obtain complete, undamaged single crystalline boules. Due to remaining 
mechanical stress aft er crystal growth, they sometimes crack just aft er detach-
ment from the seed holder (Fig. 2.6). To reduce temperature gradients along the 
grown crystal axis, it was decided to apply another layer of thermal insulation 
in the form of a kaolin blanket. To avoid the temperature shock that occurs aft er 
the crystal is separated from the melt at the end of growth, the crystal was not 
separated from the melt, but frozen to it. Th e crystals were cooled down in a 
thermal assembly aft er the end of growing for 60 hours. Post-growth annealing 
of GAGG:Ce crystals was carried out by holding them in a uniform thermal 
fi eld in an air atmosphere at a temperature of 1100—1500°С for 10 hours with 
prolonged heating and cooling for 60 hours.

Th us, a necessary requirement for obtaining single crystals based on 
YAGG:Ce and GAGG:Ce is the need to reduce the axial temperature gradient in 
the crystal to prevent a temperature shock when the crystal separates from the 
melt. To prevent cracking of single crystals during cooling and manufacturing 
of elements, they were annealed in air at temperatures of 1100—1500 °C. Th is 
made it possible to obtain high-quality crack-free crystals up to 35 × 150 mm 
for YAGG:Ce and 45 × 200 mm for GAGG:Ce.

2.1.2. LGSO:Ce

Crystal lattices of two types of monoclinic symmetry are formed in Lu
2x

Gd
2-2x

SiO
5
:Ce crystals (0< x< 1) depending on x [110, 111]. Th e structural tran-

sition is observed around x = 0.2 (Fig. 2.7). At 0< x< 0.2, the monoclinic P2
1
/c 

structure is observed, and at 0.2< x< 1, the monoclinic C2/c structure is ob-
served. In both intervals, a continuous series of solid solutions is formed with 
smooth changes in the unit cell volume and lattice parameters. To fi nd out the 

Fig. 2.6. Cracks in the GAGG:Ce crystal 
that formed just aft er the crystal was dis-
charged from the growth furnace  
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concentration dependence of the scintillation parameters upon substitution of 
Lu/Gd in LGSO:Ce, it was necessary to grow single crystals of both phases.

Firstly, small-size LGSO:Ce crystals with a diameter of 30—45 mm and 
a length of 35—150 mm with diff erent ratios of Lu/Gd were grown by the 
Czochralski method using the Lu

2
O

3
, Gd

2
O

3
, CeO

2
, and SiO

2
 starting materi-

als with a purity not worse than 99.99% mixed in a stoichiometric ratio. When 
growing a Ca2+-doped crystal (Ca 
content 0.05 at.%), Ca2+ was intro-
duced into the melt in the form of 
CaCO

3
. Crystals were grown in 

Ir crucibles with pulling rates of 
1.5—2 mm/h (Fig. 2.8). A mixture of 
Ar + 0.3% O

2
 was used as the growth 

atmosphere. Post-growth annealing 
of ingots was carried out in an oxi-
dizing environment from 1100 to
1200 °C. Additionally, LSO:Ce sam-
ples were annealed in an oxidizing 
atmosphere at 1400 °C, taking into 

Fig. 2.7. Phase diagram of the Gd
2
SiO

5
-Lu

2
SiO

5
 system in accordance with 

[112] 

Fig. 2.8. Grown LGSO:Ce,Ca crystal
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account the slow oxygen diff usion in them [77]. Elements with dimensions 
of 10 × 10 × 2 and 10 × 10 × 0.5 mm3 and polished faces of 10 × 10 mm2 
were made from the central parts of the ingots for measuring scintillation and 
optical characteristics.

Th e unit cell of LGSO gradually increases by ~5% when going from LSO to 
Lu

0.4
Gd

1.6
SiO

5
 (Fig. 2.9a). Substitution of Lu3+ for Gd3+ leads to lattice loosening 

and easier incorporation of Ce3+ into the matrix, since the ionic radii of Lu3+, 
Gd3+, and Ce3+ are 86.1, 93.8, and 102 pm, respectively [113]. Th e dependence 
of k

eff 
 on the host composition (Fig. 2.9b) is non-additive with a signifi cant de-

viation to larger values. While for Lu/Lu + Gd from 1 to ~0.6, k
eff 

 increases 
monotonously from 0.26 to 0.55 and can be explained by the higher content 
of the large Gd3+ cation, the further increase of k

eff 
 to 0.8 is caused by some 

other factor. Th is phenomenon and signifi cant fl uctuations in k
eff 

 values near 
the structural transition are probably associated with inhomogeneities in the 
crystal, namely, the existence of regions enriched in Lu3+ or Gd3+. Conditions at 
the domain boundaries may favor the incorporation of more activators.

At the next stage, large-size LGSO:Ce crystals were grown to test their suit-
ability for high-energy physics experiments. Th e main problem in obtaining 
LGSO single crystals is severe crystal cracking, which increases with increas-
ing gadolinium content. Th us, to preserve the integrity of large-sized crystals, 
it is desirable to minimize the concentration of gadolinium. At the same time, 
the addition of gadolinium leads to increased light yield and improved energy 
resolution [6]. Th us, we chose the Lu

1.8
Gd

0.2
SiO

5
:Ce composition for growing 

large-size crystals. In addition, to prevent the formation of cracks, we used an 
extended cooling time of 50—60 hours aft er crystal growth, as well as a lower 
growth rate — about 0.5 mm/h. As a result, crystals with a diameter of up to 
35 mm and a length of up to 150 mm were obtained without cracks and visible 
inclusions in the main volume of the crystal.

Fig. 2.9. Unit cell volume (a), cerium incorporation coeffi  cient (b) in LGSO:Ce solid so-
lutions. Th e asterisks in the fi gure correspond to literature data [114, 115]
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2.1.3. GdTaO4 and GdTa0.8Nb0.2O4

Czochralski method was also used in the growth of GdTaO
4
 and GdTa

0.8
Nb

0.2
O

4 

crystals obtained in an Ar atmosphere with an oxygen concentration of up to 
1 vol.%. Seed was performed on an iridium wire with a diameter of 1 mm. Due 
to the extremely high melting temperatures of the crystals, the thermal unit was 
additionally insulated to prevent damage to the iridium crucible. Th e crystal 
pulling speed was 1—2 mm/h, and the rotation speed was 10—20 rpm. Crystals 
with a diameter of 15 mm and a length of the cylindrical part up to 30 mm were 
obtained (Fig. 2.10).

Post-growth annealing of the grown crystals was carried out in the air 
atmosphere at 1500 °C. Th e crystals demonstrated a tendency to crack along 
the (010) cleavage plane, similar to that observed in Gd

2
SiO

5
 crystals having a 

cleavage plane along (100) [48]. Some parts of the crystals were polycrystalline 
or contained inclusions. However, the volume of transparent parts was enough 
to produce samples with dimensions of about 7 × 7 × 2 mm3 for optical and 
luminescence measurements.

2.1.4. BGSO

Bi
4
Ge

3
O

12
 (BGO) crystal with a high density of 7.13 g/cm3, a high atomic num-

ber (74), and a radiation resistance of 105—106 Rad has proven itself well in 
the L3 detector of the Large Electron-Positron Collider (LEP) at CERN [116]. 
However, the 300 ns decay time in BGO does not meet the requirements of 
Mu2e and similar projects. A sharp increase in the cost of raw materials of ger-
manium oxide in recent years has led to an increase in the cost of BGO pro-
duction by 2—3 times. Th is can be avoided by substituting BGO with bismuth 
silicate Bi

4
Si

3
O

12
 (BSO), which is an analogue of BGO with the same eulitine 

crystal structure. Despite the reduced light output in BSO (2000 photons/MeV 
vs. 8000 photons/MeV in BGO) and worse energy resolution (20—25% at 662 
keV vs. 10—15% in BGO), the decay time of BSO is signifi cantly faster (100 ns 
vs. 300 ns in BGO). Th e density of BSO (6.8 g/cm3) is similar to BGO. Th e main 
disadvantage of BSO is the diffi  culty of obtaining large crystals due to the incon-
gruent melting of this composition. Th e transition to mixed crystals with a eu-
litine structure by partially replacing Ge with Si in the matrix [117, 118] is one 

of the possible ways to overcome 
this complication. Th ere is a con-
tinuous series of solid solutions 
in the Bi

4
(Ge

x
Si

1-x
)

3
O

12
 (BGSO) 

Fig. 2.10. Photo of grown GTNO 
crystal and fabricated samples for 
optical and scintillation measure-
ments
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system. Th e characteristics of BGSO crystals obtained by the methods of Stock-
barger and Czochralsky [119, 120] are more similar to BSO than to BGO. Th e 
obtained energy resolution in BGSO at 662 keV did not exceed 19% [120]. Th e 
authors claim that this is a consequence of the large number of bubbles and 
inclusions of other phases. Future experiments in high-energy physics require 
a large number of high-quality crystals with similar characteristics [121], so 
methods for obtaining BGSO must be optimized.

In this chapter, the process of obtaining BGSO crystals with improved 
characteristics by the Czochralski method is considered in detail. Th e infl uence 
of the Si/Ge ratio, melt stoichiometry, recrystallization conditions, and post-
growth annealing is discussed [122].

Bismuth oxide with a purity of 99.999%, germanium, and silicon oxides 
with a purity of 99.99% were used as starting materials. Th e crystals were grown 
from stoichiometric mixtures with the general formula Bi

4
(Ge

x
Si

1-x
)

3
O

12
, where 

x = 0, 0.1, 0.4, 0.7, 0.9, and 1. Aft er mixing the oxides, the obtained mixtures 
were calcined at 850 °C for 10 hours to obtain the eulitine phase by solid-phase 
reaction. Th e upper and more transparent parts of BGO and BSO ingots grown 
earlier from stoichiometric mixtures of oxides were used as raw materials for 
recrystallization.

 Crystals with a diameter of 20 mm were grown by the Czochralski meth-
od using Pt crucibles with radiofrequency heating. Th e pulling speed was 
0.5—2 mm/h, the crystal rotation speed was 10—30 rpm. Th e BGO seeds were 
oriented in the [100] direction. To reduce the number of growth cycles, the ef-
fects of melt stoichiometry and recrystallization were studied only on crystals 
at x = 0 (which corresponds to BSO). Samples of crystals with dimensions of 
4 × 4 × 6 mm3 and 10 × 10 × 2 mm3 with polished surfaces were prepared for 
the measurement of scintillation parameters. Aft er growing, the samples were 
annealed in air at 850 °C for 10 hours.

Fig. 2.11. BSO crystals grown from melts 
with diff erent excess of Bi

2
O

3
: a — 0.5 

mol.%; b — 2 mol.%; c — 3 mol.% [122]
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Controlling the melt stoichiometry is of particular importance when grow-
ing crystals with the eulitine structure [122, 123] due to the evaporation of bis-
muth oxide from the melt, which leads to the melt non-stoichiometry and the 
formation of foreign phase inclusions in the crystals. To overcome this com-
plication, an excess of Bi

2
O

3
 in the amount of 3 mol.% was introduced into the 

melt during the growth of BGSO [118]. At the same time, if the evaporation 
rate is less than expected, an excess of Bi

2
O

3
 in the melt can also deteriorate the 

quality of the crystals, so it was necessary to determine the optimal value of the 
bismuth oxide excess in the melt.

In [122], the infl uence of the deviation of the melt composition from stoi-
chiometry on the quality of crystals was studied at x = 0 (BSO) with a 0.5 mol.%, 
2 mol.%, and 3 mol.% excess of Bi

2
O

3
 relatively to the stoichiometric compo-

sition. Photographs of crystals grown with various excesses of Bi
2
O

3
 are pre-

sented in Fig. 2.11. With an excess of 0.5 mol.%, most of the crystal volume 
looks transparent, almost colorless. Th ere are no separate absorption bands at 
in the range of >300 nm (Fig. 2.12). Increasing the excess of Bi

2
O

3 
to 2 mol.% 

leads to a greenish color and deterioration of transparency. With an excess of 
3 mol.% Bi

2
O

3
, the crystal surface is opaque, beige in color. Th e appearance of 

a new absorption peak near 320 nm in the spectrum of this crystal (Fig. 2.12) 
and the coloration may be caused by the presence of foreign phases with a dif-
ferent stoichiometry. Th e color arises because foreign phases, such as silenite, 
have smaller bandgaps and, as a consequence, longer wavelengths of the funda-
mental absorption peak than the eulitine phase has. Crystals grown from a melt 
with a stoichiometric ratio of oxides contain many inclusions, including colored 
inclusions of other phases. It is highly likely that the optimal excess of bismuth 
oxide also depends on the Si/Ge ratio and thermal growth conditions.

Fig. 2.12. Transmission spectra of BSO crystals grown from a melt of diff erent stoichiom-
etry: 1 — Bi

2
O

3 
excess is 0.5 mol.%, 2 — 3 mol.% [122]

Fig. 2.13. Optical transmittance of BSO crystals: 1 — grown from a stoichiometric mix-
ture of oxides, 2 — recrystallized [122]
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It is known that the qua-
lity of BGO crystals can be 
improved by recrystallization 
of the grown crystals, where-
by the upper parts of the crys-
tals grown from a mixture 
of powders were loaded into 
the crucible and the growth 
process was repeated [123]. Th is improves the transparency of the crystal and 
reduces the amount of gas impurities and inclusions of foreign phases. By anal-
ogy, the eff ect of recrystallization on optical transmission was tested on BSO 
grown from a melt with a stoichiometric ratio of oxides. As a result, the peak 
at 320 nm disappears aft er recrystallization (Fig. 2.13). Th is absorption peak is 
similar to that observed in crystals grown from raw materials with an excess of 
3 mol.% Bi

2
O

3
 (see Fig. 2.12). Obviously, in the case of a change in stoichiom-

etry, this peak is associated with the presence of foreign phases in the crystals 
or color centers.

Methods of improving the energy resolution of BGO crystals by high-
temperature annealing in an oxidizing environment [124, 125] can be imple-
mented for both BSO and BGSO with the same structure and similar optical 
characteristics.

Th e transmission of two BGSO crystals with diff erent Si/Ge ratio improves 
in the entire measured wavelength range aft er annealing for 10 h at 850 °С 
(Fig. 2.14).In particular, the transmittance increases by 7% at the maximum of 
the luminescence band at 480 nm. Th e crystals were grown from a stoichio-
metric melt.

Th e presented data show the potential for improving the optical and scintil-
lation characteristics of Bi

4
(Ge

x
Si

1-x
)

3
O

12 
by optimizing the methods of obtaining 

crystals. In particular, a better energy resolution of 16.2% at 662 keV is achieved 
in BGSO at x = 0.7. Crystal transparency can be improved by optimizing the 
amount of excess Bi

2
O

3
 in the melt, recrystallization, and post-growth anneal-

ing. Due to the large number of detectors needed for future high-energy physics 
experiments, future work will focus on identifying the ability to produce large 
crystals with stable characteristics.

Fig. 2.14. Optical transmission 
spectra of Bi

4
(Ge

x
Si

1-x
)

3
O

12
 crys-

tals with diff erent x before and 
aft er annealing [122].
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2.2. Obtaining single-crystalline fibers 
using the micro-pulling-down method 

Th e excellent work of the CMS electromagnetic calorimeter based on PbWO
4
 

(PWO) at CERN helped in the discovery of the Higgs boson [51]. However, in-
creasing dose loads in colliders made it necessary to replace PWO-based detec-
tors with lighter scintillators that suff er less radiation damage due to interaction 
with high-energy hadrons [126]. Th e construction of the FAIR calorimeter, the 
announcement of the renewed Large Hadron Collider (LHC), and its modern-
ization (HL-LHC) [127] and the intensive development of the ILC program 
[128] will require cheap and radiation-resistant materials suitable for mass pro-
duction. In addition, concepts of a new generation of high-energy physics ex-
periments include combined electromagnetic and hadronic calorimeters based 
on simultaneous registration of scintillation and Cherenkov radiation [129]. For 
some new applications of scintillators, for example, new experiments in particle 
physics, detectors in the form of single-crystal fi bers with a cross-section of 
1—6 mm2 are needed [130]. Th e production of fi bers from large-sized single 
crystals grown by the Czochralski method is relatively expensive due to the 
given loss of material during cutting.

One of the eff ective methods of growing such fi bers is the micro-pulling 
method (m-PD), which provides fi bers of the desired size and shape without 
further mechanical processing [131, 132]. Th is method (Fig. 2.15) is signifi cant-

Fig. 2.15. General view of the growth setup during micro-PD fi ber 
growth. Th e crystallization process is monitored using a CCD camera
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ly diff erent from the Chochralski method. Th e process 
of manufacturing crystals by the micro-pulling meth-
od allows the production of single-crystal rods of vari-
ous shapes with a cross-section of up to ~9 mm2. Th e 
ability to crystallize 100% of the melt is another ad-
vantage. Th e method allows you to reach a growth rate 
of up to 5 mm/min., which is much faster than that 
in most growth methods are very convenient for rapid 
analysis of new crystal compositions.

Th e production of scintillating materials in the 
form of fi bers has a long history and a wide range of applications in the case of 
plastic organic scintillators. However, the low eff ective atomic number (Z

eff 
) of 

these materials limits the sensitivity of radiation detectors based on them. In 
recent years, inorganic scintillator fi bers have been obtained using the micro-
pulling method with a continuous improvement in their quality. Th e main task 
is to optimize the technology of growing fi bers and achieve a uniform distribu-
tion of the activator and other impurities in them [133—138]. In the micro-
pulling method, the melt fl ows through the capillary in the crucible bottom to 
the crystallization zone (Fig. 2.16). At a suffi  cient growth rate, the melt fl ows 
throughout the capillary so quickly that there is no back diff usion of impuri-
ties from the crystallization front through the capillary to the melt, unlike the 
Czochralski and other melt methods. Th us, the impurities are concentrated at 
the meniscus periphery and subsequently introduced into the grown fi ber. As 
a result, the distribution of components along the fi ber is almost constant. But 
a signifi cant concentration gradient of the activator and other impurities can 
arise in the radial direction and negatively aff ect the optical and scintillation 
parameters of the fi ber.

Th e μ-PD method has already been used to grow high-temperature ox-
ide scintillators: Lu

2x
Y

2-2x
SiO

5
:Ce (LYSO:Ce) [136], Bi

4
Ge

3
O

12
 [136], complex 

borates [138], etc. Fibers with the structure of LuAG:Ce garnets and LYSO:Ce 
orthosilicates are considered as possible detectors for a new generation of cal-
orimeters with simultaneous reading of scintillation and Cherenkov signals, 
with the possibility of additional application in PET tomography [139, 140]. 
LuAG:Ce and LYSO:Ce have good radiation strength and compactness due to 
their short radiation length.

In particular, a lot of information has been accumulated on the growth of 
rare-earth garnet fi bers. Th e fi rst reports on growing fi bers with a garnet struc-
ture using a micro-pulling method are dated back to 2005—2010 [133, 134]. 

Fig. 2.16. Schematic view of the crystallizer for growing fi -
bers by the micro-pulling method: 1— crucible and screen; 
2 — fi ber; 3 — seed crystal; 4 — thermal insulation; 5 — quartz; 
6 — HF heating inductor
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Both in LYSO:Ce and in garnets, the activator is Ce3+, and there is a problem 
of its segregation to the periphery of the fi ber due to the large diff erence in the 
ionic radii of the activator and the matrix cation [134, 135], which negatively 
aff ects the transparency of the fi ber. Th e segregation is especially noticeable at a 
high activator concentration. 

Th e radial gradient of cerium distribution in YAG:Ce fi bers grown by 
micro-pulling with diff erent concentrations of cerium was assessed using 
the gradient of its luminescence brightness (Fig. 2.17) in the cross-section 
of LuAG:Ce or YAG:Ce fi bers [141—144]. Th e sample had a higher inten-
sity of luminescence at the periphery than in the middle part, which con-
fi rms the high concentration of Ce3+ at the periphery of the fi ber. However, 
it turned out that along the fi ber axis the concentration of the activator can 
be maintained constant at a high growth rate, when the rate of melt fl ow 
through the capillary exceeds the rate of activator diff usion [142]; in particu-
lar, for LuAG:Ce, the rate of 0.5 mm/min was indicated [142]. Th e stable ac-
tivator concentration is caused by the peculiarities of convection in the melt 
and the activator diff usion through the capillary channel of the shaper. At 
a relatively high pulling speed and the absence of mixing of the melt between 
the meniscus and the melt in the crucible, the diff usion length l = D/v (v is 
the movement speed, D is the diff usion speed) is less than the inner length of 
the crucible capillary (2.5 mm). Th us, no change in Ce concentration along the 
grown fi bers was observed; gas bubbles were oft en observed, appearing at a cer-
tain critical supersaturation of the melt with gas. A tendency to an increase in 
the number of gas bubbles was observed with an increase in the Ce concentra-
tion in the melt [141].

Th e next step was to optimize the garnet growth procedure to minimize the 
heterogeneity of the activator distribution in the fi ber, including issues of the 
capillary wetting with the melt, control of the crystal diameter, and the infl u-
ence of the fi ber pulling rate [141, 143—145]. 

 Fig. 2.17. Cross-section of YAG:Ce fi bers with a transpa rency length of 
16.5 cm and a cerium concentration of 150 ppm (a), and YAG:Ce with 
a transparency length of 1.7 cm and a cerium concentration of 1000 ppm 
(b) [142]
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When Ce3+ and Pr3+ activators are introduced into garnet fi bers, no other 
phases are formed. Separation of the fi ber from the melt does not occur even in 
the event of a drastic change in the pulling speed. A high concentration of Ce 
(>0.1 at.%) increased the wettability of the melt, the meniscus became convex, 
and the fi ber diameter increased to 2.5 mm [141]. In addition, the segregation 
of the activator to the periphery of the fi ber increased with cerium concentra-
tion (Fig. 2.17). Transparent LuAG, YAG fi bers have a smooth surface and, 
when activated with diff erent amounts of cerium and co-activated with mag-
nesium, have diff erent shades of green depending on the cerium concentra-
tion (Fig. 2.18). Th e coloration is caused by increased absorption of Ce3+ when 
its concentration increases. Strong radial segregation of Ce was observed in 
samples with high concentrations >0.1 at.%. Th e diff erence in the atomic radii 
of Ce3+ (103.4 pm) and Lu3+ (86.1 pm) [112] is the main reason for the activator 
segregation in the fi bers.

Th e release of gas that occurs at the liquid-solid interface leads to an increase 
in the bubble size and their subsequent upward diff usion due to the fl oating ef-
fect. No bubbles were observed in unactivated LuAG crystals grown at pulling 
speeds of 0.3 mm/min [145]. In activated garnets, the relationship between gas 
bubbles and the distribution of the activator has not been established. Most of 
the bubbles were spherical in shape, and some of them were elongated along the 
growth direction. Th e bubbles were aligned parallel to the fi ber axis (Fig. 2.19).

At growing rates of 0.3< v< 0.5 (mm/min) and the Ce concentration in the 
melt <0.1 at.%, the crystallization front is fl at and has only one layer of bubbles. 
Th e rest of the fi ber does not contain bubbles. In the case of a high growth 
rate, concentration supercooling promotes bubble entrapment. LuAG:Ce fi bers 
grown at low rates have a stable diameter and a smooth surface through a fl at 

Fig. 2.18. Photo of YAG:Ce and YAG:Ce,Mg fi bers with diff erent con-
centrations of co-activators under UV illumination [144]
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crystallization front. To grow fi ber without bubbles, it is important to control 
the growing conditions. A decrease in the growth rate v ≤ 300 μm/min guaran-
tees obtaining a LuAG:Ce fi ber of acceptable quality with a low concentration 
of bubbles [144].

When growing LuAG:Ce and LuAG:Pr fi bers with a length of 22 cm and a 
pulling speed of 300 μm/min, the heating power from the seeding to the end 
of growth increased three times faster than in the case of growing unactivated 
fi bers (~0.35% versus 0.12%) [144]. Apparently, this diff erence was due to an 
increase in radiant heat transfer through the transparent fi ber. Th e best results 
were achieved for fi bers with a Ce concentration of 0.1 at.%, grown at a rate of 
300 μm/min. When growing activated fi bers, periodic inclusions were observed 
along the fi bers (this was also observed in some non-activated fi bers). Th ese 
places can be visually observed in transmitted light. Th ere has been no work on 
growing fi bers of mixed crystals, except for experiments with LYSO:Ce [136].

In the case of crystals of solid solutions in our work, the process of growing 
fi bers of mixed crystals by the micro-pulling method was complicated by the 
diff erence in the ionic radii of the substituted cations in the matrix, which also 
causes the larger cation segregation to the periphery. Th is phenomenon causes 
cracking of both fi bers and bulk crystals. Th us, when growing LGSO:Ce and 
YAGG:Ce fi bers, special attention was paid to the radial distribution of matrix 
and activator cations.

2.2.1. LGSO:Се

When growing single-crystalline LGSO:Ce fi bers, at the fi rst stage, the chunks 
of single crystals grown by the Czochralski method with x = 0.2 and 0.5 and 
0.01 at.% Ce were used. At the next stage, Lu

2
O

3
, Gd

2
O

3
, CeO

2
, and SiO

2
 pow-

ders with a purity of no worse than 99.99% were used, mixed in a stoichiomet-
ric ratio. Th e Ce3+ activator concentration in the raw material was in the range 

Fig. 2.19. View of the lateral surface of fi bers in non-doped (a) and 0.12 at.% 
Ce-doped LuAG (b) [141]
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of 0.01—1.5 at.%. Th e SiO
2
 powder 

was pre-calcined at 300 °C to remove 
moisture. Aft er mixing the reagents, a 
second calcination was carried out at a 
temperature of 1200 °C. 

Th e solid-phase reaction of the 
synthesis of unactivated and Ce-acti-
vated LGSO raw materials, by ana-  
logy with the Czochralski method, it was carried out according to equa-
tions 2.1 and 2.2. Lu

2x
Gd

2−2x
SiO

5
:Ce fi bers with x = 0.2 and x = 0.5 were cho-

sen for growth due to their optimal combination of scintillation parameters 
[111] and relatively low melting temperatures [112]. Th e raw material was 
loaded into an iridium crucible with a diameter of 16 mm, with a square 
capillary of 2 × 2 mm2, with a hole with a diameter of 1 mm in the center 
(Fig. 2.20). Th e crucible was mounted on a cylindrical iridium screen with a 
diameter of 16 mm.

Th e crucible and screen were thermally insulated using alundum ceramics. 
Th e raw material was heated and melted in a crucible using radio frequency 
heating. To protect the iridium crucible and the screen from oxidation at high 
temperature, the growth was carried out in an argon fl ow. Th e melt fl owed out 
of the capillary through the hole at the bottom of the crucible and crystallized 
on a seed that contacted the melt meniscus.

Th e crystallizer was located inside the quartz tube. Th e screen has a hole 
on the side surface for visual monitoring of the crystallization process using 
a CCD camera. During the growing process, the seed was pulled down at a 
speed of 50—1000 μm/min. LGSO:Ce or LYSO:Ce rods with a cross-section of 
2 × 2 mm2 and oriented along the [210] direction were used as seeds. Crystal 
growth was carried out in an Ir crucible at a temperature of about 1950 °C in an 
argon atmosphere (Fig. 2.21).

Fibers with a Lu/Gd = 1/1 ratio and cerium concentrations of 0.01, 0.3, 0.5, 1, 
1.5 at.% were obtained. (Fig. 2.22). Th e crystal cooling process took place in one 
step, and the temperature was lowered to room temperature within 3—26 hours. 
First, a series of fi bers were grown from chunks of crystals obtained by the Czo-
chralski method with diff erent ratios of lutetium to gadolinium was used to de-
termine the growth conditions. Crystals with x = 0.2 (Fig. 3.15) had a greater ten-
dency to crack than fi bers with x = 0.5 due to the proximity of their composition 
to the concentration of the polymorphic transition in LGSO:Ce at x = 0.17 [112].

Several approaches have been tested to eliminate cracks during growth. 
Only a decrease in the growth rate and an increase in the cooling time gave 

Fig. 2.20. Ir crucibles with a round capillary 
with a diameter of 2 mm (left ) and a square 
capillary 2 × 2 mm2 (right) [146]
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Fig. 2.21. Top: view of a 2 × 2 mm2 cross-sectional LGSO:Ce seed on a holder. 
From the bottom: the process of nucleation and growth of a fi ber, which is 
visually monitored using CCD through a hole in the crystallizer: a — crucible 
capillary, b — seed, c— meniscus (crystallization zone), d — fi ber [147]

Fig. 2.22. Photo under a UV illumination of Lu
2x

Gd
2-2x

SiO
5
 fi bers grown at 

x = 0.5 and cerium concentrations: a — 0.01 at.%; b — 0.3 at.%; c — 0.5 at.%; 
d — 1 at.%. Photo of grown Lu

2x
Gd

2-2x
SiO

5 
fi ber with x = 0.2 (e); Photo of an 

LGSO:Ce crystal with 1.5 at.% Ce, obtained by overheating the melt (f) [144]
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a certain result. Th e temperature regime for growing was selected. Due to the 
rather massive seed and rapid heat loss in the meniscus, it was diffi  cult to con-
trol the diameter of the fi bers. As a result, the fi ber with 0.01 at.% Ce3+ had only 
a few cracks (Fig. 2.22a). Th e following fi bers were obtained from a prepared 
charge with 0.3, 0.5, and 1 at.% of activator and had a single-crystalline part 
about 2 cm long (Fig. 2.22b–d, respectively). A fi ber with a transparent single-
crystal part of LGSO:Ce with 1.5 at.% Ce was obtained only by overheating the 
melt and increasing the growth rate up to 1000 μm/min. Th e fi rst part, with a 
diameter of 4 mm and a length of 30 mm, was transparent (Fig. 2.22e). Th e rest 
of the fi ber had a large number of inclusions. Other attempts to adjust the di-
ameter stability and obtain a single crystal with 1.5 at.% Ce were unsuccessful. 

According to X-ray structural studies of LGSO:Ce (1 mol.% Ce) and 
LGSO:Ce (1.5 mol.% Ce) fi bers they do not contain impurities of foreign phas-
es. Both single crystals belong to the monoclinic system C2/c.

2.2.2. YAGG:Ce

Th e raw materials used were the chunks of YGG and YAG:Ce crystals grown 
by the Czochralski method. Fibers with a diameter of 2 mm were pulled down 
onto a seed with crystallographic orientation [111] at a speed of 0.3—0.5 mm/
min. Th e fi rst grown YGG fi bers can be conventionally divided into 3 parts by 
quality (Fig. 2.23a):

 (i) Length 0  1.6 cm. Numerous cracks form at the beginning, apparently 
due to the diff erent lattice parameters of the YAG seed and YGG fi ber.

(ii) Length 1.6  3.2 cm. Th e fi bers become darker. Th e surface is matte, 
but there are almost no cracks inside, because the growth process has stabilized, 
and mechanical stresses due to the mismatch between the lattice parameters of 
the seed and the fi ber are reduced.

(iii) Length 3.2  4.5 cm. Th e fi ber becomes thicker and slightly deformed. 
Th is part of the fi ber is transparent, but contains many cracks. Apparently, it 
was grown from a non-stoichiometric Ga-defi cient melt due to its evaporation. 
Th e Ga

2
O

3
 layer was deposited on the inner surface of heat-insulating ceramics 

(Fig. 2.24).
Th e YAGG:Ce fi ber (75 at.% Ga, 150 ppm Ce) was opaque and fully poly-

crystalline. Ga was deposited on the crystallizer in a smaller amount compared 
to the growth of YGG. Th e YAGG:Ce fi ber consists of a brittle opaque layer 
around a strong middle part, similar to what we observed in the LGSO:Ce 
fi bers. Th is eff ect was associated with: (i) segregation of larger Ga3+ cations in 
YAGG to the periphery of the crystal, and/or (ii) non-stoichiometry of the melt 
and crystal due to Ga evaporation.

As the fi rst of these factors cannot be eliminated, the second one was mini-
mized by adding excess Ga

2
O

3
 to the melt to compensate for its losses by evapo-

ration. Th e addition of gallium excess is a common procedure when growing Ga-
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containing oxide single crystals, like when growing YAGG:Ce by the Czochralski 
method (see Chapter 2.1.1) by adding 1% excess in respect to the stoichiometric 
composition. In contrast to the Czochralski method, in the micro-pulling me-
thod, the evaporation factor is much stronger because the ratio of the melt sur-
face to its volume in the latter is much higher. Taking into account the 2—4 mol.% 
excess of Ga

2
O

3
 [148] introduced into the melt during the growth of Gd

3
Ga

5
O

12
 ×

×
 
(GGG) crystals by the Czochralski method, and the 1 mol.% excess of Ga

2
O

3
 

that was introduced by us when growing YAGG:Ce by the Czochralski method, 
the initial fi ber was grown from a melt with an excess of 3% Ga (Fig. 2.23b). 
Although the shape of the new 5 cm long fi ber was asymmetric, the fi ber was 
transparent and free of cracks except for a ~1 cm long portion at the end of 
the fi ber. Th is result showed that the compensation of Ga excess is an eff ective 
tool for optimizing the growth process in the micro-pulling method as well. 
By weighing gallium oxide powder deposited on thermal insulation (Fig. 2.24), 

it was found that when growing a 
4—5 cm long YAGG:Ce fi ber, about 
10% of Ga evaporates from the melt. 
During the experiments, fi bers were 
grown with an excess of 10, 15, 18% 
Ga added to the melt. Th ese 3 fi bers are 
presented in Fig. 2.23c.

Th e number of inclusions in the 
fi ber decreases when gallium is added. 

Fig. 2.23. Photo of fi bers: YGG (a), 
YAGG:Ce (b, c). Th e seeding part of the 
fi bers are on the left  [147]

Fig. 2.24. Gallium oxide deposite accu-
mulated on thermal insulation aft er grow-
ing YAGG:Ce fi ber by the micro-pulling 
method. Th e bottom photo illustrates the 
collected condensate [146]
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Th ese periodic inclusions become more frequent as one approaches the end of 
the fi ber, which is obviously associated with concentration supercooling of the 
melt under conditions of diff erent melting temperatures of the components of 
a mixed crystal [10]. In this case, the diff erence between the melting tempera-
tures of YAG and YGG is 140 °C. Adding more Ga excess to the melt negatively 
aff ects the YAGG:Ce fi ber quality.

Th us, the process of growing YAGG:Ce fi bers by the micro-pulling method 
is greatly complicated by the uncontrolled evaporation of Ga

2
O

3
 and periodic in-

clusions caused by the melt concentration supercooling in the YAG:Ce-YGG:Ce 
mixed system. Since gallium oxide losses due to evaporation are approximately 
proportional to the duration of the growth process, they will be signifi cantly 
greater when growing fi bers >20 cm in length for high-energy physics experi-
ments. Th ese losses can be minimized by adding more oxygen to the growing 
atmosphere, or by isolating the melt from the environment. Th e appearance of 
periodic inclusions can be prevented by reducing the growth rate, which, in 
turn, calls into question the possibility of mass production of YAGG:Ce in a 
short time.

2.3. Solid-phase synthesis of solid solutions

Th e method of ceramic solid-phase synthesis can be faster and more cost-
eff ective and is usually used to obtain samples of compounds with extremely high 
melting temperatures, or those that do not melt congruently and cannot be ob-
tained by direct crystallization from the melt. In particular, samples of rare earth 
tantalates, niobates, and tantaloniobates were synthesized in works [149—152].

 To obtain compounds of rare earth tantalates, niobates, as well as mixed 
systems of tantaloniobates, this work implemented a ceramic method for the 
synthesis of scintillation materials based on tantalate, in particular, gadolinium 
tantalate, which includes mixing the initial oxides containing tantalum and 
niobium oxides, their preliminary drying, calcination, and subsequent cooling 
to room temperature. Th e initial oxides were mixed in a stoichiometric ratio 
that corresponds to the general formula GdNb

x
Ta

1-x
O

4
, where x = 0.02—0.6; the 

resulting mixture was tableted, and the tablets were dried at a temperature of 
100—110 °С for 10—12 hours, and aft er drying, the tablets were calcined at a 
temperature of 1300— 1400 °C for 25—30 hours.

Tableting the mixture of initial oxides before calcination leads to an in-
crease in the contact surface between the powder particles and an increase in 
the rate of interaction of the oxides with the formation of the resulting material; 
this makes it possible to exclude the use of a high-temperature solvent in the 
synthesis. With this method, the obtaining procedure is signifi cantly simpli-
fi ed due to the absence of the stages of removing the high-temperature solvent 
and subsequent fi ltering and drying of the powder. In addition, the synthesized 
material does not contain residual impurities of the high-temperature solvent 
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or intermediate products of its interaction with the original oxides; the absence 
of these residual impurities in the material obtained according to the claimed 
method leads to an improvement in the scintillation characteristics of the mate-
rial compared to analogues. Another advantage of tableting a mixture of initial 
oxides is the possibility of obtaining a ready-to-use ceramic scintillation ele-
ment aft er calcination. A rather high temperature and prolonged calcination of 
the tablets leads to the complete conversion of the initial oxides into the synthe-
sized material; this excludes the presence of a residual amount of initial compo-
nents that can negatively aff ect the scintillation characteristics of the material.

Drying the tablets at temperatures below 100 °C is ineff ective because this 
mode cannot ensure complete removal of distilled water used to moisten the 
charge during tableting; the use of temperatures above 110 °C can lead to partial 
destruction of tablet samples due to the rapid and massive removal of water from 
tablets. Th e use of a temperature below 1300 °С for the calcination of tablets to 
obtain scintillation material by the method of solid-phase synthesis without the 
use of a high-temperature solvent is ineff ective due to the slow course of the 
reaction of the formation of scintillation material at this temperature. Synthesis 
temperature above 1400 °C leads to an undesirable phase transition in the mate-
rial, which in gadolinium tantalate occurs at a temperature of about 1450 °C with 
a change in structure from M-fergusonite to scheelite, and such a transition can 
lead to signifi cant changes in the scintillation properties of the material.

As a result of the implementation of our proposed method, a ceramic 
material was obtained, the dimensions of which are limited only by the mold 
dimensions. Th us, ready-to-use scintillation elements we are obtained in the 
form of  tablets. 

For solid-phase synthesis, oxides La
2
O

3
, Y

2
O

3
, Sc

2
O

3
, Gd

2
O

3
, Lu

2
O

3
 and Ta

2
O

5
 

with a purity of not worse than 99.99% were pre-annealed to remove moisture 
and absorbed CO

2
, weighed with a molar ratio of RE

2
O

3
:Ta

2
O

5
 components 1:1 

(RETaO
4
); aft er mixing in an agate mortar, they were used as starting materials. 

Th e mixing product was pressed into tablets with a diameter of 10 mm. Th en 
the tablets were calcined at 1400 °C for 10 hours in an inert gas atmosphere. 
Yttrium and lanthanide orthotantalates with ionic radii in the range from 0.86 Å 
(LuTaO

4
) to 0.98 Å (GdTaO

4
) belong to the structures of M- and Mʹ-fergusonites 

[61]. Unlike other orthotantalates, ScTaO
4
 and LaTaO

4
 have wolframite and or-

thorhombic structures, respectively [153, 154]. According to the X-ray phase 
analysis aft er the solid-phase reaction, the obtained samples contained 92—98% 
of the orthotantalate phase with the wolframite structure for ScTaO

4
, the ortho-

rhombic structure for LaTaO
4
, the structure of M-fergusonite for GdTaO

4
 and 

the structure of Mʹ-fergusonite for YTaO
4
 and LuTaO

4
 (Table 2.3).

Goldschmidt’s rule postulates the formation of a stable solid solution be-
tween compounds with a diff erence in ionic radii between competing atoms 
of no more than 15%. In this sense, tantaloniobates are unique compounds be-
cause the ionic radii of both six-coordinated Ta and Nb in the +5 oxidation state 
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are the same and equal to 0.64 Å [112]. Th e existence of a stable solid solution 
for the full range of Nb concentrations in (Nb

x
Ta

1-х
)

2
O

5
 at х = 0¸1 was shown 

in [155, 156]. Th erefore, one could expect the formation of a mixed crystal in 
the of the cross-section plane of the ternary system RE

2
O

3
−Ta

2
O

5
−Nb

2
O

5
 at the 

total molar ratio of components RE
2
O

3
:[хTa

2
O

3 
+ (1 − х)Nb

2
O

5
]  = 1:1, where 

x = 0÷1. However, a continuous series of solid solutions in the entire range 
of concentrations is observed only in GdTa

1-x
Nb

x
O

4
 (Table 2.3). A structural 

Table 2.3. Structural types and lattice parameters 
of the obtained orthotantalates [58]

Compound
Crystallographic 

structure

Lattice parameters

a, Å b, Å c, Å β, deg.

YTaO
4

Mʹ-fergusonite 5.299 5.456 5.111 96.412

LuTaO
4

Mʹ-fergusonite 5.236 5.432 5.0575 96.029

LaTaO
4

Orthorhombic 5.664 14.691 3.946 —
ScTaO

4
Wolframite 4.808 5.666 5.113 91.633

GdTaO
4

M-fergusonite 5.082 11.078 7.054 94.58

Fig. 2.25. Dependence of the unit cell 
volume of GdTa

1-x
Nb

x
O

4
 and YTa

1-x

NbO
4
 on the proportion of Nb (а); de-

pendence of lattice parameters in solid 
solutions of Y(Ta

1-x
Nb

x
)O

4
 (b) and 

Gd(Ta
1-x

Nb
x
)O

4
 (c)
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Table 2.4. Lattice parameters of mixed tantaloniobates

Nb content 
(x)

Spatial 
group

a, Å b, Å c, Å b, deg
Density, g/cm3,

calculation

YTa
1-x

Nb
x
O

4

0 P21/a 5.299 5.456 5.111 96.412 7.56

0.2 I2/a 5.322 10.935 5.057 95.386 7.16

0.4 I2/a 5.317 10.938 5.059 95.242 6.75

0.6 I2/a 5.314 10.943 5.065 95.045 6.34

0.8 I2/a 5.306 10.946 5.069 94.808 5.94

1.0 I2/a 5.299 10.949 5.073 94.561 5.53

GdTa
1-x

Nb
x
O

4

0 I2/a 5.405 11.060 5.081 95.620 8.76

0.2 I2/a 5.401 11.072 5.087 95.460 8.37

0.4 I2/a 5.395 11.080 5.092 95.276 7.98

0.6 I2/a 5.387 11.085 5.097 95.042 7.58

0.8 I2/a 5.379 11.090 5.102 94.812 7.19

1.0 I2/a 5.372 11.095 5.107 94.563 6.80

transition from monoclinic P21/a to monoclinic I2/a symmetry is observed in 
YTa

1-x
Nb

x
O

4
 for x in the range from 0 to 0.2. Th e elementary cell parameters 

of mixed compounds, as well as their calculated densities, are given in Table 
2.4. Th e density of mixed compounds was calculated based on the data on the 
rare-earth orthotantalates and orthoniobates in [47] and the assumption that 
the density of mixed compounds corresponds to the Vegard’s law [157]. Lattice 
parameters a and c monotonically increase with the Nb content in the matrix 
(Fig. 2.25b, c) due to the increase in the distances between A5+ and oxygen ions 
in Nb-based matrices [155, 156]. An increase in lattice parameters with nio-
bium content is possibly due to diff erent Pauling electronegativities of Ta (1.5) 
and Nb (1.6) and, as a result, diff erent charges on Ta5+, Nb5+, and O2− in cova-
lently bonded compounds. It is known that the ionic radius of an element in a 
compound with a covalent bond depends linearly on the ion’s partial charge 
and can be calculated using the empirical formula (Sanderson method) [158]: 
R = RC − Bδ, where R is the ionic radius of the ion, RC is the covalent (atomic) 
radius, B is the constant for a particular ion, and is the partial charge. For vari-
ous chlorides, it was shown [159] that the ionic radius of chlorine ions varies 
in the range from 1.24 Å for CdCl

2
 to 1.95 Å for CsCl, and the partial charge 

from −0.21 (for CdCl
2
) to −0.81 (for CsCl). By analogy, in the case of TaO6

−
 or 

NbO6
−
 groups, a small increase in cation electronegativity from Ta5+ to Nb5+ 

is accompanied by an increase in the ionic radius of O2−. Th ese changes can 
lead to an increase in the length of A5+ — O2− bonds. Along with this, the pa-
rameter b in both matrices shows a tendency to decrease with the addition 
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of Nb, which means the rearrangement of the geometry of the TaO
6
 or NbO

6
 

polyhedra when the cation composition changes.
It is also worth noting the positive deviations from the additive values at 

x = 0.2—0.6 for the dependence of the lattice parameter in Gd(Nb
x
Ta

1-x
)O

4
. At 

the same time, the dependence of the unit cell volume in both systems is non-
linear, although the general tendency to increase V with the addition of niobi-
um remains. For GTNO, the maximum deviation from Vegard’s law is observed 
around x = 0.5. For YTNO, there are both positive and negative cell volume 
deviations from linearity.

Th e deviations of the lattice parameters from Vegard’s law were previously 
noted in mixed crystals of MgO-FeO, MgO-LiFeO

2
 [160], CdF

2
-PbF

2
 [161] and 

were associated with the formation of inhomogeneities (clusters) enriched with 
one of the substituted atoms. Th e formation of clusters disrupts short-range 
ordering in the crystal, which should be refl ected in lattice loosening, that is, 
positive deviations from linearity.                                



3.1. LGSO:Ce

Crystals of lutetium-gadolinium oxyorthosilicate LGSO:Ce have been 
the subject of active research for the past 25 years. Th e main pragmatic 
idea of these studies was to combine the high light yield of LSO:Ce 
crystals with the cheapness and low aft erglow level of GSO:Ce crys-
tals. Before our work, it was shown that the characteristics of LGSO:Ce 
with Lu concentration <20% are similar to GSO:Ce [162]. In LGSO 
(20% Lu) the light yield is also low and amounts to about 15 000 photo/
MeV, along with a strong aft erglow with an amplitude of up to several 
percent in the microsecond range [163]. Th e scintillation character-
istics of LGSO:Ce with 90% Lu are similar to LSO:Ce [162]. In this 
work, the optical and scintillation characteristics of this system were 
determined in detail in the full concentration range of solid solutions.

3.1.1. Optical characteristics

Th e spectral transparency range of unactivated LGSO is from 200 nm 
and does not diff er signifi cantly from the range for LSO (Fig. 3.1). In-
stead, many narrow bands in the 250—320 nm range associated with 
electronic transitions in Gd3+ ions are observed in LGSO. In general, 
the transmission of LGSO in the visible range is slightly lower com-
pared to LSO due to the presence of more scattering centers in the 
bulk of the crystals. With the Ce addition, 3 absorption bands with 
maximum at 360, 300, and 260 nm are distinguished in the UV range, 
corresponding to intracenter transitions 4f  5d

1-3
 in Ce3+.

Th e photoluminescence spectra of mixed crystals Lu
0.8

Gd
1.2

SiO
5
:Ce 

and Lu
1.
8Gd

0.2
SiO

5
:Ce in comparison with GSO:Ce are shown in 

Fig. 3.2a. Luminescence bands in the spectral range of 360—600 nm 
are associated with allowed transitions 5d

1
  4f in Ce3+ ions, which 

occupy the 7- and 6-coordinated oxygen positions in the orthosili-
cate lattice (Ce1 and Ce2, respectively). Th e spectral characteristics of 
these centers will be described in detail in Chapter 5 when considering 
spatial inhomogeneities in crystals. Th e photoluminescence band of 

C
H

A
P

TE
R

C
H

A
P

TE
R 
3 OPTICAL AND SCINTILLATION 

CHARACTERISTICS OF THE DEVELOPED 
SCINTILLATORS
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LGSO:Ce with a maximum 
at 435, 410, and 400 nm, res-
pectively, for GSO:Ce, Lu

0.8

Gd
1.2

SiO
5
:Ce, and Lu

1.8
Gd

0.2

SiO
5
:Ce shift s to the short-

wavelength side with increas-
ing Lu concentration due to 
the weakening of the crystal 
fi eld strength and redistribu-
tion of the activator from the 
Ce1 center to the Ce2 center 
[6, 163—167].

It turned out that Lu3+, 
Gd3+, and Ce3+ cations are un-
evenly distributed between 
crystallographic positions in LGSO:Ce. Gd3+ and Ce3+ cations with larger ionic 
radii [113] tend to enter positions with a larger radius of the fi rst coordina-
tion sphere. Th ese are, respectively, 7-coordinated and 9-coordinated positions 
(Ce1) in lattices of С2/с and P2

1
/c symmetry types. Th e activator distribution 

between the crystallographic positions strongly aff ects the luminescence and 
scintillation properties of orthosilicates [165—167]. It can be controlled by 
varying the cation composition of the crystal. It was shown [165, 166] that in 
LSO:Ce, the number of Ce2 centers is very small (5—10%), while in LYSO:Ce 
the concentrations of Ce2 and Ce1 centers become comparable due to the lat-

Fig. 3.2. Normalized photoluminescence spectra of GSO:Ce and LGSO:Ce crystals (а): 
1 — Gd

2
SiO

5
:Ce, λ

ex
 = 345 nm; 2 — Lu

0.8
Gd

1.2
SiO

5
:Ce, λ

ex
 = 365 nm; 3 — Lu

1.8
Gd

0.2
SiO

5
:Ce, 

λ
ex

 = 357 nm; relative integral intensities of the Ce1 (l
em

 = 420 nm) and Ce2 (l
em

 = 510 nm) 
luminescence bands upon X-ray excitation at T = 300 K (b) [168, 169]

Fig. 3.1. Transmission spectra of oxyorthosili-
cate crystals: 1 — LSO; 2 — LGSO 50% Gd; 3 — 
LGSO:Ce 50% Gd 
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tice loosening by larger Y3+ ions. A similar trend was expected when Gd was 
added to LSO, because the ionic radius of Gd3+ is larger than that of Lu3+.Th is 
was confi rmed in our work. Regarding the dependence of the intensities of the 
luminescence bands corresponding to the Ce1and Ce2 centers in LGSO:Ce with 
C2/c symmetry, the contribution of Ce2 to the total luminescence yield gradu-
ally increases (Fig. 3.2b). Th e ratio of the luminescence intensities of the Ce1/
Ce2 bands in our crystals with a cerium concentration of 1% (in the melt) is 
signifi cantly higher than in the literature [167], where it is close to unity at a ce-
rium concentration of 2% (in the melt). Th is confi rms that the greater the total 
concentration of cerium, the greater the proportion of cerium in Ce2. However, 
it should be noted that the exact Ce1/Ce2 ratio cannot be precisely determined 
due to the diff erent dependence of their luminescence intensity on temperature 
(the intensities were measured at room temperature) and the radiative energy 
transfer from Ce1 to Ce2 due to the overlap of the absorption and luminescence 
bands of these centers (these processes are discussed in detail in Chapter 4).

3.1.2. Light yield

In a detailed study of the relationship between the composition and scintil-
lation characteristics in the full range of Lu

2x
Gd

2-2x
SiO

5
:Ce concentrations 

(0< x< 1), we determined the interval of 30—60% Lu with the optimal combi-
nation of scintillation characteristics. A light yield of 29,000 ph/MeV, an energy 
resolution of 6.7% and an aft erglow level of 0.02—0.1% aft er 5 ms were achieved 
[169] (by 2—3 orders of magnitude lower compared to LSO:Ce [170, 171]). 
Considering the lower cost of Gd

2
O

3
 compared to Lu

2
O

3
 and the lowering of 

the crystallization temperature with the addition of Gd, these crystals are good 
candidates for applications, for example, in X-ray scanners or as a replacement 
for LSO/LYSO in PET or CT imaging. Th e dependence of the scintillation pa-
rameters on the Lu/Gd ratio is shown in Fig. 3.3. 

Fig. 3.3. Light yield (a) and aft erglow level aft er 5 ms (b) in LGSO:Ce crystals with the 
C2/c structure depending on the concentration of Lu in the matrix [168]
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As shown in [168], the light yield in the LGSO:Ce system depends on three 
main factors: the number of defects in the crystals, temperature quenching of 
Ce3+ luminescence and luminescence reabsorption in the crystal. At a Lu/Gd 
ratio of 1:1, the number of defects is relatively small, and temperature quench-
ing and reabsorption are weak at room temperature [168].

3.1.3. Energy resolution

Lu
0.8

Gd
1.2

SiO
5
:Ce crystals with the optimal combination of scintillation charac-

teristics were compared with the GSO:Ce and Lu
1.8

Gd
0.2

SiO
5
:Ce crystals grown in 

other laboratories. Light yield and energy resolution were measured upon irra-
diation with g-quanta with energies from 30 to 1500 keV (Fig. 3.4 a, b). Th e best 
energy resolution of 6.0% was obtained on the Lu

0.8
Gd

1.2
SiO

5
:Ce crystal. At pres-

ent, this is a record value, both for LGSO:Ce and for all oxyorthosilicate crystals. 
Th e reason for this may be the high distribution coeffi  cient k

eff 
 (Ce) = 0.6—0.8 in 

LGSO:Ce compared to 0.22 in LSO, and, 
as a result, a more uniform distribution 
oft he activator along the crystal.

It was shown [6] that the reasons for 
the high energy resolution in LGSO:Ce, 
in addition to the uniform distribution 

Fig. 3.4. Amplitude spectra of LGSO:Ce crystals of diff erent compositions under g-irra-
diation of 662 keV (137Cs) (a): 1 — Lu

0.8
Gd

1.2
SiO

5
:Ce; 2 — Lu

1.8
Gd

0.2
SiO

5
:Ce; energy re-

solution depending on the energy of g-quanta for Lu
0.8

Gd
1.2

SiO
5
:Ce and Lu

1.8
Gd

0.2
SiO

5
:Ce 

crystals [169] (b)

Fig. 3.5. Non-proportionality of the light 
yield in LGSO:Ce crystals depending 
on the excitation energy: 1 — Lu

0.8
Gd

1.2

SiO
5
:Ce; 2 — Lu

1.8
Gd

0.2
SiO

5
:Ce [169]
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of the activator, is a good proportionality of the scintillation response from the 
excitation energy, as well as a low level of aft erglow, which is more than 100 times 
lower compared to LSO:Ce. Th e non-proportionality in LGSO:Ce increases with 
the concentration of lutetium, so it is much better in LGSO:Ce than in LSO:Ce [6]. 
Th e non-proportionality determined with Lu

0.8
Gd

1.2
SiO

5
:Ce crystals produced in 

ISMA and Lu
0.8

Gd
1.2

SiO
5
:Ce crystals produced in another laboratory confi rm the 

better proportionality in the fi rst one (Fig. 3.5).

3.1.4. Kinetic characteristics of luminescence

Th e luminescence decay curves of GSO:Ce and LGSO:Ce crystals are shown 
in Fig. 3.6. Th e decay time was determined by approximating the curves with a 
multiexponential function (Equation 3.1):

                                              ( )+i iI(t ) A exp t / B  ,                                   (3.1)

where and are the decay time and the corresponding initial intensities of 
the components, B is the background intensity. Th e relative intensity of its com-
ponent is expressed as:

                                                       i i i i iI A A   .                                            (3.2)

Th e results are summarized in Table 3.1. Unlike GSO:Ce, LGSO:Ce crys-
tals possess very short rise times of scintillation pulses (Fig. 3.7). Th e Lu

1.8
Gd

0.2

SiO
5
:Ce crystal has a very fast scintillation decay, with almost no contribution 

from the slow component, which agrees with the highest light yield in this sam-
ple. Th e slower decay in Lu

0.8
Gd

1.2
SiO

5
:Ce may be a consequence of the larger 

contribution of the Ce2 centers (see Fig. 3.2), which has a longer decay time 
compared to the Ce1 center. In a longer period of time, the recombination of 
Ce centers can be slowed down by energy migration along the Gd sublattice, by 
analogy to GSO:Ce. Also, a possible process occurring at the excited 5d

1
 level of 

Ce3+ is thermal ionization or tunneling between the luminescent center and the 
nearest electron trap [171—172].

Th e high light yield and fast decay in Lu
1.8

Gd
0.2

SiO
5
:Ce explain its excellent 

time resolution (Fig. 3.7, 3.8). To estimate the rise times (time of the signal 

Table 3.1. Scintillation decay time (τ
i 
), relative intensities (A

i 
) 

and rise times (τ
r 
) for GSO:Ce and LGSO:Ce crystals

Crystal τ
1
 (A

1
), ns,% τ

1
 (A

1
), ns,% τ

1
 (A

1
), ns,% τ

r 
, ns,%

GSO:Ce 32 (88) 220 (12) — 3.5

Lu
0.8

Gd
1.2

SiO
5
:Ce 18 (20)  58 (42) 252 (38) 0.6

Lu
1.8

Gd
0.2

SiO
5
:Ce 17 (40)  39 (60) — 0.5
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amplitude increase from 10 to 
90% of the maximum level) of the 
scintillation pulse, scintillation 
kinetics was also measured in a 
shorter time interval (Fig. 3.7). 
Values of 0.5 and 0.6  ns were determined for Lu

1.8
Gd

0.2
SiO

5
:Ce and Lu

0.8
Gd

1.

2
SiO

5
:Ce, respectively, compared to 3.5 ns for GSO:Ce.

Fig. 3.8 demonstrates the coincidence time spectrum for GSO:Ce and 
LGSO:Ce crystals in comparison with the fast BaF

2
 detector. Th e time reso-

lution parameters are summarized in Table 3.2. Th e measured time reso lution 
was corrected for the contribution of the BaF

2
 reference detector (128 ps) and 

is shown in the second column. Th e third column displays the decay time (t) 
of the fast component and its relative intensity. Th e number of fast component 
photoelectrons contributing to the 511 keV peak is listed in the fourth column. 
Th e last column displays the photoelectron ratio (N/t), which is important 

Table 3.2. Time resolution of GSO:Ce and LGSO:Ce samples 
upon excitation by g-quanta with an energy of 511 keV

Crystal δ
t
 (ps) τ (contribution) ns,% N(phel) at 511 keV N/t, phel/ns

GSO:Ce 627 ± 13 32 (88%) 1260 ± 60 39 ± 2

Lu
0.8

Gd
1.2

SiO
5
:Ce 442 ± 13 18 (20%)   520 ± 30 29 ± 2

Lu
1.8

Gd
0.2

SiO
5
:Ce 368 ± 13 17 (40%) 1690 ± 80 99 ± 5

Table 3.3. Total mass absorption coeffi  cient of γ-quanta 
with the energies of 60 and 662 keV for GSO:Ce and LGSO:Ce [169]

Crystal
μ

m
 (cm2/g) at 60 keV μ

m
 (cm2/g) at 662 keV

(μ
m

)
ex

(μ
m

)
th

(μ
m

)
ex

(μ
m

)
th

GSO:Ce 8.65 8.55 0.0786 0.0800

Lu
0.8

Gd
1.2

SiO
5
:Ce 6.28 5.91 0.0840 0.0826

Lu
1.8

Gd
0.2

SiO
5
:Ce 2.89 2.85 0.0879 0.0856

Fig. 3.6. Scintillation decay curves of 
GSO:Ce and LGSO:Ce crystals. Ex-
perimental data are approximated by 
the I(t) function according to Eq. 3.1 
[169]: 1 — Gd

2
SiO

5
:Ce; 2 — Lu

0.8
Gd

1.2

SiO
5
:Ce; 3 — Lu

1.8
Gd

0.2
SiO

5
:Ce
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for the time resolution of the scintillators. Th e higher photoelectron ratio in 
GSO:Ce relative to Lu

0.8
Gd

1.2
SiO

5
:Ce, but the worst time resolution can be ex-

plained by the negative contribution of the slow rise time of the scintillation 
pulse (see Fig. 3.7).

3.1.5. Mass absorption coefficient

Th e mass absorption coeffi  cient was determined using a parallel beam of mo-
noenergetic γ-quanta with initial energy I

0
 absorbed in a crystal with a thick-

ness x in accordance with the equation:

                                             0 (- )mI I exp x  ,                                             (3.3)

where I is the energy of γ-quanta that passes through the absorber, μ
m 

is the 
mass absorption coeffi  cient, and r is the density of the absorber. Experimen-
tal (μ

m
)

ex
 and theoretical (μ

m
)

th
 mass absorption coeffi  cient values for GSO:Ce 

and LGSO:Ce crystals for γ-quanta with energies of 60 keV and 662 keV are 
summarized in Table 3.3.

Fig. 3.8. Spectrum of the time decay of the GSO:Ce and LGSO:Ce detectors relative to 
the fast BaF

2
 detector [169]

Fig. 3.7. Shape of the scintillation pulse of GSO:Ce and LGSO:Ce crystals during the fi rst 
12 ns aft er the start of irradiation [169]
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Fig. 3.9 demonstrates the experimental values (μ
m

)
ex

 in comparison with 
the values calculated using the WinXCom program [173] in the energy range of 
0.1—1 MeV. Th e value of μ

m
 at 60 keV increases with the gadolinium content of 

the crystal due to the increase in the K-absorption of Lu and Gd in this energy 
range.

3.1.6. Luminescent and scintillation 
characteristics of LGSO:Ce,Ca crystals

In recent years, the potential for further improvement of the scintillation char-
acteristics of various cerium-activated orthosilicates due to co-activation with 
divalent cations Mg2+ or Ca2+ has been demonstrated [174—177]. Accord-
ing to one of the hypotheses [176], Ca2+ ions in LSO:Ce mainly occupy six-
coordinated oxygen positions, «displacing» Ce3+ to seven-coordinated posi-
tions with higher luminescence effi  ciency. According to [177], co-activation by 
a divalent cation leads to the transition of a signifi cant amount of Ce3+ to the 
tetravalent Ce4+ state. Energy levels of Ce4+ located closer to the bottom of the 
conduction band compete with the traps for capturing electrons, which leads to 
an increase in the effi  ciency of electron transport to the activator. 

In this work, upon co-activation of LGSO:Ce,Ca with 83 at.% Lu in 
the matrix, a light yield of 33700 ph/MeV was achieved (Fig. 3.10a). Th is is 
8500 ph/MeV more than without co-activation when compared to the 75 at.% 

Fig. 3.9. Experimental values of (μ
m

)
ex

 at 60 and 662 keV for GSO:Ce 
and LGSO:Ce compared with theoretical values of (μ

m
)

th
 in the 

energy range of 0.1—1 MeV [169]: 1 — Gd
2
SiO

5
:Ce; 2 — Lu

0.8
Gd

1.2

SiO
5
:Ce; 3 — Lu

1.8
Gd

0.2
SiO

5
:Ce
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Lu sample (the closest by concentration of lutetium). However, the co-activa-
tion of Ca2+ does not aff ect the energy resolution of LGSO:Ce (8.1% at 662 keV) 
and the level of aft erglow (0.46% aft er 5 ms). Taking into account the literature 
data on the light yield of LSO:Ce and LSO:Ce,Ca [177], a general tendency to 
increase the light yield in LGSO:Ce with the addition of Ca2+ (Fig. 3.10b) can 
be suggested.

Energy relaxation processes during the introduction of Gd3+ and Ca2+ into 
LSO:Ce were studied in more detail by measuring in the VUV range the ki-
netics of luminescence decay spectra depending on the temperature in the 
energy range of 4—25 eV at the SUPERLUMI facility in HASYLAB, DESY 
(Germany) [178]. Crystals of Lu

2
SiO

5
:Ce (LSO), Lu

2x
Gd

2-2x
SiO

5
:0.3at.% Ce 

(LGSO:Ce) with a gadolinium concentration of 60 at.% relative to lanthanides, 
Lu

2x
Gd

2-2x
SiO

5
:0.15% Ce, 0.2% Ca (LGSO: Ce,Ca) with a gadolinium concen-

tration of 83 at.% relative to the lanthanides were grown by the Czochralski 
method (see Chapter 2.1.2). 

Fig. 3.11 demonstrates the luminescence spectra of LSO, LGSO, and 
LGSO:Ca upon excitation in the fundamental absorption band by photons with 
an energy of 18 eV at room temperature and 8 K; the spectra are normalized 
to the maximum. Th e spectra contain broad bands of Ce3+ luminescence cor-
responding to 5d  4f transitions; transitions corresponding to individual 4f 
levels can be distinguished at low temperatures.

Th e asymmetric profi le of the luminescence spectra with a long-wavelength 
shoulder is typical for these compounds and is associated with two types of 
Ce3+ centers in the oxyorthosilicate structure [180]. Th e spectra of samples con-
taining gadolinium are slightly shift ed relative to LSO:Ce towards low energies, 
although a weaker splitting of the 5d levels of Ce3+ in the mixed crystal and, con-

Fig. 3.10. Amplitude spectrum of the LGSO:Ce,Ca crystal in comparison with LGSO:Ce, 
BGO and LSO:Ce (а); compa rison of light yield in LGSO:Ce and LGSO:Ce,Ca crystals 
(b) [168]. Th e point for LSO:Ce,Ca is taken from [177]. Dashed lines show the estimated 
trend of light yield change
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Fig. 3.11. Luminescence spectra of LSO, LGSO, and LGSO:Ca at room temperature (a) 
and 8 K (b) upon excitation with an energy of 18 eV [179]

sequently, a larger energy gap between the 4f and 5d levels could be expected. 
Th e ionic radius of Gd3+ is larger than the radius of Lu3+, and the introduction 
of gadolinium causes lattice loosening, creating conditions for the entry of Ce3+. 
A smaller Stokes shift  (and, accordingly, more absorption) in LGSO:Ce samples 
is responsible for this trend. It is confi rmed by the excitation spectra at low 
energies, where the maximum of the fi rst 4f—5d absorption band of Ce3+ is at 

Fig. 3.12. Excitation spectra measured at 8 K normalized by the 
most intense Ce absorption band [179]: 1 — LSO; 2 — LGSO; 
3 —LGSO:Ca
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Fig. 3.13. Excitation spectra of Gd luminescence in 
LGSO:Ce,Ca [179]

~374 nm in LSO and at 
~378 nm in LGSO with 60% 
Lu. Th e narrow peak at 313 nm 
in the LGSO:Ce,Ca spectrum 
in Fig. 3.11 refers to f—f tran-
sitions in Gd3+. A similar peak 
in LGSO:Se is much weaker.

Th e spectra of three sam-
ples under ~400 nm excita-
tion at 8 K are shown in Fig. 
3.12, where they are norma-
lized to maximum of one of 
the cerium 4f —5d bands to 
compare their relative inten-
sity in diff erent parts of the 
spect rum. Th e LGSO sample 
has the highest light output 
in the range of fundamental 
absorption >6.6 eV, which en-
sures a high scintillation out-
put at high-energy excitation. 
Narrow peaks at 4, 4.5, 5, and 
6.3 eV are also observed, re-
lated to the 4f — 4f transitions 
from the ground level 8S

7/2
 to 

the excited states 6P
J
, 6I

J
, 6D

J
, 

and 6G
J
 of the Gd3+ ion (the 

inset in Fig. 3.13).
Energy transfer from 

Gd3+ to Ce3+ was studied in 
detail [181—183] for GSO:Ce 

crystals. Our results indicate that such transfer also occurs in the concentra-
tion series of LGSO:Ce crystals. Th e intensity of the normalized spectrum of 
the sample co-doped with calcium at energies >10 eV is lower than in LSO:Ce. 
Fig. 3.13 indicates a possible alternative channel: in contrast to LGSO:Ce, in 
LGSO:Ce,Ca, the transfer of energy from gadolinium to cerium is not effi  cient, 
and part of the energy is released in the form of slow luminescence at 314 nm. 
Th e higher the intensity of this luminescence, the lower the intensity of cerium 
luminescence: the luminescence intensity in LGSO:Ce,Ca is higher than in LSO 
at 7.0 eV, the ratio is the opposite at 12 eV.

A characteristic feature of LSO:Ce is aft erglow, which is a drawback for 
many practical applications. Th e luminescence and phosphorescence spectra 
of LSO:Ce (Fig. 3.14) are somewhat diff erent: the phosphorescence spectrum 

Fig. 3.14. Luminescence and phosphorescence 
spectra of LSO:Ce at room temperature [179]
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is shift ed to the long-wavelength side, and it is signifi cantly wider. Th is may 
mean that the centers responsible for fast luminescence are also involved in 
phosphorescence, i.e., may be formed by cerium ions with a nearby trap. If 
there is a way to prevent the formation of these traps, the phosphorescence 
would be reduced (or completely eliminated). Th e addition of gadolinium re-
duces phosphorescence in all samples, which is illustrated in Fig. 3.15. How-
ever, this is not the only consequence of the Gd introduction on the LGSO:Ce 
decay kinetics. Th e LGSO:Ce decay curves measured at 8 K are demonstrated 
in Fig. 3.15. Excitation of cerium luminescence in the f — f absorption bands 
of Ce3+ (4.5 and 6.3 eV) leads to a signifi cantly longer decay time, as well as 
to a noticeable luminescence broadening at the initial stage. Figs. 3.15 and 
3.16 with the two pairs of curves provides a comparison of the decay curves of 
LGSO:Ce and LGSO:Ce,Ca samples. 

Th e excitation energy of 4.5 eV corresponds to the 8S
7/2 
 6I

J
 transitions in 

Gd3+; photons with the energy of 18 eV were chosen as an example of excitation 
at energies above the fundamental absorption band. Luminescence at 399 nm is 
characterized by a decay time of ~29 ns; however, in the curve for the LGSO:Ce 
sample with effi  cient energy transfer from gadolinium, there is a slow compo-
nent. Its decay constant was not determined in our measurements since the 
time interval between excitation pulses of 100 ns is too short. Th e contribution 
of the slow component is the strongest during excitation in the f — f absorption 
bands of gadolinium.

Fig. 3.15. Decay curves of Ce luminescence in LGSO:Ce at 8 K for 
the indicated excitation energies [179]
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Fig. 3.16. Kinetics of cerium luminescence at the wavelength of 399 
nm at 8 K in LGSO:Ce and LGSO:Ce,Ca [179]

Th e resulting luminescence properties demonstrate two roles played by 
gadolinium in LGSO:Ce:, it can play a role in effi  cient energy transfer to cerium, 
or compete with cerium. In the second case, the increase in light yield is ac-
companied by luminescence decay. In both cases, the gadolinium ion provides 
an additional relaxation channel through its 4f electronic states and prevents 
charge carriers from trapping, that reduces the level of aft erglow.

3.2. GTNO and YTNO

Evaluation of the luminescence spectra of ceramic samples of undoped or-
thotantalates under X-ray excitation [58,184] allows us to estimate the integral 
intensity of luminescence in them. By comparing the areas under the peaks, yt-
trium orthotantalate was determined to be the brightest among the unactivated 
orthotantalates with a light yield of about 110% relative to BGO. In addition, 
the fast decay time of 550 ns and a weak aft erglow in YTaO

4 
should be noted. 

GdTaO
4
 possessed a lower light yield, but its decay time was much longer [58]. 

Gadolinium orthotantalate emits in the red spectral region and matches better 
with Si photodiodes. In parallel, the scintillation properties of GdTaO

4
 single 

crystals grown by the Czochralski method were studied [184]. A strong lumi-
nescence was recorded with a main decay time of 72.6 ns [18]. Th e GdTaO

4
 light 

yield was about 3 times higher than that of PbWO
4
. However, GdTaO

4
 is signif-

icantly «slower» than PbWO
4
, where about 95% of scintillations correspond to 

the fast component with a decay time of less than 20 ns. 



673.2. GTNO and YTNO

Th us, a systematic study of the luminescent and scintillation properties of 
rare earth tantalates made it possible to consider YTaO

4
 and GdTaO

4
 as prom-

ising scintillation matrices for X-ray diff raction and high-energy physics. Th e 
next stage was the engineering of mixed systems of yttrium and gadolinium 
tantaloniobates and a thorough study of their luminescent and scintillation pa-
rameters.

3.2.1. Optical and luminescent properties

Rare-earth orthotantalates are transparent from 250—300 nm in the UV and 
visible range (Fig. 3.17) according to their bandgap, which is about 5 eV [73]. 
For example, the shift  of the fundamental absorption band from GTO to GTNO 
(see Fig. 3.17) corresponds to literature data on the bandgap reduction from 
5.41 eV in GTO to 4.58 eV in GNO [80]. In the transparency band, only peaks 
at 310—315 nm and 273 nm are observed, corresponding to the f — f transi-
tions 8S

7/2 
− 6P

3/2
, 6P

5/2
, 6P

7/2
 (300—312 nm) and 8S

7/2 
− 6I

7/2
 + 6D

9/2
, respectively, in 

Gd3+ ions. Th e peak at 273 nm is distinguished only in the GTO spectrum, and 
with the addition of niobium, it merges with the fundamental absorption band. 
Judging by the diff erential spectrum, where there are no signs of new absorp-
tion bands, the higher k in the mixed crystal is associated with the presence of 
scattering centers.

Th e luminescence of orthotantalates and orthoniobates is caused by the 
AO

6
 groups (А = Ta, Nb) [63, 64, 69]. Rare-earth niobates exhibit bright lu-

minescence, while high densities can be achieved in orthotantalates, in which 
luminescence is very weak. Based on these data, we searched for tantaloniobate 
compositions that combine reasonable light yield and high density. It was also 
necessary to investigate the luminescence decay in mixed systems.

Th e properties of tantalonio-
bate solid solutions are prom-
ising hosts for optoelectronics 
and X-ray intensifying screens 
were studied in [185—187]. In 
particular, the luminescent prop-
erties of yttrium tantaloniobates 
with a low content of Nb in the 
matrices were studied in [187, 
189]. Luminescence mechanisms 
in gadolinium tantaloniobate 
have not been investigated be-
fore. Th e excitation and lumi-
nescence spectra of the synthe-
sized samples are presented in 
Fig. 3.18a. Th ey agree well with 

Fig. 3.17. Absorption spectra of GTO, GTNO 
crystals and diff erential spectrum (dashed line), 
T = 300 K [184]
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literature data [190] regarding the intrinsic luminescence of lutetium orthotan-
talate with a maximum at 320—350 nm. Th e luminescence excitation band 
of the TaO

6 
group for all the hosts is around 220 nm. An additional peak at 

273 nm in the GdTaO
4
 excitation spectrum is associated with the 8S − 6I transi-

tion in the gadolinium ion and indicates energy transfer from Gd3+ to the TaO
6
 

group. All luminescence spectra show a narrow peak around 315 nm associated 
with intracenter transitions in Gd3+.Th is may indicate energy transfer from the 
TaO

6
 group to Gd3+ or to higher energy levels of Gd3+ that can be excited at 

215 nm with subsequent emission associated with the 6P
7/2 

− 8S
7/2 

transition in 
Gd3+. Th is peak is also observed in YNb

x
Ta

1-x
O

4
, where the concentration of un-

controlled impurity Gd is several ppm. Th e main luminescence band of YTaO
4
 

is at 320—330 nm (Fig. 3.18a). In GdTaO
4
 at room temperature, the registered 

luminescence is red-shift ed by 100 nm compared to other orthotantalates, de-
spite the data [63] that GdTaO

4
 does not exhibit bright luminescence at room 

temperature. Such a shift  can be explained by another lattice structure type (see 
section 2.4) and a higher strength of the crystal fi eld in the M-fergusonite struc-
ture in GdTaO

4
. Th e spectrum of GdTaO

4
 also contains peaks associated with 

Gd3+ (315 nm) and the uncontrolled impurity of Eu3+ (610—615 nm).
Th e X-ray luminescence spectrum (Fig. 3.18b) of YTaO

4 
contains a double 

peak with the fi rst maximum in the range of 320—350 nm, associated with the 
luminescence of the TaO

6 
group, and the second maximum at 410 nm, which 

can be associated with the TaO
5
V

O
 group, where V

O
 is an oxygen vacancy [65, 

149]. At the same time, the last peak was observed during UV and cathodic 
excitation at temperatures of 4.2 K and 77 K, respectively [64]. Temperature 
quenching of the TaO

5
V

O
 group luminescence occurs around 100 K. At room 

temperature, the TaO
5
V

O
 group acts as a luminescence quenching center of the 

TaO
6
 group. Th erefore, the nature of the second luminescence maximum at 

410 nm in the YTaO
4
 spectrum at room temperature is not elucidated.

Fig. 3.18. Spectra of selective excitation and luminescence (a), X-ray luminescence 
spectra (b) of orthotantalates [58]
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Th e spectrum of X-ray luminescence (as well as photoluminescence) of 
GdTaO

4
 is shift ed relative to YTaO

4
 to the red region of the spectrum. It is be-

lieved that the TaO
6
 group captures most of the electron-hole pairs formed dur-

ing X-ray excitation, and an O
2
  Ta5+ charge transfer transition occurs [56, 

74]. Th e most effi  cient transfer is observed in orthotantalates with the Mʹ-fer-
gusonite structure (yttrium and lutetium orthotantalates). In gadolinium or-
thotantalate, luminescence is weakened by the energy transfer of TaO

6 
 Gd3+ 

with subsequent concentration quenching of Gd3+ luminescence.
In mixed crystals, broad, powerful bands at 415 nm and 455 nm in the 

photoluminescence spectra of Y(Ta
1-x

Nb
x
)O

4
 and Gd(Ta

1−x
Nb

x
)O

4 
(Fig. 3.19a, b) 

are usually associated with the NbO
6
 group [64]. Broad emission bands in tan-

talates are red-shift ed and associated with the TaO
6
 group, but the narrow peaks 

of Eu3+ uncontrolled impurity in the 590—615 nm range are much more intense. 
Narrow peaks associated with 6P

7/2 
 8S

7/2
 transitions in Gd3+ (315 nm) are also 

observed in this series of solid solutions. Th is means that the Gd3+ admixture 
is also present in the Y(Ta

1-x
Nb

x
)O

4
 samples and proves the effi  cient transfer of 

energy from Gd3+ to the NbO
6
 and TaO

6
 groups. It is noteworthy that, while in 

YTNO, the spectrum of the mixed crystal is almost similar to that of YNO, even 
when 60% of Nb is replaced by Ta, the spectrum of GTNO is more identical to 
the spectrum of GTO.

Luminescence spectra upon X-ray excitation [191] or synchrotron radiation 
[192] contain bands corresponding to the luminescence of NbO

6
− and TaO

6
− 

groups at 425—450 nm in Y(Ta
1-x

Nb
x
)O

4 
and at 450—475 nm in Gd(Ta

1-x
Nb

x
) ×

× O
4
. Weak emission bands of the Eu3+ impurity in the range of 600—615 nm are 

also observed [191]. Th e luminescence spectra of Gd(Ta
1-x

Nb
x
)O

4
 obtained at 

5 and 300 K under synchrotron excitation with an energy of 22 eV, correspond-
ing to interband electronic transitions, are similar.

Fig. 3.19. Normalized photoluminescence spectra of yttrium (a): 1 — YNbO
4
; 

2 — YNb
x
Ta

1-x
O

4 
(Nb 40at%); 3 — YTaO

4
 and gadolinium (b): 1 — GdNbO

4
; 2 — 

GdNb
x
Ta

1-x
O

4 
(Nb 40at%); 3 — GdTaO

4
 tantaloniobates upon excitation at 255 nm (a) 

and 260 nm (b), respectively [191]
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Fig. 3.20. Normalized luminescence spectra of Gd(Ta
1-x

Nb
x
)O

4
 (x = 0 (1); x = 0.2 (2); 

x = 0.4 (3); x = 0.6 (4); x = 0.8 (5) and x = 1 (6)) excited by synchrotron radiation, 
E

ex
 = 22 eV and T = 300 K (a), T = 5 K (b) [193]

Th e luminescence spectra of Gd(Ta
1-x

Nb
x
)O

4 
at T = 300 K are demonstra-

ted in Fig. 3.20a. At x ≠ 0, all samples exhibit a broad luminescence band with 
a maximum of around 450 nm. Th e luminescence spectra of rare-earth tantalo-
niobates have a complex structure and consist of a short-wave band peaked at 
415 nm associated with the excitonic luminescence of regular oxyanion com-
plexes NbO

6
, and a long-wave band peaked at 460 nm associated with point de-

fects, in particular, oxygen vacancies (group NbO
5
V

O
) [193]. As a consequence, 

the luminescence of Gd(Ta
1-x

Nb
x
)O

4 
recorded at room temperature can be at-

tributed to defects. Intrinsic matrix luminescence is not manifested, probably 
due to temperature quenching or due to energy transfer from the host to de-
fects. A broad but weak luminescence band in the GdTaO

4
 spectrum (Fig. 3.20a, 

curve 1) is red-shift ed and associated with the TaO
5
V

O
 group [65]. Several sharp 

peaks at 380, 420, 440, 490, 550, 590, and 610 nm in the GdTaO
4
 spectrum refer 

to the luminescence of Eu3+ and Tb3+ impurities.
Th e luminescence spectra of Gd(Ta

1-x
Nb

x
)O

4
 (x ≠ 0) at T = 5 K (Fig. 3.20b) 

are similar to the spectra at T = 300 K with a maximum around 450 nm. Th us, 
excitonic luminescence of regular NbO

6
 oxyanion complexes is also not ob-

served at low temperatures. A broad band with a maximum of around 395 nm 
was registered for GdTaO

4
 (Fig. 3.20b, curve 1). In [65], the intrinsic lumines-

cence of GdTaO
4 
at T = 77 K was associated with defects, by analogy with the 

luminescence in YTaO
4
 with a maximum at 400—420 nm. Th us, the band at 

395 nm observed in this work can be associated with the intrinsic luminescence 
of GdTaO

4
. It should be noted that this band is completely absent both in the 

spectrum of Gd(Ta
1-x

Nb
x
)O

4
 (x ≠ 0) at T = 5 K, confi rming the eff ective transfer 

from regular TaO
6
 groups to defect states, and in the luminescence spectrum 

of GdTaO
4
 at T = 300 K, confi rming the temperature quenching of intrinsic 

luminescence.
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3.2.2. Defects in Gd(Ta1-xNbx)O4 solid solutions

Since the main type of luminescence in the investigated mixed tantaloniobates 
is associated with NbO

5
V

O
 and TaO

5
V

O
 defect groups, the defect structure of 

these compounds was analyzed. Th ermally stimulated luminescence (Fig. 3.21a) 
curves contain a lot of useful information about defects in a solid solution. Up 
to fi ve peaks can be noted on the curves of thermal stimulated luminescence 
(TSL) in Gd(Ta

1-x
Nb

x
)O

4
. We can note two TSL peaks present in all samples: a 

weak one at ~150 K and an intense one at ~ 250 K. Th e peak below 200 K is the 
most intense in GdTaO

4
 and may be associated with the TaO

6
 group. Th e weaker 

intensity of these peaks in the rest of Gd(Ta
1-x

Nb
x
)O

4
 samples, x ≠ 0), confi rms 

the energy transfer from the TaO
6
 to defect groups. Phosphorescence peaks at 

200—350 K are associated with deeper traps, which probably belong to oxygen 
vacancies near TaO

6
 or NbO groups. An interesting feature is the presence of an 

additional high-temperature peak at 280—320 K only in GdTaO
4
 or GdNbO

4
.

Th e gradual shift  of these peaks to lower temperatures with increasing x 
corresponds to a decrease in the energy of the corresponding traps. Th is trend 
is associated with a decrease in the averaged bandgap (the average value of the 
bandgap in the crystal volume averaged over inhomogeneities) from GdTaO

4
 

to GdNbO
4
.

Th e gradual shift  of these peaks to lower temperatures with increasing x 
corresponds to a decrease in the energy of the respective corresponding traps. 
Th is trend is associated with a decrease in the average bandgap (the average 
value of the bandgap in the crystal volume, averaged over inhomogeneities) 
from GdTaO

4
 to GdNbO

4
. It is worth noting that the width of the TSL peaks 

also depends on the value of x. Th e half-width of the strongest peak at ~250 K 
depends nonlinearly on x with a maximum at x = 0.4 (Fig. 3.21b).

3.2.3. Scintillation properties

Th e integrated luminescence intensity in the spectral range of 250—700 nm 
(light yield) was measured upon excitation by synchrotron radiation at temper-
atures of 16 K (Fig. 3.22). At 300 K, the dependence of light yield on x is close to 
a linear one according to Vegard’s law, while at 16 K it deviates signifi cantly from 
the linear dependence for intermediate concentrations. Eff ective transfer from 
regular groups of TaO

6
 to defect states can cause a signifi cant increase in light 

yield for intermediate values of x in Gd(Nb
x
Ta

1-x
)O

4
 (x ≠ 0) at T = 16 K, while 

the luminescence of regular groups of TaO
6
 is thermally quenched at T = 300 K.

Dependencies of light yield at room temperature on the Ta/Nb ratio are 
shown in Fig. 3.23. Th e light yield of yttrium orthotantalate was taken as uni-
ty. In mixed samples, the light yield increases up to 7 times relative to YTaO

4
. 

In GTNO, it increases monotonically with the Nb concentration, and in the 
yttrium system, it is diffi  cult to follow the trend of the light yield change. Th e 
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Fig. 3.21. TSL curves (a) 
and dependence of the half-
width (FWHM) of the ~250 K 
peak on the value of x in 
Gd(Ta

1-x
Nb

x
)O

4
 (b) [194]

light yield of YTaO
4
 is much lower compared to other samples, probably due to 

the diff erence in the crystal structure, see Table 3.3. Th e tendency of decreas-
ing light yield with an increase in the tantalum content may be related to the 
average distance between Nb5+ and O2−, which is larger compared to the dis-
tance between Ta5+ and O2− [184]. Th is can lead to temperature quenching of 
luminescence in the tantalate matrix [64, 195]. It is noteworthy that the intensi-
ty of luminescence at low temperatures in mixed compositions is up to 2 times 
higher than that of their components (Fig. 3.23b).

Th e absolute light yield determined on GTO and GTNO single crystals un-
der 137Cs (662 keV) excitation as 1250 and 1400 phot/MeV, respectively, qualita-
tively agrees with [184] and the data on the relative light yield of ceramic sam-
ples given above. Kinetic characteristics of X-ray luminescence are presented in 
Table 3.4. Th e luminescence decay curves of Y(Ta

1-x
Nb

x
)O

4
 involve fast and slow 

components. Decay constants and contributions of fast and slow decay com-
ponents were estimated by approximating the experimental points according 
to the function I = I

0
 + A

1 
∙ exp(−t/τ

1
) + A

2
∙
 
exp(−t/τ

2
), where t is time, τ

1
, τ

2 
are 

decay constants, A
1
, A

2
, and I

0
 are constants. In Gd(Ta

1-x
Nb

x
)O

4
, the τ

1 
constants 



733.2. GTNO and YTNO

Fig. 3.23. Light yield in tantaloniobates depending on the Ta/Nb ratio. T = 300 K (а); 
dependence of the Gd(Nb

x
Ta

1-x
)O

4
 light yield of during X-ray excitation at temperatures 

of 16 K and 300 K (b) [194]

Fig. 3.22. Dependence of light output on temperature and Nb concentration in 
Y(Nb

x
Ta

1-x
)O

4
 (a) and Gd(Nb

x
Ta

1-x
)O

4
 (b) [194]

were determined by approximating the experimental points according to the 
function I = I

0
 + A

1
∙
 
exp(−t/τ

1
) during the fi rst 50—100 ns. Th e decay constants 

of the slow components in Gd(Ta
1-x

Nb
x
)O

4 
were not determined because of the 

strong build-up and too small available measurement time gates.
Th e decay times τ

1
 and τ

2
 in Y(Ta

1-x
Nb

x
)O

4
 vary in the range of 130—390 ns 

and 1.95—2.67 μs, respectively, and depend on the Ta/Nb ratio. Th e fast decay 
component prevails only in YNbO

4
. A completely diff erent situation is observed 

in gadolinium tantaloniobates. Th e fast component τ
1 
= 5—93 ns is accompa-

nied by a build-up that appears aft er ~50 ns. A similar luminescence build-
up was detected earlier in the system of gadolinium borates and phosphates 
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[196—198]. Th e presence of build-up in Gd-containing complex oxides may 
indicate the role of the Gd3+ sublattice in energy transfer [199].

Th e decay constant of 93 ns in GdTaO
4 
agrees well with the time of 72.6 ns 

obtained in [186]. Th e diff erence in decay constants can be attributed to diff e-
rent methods of sample preparation: single crystal growth by the Czochralski 
method in [186] and solid-phase synthesis of ceramic samples in this work. At 
the same time, a rather unexpected result was obtained in mixing tantaloni-
obates. Th e slow component is completely absent in the sample with х = 0.2, 
while in the remaining samples, its contribution during the fi rst microsecond is 
at least 81%. Th e data on the decay kinetics of single-crystalline samples quali-
tatively agree with the data on ceramic samples. Th e decay time of the fast com-
ponent is 23 ns in GTO and 17 ns in GTNO. In the latter case, the contribution 
of the fast component is very high (Table 3.4). 

Time-resolved luminescence [200] indicates that the fast component is as-
sociated with luminescence bands peaking at 375 nm for GTO and 415 nm 
for GTNO. Th e intensity of the «fast» and «slow» luminescence bands is com-
parable in GTNO, however, the low spectral sensitivity of the EMI 9954 PMT 
at >500 nm [201], with the cutting out of the slow component, causes such a 
large contribution of fast luminescence to the total signal (Table 4.5).

Th us, the spectral and scintillation properties of solid solutions of rare- 
earth tantalates and niobates were systematically investigated. Th e GTNO light 
yield at 300 K increases linearly with an increase in the proportion of niobium 
in the matrix. At the same time, at 5 K, the dependence of the light yield has a 
non-linear character with a maximum of 20—40% niobium in the matrix. Th is 
dependence in the literature [64, 195] was associated with the improvement 

Table 3.4. Kinetic characteristics of scintillations under X-ray excitation. 
Coeffi  cients A

1
, A

2
 when approximating the attenuation curves of Y(Ta

1-x
Nb

x
)O

4
 

are given in parentheses. In Gd(Ta
1-x

Nb
x
)O

4
, the contribution of the fast component 

to the integral luminescence within 1 μs aft er the termination of X-ray excitation 
is given in parentheses [194]

Nb content, 

(x)

τ
1
, μs (A

1
) τ

2
, μs (A

2
) τ

1
, ns (A

1
)

Y(Ta
1-x

Nb
x
)O

4
 ceramics

Gd(Ta
1-x

Nb
x
)O

4

Ceramics Single crystal

0 0.13 (62%) 2.21 (38%) 93 (11%) 23 (3%)

0.2 0.32 (38%) 2.43 (62%) 12 (100%) 17 (94%)

0.4 0.38 (33%) 2.63 (67%) 19 (4%) —
0.6 0.39 (29%) 2.67 (71%) 32 (19%) —
0.8 0.27 (17%) 2.24 (83%) 33 (17%) —
1.0 0.38 (15%) 1.95 (85%) 5 (4%) —
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of energy transfer from TaO
6 

groups to defects; however, its mechanism was 
unclear and may be related to the heterogeneity of the solid solution, which is 
discussed in detail in Chapter 4. In particular, evidence of inhomogeneity of 
the GTNO solid solution is an increase in the TSL peaks FWHM in the mix-
tures (see Fig. 4.21). In contrast, the dependence of the light yield in YTNO 
solid solutions were diffi  cult to estimate due to the wide spread of values in 
ceramic samples; herein, the light yield in mixed compositions also increases 
signifi cantly at low temperatures.

3.3. YAGG:Ce and GAGG:Ce

Cerium-activated rare-earth garnet-based scintillators are candidates for many 
applications due to their good mechanical properties, high light yield, and fast 
luminescence. In recent years, the engineering of crystals with the garnet struc-
ture has become one of the main directions of search for new scintillation ma-
terials. Y

3
Al

5
O

12
:Ce (YAG) and Lu

3
Al

5
O

12
 (LuAG) activated by Ce or Pr, since 

their discovery in the 60s [202] and application as cathodoluminescent screens 
in the 70s, they were considered less promising compared to denser and faster 
perovskites YAlO

3 
(YAP) [203] and LuAlO

3
 (LuAP) activated by Ce or Pr [204], 

as well as brighter orthosilicates Lu
2
SiO

5
 (LSO) [50] and Lu

2-x
Y

x
SiO

5
 (LYSO) ac-

tivated by cerium [205]. Luminescence in the green spectral range was another 
drawback of garnets activated by cerium, as it did not match with the sensitiv-
ity range of the «blue» PMTs that were popular at the time. Th e renaissance of 
cerium-activated garnets began in the 2010s due to advances in YAG:Ce and 
LuAG:Ce crystal manufacturing technology and the discovery of mixed Gd-
Lu-Y/Al-Ga substituted scintillators with unexpectedly high light yield and en-
ergy resolution — Lu

3
Al

5−x
Ga

x
O

12 
(LuAGG), Gd

3
Al

5-x
Ga

x
O

12
, Gd

3-x
Y

x
Al

5-x
Ga

x
O

12
 

(GYAGG) [3, 4, 206], etc. In turn, the Y
3
Al

5-x
Ga

x
O

12
:Ce (YAGG:Ce) scintillator 

can become an alternative to analogues based on lutetium and gadolinium. Th e 
Y

3
Al

5-x
Ga

x
O

12 
system, unlike its gadolinium counterpart, forms a continuous 

series of solid solutions in the entire range of x values. Th us, it is a convenient 
object for a detailed study of the relationship between the composition and op-
tical, luminescence, and scintillation properties of mixed garnets. In addition, 
YAGG:Ce crystals contain light and medium-weight ions, and their radiation 
tolerance to high-energy hadrons should be better compared to PWO and other 
heavy scintillators [207, 208].

Garnets activated by Ce3+ possess rather slow luminescence decay due to 
a high concentration of defects, primarily antisite RE-Al/Ga defects and oxy-
gen vacancies and their complexes, which act as carrier traps and slow down 
the carrier transport to Ce3+ [209—211]. In addition, aluminum-based gar-
nets exhibit very long-wavelength Ce3+ luminescence due to the fundamental 
τ ~λ3 limitation [87] (τ is the luminescence decay time, λ is the luminescence 
wavelength) and strong Ce3+ level splitting compared to orthosilicates and 
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perovskites. Th ese factors together increase the decay time of the slow compo-
nent of Ce3+ luminescence to 60—120 ns. Th ere are also slow components with 
a decay time of hundreds of ns, caused by the infl uence of defects in the crystal 
on the luminescence excitation process. Th e slow decay component is a serious 
drawback, for example, for applications in high-energy physics, where the time 
interval between particle collisions at the High-Luminosity Large Hadron Col-
lider is 25 ns [139, 140, 212]. 

Th us, cerium-activated garnet crystals have an attractive combination of 
high light yield and moderate density. Bandgap engineering due to substitu-
tion by a rare earth cation and/or Al3+/Ga3+ and co-doping with divalent ions 
provides the possibility of precise regulation of garnet scintillation properties. 
Another advantage of garnets is chemical stability and a relatively simple pro-
cess of obtaining crystals of various shapes. Th is section describes the optical, 
luminescence, and scintillation properties of mixed garnet crystals using the 
examples of Ce-doped Y

3
Al

5-x
Ga

x
O

12
 and Gd

3
Al

5-x
Ga

x
O

12
 in the entire range of 

x from 0 to 5.

3.3.1. Optical properties

Absorption spectra of Y
3
Al

5-x
Ga

x
O

12
:Ce crystals with diff erent Ga contents 

are shown in Fig. 3.25a in comparison with the Y
3
Al

5
O

12
 absorption spectra 

of. A change in the cation composition aff ects the positions of the absorption 
bands associated with 4f(2F

5/2
)  5d

1.2
(2E) and 4f  5d

3-5
(T

2g
) transitions in Ce3+ 

ions (marked as E
1
, E

2
, and E

3
 bands, respectively), as well as the energy gap 

E  = E
1 

− E
2
 between them. Such changes in the value of ΔE refl ect a change 

in the crystal fi eld strength in the dodecahedral positions in the garnet lat-
tice occupied by Ce3+ ions, particularly, the weaker crystal fi eld strength in 
YGG:Ce than in YAG:Ce. A strong shift  of the absorption edge in Y

3
Al

5-x
Ga

x

O
12

:Ce in the UV range (Fig. 3.24a) indicates a decrease in the bandgap in these 
garnets with increasing Ga content. Namely, the value of the bandgap E

g 
de-

creases by ~1.0 eV in YGG compared to YAG (inset in Fig. 3.24a).
Th e absorption spectrum of Gd

3
Al

2.5
Ga

2.5
O

12
:Ce crystals (Fig. 3.24b) con-

sists of strong bands at 445 and 340 nm corresponding to energy transitions 
4f  5d

1.2
 in Ce3+ ions. Th e edge of the fundamental absorption band is located 

at 210 nm. Narrow bands around 275 nm and 310 nm corresponding to energy 
transitions in Gd3+ ions are also observed on the spectrum.

3.3.2. Luminescence upon selective excitation

Fig. 3.25 summarizes the luminescence spectra of Y
3
Al

5-x
Ga

x
O

12
:Ce in the UV 

(a) and visible (b) range when excited by synchrotron radiation with energy in 
the range of excitonic (a) and interband transitions (b). Like in the X-ray and 
cathodo-luminescence spectra, the replacement of Al3+ cations with Ga3+ caus-
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es a high-energy shift  of the radiation spectra in the visible range, caused by 
5d

1 
 4f (2F

5/2,7/2
) transitions in Ce3+ ions (Fig. 3.25b). In particular, the maxi-

mum of the Y
3
Al

2
Ga

3
O

12
:Ce emission spectrum is shift ed to 515 nm compared 

to 567 nm for YAG:Ce. At the same time, the Y
3
Ga

5
O

12
:Ce emission spectrum 

almost coincides with the Y
3
Al

2
Ga

3
O

12
:Ce spectrum (Fig. 3.25b, curves 4 and 3, 

respectively). It is interesting to note that the Ga substitution also changes the 
shape of the emission spectrum caused by a change in the probability of radia-
tive transitions in YAG:Ce (to the 2F

7/2
 level) and in Y

3
Al

2
Ga

3
O

12
:Ce (to the 2F

5/2
 

level) (Fig. 3.25b, curves 1 and 3 , respectively).
Fig. 3.25a demonstrates the spectra of Y

3
Al

5-x
Ga

x
O

12
:Ce intrinsic lu-

minescence in the UV range at x = 0, 1, and 2. Th e complex structure of the 
YAG:Ce emission spectrum is related to the luminescence of excitons «localized 
around» and «associated with» antisite defects, with the maxima at 4.12 and 
3.43 eV, respectively (denoted as ex(AD) and Y

Al
), as well as the luminescence 

of F+−Y
Al

 centers peaked at 3.095 eV (F+ is an oxygen vacancy with one captured 
electron [215, 216]). It is important to note that the addition of Ga3+ greatly 
reduces the intensity of luminescence associated with antisite defects, and for 
Y

3
Al

3
Ga

2
O

12
:Ce and Y

3
Al

2
Ga

3
O

12
:Ce, the emission of these centers completely 

disappears (Fig. 3.25a, curves 2 and 3). Th e narrow peak at 317 nm is associated 
with the luminescence of the Gd3+ impurity.

Excitation spectra of Ce3+ luminescence in Y
3
Al

5-x
Ga

x
O

12
:Ce in diff er-

ent spectral ranges are summarized in Fig. 3.26. Th ese spectra consist of two 
bands at >3.7 eV and 5.37—5.49 eV, associated with 4f  5d (2E and T

2G
) tran-

sitions in Ce3+ ions. Intense bands in the exciton excitation range of 6.0—6.9 
eV correspond to the formation energy of excitons associated with Ce3+ ions. 

Fig. 3.24. Absorption spectra of Y
3
Al

5-x
Ga

x
O

12
:Ce crystals with diff erent concentrations 

of gallium (a). In the inset: the shift  of the absorption edge with increasing x indicates 
a decrease in the bandgap by 1.0 eV in YGG compared to YAG; absorption spectrum of 
GAGG:Ce crystal (b) [213]
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Fig. 3.25. Luminescence spectra of Y
3
Al

5-x
Ga

x
O

12
:Ce in the UV range (a, logarithmic scale) 

and visible range (b, normalized) under synchrotron excitation in the exciton band (a) and 
in the range of interband transitions (b); a — 1 — Y

3
Al

5
O

12
:Ce; 2 —Y

3
(Al

0.6
Gd

0.4
)

5
O

12
:Ce; 

3 — Y
3
(Al

0.4
Gd

0.6
)

5
O

12
:Ce; b — 1 — Y

3
Al

5
O

12
:Ce; 2 — Y

3
A

3
Ga

2
O

12
:Ce; 3 — Y

3
Al

2
Ga

3
O

12
:Ce; 

4 — Y
3
Ga

5
O

12
:Ce; T = 300 K [213]

Fig. 3.26. Excitation spectra of Ce3+ 
luminescence in Y

3
Al

5-x
Ga

x
O

12
:

Ce with diff erent x at 300 K in the 
spectral ranges of 3.5—10 eV (a) 
and 3.5—25 eV (b); (c) depen-
dence of the bandgap width (1, 
left  scale), the formation energy 
of Ce3+-bound excitons ex(Ce) (2, 
left  scale) on the Ga content [213]: 
1 — YAG:Ce; 2 — YAl

0.6
Ga

0.4
G:Ce; 

3 — YAl
0.4

Ga
0.6

G:Ce; 4 — YGG:Ce
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Th e peaks in the range of 6.6—7.9 
eV correspond to the beginning 
of interband transitions in YAG. 
Th ese spectra confi rm that with 
increasing Ga content, the band-
gap E

g
 of Y

3
Al

5-x
Ga

x
O

12
 garnets de-

creases from 7.9 eV for YAG to 6.7 eV for Y
3
Al

2
Ga

3
O

12
 (Fig. 3.26c, curve 1). 

Th e bandgap of the YGG host can be estimated at 6.6 eV (Fig. 3.26a, 
curve 4. Th e energy of exciton formation associated with Ce3+ ions (ex(Ce)) 
also decreases from 6.89 eV for YAG:Ce to 6.1 eV for Y

3
Al

2
Ga

3
O

12
:Ce (about 

0.3 eV per one formula unit of Ga), and then to 6.04 eV for YGG:Se (Fig. 3.26c, 
curve 2). Due to the diff erent slopes of the dependences, for example, E

g
(x) and 

ex(Се)(х) presented in Fig. 3.26c, the energy distance between E
g
 and ex(Се) 

decreases strongly with increasing Ga content in the range of x = 0÷3.0 and 
practically does not change at x > 3.0. A strong increase in the luminescence 
intensity of Ce3+ in Y

3
Al

5-x
Ga

x
O12:Ce is observed when excited by synchrotron 

radiation with an energy higher than 14—15 eV, and peak values in the range of 
21.6—25 eV, which correspond to the 2E

g
 and 3E

g
 energies of the electron-hole 

pairs multiplication (Fig. 3.26b), respectively.
Th e spectra of selective excitation of Ce3+ luminescence in Gd

3
Al

2.5
Ga

2.5
O

12
:

Ce (GAGG:Ce), Fig. 3.27, is similar to that of YAGG:Ce. Th e luminescence 
spectra under intracenter excitation of cerium at 340 and 440 nm are absolutely 
identical to the maximum at 555 nm, which roughly corresponds to the lumi-
nescence spectrum of YAG:Ce. Meanwhile, the GAGG:Ce luminescence spect-
rum is red-shift ed compared to YAGG:Ce, indicating a stronger crystal fi eld in 
the Gd-containing system. Th e luminescence excitation spectrum of GAGG:Ce 
at 555 nm consists of strong bands at 445 and 340 nm corresponding to the 
4f  5d

1,2
 energy transitions in Ce3+ ions. Narrow bands around 310 nm corre-

sponding to energy transitions in Gd3+ ions are also observed on the spect rum. 
Th e kinetics of Ce3+ luminescence decay in Y

3
Al

5-x
Ga

x
O

12
:Ce upon excitation 

in the range of interband transitions and in the absorption band of Ce3+ are 
demonstrated in Fig. 3.28a, b, respectively. One can see that the addition of Ga 
to YAG:Ce leads to a strong decrease in the Ce3+ luminescence decay time under 
both types of excitation. At the same time, the kinetics of decay upon excitation 
in the range of interband transitions in Y

3
Al

2
Ga

3
O

12
:Ce and YGG:Ce crystals 

are noticeably non-exponential. Th is indicates the energy transfer from the ex-

Fig. 3.27. GAGG:Ce luminescence ex-
citation spectrum at 555 nm (1), GAGG:
Ce luminescence spectra upon excita-
tion at 340 nm (2) and 440 nm (3)
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cited state of Ce3+ ions and may be the reason for the decrease in scintillation 
effi  ciency of these garnets at x above 3.0.

Th e content of slow components K
S
 = I

S
/I

F 
∙ 100% in the Ce3+ lumines-

cence decay in Y
3
Al

5-x
Ga

x
O

12
:Ce was also calculated (see Fig. 3.28). Th e value 

of K
S
 strongly decreases with increasing Ga content in Y

3
Al

5-x
Ga

x
O

12
:Ce up to 

x = 3.0. Namely, the content of the slow component in Ce3+ luminescence is only 
5.4% in Y

3
Al

2
Ga

3
O

12
:Ce compared to 55.5% and 123.6% in Y

3
Al

2
Ga

3
O

12
:Ce and 

Y
3
Al

5
O

12
:Ce, respectively. Th ese data also refl ect a signifi cant improvement in 

the scintillation properties of Y
3
Al

2-3
Ga

3-2
O

12
:Ce crystals compared to YAG:Ce 

due to the reduction of the role of antisite defects in energy transfer from the 
host to Ce3+ under high-energy excitation.

3.3.3. Cathode- 
and X-ray luminescence spectra

X-ray luminescence spectra of some Ce-doped garnet crystals are shown in 
Fig. 3.29. Th e curves were obtained under the same conditions, and the rela-
tive intensities of the peaks can be compared. Th e luminescence band is shift ed 
by ~50 nm when adding 66 at.% Ga to YAG:Ce. At the same time, only weak in-
trinsic host luminescence is observed in YGG:Ce. Th e luminescence spectrum 
of GAGG:Ce under X-ray excitation, along with a strong band with a maxi-
mum at 555 nm, contains a weak band at 360—390 nm, which, by analogy with 
the YAGG:Ce system corresponds to the luminescence of antisite defects when 
Gd3+ occupies the Al3+ position. 

Fig. 3.28. Luminescence decay curve of Ce3+ in Y
3
Al

5-x
Ga

x
O

12
:Ce: a) upon synchro-

tron excitation in the range of interband transitions at 13.76 eV: 1 — Y
3
Al

5
O

12
:Ce; 

t(1/e) = 165 ns, K
S
 = 123.6%; 2 —Y

3
Al

3
Ga

2
O

12
:Ce; t(1/e) = 80.3 ns; K

S
 = 55.5%; 3 — 

YAl
2
Ga

3
O

12
:Ce; t(1/e) = 17.8 ns; K

S
 = 5.4%; 4 — Y

3
Ga

5
O

12
:Ce; t(1/e) = 3.3 ns; t

2
 ~ ms 

range; b) in the Ce3+ absorption band at 3.7 eV: 1 — YAG:Ce; t(1/e) = 65 ns; 2 — 
YAl

0.6
Ga

0.4
О

12
:Ce; t(1/e) = 61.9 ns; 3 — YAl

0.4
Ga

0.6
О

12
:Ce; t(1/e) = 31.8 ns [213]
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Cathodoluminescence spectra of Y
3
Al

5-x
Ga

x
O

12
:Ce crystals with diff erent 

Ga contents are shown in Fig. 3.30a compared to the spectrum of undoped 
YAG. Th e dominant emission band in the visible range is associated with 
5d

1
  4f (2F

5/2.7/2
) transitions of Ce3+ ions in the above-mentioned garnet hosts. 

Compared to the CL spectrum of YAG:Ce with a maximum at 2.21 eV (560 nm) 
at 300 K (Fig. 3.30a, curve 2), the Ce3+ emission band maxima of mixed crystals 
with Ga x = 2.0 and 3.0 are shift ed to high energies by 2.32 eV (534 nm) and 
2.41 eV (513 nm) due to the decrease in the crystal fi eld strength (Fig. 3.30a, 
curves 3 and 4, respectively). Unlike the cathodoluminescence spectra of the 
last two crystals, the YAG:Ce spectra (Fig. 3.30a, curve 5) are shift ed to a lower 
energy of 2.28 eV (543 nm).

Note also the broadening of the Ce3+ luminescence band in Y
3
Al

5-x
Ga

x
O

12
:

Ce with increasing Ga content (Fig. 3.30b, curve 2). Taking into account the 
positions of the E

1 
bands presented in Fig. 3.24a, the Stokes shift  of Ce3+ lumi-

nescence in Y
3
Al

5-x
Ga

x
O

12
:Ce is practically constant in the range of x = 0÷3.0 

and amounts to 0.49—0.5 eV; but at higher values of x > 3, it strongly increases 
to 0.705 eV in YGG:Ce (Fig. 3.30b, curve 3). In the UV range (200—420 nm), 
the spectra of YAG cathodoluminescence consists of a complex emission band 
(Fig. 3.30a, curve 1), caused by the presence of antisite defects in them, which 
play the role of luminescence centers in garnet crystals (for more detailed 
information, see also [215—220]). In YAG:Ce, the luminescence intensity 
in the UV range decreases (Fig. 3.30a, curve 2) due to competition between 
Ce3+ and antisite luminescence centers. It is important to note that the emis-
sion bands associated with antisites completely disappeared in the spectra of 
Y

3
Al

5-x
Ga

x
O

12
:Ce at x = 2.0 and 3.0. Another band of self-emission in the ultra-

violet range at 300 nm appears in the spectra of Y
3
Ga

5
O

12 
crystals. Most likely, 

it is associated with the luminescence of Y-Ga related antisites [216]). Th e 

Fig. 3.29. Luminescence spectra upon X-ray excitation of Ce-activated crystals YAG, 
YGG and YAGG (a) [217], and GAGG (b)
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dependence of the light yield of CL in Y
3
Al

5-x
Ga

x
O

12
:Ce on the Ga content is 

demonstrated in Fig. 3.30c, curve 1. Th e replacement of Al3+ cations with Ga3+ 
in the concentration range x = 0÷3 leads to a strong increase in the light yield of 
X-ray luminescence in YAGG:Ce. In particular, the light yield of luminescence in 
Y

3
Al

3
Ga

2
O

12
:Ce and Y

3
Al

2
Ga

3
O

12
:Ce is 1.5 and 2.5 times higher, respectively, 

than in YAG:Ce (Fig. 4.31c, curve 1). At the same time, an increase in the Ga3+ 
content above x = 3.0 leads to a strong decrease in the light yield of Ce3+ lumi-
nescence in Y

3
Al

5-x
Ga

x
O

12
:Ce crystals (Fig. 3.30c, curve 1). Th e substitution of 

Al3+ with Ga3+ also leads to a noticeable increase in the light yield in YAGG:Ce 
(Fig. 3.30c, curve 2) upon excitation by a-particles with an increase in the Ga 
content to x = 2÷3. At larger x, the YAGG:Ce light yield is greatly reduced. 
Finally, the light yield of XRL in Y

3
Ga

5
O

12
:Ce at 300 K is practically zero, similar 

to the data in [218—220].

Fig. 3.30. a — CL spectra of Y
3
Al

5-x

Ga
x
O

12
:Ce crystals with diff erent Ga 

contents at 300 K. Th e UV parts of spec-
tra 1—4 and the entire spectrum 5 are 
multiplied by a factor of 10: 1 — YAG; 
2 — YAG:Ce; 3 — Y

3
Al

3
Ga

2
O

12
:Ce; 4 — 

Y
3
Al

2
Ga

3
O

12
:Ce; 5 — YGG:Ce; b — posi-

tions of maxima (1, left  scale), half-width 
(FWHM) of Ce3+ emission band (2, right

scale) and Stokes shift  of Ce3+ luminescence (3, right scale) depending on Ga concentra-
tion (x); c — dependence of CL (1) and XRL (2) intensity on Ga content [213]: 1 — CL 
intensity; 2 — RL intensity
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3.3.4. Light yield and energy resolution 
under γ-irradiation

Th e light yield in YAGG:Ce reaches a maximum at a Ga concentration of about 
75% and drops to 0 when Al is completely replaced by Ga (Table 3.5). At high 
concentrations of gallium, the light yield decreases due to strong temperature 
quenching — a very low light yield is observed in the sample with a concentra-
tion of 85% Ga. Co-activation with Ca2+ reduces the light yield in the 75% Ga 
sample to the BGO level. Th e magnitudes and trend of the light yield are similar 
to the pulse shaping times of 2 μs and 8 μs, which indicates an insignifi cant 
contribution from slow luminescence components. Th e energy resolution in 
YAGG:Ce is 17—19% at 662 keV, signifi cantly worse than the best values of 
~5—7% for measurements published for other multicomponent garnets [85, 221].

During parallel studies of a sample with 75% Ga under γ-radiation of 22Na 
at 511 keV (Fig. 3.31), the light yield was about 20% relative to the GAGG:Ce 
standard with a light yield of about 50.000 photons/MeV.

Amplitude spectra of GAGG:Ce samples cut from diff erent parts of the same 
crystal in comparison with the BGO standard (Fig. 3.31b) gives a light yield in 
the range of 45 000—50 000 photons/MeV and an energy resolution of sam-
ples with dimensions of 10 × 10 × 1 mm3 in the range of 7.6—8.8% at 662 keV, 
which agrees with literature data on these crystals. Th e similarity of the scin-
tillation parameters in diff erent samples indicates good macrohomogeneity in 
the crystal volume. Th e dependence of light yield in YAGG:Ce and GAGG:Ce 
crystals are similar (Fig. 3.32) with a maximum at an Al/Ga ratio close to uni-
ty. Th e light yield of mixed YAGG crystals reaches 130% relative to YAG:Ce 
(Fig. 3.32a). No light yield was detected in YGG:Ce. Th e same result was re-

Fig. 3.31. Amplitude spectra of YAGG:Ce (75% Ga) crystals when under g-radiation 
from a 22Na source compared to GAGG:Ce. YAGG:Ce light yield was determined by the 
number of photopeaks at 511 keV (shown by arrows) (a); amplitude spectra of GAGG:Ce 
and BGO crystals under 137Сs, 662 keV excitation (b). Th e pulse shaping time is 8 μs [217]
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Table 3.5. Scintillation parameters of YAGG:Ce crystals 
under irradiation with g-rays from a 137Cs 662 keV source [217]

Composi-

tion,% Ga

Light yield (BGO = 100%) 

for pulse forming time
Energy resolution,% at 

662 keV for a pulse 

formation time of 2 μs

Decay 

time, ns

Aft erglow,% 

(aft er 0.6 μs)
2 μs 5 μs

0   51  56 14.9 135 7.9

20  ND  70 ND 105 7.7

40   85 108 17.6  92 8.5

60 150 148 19.2  28 1.6

75 234 232 18.1  37 1.4

75(+Ca)  99  99 22.9  21 0.2

85  15  15 18.0 ND ~60

100   0 0 — — —

ND — not determined.

ported for Ce activated lutetium-gadolinium garnet (Fig. 3.32b) [76]. Th e de-
pendence of the light yield on the Ga fraction is also perfectly consistent with 
the results for Lu

3
(Al

1-x
Ga

x
)

5
O

12
:Ce — in both cases, the maximum values are 

observed at x ~0.4. Th e mechanisms of improving light yield in mixed garnets 
are discussed in [12]. Th e light yield increases with the addition of Ga3+ due to 
the change in the bandgap, which shift s the energy levels of shallow electron 
traps with an energy up to 0.3 eV into the conduction band. Th is «bandgap en-
gineering» approach provides a good interpretation of the scintillation process 
that occurs in activated rare earth garnets. It also explains the lack of light yield 
in Y

3
Ga

5
O

12
:Ce — 5d cerium levels in this compound, just like the electron trap 

levels, are positioned within the conduction band.

Fig. 3.32. Light yield of YAGG (a), [217]) and GAGG (b) [83] depending on Ga con-
centration
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3.3.5. Decay time and afterglow

Based on their scintillation properties, the studied crystals can be divided 
into three groups (Fig. 3.33a). Th e fi rst group has a main decay component of 
about 100 ns (one-exponential approximation) consisting of YAG:Ce as well as 
YAGG:Ce with 20 and 40% Ga. Th e second group consists of YAGG:Ce crystals 
with a Ga content of 60 and 75%. Th e shortest decay time of 21 ns is achieved 
in a crystal 75% Ga co-activated with Ca. Th e luminescence of the YAGG:Ce 
crystal with 85% Ga is too slow to correctly determine the decay time, and no 
luminescence was recorded in the YGG:Ce crystal.

It is diffi  cult to explain the reason for such a sharp drop in the decay time 
between samples with 40 and 60% Ga, although there is a clear trend toward 
a decrease in the decay time with Ga concentration. As will be shown below, 
Ga3+ ions preferentially occupy tetrahedral positions in the YAGG crystal lattice 
(although one could expect that larger Ga3+ atoms would occupy octahedral 
positions of greater volume). Th e interval between 40 and 60% Ga corresponds 
to the situation when the number of Ga ions exceeds the number of Al ions, and 
mass Al3+/Ga3+ substitution begins in octahedral positions. It is possible that 

Fig. 3.33. Luminescence decay 
curves in YAGG:Ce under ex-
citation by g-radiation with an 
energy of 662 keV from a 137Cs 
source (a); scintillation decay 
curves in a YAGG:Ce crystal 
(75% Ga) upon g-excitation 
from a 22Na source (511 keV) 
(b) [217]

Model ExpDecay2

Equation y = y0+A1*exp(−(x−x0)|/t1 + A2*exp(−(x−x0)/t2

Reduced  
Ch-Sqr 1977.40374

Adj. 
R-Square 0.99951

Value Standard Error
B A1 12684.3513 100.9608
B t1 28.37621 0.26102
B A2 585.56287 117.55785
B t2 89.39617 8.87568

b
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the introduction of Ga into octahedral positions greatly aff ects the geometry of 
luminescent Ce3+ centers and their characteristics.

Scintillation decay was also measured under excitation of 22Na (511 KeV) 
(Fig. 3.33b). Approximation by two exponentials gives a reduction of the decay 
time of both the fast component to 28 ns with a 96% contribution, and the slow 
component reduction to 89 ns with a 4% contribution. Th us, the data obtained 
in diff erent laboratories agree well in general, and minor diff erences in decay 
times can be explained by diff erences in measurement procedures.

3.3.6. Radiation resistance

Samples with diff erent Ga contents were irradiated with g-quanta, a dose of 
100 Gy. As an indicator of radiation damage, optical transmittance was meas-
ured before and aft er irradiation (Fig. 3.34a). A stronger infl uence of irradiation 
is observed in YAG:Ce and YAGG:Ce (40% Ga) samples. At the same time, no 
visible changes in optical transmittance were observed in samples with a higher 
concentration of gallium. Th e largest changes in transmittance are observed in 
the UV range, where irradiation has little eff ect on transmittance in the Ce3+ 
luminescence range at 500—550 nm. Th is indicates a good tolerance to irradia-
tion with g-quanta. Since YAGG:Ce does not contain heavy atoms, good radia-
tion resistance to high-energy hadrons could be expected.

Fig. 3.34. Eff ect of g-irradiation with a dose of 100 Gy on the transmission of 
YAGG:Ce crystals with diff erent Ga content (a): 1 — YAG:Ce (before irradiation), 2 — 
YAG:Ce (aft er irradiation), 3 — YAGG:Ce, 20% Ga (before irradiation), 4 — YAGG:Ce, 
20% Ga (aft er irradiation), 5 — YAGG:Ce, 60% Ga (before irradiation), 6 — YAGG:Ce, 
60% Ga (aft er irradiation), 7 — YAGG:Ce, 75% Ga (before irradiation), 8 — YAGG:Ce, 
75% Ga (aft er irradiation; b): Optical transmission spectra of a 10 mm thick YAGG:Ce 
(65% Ga) sample measured at room temperature before and aft er g-irradiation with a 
dose of 100 Gy and 5 months aft er irradiation with protons with an energy of 150 MeV 
with a fl uence of 5 ∙ 1013 particles/cm2 [217]
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Fig. 3.34b demonstrates the optical transmission spectra of YAGG:Ce sam-
ples with a gallium content of 65% before and aft er irradiation with protons with 
an energy of 150 MeV. Spectra of induced absorption of crystals aft er irradia-
tion with γ-quanta and protons (Fig. 3.34) are very similar — a small decrease 
in transmittance is observed only in the UV range, and there is no visible eff ect 
of irradiation on optical transmittance in the luminescence range of YAGG:Ce. 
Th us, the material is radiation resistant to high-energy hadrons.

3.3.7. Reduction of luminescence decay time 
in garnets by co-doping with divalent cations

Reducing the decay time of scintillations in garnets is highly demanded for 
practical applications, in particular, high-energy physics. Th e introduction 
of divalent cationic dopants is an eff ective method of suppressing slow decay 
components in various cerium-activated scintillators (see, for example, [176, 
222—225]). It was suggested that charge compensation in the crystal when the 
host trivalent cation (Lu3+, Gd3+, Y3+, Al3+) is replaced by a divalent cation (Ca2+, 
Mg2+) promotes the transition of Ce3+ to the tetravalent Ce4+ state. Tetravalent 
cerium, previously considered as a negative factor, competes with other traps 
for electron capture from the conduction band, thus increasing the contribution 
of fast luminescence. However, a decrease in the decay time in most cases leads 
to a parallel decrease in the light yield due to the ionization of electrons to the 
conduction band from the excited levels of the cerium ion. 

Doping with Ca2+ ions provided a decrease in the aft erglow level in YAGG:
Ce to 0.2% aft er 0.6 μs. Similar to the co-activation of Mg2+, the addition 

Fig. 3.35. Induced absorption spectra aft er g-irradiation with a dose of 100 Gy and subse-
quent annealing at 850 °C for 24 hours, as well as 5 months aft er irradiation with protons 
with an energy of 190 MeV and a fl uence of 5 ∙ 1013 particles /cm2 [217]: 1 — gamma irra-
diation; 2 — proton irradiation 190 MeV; 3 — annealing at 850 °C
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of Ca2+ should cause competition for carrier capture between shallow electron 
traps and deep traps associated with Ce4+, leading to suppression of aft erglow. 
A parallel decrease in light yield with co-activation of Ca2+ evidences lumines-
cence quenching. Th us, the gallium content of 60—75% in the YAGG matrix 
in combination with Ca2+ co-doping is the optimal composition of YAGG:Ce 
crystals to achieve fast quenching while maintaining a high light yield. Th e 
presence of cerium in the tetravalent state in a crystal co-activated with Ca2+ is 
evidenced by an absorption band around 300 nm associated with charge trans-
fer complexes Ce4+— O2− (Fig. 3.36) in accordance with numerous articles on 
the co-activation of, garnets [222—224] and perovskites [225]. Ca2+ promotes 
the cerium transition to the tetravalent state and accelerates the luminescence 
decay. It should be noted that the addition of Ga3+ to multicomponent garnets 
can itself promote the transition of cerium to the Ce4+ state [226].

Th us, in this subsection, the optical properties of single crystals of 
Y

3
Al

5-x
Ga

x
O

12
:Ce3+ garnets with x in the 0÷5.0 range were investigated in our 

work using absorption cathodoluminescence and X-ray luminescence spectra 
upon excitation by an electron beam and alpha particles, as well as of lumines-
cence spectroscopy under excitation by synchrotron radiation in the range of 
3.7—25 eV. Based on the changes in the location of absorption and emission 
bands associated with 4f—5d transitions in Ce3+ ions, it was concluded that the 
optical properties of Y

3
Al

5-x
Ga

x
O

12
:Ce garnets change monotonically with in-

creasing Ga concentration in the range of x = 0÷3. With a higher content of Ga 
(x >3), the dependence had a diff erent character. Possible reasons for such a de-
pendence of the optical properties of Y

3
Al

5-x
Ga

x
O

12
:Ce on the Ga content can be 

assumed, taking into account the results of NMR studies on the site occupancy 
upon Al3+/Ga3+ substitution (see Chapter 4). It was shown that Ga ions in the 
x = 0 ≠ 3 concentration range are mainly localized in tetrahedral positions in 
the garnet structure. In the mentioned concentration range, the optical proper-
ties of Y

3
Al

5-x
Ga

x
O

12
:Ce change according to Vegard’s law. At a higher concen-

Fig. 3.36. Absorption spec-
tra of YAGG:Ce (75% Ga) 
and YAGG:Ce,Ca (75% Ga) 
crystals and the spectrum 
of induced absorption upon 
introduction of Ca2+ [217]: 
1 — YAGG:Ce 75% Ga; 2 — 
YAGG:Ce,Ca 75% Ga; 3 — 
induced absorption
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tration of Ga (х> 3), Ga ions are also incorporated into octahedral positions in-
stead of Al. Such a change in the occupancy of positions in the garnet structure 
is refl ected in a diff erent behavior of the Y

3
Al

5-x
Ga

x
O

12
:Ce optical properties on 

the Ga content.
From the excitation spectra of Ce3+ luminescence, the formation energy of 

excitons associated with Ce3+ (ex(Ce)) in the entire range of x from 0 to 5 for 
Y

3
Al

5-x
Ga

x
O

12
:Ce, and the width of the bandgap at in the range of x = 0 ≠ 3 were 

determined. Th e values of ex(Ce) and E
g 
decrease with increasing Ga content 

by 0.4 eV and 0.3 eV per one formula unit of Ga, respectively. It was also found 
that when the bandgap of Y

3
Al

5-x
Ga

x
O

12
:Ce garnets decreases with increasing 

Ga content in them from 7.9 eV in YAG to approximately 6.6 eV in YGG, the 
energy gap between the level of excitons associated with Ce3+ and the bottom of 
the conduction band is greatly reduced. Th is also leads to a strong quenching of 
Ce3+ luminescence in Y

3
Al

5-x
Ga

x
O

12
:Ce at x > 3 upon excitation by photons or 

high-energy particles. At the same time, an increase in the excitation effi  ciency 
of Ce is observed during the sequential capture of electrons and holes by cerium 
from separated electron-hole pairs at high-energy excitation ~3E

g
. Th is may 

indicate that the separation of electrons and holes in the pair becomes smaller 
compared to YAG:Ce in crystals with x = 2 and 3. Th is assumption is confi rmed 
by the increase in light yield and energy transfer effi  ciency in intermediate com-
positions previously observed in other mixed Ce-activated crystals: Lu

1-x
Y

x
AlO

3
 

[11] and Lu
2-2x

Gd
2x

SiO
5
 [6]. Th e same trend in the excitation effi  ciency of Ce in 

diff erent ionic crystals can be related to the limitation of the diff usion length of 
carriers due to the inhomogeneity of the atom distribution in mixed crystals, 
which is discussed in more detail in Chapter 4.

3.4. Bi4(Ge1-xSix)3O12 (BGSO)

All grown BGSO crystals are transparent in the range of 300—800 nm 
(Fig. 3.37). Th e shift  of the fundamental absorption edge in the optical trans-
mission spectra from 300 to 285 nm with increasing Si concentration corre-
sponds to a larger bandgap in BSO, which was theoretically predicted in [227]. 

Th e highest transmission at the wavelength of the luminescence maximum 
(480 nm) is registered in the sample with x = 0.4, as well as in BSO and BGO. 
X-ray luminescence spectra of BGSO with diff erent Ge content (Fig. 3.38) are 
represented by one broad band in the range of 350—700 nm with a maximum at 
about 480 nm. Th is coincides with previous data [229]. Th ere is a tendency for 
a weak (< 10 nm) blue shift  of the peaks with increasing Si content.

Amplitude spectra of BGSO when irradiated with 662 keV γ-quanta from 
a 137Cs source are presented in Fig. 3.39. Th is trend is not linear, with a negative 
deviation from the rule of additivity (Fig. 3.40, Table 3.6) and is similar to the 
dependences obtained in [229, 230] for crystals grown by the Stockbarger and 
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the Czochralski methods. Th us, the light yield behavior does not depend on the 
method of growing the crystal. Th e negative deviation from the additivity rule 
in BGSO, in contrast to many other scintillators based on mixed crystals, can 
be attributed to a decrease in the BGSO transparency compared to its constitu-
ents — BGO and BSO (Fig. 3.38) and/or due to spatial inhomogeneities in the 
distribution of substitutional Si4+ and Ge4+ ions [100—104]. Th e diff erence in 
the ionic radii of these cations is 32.5%, which is far beyond the 15% limit of the 
solubility range according to the Goldschmidt rule. 

However, the achieved energy resolution in BGSO (Fig. 3.40, Table 3.6) 
is better compared to any previous data presented in the literature. Th ere is a 
tendency to improve the energy resolution from BSO to BGO corresponding to 
an increase in light yield. For all crystals in the range of 0.4 < х < 0.9, the energy 
is better than 20%. Th e best result of 16.2% was achieved for the sample with 
x = 0.7.

Fig. 3.38. Th e X-ray lumines-
cence spectra of Bi

4
(Ge

x
Si

1-x
)

3
×

×
 
O

12
 crystals are norma lized 

to the maximum [228]

Fig. 3.37. Optical transmission 
spectra of Bi

4
(Ge

x
Si

1-x
)

3
O

12
 

crystals [228]: 1 — x = 0; 2 — 
x  = 0.1; 3 — x = 0.4; 4 — x = 0.7; 
5 — x = 0.9; 6 — x = 1
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Fig. 3.40. Dependences of light output and energy resolution on x in Bi
4
(Ge

x
Si

1-x
)

3
O

12
 

[228]: □ — light output; ○ — energy resolution

Table 3.6. Scintillation properties of Bi
4
(Ge

x
Si

1-x
)

3
O

12
 crystals 

under γ-irradiation with an energy of 662 keV

x 0 0.1 0.4 0.7 0.9 1

Relative light yield,% 24 18 29 46 48 100

Energy resolution (FWHM),% 21.7 39.1 19.5 16.2 18.2 10.0

Decay time t, ns 100.6 109.5 132.9 152.3 220.3 292.4

P
0

72.25 16.57 18.86 18.72 16.3 5.83

P
1

−13.47 56.4 72.38 138.4 164.8 496.6

Fig. 3.39. Amplitude spec-
trum of Bi

4
(Ge

x
Si

1-x
)

3
O

12
 crys-

tals with waried x excited by 
γ-quanta with energy of 662 
keV from a 137Cs source [228]

Fig. 3.41. Th e maximum of the 662 keV 137Cs photopeak depends on the time gate du-
ration [228]: 1 — BGO, τ = (292.4 ±0.6) ns; 2 — BGSO, 90% Ge, τ = (220.3 ± 0.9) ns; 3 — 
BGSO, 70% Ge, τ = (152.3 ± 0.6) ns; 4 — BGSO, 40% Ge, τ = (132.9 ± 1.2) ns; 5 — BGSO, 
10% Ge, τ = (109.5 ± 1.5) ns; 6 — BSO, τ = (100.6 ± 1.1) ns
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Th e decay time of the BGSO was determined by measuring the total ab-
sorption peak from the duration of the ADC gate, i.e., the luminous fl ux versus 
the integration time (Fig. 3.41) Th e scintillation decay in BGSO can be approx-
imated by 1, 2, or even 3 exponents [230]. Without delving into the approxima-
tion procedures, we estimated the attenuation by one exponent, Р = Р

0  
+ Р

1 
∙ (1−

exp(−t/t), where t is the decay time, Р
0
, P

1
 are constants, t is time (Table 2.1).

Th e decay time of the main component Bi
4
(Ge

x
Si

1-x
)

3
O

12
 increases with the 

Ge content. However, this increase is not linear, and at x < 0.7, the decay con-
stant is less than 150 ns (Table 3.6). Th us, in most of the x range, the BGSO 
decay time is 2—3 times faster than in BGO.

Th us, this chapter presents the optical, luminescence, and scintillation 
properties of solid solution crystals of Lu

2-2x
Gd

2x
SiO

5
:Ce, Y

3
Al

5-x
Ga

x
O

12
:Ce, 

GdTa
1-x

Nb
x
O

4
, Bi

4
(Ge

x
Si

1-x
)

3
O

12
, and YTa

1-x
Nb

x
O

4
 in the full concentration inter-

vals of cation substitution. Th e light yield in the Lu
2-2x

Gd
2x

SiO
5
:Ce, Y

3
Al

5-x
Ga

x
O

12
:

Ce systems, depending on the ratio of substituted cations, show positive devia-
tions from linearity in accordance with Vegard’s law, with maximum deviations 
of 1.8 and 2.9 times, respectively. Th e light yield of Bi

4
(Ge

x
Si

1-x
)

3
O

12 
solid solu-

tions is lower than that of its components. Th e dependence of light yield in the 
GdTa

1-x
Nb

x
O

4
 system is close to the additivity rule. Th e scatter of the experi-

mental points in YTa
1-x

Nb
x
O

4
 and the presence of a polymorphic transition 

in this system do not make it possible to clearly determine the concentration 
dependence of the light yield.
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Based on the literature review and the data presented in the previous 
chapter, solid solution systems of inorganic scintillators can be divided 
into 3 groups according to the concentration dependence of the light 
yield in them [88, 231] (Fig. 4.1).

1. Systems where the light yield of a mixed crystal depends lin-
early on the ratio of components in accordance with Vegard’s law 
L

Veg
 = C

a
L

a 
+ C

b
L

b
, where C and L are the molar concentrations and 

light yield of the solid solution components. Examples of such systems 
are GdTa

1-x
Nb

x
O

4
 or Lu

2-x
Y

x
SiO

5
:Ce (LYSO:Ce).

2. Systems with positive deviations of the light yield from the 
linear dependence in the mixed crystal, for example, Lu

2x
Gd

2-2x
SiO

5
:

Ce (LGSO:Ce) or Y
3
Al

x
Ga

5-x
O

12
:Ce (YAGG:Ce).

3. Systems with negative deviations of the light yield from the 
linear dependence in the mixed crystal are observed, for example, 
Bi

4
Ge

3-x
Si

x
O

12
 (BGSO).

In Chapter 1, three possible factors were distinguished that could 
explain the concentration dependence of the light yield in a mixed 
crystal:

1. Th e number of defects in crystals, such as carrier traps. Capture 
of secondary electrons or holes formed as a result of crystal irradiation 
by high-energy particles, causes delayed luminescence or non-radia-
tive losses.

2. Modifi cation of the crystal energy structure aff ects the number 
of formed electron-hole pairs and the positions of the energy levels of 
the luminescent center and carrier traps in the forbidden band.

3. Th e third group of factors causing a decrease in the path length 
of thermalized charge carriers and the probability of their genetic re-
combination is electron-phonon interaction, as well as spatial inho-
mogeneities in crystals caused by the uneven distribution of substitut-
ed atoms in the solid solution. Th ese cause spatial modulations of the 
conduction band bottom and the top of the valence band.

Th is chapter addresses each of these factors in detail. By compar-
ing experimental data on solid solution systems, conclusions are drawn 
regarding the infl uence of the listed factors on the light yield in them.
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4.1. Changing the number of defects in crystals

A possible change in the number of defects in a mixed crystal compared to its 
components is, at fi rst glance, the most obvious reason that can aff ect the trans-
port of carriers to the activator and the magnitude of light yield in scintillation 
crystals. However, according to the literature data, this issue has not been sys-
tematically investigated in any system of mixed crystals before. We chose the 
LGSO:Ce system for consideration, where the number of oxygen vacancies — 
the main type of defects in these crystals  was carefully analyzed depending on 
their cationic composition. Th e question of the number of defects in scintilla-
tors, of course, has not only scientifi c but also practical signifi cance. Modern 
applications of scintillation materials oft en require fast scintillation decay in the 
range of nanoseconds. Th e slow emission of light, also called phosphorescence 
or aft erglow, is a signifi cant problem in the development of fast scintillators.

Th e mechanism of aft erglow in mixed oxyorthosilicates activated by ceri-
um was studied by time-resolved thermally stimulated luminescence (TSL) and 
X-ray luminescence methods [16]. Crystals of Lu

2x
Gd

2-2x
SiO

5
:Ce of diff erent 

composition (0 ≤ x ≤1) and Lu
1.8

Y
0.2

SiO
5
 grown by the Czochralski method (the 

growth procedure is described in detail in Chapter 2) were taken into consi-
deration. A detailed analysis of the TSL curves showed that thermal tunneling 
of trapped electrons occurs in all compositions, followed by recombination at 
the Ce luminescent centers. Th e aft erglow reduction when gadolinium or yttri-
um is added to the matrix is accompanied by a decrease in the concentration of 
traps manifested in the TSL intensity. It turned out that a decrease in the con-
centration of oxygen vacancies correlates with a decrease in the melting temper-
ature of the crystal when gadolinium or yttrium is introduced. Temperature, in 
turn, determines the oxygen partial pressure. Th e infl uence of this mechanism 
on the scintillation properties and capture of charge carriers in other scintilla-
tors was also discussed.

Oxyorthosilicate crystals doped with Ce—Lu
2
SiO

5
 (LSO), Lu

2x
Y

2-2x
SiO

5
 ×

× (LYSO), Gd
2
SiO

5
 (GSO), Gd

2
Y

2-2x
SiO

5
 (GYSO) are scintillators for applica-

tions in medical diagnostics, high-energy physics, and geological exploration 
[232]. Most of these applications require fast scintillators with short lumines-
cence decay times in the nanosecond range and a low aft erglow. 

High light yield and fast luminescence decay in cerium-activated oxyortho-
silicates is caused by a relatively low concentration of lattice defects, which play 
the role of small charge carrier traps. In other complex oxide matrices, such 
as Ce-doped aluminum garnets or perovskites, such traps slow down the re-
combination at the Ce3+ luminescent centers and are responsible for the slow 
components of luminescence [233, 234]. Practical usage of orthosilicates was 
limited in fi elds where a high signal-to-noise ratio in the scintillation signal is 
important, such as most of tomographic applications. Th is is caused by intense 
aft erglow — luminescence lasting up to seconds and even hours, with an am-
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Fig. 4.1. Examples of concentration dependences of light yield (LY) in scin-
tillators based on solid solutions [88, 231]

plitude reaching several percent relative to the amplitude of the initial signal 
[235]. Such aft erglow is associated with the capture of electrons by deep traps 
associated with oxygen vacancies [236]. Th ese traps are manifested in intense 
peaks of thermostimulated luminescence above room temperature. In LSO and 
LYSO:Ce, the depth of these traps, calculated based on TSL data, is approxi-
mately 1 eV [237].

Th e key role of oxygen vacancies as deep traps capturing electrons upon 
irradiation was confi rmed in recent studies of oxyorthosilicates, as well as other 
oxide scintillation materials [236—240]. Th e ability to control the number of 
defects in such materials depends on understanding the role of defects in opti-
cal properties and reducing their concentration by optimizing the technology 
of growing single crystals. Research in this direction contributes to obtaining 
materials with improved scintillation decay parameters. In the case of LYSO:Ce, 
co-activation with divalent cations reduces the number of defects and reduces 
the decay time of the scintillation response (see Chapter 3). In parallel, several 
remarkable properties were discovered in crystals based on solid solutions. It 
was shown that the aft erglow in Lu

2x
Gd

2-2x
SiO

5
:Ce (LGSO:Ce) crystals decreas-

es with gadolinium concentration (see Chapter 3.1). As for the physical mecha-
nisms of this phenomenon, analysis of existing data enables us to formulate two 
main hypotheses. Th e weakening of the aft erglow in gadolinium-enriched crys-
tals can be caused by: i) a lower concentration of oxygen vacancies compared to 
LSO:Ce, or ii) a larger distance between the traps and the luminescence centers, 
which reduces the probability of radiative recombination by tunneling electrons 
to the luminescence center occurring in LSO:Ce [237].

In this subsection, the mechanisms of aft erglow suppression in gadolini-
um-enriched oxyorthosilicates are studied by TSL curve analysis and aft erglow 
measurements in a series of LGSO:Ce crystals with diff erent Lu/Gd ratios, as 
well as in GSO:Ce, LSO:Ce, and LYSO:Ce. In parallel, the relative change in 
the concentration of oxygen vacancies in the crystals was compared with the 
dependence of the oxygen partial pressure in the growth atmosphere on the 
melting temperature for all considered compositions. 
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Lu
2x

Gd
2-2x

SiO
5
:Ce (LGSO:Ce) samples of diff erent stoichiometry (x = 1, 0.75, 

0.6, 0.55, 0.50, 0.4, 0.35, 0.20, 0.15, 0.1, 0.05, 0) were selected for the study. Fur-
thermore, in the text, they are designated as LSO, LGSO75, and so on. Measure-
ments were also performed on Lu

1.8
Y

0.2
SiO

5
:Ce (LYSO) crystals grown under the 

same conditions. For the correctness of the experiment, it was necessary to have 
samples with the same cerium concentration, so LGSO:Ce and GSO:Ce crystals 
with a cerium concentration of 0.37 ± 0.08 at.% were selected. Th e concentration 
of cerium in LSO:Ce and LYSO:Ce was 0.2 and 0.1 at.%, respectively.

Th e total concentration of oxygen vacancies in crystals may depend on 
their melting temperature. Th e intensity of evaporation of the melt components 
is determined by the pressure of their vapors above the melt, which, in turn, 
depends on the temperature. For mixed oxyorthosilicates, the diff erences in 
melting temperatures are signifi cant; they vary from 2050 K in Lu

0.34
Gd

1.66
SiO

5
 

to 2320 K in LSO [214]. Th e severe oxygen defi ciency in crystals of this type is 
confi rmed by the results of post-growth annealing of LSO:Ce, LYSO:Ce, and 
YSO:Ce crystals [77]. Th e light output in LSO:Ce, YSO:Ce, and LYSO:Ce in-
creases aft er annealing in the air atmosphere [77].

 Similar experiments were performed with LGSO:Ce crystals. Annealing 
was carried out in a resistive furnace in an open-air atmosphere at 1150 °C with 
diff erent exposure times. Th e light yield in LGSO:Ce crystals did not change 
within +/− 5% (however, the energy resolution improved signifi cantly). In turn, 
the light yield in the LSO:Ce crystal increased by 70% (Fig. 4.2), which indicates 
a much larger initial number of oxygen vacancies in the latter.

4.1.1. Estimation of defect concentration in mixed crystals

Th e relative change in the concentration of oxygen vacancies in the crystal can 
be estimated using a simple relationship between the oxygen partial pressure 
(P) and the absolute temperature (T), determined by the Clausius — Clapeyron 

Fig. 4.2. Dependence of the light yield 
of crystal samples with the dimensions 
10 × 10 × 2 mm3 upon gamma excitation 
by 137Cs with an energy of 662 keV on 
the annealing time in an air atmosphere 
at 1150 °С [238]
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equation [241]:

          gP = A − (B/(T + C)),       (4.1)

where A, B, and C are constants 
(their values for each material are 
presented, for example, in [241]). 
Th e melting points for all LGSO 
compositions were taken from 
[112], and the LYSO melting point was taken from [242]. Th us, if electron traps 
appear on oxygen vacancies, the relative change in TSL or aft erglow intensity 
should correspond to the relative change in oxygen vapor pressure above the 
melt. Since the vapor pressure of lanthanide oxides is 2—3 orders of magnitude 
lower than that of SiO

2
 [249], the evaporation of Lu

2
O

3
, Gd

2
O

3
, and Ce

2
O

3
 can 

be neglected, and it can be assumed that the lack of oxygen in the melt is due 
solely to the evaporation of SiO

2
 or its dissociation products. Th us, the temper-

ature dependence of oxygen vapor pressure in LGSO:Ce can be estimated by 
introducing constants for logPo

2
into equation (4.1). Th ese coeffi  cients (equa-

tion 4.2) were determined separately for Si and O
2
 in [240] for the tempera ture 

range from 1996 to 3000 °C when approximating mass spectrometry data on 
the dissociation of SiO

2
 evaporation products:

                                           logPo
2
= − 26462/T + 7.84                                          (4.2)

Fig. 4.3 demonstrates the results of measurements of the aft erglow level in 
oxyorthosilicates (LSO:Ce and GSO:Ce) and their mixtures (LYSO:Ce and 
LGSO:Ce). Th ese data very clearly display a decrease in signal intensity (by 
more than 2 orders of magnitude) when moving from LSO:Ce to GSO:Ce. 

Table 4.1. Parameters for approximating decay curves

x in

Lu
2x

Gd
2-2x

SiO
5
:Ce

1 0.75 0.6 0.55 0.4 0.35 0.2 0.15 0.1 0.05 0 LYSO:Се

y
0

1.22 0.08 0.02 0.027 0.040 0.022 0.015 0.02 0.031 0.02 0.01 0.89

A 5.46 0.88 0.45 0.39 0.58 0.36 0.19 0.69 0.47 0.3 0.18 0.79

t, ms 2.89 2.06 1.72 1.86 1.88 1.79 1.97 1.46 1.84 1.88 1.70 4.64

Fig. 4.3. Intensity of aft erglow in the 
millise cond interval (symbols) and its ap-
proximation by an exponential function 
(curves) for some studied oxyorthosili-
cate crystals [237]
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Th e light detected at excitation by pulsed X-ray radiation is caused by va-
rious factors. In addition to fast luminescence with a decay time of the order of 
tens of nanoseconds, and a slow luminescence with a millisecond decay time 
due to the recombination of trapped charge carriers, the background signal 
of the electronic circuit is recorded, as well as the background, with intensity 
proportional to the concentration of its own radioactive isotopes in the crystal, 
primarily 176Lu. To determine the aft erglow due to carrier trapping, we have to 
distinguish it from the contributions of scintillation and background signals. 
For this reason, the experimental dependences of the aft erglow were approxi-
mated in the time gate of 1—20 ms (excluding the fi rst millisecond, where the 
scintillation signal makes a large contribution) by the exponential function 
y = Aexp(−t/t) + y

0
. Next, the equation y = Aexp(−t/t) was integrated in the 

time interval 0—105 ms to exclude the background contribution included in 
the parameter y

0
. Th e parameters obtained from the approximation are shown 

in Table 4.1.
Time-resolved TSL measurements of the LGSO:Ce sample with 50 at.% Lu 

(Fig. 4.4) demonstrates that the luminescence is associated with 5d
1 
— 4f tran-

sitions in Ce3+ ions. No signs of Gd3+ luminescence near 315 nm or other lumi-
nescence components were detected.

TSL curves of LGSO:Ce samples at temperatures above room temperature 
are displayed on a logarithmic scale (Fig. 4.5). In this case, the TSL intensity was 
recorded using an EMI 9635QB photodetector. Peaks on the aft erglow curves 

Fig. 4.4. Wavelength resolved heatmap on the example of the LGSO50 sample aft er X-ray 
irradiation at room temperature. Th e intensity of TSL is displayed on a linear scale. For 
this reason, a weak signal above 120 °С is not displayed [237]

Fig. 4.5. TSL curves on a logarithmic scale aft er X-ray irradiation at room temperature, 
normalized by maximum intensities. Th e curves are shift ed relative to each other on a 
vertical scale for ease of display [16]
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were recorded around 80 °C, 130 °C, 180 °C, and 240 °C. Th ese peaks associated 
with the thermal tunneling of electrons from oxygen vacancies to Ce centers 
[238] are present in samples with diff erent Lu concentrations, although they are 
less distinct with increasing gadolinium concentration. However, the peak at 
300 °C attributed to electron transport to the activator via ionization to the con-
duction band in LYSO:Ce [239] was not observed in any of the samples. Th e ef-
fect of the Lu and Gd concentration on the trap concentration was investigated 
by comparing the TSL curves obtained at the same irradiation dose (0.02 Gy). 
Th e TSL intensity depends both on the trap concentration (if the concentration 
of luminescence centers in the samples is approximately constant), and on the 
effi  ciency of the Ce3+ luminescence center, which was assessed by measuring the 
intensity of X-ray luminescence as a function of temperature (Fig. 4.6).

Th us, each TSL curve was corrected taking into account the temperature 
dependence of X-ray luminescence. Since the temperature dependence of X-ray 
luminescence was measured only up to 180 °C, the correction can be made only 
for the two main TSL peaks at 80 °C and 130 °C. Th e corrected TSL curves are 
shown in Fig. 4.7.

Th e thermoluminescence curves in LGSO:Ce are more than an order of 
magnitude weaker compared to LSO:Ce. A strong drop in the TSL intensity is 
observed aft er the introduction of more than 25% Gd, while with the subse-
quent addition of gadolinium, the TSL intensity remains almost constant. Th us, 
the intensity of TSL correlates with the intensity of the aft erglow.

Fig. 4.6. Temperature dependence of 
X-ray luminescence intensity in LGSO:
Ce samples [238]

Fig. 4.7. TSL curves of all samples, taking 
into account the temperature dependence of 
X-ray luminescence [238]
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4.1.2. Phenomenological analysis 
of the influence of melting temperatures 
on light yield and afterglow

In accordance with previous studies, the presence of strong aft erglow in orthosili-
cates is associated with a high concentration of oxygen vacancies, which are deep 
electron traps [235, 236]. Under conditions of oxygen defi ciency in the melt, the 
formation of oxygen vacancies should be more energetically favorable at oxygen 
positions that do not belong to SiO

4 
tetrahedra. In the monoclinic C2/c structure 

in LSO, LYSO, and Lu
2-x

Gd
x
SiO

5
 (x < 1.6), there are 20% of such oxygen atoms in 

the lattice. Th e bonds of these oxygen atoms with Gd and Lu in LGSO are weak 
because their length is more than 2.6 Å compared to 1.6 Å for Si-O bonds. It is 
important to note that, while the aft erglow is very strong in crystals with the 
LSO:Ce C2/c structure [236], the aft erglow is weak in GSO:Ce and GYSO:Ce 
[244], which has a diff erent type of monoclinic structure (P2

1
/c), although both 

structural types has the same number of non-bonded silicon atoms [243] with 
approximately the same distances between them and the lanthanide atoms.

An alternative hypothesis to the decrease in the concentration of oxygen 
vacancies in GSO:Ce compared to LSO:Ce or LYSO:Ce is a change in the spa-
tial distribution of traps and luminescent centers. Th e mechanism of thermal 
electron tunneling from the traps to the luminescent centers was proposed for 
cerium-activated LSO:Ce and LYSO:Ce [236], as well as Lu-Y aluminum per-
ovskites [238]. Th is mechanism strongly depends on the distance between the 
traps and luminescent centers. Th e introduction of a larger cation, such as ce-
rium, into the LSO:Ce (LYSO:Ce) lattice should lead to the formation of oxy-
gen vacancies near Ce3+ to compensate for the deformation of the crystal lattice 
due to the introduction of a large cation. Defects in the vicinity of luminescent 
centers should enhance tunneling recombination and aft erglow. Th e decrease 
in aft erglow and increase in light yield due to the introduction of Gd3+ into 
LGSO:Ce mixed crystals may be of the same nature. A large amount of Gd3+ or 
cations with similar ionic radii can eff ectively compete with Ce3+ for the redis-
tribution of oxygen vacancies from Ce3+ to other large cations. Th us, even if the 
total concentration of defects does not decrease, most of them will be allocated 
around Gd3+, whose concentration is about 100 times higher than that of Ce3+. 
As a result, electron traps may be too far from Ce3+ to ensure effi  cient tunnelling 
recombination.

Th e trap parameters were estimated by analyzing the TSL curves. In par-
ticular, the trap depth was evaluated by the Initial Rise Method, which is de-
scribed in detail in [245]. In this case, the temperature dependence of the radi-
oluminescence intensity was taken into account when approximating all ther-
moluminescence peaks (in fact, the beginning of even the highest temperature 
peak is well below 180 °C). Th e same trap depth value of about 1.0 eV with an 
error of less than 10% (Fig. 4.8) was obtained for all TSL peaks for all samples. 
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Th e frequency factors s of TSL peaks were calculated according to the formula:

                                           2
m m

E Es exp
kT kT
  

   
 

.                                         (4.3)

In the process of temperature tunneling, the frequency factor s can be ex-
pressed as [246]:

                                             T
SS x exp
k

    
 

,                                              (4.4)

where x is the permeability coeffi  cient of the energy barrier, υ
T
 is the tempera-

ture frequency coeffi  cient, and 
S
k


 is the entropy coeffi  cient. Th e permeability 

coeffi  cient of the energy barrier is determined by the formula [247]:

                                                 x exp( r )  ,                                                  (4.5)

where ϕ is a constant and r is the distance between the trap and the lumines-
cent center.

Th e frequency factors dependences on the distance (r) of oxygen — lan-
thanide (O—Ln) in the LnO

7
 polyhedra of the C2/c monoclinic structure are 

shown in Fig. 4.9. Experimental data agree well with the exponential depend-
ence of the frequency factor on the O—Ln distance. Th us, analysis of TSL meas-
urements demonstrates that the same thermal tunneling mechanism works in 
all the studied crystals, which indicates a similar spatial distribution between 
traps and Ce3+ in all samples, regardless of the Gd concentration in them.

In Fig. 4.10, the thick line shows the dependence of oxygen vapor pressure 
P on temperature T, built based on equation 4.2. Also, the graph shows the 
areas under the TSL curves (from Fig. 4.7) and the areas under the aft erglow 
curves for crystals of diff erent composition. Both values refl ecting the change 
in the number of oxygen vacancies correlate well with each other. Th e qualita-
tive agreement between the theoretical dependence for P and the experimen-
tal TSL and aft erglow data indicates that melt evaporation signifi cantly aff ects 
the concentration of traps and aft erglow in oxyorthosilicates and, in particular, 
in LGSO:Ce.

It should be noted that there is an excellent agreement between the exper-
imental points and the analytical curves for LSO:Ce and GSO:Ce, while the 
points corresponding to mixed crystals deviate slightly from the theoretical de-
pendence. Th is may be related to the infl uence of other factors on the aft erglow, 
for example, a decrease in the thermalization length of charge carriers due to 
inhomogeneities in the crystal or electron-phonon interaction in mixed crystals 
[13]. Also, a diff erent trend is observed for crystals with monoclinic structures 
C2/c and P2

1
/c (the latter corresponds to points for GSO and x = 0.05—0.1).

Th us, the analysis indicates that the decrease in TSL intensity and aft er-
glow occurs due to a decrease in the concentration of oxygen vacancies with 
an increase in the gadolinium concentration in the matrix. Th e decrease in the 
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Fig. 4.8. Trap depths estimated by the Initial Rise Method for peaks I—IV for all the sam-
ples. Th e dependence of the corresponding frequency factors of the traps is in the inset. 
Th e standard error in determining frequency factors is ~50% [238]

Fig. 4.9. Frequency factors dependence on the Ln—O distance in LGSO:Ce, determined 
from X-ray diff raction data. Th e dashed line represents the approximation by the expo-
nential function (explanation is in the text) [238]

concentration of oxygen vacancies occurs due to a decrease in the melting tem-
perature, which causes weakening of the melt evaporation. At the same time, 
by analogy with the previous results for LSO:Ce and LYSO:Ce, the presence 
of four TSL peaks corresponding to traps of the same depth in LGSO:Ce are 
interpreted as the presence of one type of traps (oxygen vacancies) at diff erent 
distances from the Ce3+ luminescence center. Radiative recombination between 
electrons and holes occur by the thermal tunneling mechanism. Th us, the TSL 
results combined with data on vapor pressure above the melt do not support 
the hypothesis that the intensity of the aft erglow is related to the diff erent dis-
tribution of vacancies and luminescent centers relative to each other when the 
gadolinium concentration changes.

Due to the development of mixed scintillators based on Lu and Gd oxyortho-
silicates, the performance of these scintillators has been signifi cantly improved, 
as evidenced by the comparative table of scintillation parameters important for 
practical applications. Th e properties of the Lu

0.4
Gd

1.6
SiO

5
:Ce crystal are com-

pared with other scintillators for X-ray computed tomography (Table 4.2). 
In particular, the level of aft erglow (and, accordingly, its reciprocal «sig-

nal-to-noise ratio») is signifi cantly decreased in Lu
0.4

Gd
1.6

SiO
5
:Ce compared to 

LYSO:Ce and LSO:Ce, without simultaneous deterioration of other parameters, 
except for a decrease in the density of the material. In addition, according to 
Table 4.2, LGSO:Ce has the lowest level of aft erglow compared to other scintil-
lators. Th is indicates the prospect of using these crystals in modern computer 
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tomography and positron emission tomography, where the signal-to-noise ratio 
is the decisive parameter.

Th e resulting correlation between carrier trapping and melting tempera-
tures raises questions about the role of this eff ect in other solids solution-based 
scintillator systems. Th e exact answer to this question is diffi  cult to formulate 
due to the small amount of available TSL and/or aft erglow data obtained under 
the same conditions and by the same procedure in solid solutions. Considering 
that the light yield and aft erglow are inversely proportional, an alternative way 
is to compare the light yield and melting temperatures of crystals that have the 
same type of structure and diff er only in the substitution of one of the atoms. 

Table 4.2. Parameters of Ce-activated LGSO, LYSO, 
and LSO crystals in comparison with literature data on traditional 
scintillators for X-ray computed tomography [248, 249]

Scintillator
Density, 

g/cm3

Relative 

light yield, 

%

Lumines-

cence maxi-

mum, nm

Main de-

cay time, 

ms

Aft erglow 

level, % per 

3 ms

Signal-

to-noise 

ratio

CdWO
4

7.9 100 530 2.15 0.1 1000

CsI:Tl 4.51 330 550 1 >0.3  330

(Y,Gd)
2
O

3
:Eu 5.9 152 610 1000 5   20

Gd
2
O

2
S:Pr,Ce 7.34 180 520 2.4 0.1 1000

Gd
2
O

2
S:Tb(Ce) 7.34 180 550 600 0.7  140

Gd
3
Ga

5
O

12
:Cr,Ce 7.09 138 730 150 0.1 1000

Lu
0.4

Gd
1.6

SiO
5
:Ce 6.55  52 420 0.05 0.05 2000

LYSO:Ce 7.1  50 420 0.04 1.3   77

LSO:Ce 7.4  35 420 0.04 2.9   34

Fig. 4.10. Areas under TSL curves in 
Fig. 4.7 (asterisks, left  scale); areas un-
der aft erglow curves in the range of 0 to 
105 ms (circles, left  scale); O

2
 vapor pres-

sure above the melt (curve, right scale) 
depending on the reciprocal absolute 
temperature. Th e error in determining 
the areas under the TSL and aft erglow 
curves is about 20% [238]
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Table 4.3. Melting temperatures (higher (HT) and lower (LT) temperatures) 
and light yield of some L

LT
 and L

HT
 scintillation crystals with lower and higher 

melting temperatures, respectively

Compounds YAlO
3
:Ce

LuAlO
3
:Ce

Y
3
Al

5
O

12
:Ce 

Lu
3
Al

5
O

12
:Ce

Y
3
Al

5
O

12
:Pr

Lu
3
Al

5
O

12
:Pr

Y
2
SiO

5
:Ce

Lu
2
SiO

5
:Ce

MgWO
4

ZnWO
4

Melting 
points (K)

   2 143
   2 203

  2 223
  2 253

     2 223
     2 253

2 243
2 323

1 493
1 631

L
LT

, L
HT

 
(ph/MeV)

18 000
11 400

16 700
12 500

  16 000
  17 000

27 500
20 500

5 500
8 000

L
LT

/L
HT

1.6 1.3 ~1 1.4 0.7

Compounds
LaCl

3
:Ce

LaBr
3
:Ce

BaBr
2
:Eu

BaI
2
:Eu

SrI
2
:Eu

BaI
2
:Eu

CsBa
2
Br

5
:Eu

CsBa
2
I

5
:Eu

Bi
4
Si

3
O

12

Bi
4
Ge

3
O

12

Melting 
points (K)

   1 001
   1 121

    984
  1 130

       807
       984

883
915

1 303
1 323

L
LT

, L
HT

, 
(ph/MeV)

50 000
75 000

  8 000
40 000

112 000
   58 000

102 000
92 000

2 000
8 000

L
LT

/L
HT

0.7 1.45 1.9 1.1 0.25

Such a comparison is shown in Table 4.3, where data on the light yield in several 
pairs of materials of the same chemical nature and crystal structure are pre-
sented in combination with the melting temperatures of these compounds. Th is 
table does not represent mixed crystals (e.g., LGSO:Ce), where the light yield 
may vary due to other factors discussed in this chapter. Values of light yield and 
melting temperature are taken from [6, 13, 82, 247—251].

In most compounds activated by Ce3+, Pr3+, or Eu2+, the light yield increases 
by 1.1—1.9 times in the material with a lower melting temperature, which con-
fi rms the assumption of a decrease in the concentration of traps with a decrease 
in the melting temperature. Th e only exception is the pair LaBr

3
:Ce/LaCl

3
:Ce, 

while in Lu
3
Al

5
O

12
:Pr/Y

3
Al

5
O

12
:Pr, the melting temperatures and light yield are 

the same. It is interesting that in both of the given pairs of scintillators with in-
trinsic luminescence — ZnWO

4
/MgWO

4
 and Bi

4
Ge

3
O

12
/Bi

4
Si

3
O

12
 — the oppo-

site trend is observed. Since tungsten and bismuth oxyanions are the emission 
centers in these compounds with intrinsic luminescence, their concentration 
is 2—3 orders of magnitude higher compared to the number of luminescent 
centers in materials with activated luminescence. Th erefore, the diff usion length 
of charge carriers to the luminescent center should be shorter in scintillators 
with intrinsic luminescence, and the scintillation process in the latter is less 
sensitive to the presence of defects in the crystal lattice. It should be noted that 
when comparing the light yield and melting temperature of scintillators, it is 
necessary to take into account other factors, for example, the placement of ener-
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gy levels of activators and traps in the bandgap. Th ese aspects will be discussed 
in the following subsections.

Th us, we demonstrated that the concentration of oxygen vacancies decreas-
es when gadolinium is added to the mixed oxyorthosilicate Lu

2x
Gd

2-2x
SiO

5
:Ce. 

A similar eff ect was also observed in the Lu
2x

Y
2-2x

SiO
5
:Ce system when yttrium 

was introduced. Th us, the introduction of Gd or Y cations makes it possible to 
reduce the concentration of oxygen vacancies, that is, to reduce the concentra-
tion of charge carrier traps and the accumulation of free charge carriers during 
irradiation with ionizing particles. Th e eff ect is also due to changes in the melt-
ing temperature of the crystals, which weakens the melt evaporation. 

Th e strategy for reducing the concentration of charge carrier traps associ-
ated with oxygen vacancies, demonstrated by the example of the substitution of 
Lu and Gd cations in LGSO:Ce, can be applied to other scintillators, in which 
the melting temperature is signifi cantly reduced with the isovalent substitution 
of atoms. Due to the mechanism of reducing the defect concentration, the scin-
tillation properties of mixed oxyorthosilicates have been signifi cantly improved, 
which makes them attractive for use in imaging devices.

Finally, a comparison of the light yield and melting temperatures of some 
scintillators proved that the formation of defects in the crystal during growth 
from a non-stoichiometric melt is an important factor aff ecting the scintillation 
properties of crystals activated by rare earth ions.

4.2. Engineering of the electronic 
structure of solid solutions

Chapter 1.3.1 illustrated how bandgap engineering, i.e., controlling the position 
of the activator energy levels and charge carrier traps in scintillation crystals, 
allows for eff ective control of their scintillation parameters. Th e most remark-
able positive results were obtained in solid solutions of Al3+/Ga3+-substituted 
scintillators based on lutetium and gadolinium garnet, where the light yield of 
the solid solution exceeded the light yield of each of its components by 3—4 
times. At the same time, in many systems where deviations of light yield from 
additive values of 50—100% are observed, the energy structure practically does 
not change. To analyze the infl uence of the energy structure modifi cation fac-
tor on the scintillation properties of mixed systems, the Y

3
Al

5-x
Ga

x
O

12
:Ce and 

Lu
2x

Gd
2-2x

SiO
5
:Ce systems were analyzed.

4.2.1. Energy structure of YAGG:Ce

It is noteworthy that in aluminum-gallium garnet systems, a very signifi cant 
change in the bandgap is observed, reaching 1.6 eV [12]. Th e Ce3+ luminescence 
in these systems is strongly shift ed to the red region, which indicates a strong 
crystal fi eld and a strong splitting of the energy levels in the activator. As noted 
in Chapter 3, the Y

3
Al

5-x
Ga

x
O

12
:Ce yttrium-aluminum-gallium garnet system 
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forms a continuous series of solid solutions from YAG:Ce to YGG:Ce and is a 
very convenient object for studying the modifi cation of its energy structure. In 
this subsection, based on the data of absorption spectra and TSL curves, the 
width of the bandgap, the strength of the crystal fi eld, and the position of Ce3+ 
levels and electronic traps in the bandgap are estimated.

Th e energy structure of YAGG:Ce was determined based on absorption 
spectra, selective excitation and luminescence spectra (Chapter 3.3.2), as well 
as TSL curves. A strong shift  of the Y

3
Al

5-x
Ga

x
O

12
:Ce absorption edge in the 

UV range (see Fig. 3.26) indicates a decrease in the bandgap by 1.0 eV in YGG 
compared to YAG. 

On the example of Lu
3
Al

5-x
Ga

x
O

12
:Ce, it was shown [12] that the shift  of 

the valence band edge is an order of magnitude weaker than for the conduction 
band (0.1 eV versus 1.6 eV). Such a strong shift  of the edge of the conduction 
band is because [12] it is formed by the 4s levels of Ga instead of the 5d levels of 
Lu3+. At the same time (see Fig. 3.27b), the X-ray luminescence spectrum shift s 
to the blue region by ~70 nm from YAG to YAGG, and the splitting of the 5d 
levels of Ce3+ decreases due to the decrease in the strength of the crystal fi eld.

Based on the spectral-kinetic properties of luminescence in YAGG:Ce, 
the evolution of the band structure with the addition of Ga looks as follows 
(Fig. 4.11): the light yield improves due to the deactivation of shallow electron 
traps, the levels of which in YAG:Ce are located below the conduction band. Th e 
addition of >75% Ga shift s the 5d

1
 levels of Ce3+ closer to the edge of the con-

duction band and completely suppresses the 5d-4f radiative transitions in Ce3+ 
in YGG:Ce. At a high Ga content, electrons are ionized from the 5d levels of Ce3+ 
to the conduction band, causing strong phosphorescence (aft erglow), as can be 
seen in the sample with 85% Ga. Th us, optimization of the cation composition 
in a solid solution makes it possible to achieve optimal values for scintillation 

Fig. 4.11. Th e eff ect of cation substitution on the energy structure of the 
YAG:Ce—YGG:Ce system [105]
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applications of the bandgap and the energy gap between the bandgap edges and 
the ground 4f and excited 5d levels of Ce3+, at which the energy required for the 
formation of an electron-hole pair decreases, and the number of electron traps 
that prevent the transfer of carriers to the activator decreases (see Fig. 4.11). 
Along with that, the closeness of the 5d level of cerium to the conduction band 
causes a strong aft erglow, which can be a problem in the practical application of 
this class of scintillators.

Th e mechanism of thermally stimulated luminescence in garnet crystals is 
based on the release of electrons from deep traps from structural defects (main-
ly oxygen vacancies and antisite defects) and their recombination with holes 
localized around Ce3+ ions. Th us, the study of TSL in Y

3
Al

5-x
Ga

x
O

12
:Ce with a 

variable Ga(x) content can refl ect the change in the location of the energy levels 
of defects in relation to the bottom of the conduction band in the presence of Ga 
in tetrahedral and octahedral positions. Since the bandgap of Y

3
Al

5-x
Ga

x
O

12
:Ce 

varies greatly, the deep trap levels should shift  inside the conduction band, and 
the corresponding TSL peaks will disappear completely.

Th e study of thermally stimulated luminescence makes it possible to deter-
mine the parameters of charge carrier traps and their position in the bandgap of 
the crystal. Th e results of TSL measurements of Y

3
Al

5-x
Ga

x
O

12
:Ce crystals under 

b- and a-irradiation above room temperature are shown in Fig. 4.12. Th e TSL 
peak temperatures of Y

3
Al

5-x
Ga

x
O

12
:Ce crystals with diff erent Ga contents and 

the depths of the corresponding traps are shown in Table 4.5. Th e mechanism of 
TSL in this solid solution is associated with electrons released from deep traps, 
which are most likely oxygen vacancies [252—255], and their subsequent re-
combination with holes localized around Ce3+ ions. Th e main high-energy TSL 
peak in Y

3
Al

5
O

12
:Ce corresponds to temperatures of 586—590 K (Fig. 4.12a, 

Table 4.4. Parameters and excitation energies of TSL peaks in Y
3
Al

5-x
Ga

x
O

12
:Ce 

and energies of releasing electrons from the corresponding traps [213]

Crystal

Temperature of 
the high-energy 
peak, T (K); trap 
depth (eV) upon 

excitation by 
β-particles

Temperature of 
the low-energy 

peak, T (K); trap 
depth (eV) upon 

excitation by 
β-particles

Temperature of 
the high-energy 
peak, T (K); trap 
depth (eV) upon 

excitation by 
α-particles

Temperature of 
the low-energy 

peak, T (K); trap 
depth (eV) upon 

excitation by 
α-particles

Y
3
Al

5
O

12
:Ce 437; 590

 (1.43 eV)
361; 426

 (1.09 eV)
443; 586

 (1.34 еV)
372; 423 
(1.04 eV)

Y
3
Al

3
Ga

2
O

12
:Ce 417; 528 

(0.62 eV)
390 (0.76 eV) 427; 530 

(0.76 eV)
389 (0.6 еV)

Y
3
Al

2
Ga

3
O

12
:Ce 429 (0.54 eV) 360 (0.48 eV) 381; 421 

(0.59 eV)
359 (0.64 eV)

Y
3
Ga

5
O

12
:Ce 357 (0.50 eV) — (0.50 eV) —
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curve 1, Table 4.4). When the Ga content in the crystals increases to x = 2, the 
position of the high-energy TSL peaks is shift ed to temperatures of 528—530 K 
(Fig. 4.12a, b, curves 2). When the Ga content increases to x >2.0, this TSL peak 
is signifi cantly shift ed to temperatures of 421—429 K (Fig. 4.12a, b, curves 3, 
Table 4.4) and to 357—355 K for Y

3
Ga

5
O

12
:Ce (Fig. 4.12a, b, curve 4, Table 4.4). 

Th us, the dependence of the main TSL peak intensity on the Ga content in the 
intervals x = 0—2 and 2—5 can be displayed in the form of two straight lines 
with diff erent slopes. At the same time, this type of dependence on the Ga con-
tent is typical for other optical properties of Y

3
Al

5-x
Ga

x
O

12
:Ce crystals, namely 

the positions of the absorption and luminescence peaks (see Fig. 3.27b), as well 
as the exciton formation energies associated with Ce3+ ions (see Fig. 3.28b). Th e 

Fig. 4.12. TSL parameters of Y
3
Al

5-x
Ga

x
O

12
:Ce crystals depending on gallium content (x): 

when irradiated with β-particles (a) and α-particles (b); corresponding dependences of 
the positions (c) and excitation energy (d) of the high- and low-energy peaks on the 
TSL curves [212]; a, b: 1 — Y

3
Al

5
O

12
:Ce; 2 — Y

3
Al

3
Ga

2
O

12
:Ce; 3 — Y

3
Al

2
Ga

3
O

12
:Ce; 4 — 

Y
3
Ga

5
O

12
:Ce; c, d: 1, 2 — high tempereture peaks; 3, 4 — low tempereture peaks; 1, 3 — 

beta excitation; 2, 4 — alpha excitation [213]
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nonlinear dependence of the optical properties of the Y
3
Al

5-x
Ga

x
O

12
:Ce solid 

solution correlates with the predominant inclusion of gallium and aluminum in 
tetrahedral and octahedral positions, respectively (the issue of structural inho-
mogeneities is discussed in detail in Chapter 4.3).

Th e Ga admixture in Y
3
Al

5-x
Ga

x
O

12
:Ce leads to a strong weakening of the 

intensity of the main TSL peaks in the range of 425—650 K. Th is result corre-
lates well with a signifi cant increase in light yield (see chapter 3.3.4), apparent-
ly due to the exclusion of charge carrier capture centers from the scintillation 
process in samples of the appropriate composition. At the same time, in crystals 
with a higher content of gallium (x >3) and Y

3
Ga

5
O

12
:Ce, TSL is practically ab-

sent above room temperature. In addition to the high-energy peak, there is a 
low-energy peak at 423—426 K for Y

3
Al

5-x
Ga

x
O

12
:Ce crystals. Th is peak is shift -

ed to lower temperatures in the range of 380—390 K for Y
3
Al

3
Ga

2
O

12
:Ce (Fig. 

5.12a,b, curves 2 and Table 5.5) and within 350—360 K for Y
3
Al

2
Ga

3
O

12
:Ce (Fig. 

5.12a,b, curve 3 and Table 5.4); and for the Y
3
Ga

5
O

12
:Ce crystal, it is defi nitely 

below 323 K, beyond the operating range of the TSL measurement setup.

4.2.2. Energy structure of LGSO:Ce

For rare-earth silicates, such as Lu
2
SiO

5 
(LSO), Gd

2
SiO

5
 (GSO), there are no 

noticeable changes in the bandgap depending on the type of rare-earth cati-
on, however, the spread of values for the same compound in diff erent sources 
reaches 0.8 eV. For example, various references give E

g
 values from 6.1 to 6.6 eV 

for GSO [256, 257] and from 6 to 6.8 eV for LSO [258—260]. Since the conduc-
tion band edge in the entire range 0< x< 1 of Lu

2x
Gd

2-2x
SiO

5
:Ce is formed by the 

5d wave functions of Lu3+ and Gd3+, and the valence band is formed by the 2pO 
wave functions, only small bandgap changes with x can be predicted.

Th e positions of Ce3+ levels, as well as the bandgap width in LGSO:Ce crys-
tals with a monoclinic C2/s structure can be estimated using the excitation 
spectra of cerium luminescence (Fig. 4.13a, b). Th e spectra were measured un-
der identical conditions and normalized by the intensity of the fi rst Ce3+ excita-
tion band (the diff erence in cerium concentration between samples was taken 
into account). In general, the excitation spectra of the Ce1 centers of LGSO:Ce 
(C2/s) crystals diff er from LSO by the position of some bands; but for some 
LGSO:Ce solid solutions with the C2/s structure are similar in the entire range 
of concentrations. Only the band positions change. 

As was shown in Fig. 2.9a, the volume of the LGSO unit cell gradually 
increases by ~5% when going from LSO to Lu

0.4
Gd

1.6
SiO

5
. Th is leads to weak 

changes in the strength of the crystal fi eld and a shift  in the 5d levels of Ce3+ in 
the bandgap (Table 4.5). For example, the high sensitivity of the position of Ce3+ 
levels to Y3+ impurity was shown in LYSO:Ce [99]. In LGSO:Ce, the energies of 
4f—5d

1
, 5d

4
, and 5d

5
 transitions of Ce3+ slightly decrease by 0.05—0.1 eV, while 
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Fig. 4.13. Excitation spectra 
of Ce1 centers (l

lum
 = 395 nm) 

and Ce2 centers (l
lum

 = 515 nm) 
in LGSO crystals with the 
C2/s structure. In the excita-
tion spectra of Ce2 centers, 
there is a signifi cant con-
tribution from Ce1 centers. 
Th erefore, curve 1 corre-
sponds to the excitation spec-
trum of Ce2 centers, curve 
2 — to the excitation spec-
trum of Ce2 centers minus 
the contribution from Ce1 
centers. Measurements of the 
selective excitation spectra 
of LGSO:Ce at DESY (Ger-
many) were carried out by 
Dr. A. Belski. Th e results were 
processed and discussed to-
gether with Dr. S. Neicheva

the energies of 4f—5d
2
 and 4f—5d

3
 remain unchanged (Table 4.6). Th e posi-

tion of Ce3+ relative to the conduction band changes by no more than 0.1 eV, 
while, in accordance with our estimates (Table 4.5), the bandgap from LSO to 
Lu

0.4
Gd

1.6
SiO

5
 (within the range of C2/c symmetry) decreases by 0.15 eV. Since, 

judging by the location of the energy levels, the center of gravity of the electron 
shell also shift s, the probability of electron capture from the conduction band 
to the activator and ionization of Ce levels can be predicted to be constant over 
the entire range of solid solutions 0.2 < x < 1. For six-coordinated cerium, the 
transition energies can only be reliably determined for the fi rst two levels. As 
can be seen from Table 4.5, the energy changes of the latter are also insignifi cant 
within 0.05 eV.

Based on the obtained data, a scheme of excited 5d levels of Ce3+ ions in 
some LGSO:Ce solid solution crystals of both structural types was constructed 
(Fig. 4.14). Th e addition of gadolinium to LSO:Ce in the C2/c structure leads to 
a change in the splitting parameters of the 5d levels of Ce3+ ions. 
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However, there is no clear dependence on the concentration of gadolinium 
in the range of 30—80% Gd. For Ce1 (CeO

7
) centers in LGSO:Ce, a shift  of 

the 5d
1
, 5d

4
, and 5d

5
 levels are observed in comparison with LSO:Ce. For Ce2 

(СеО
6
) centers, while the 5d level is split into only 2 levels. In this case, only the 

low-energy level shift s toward lower energies relative to the splitting in LSO:Ce. 
Th us, both centers react to the introduction of gadolinium, but the magnitude 
of the level shift  does not depend on the Gd concentration in the region of 30—
80%. In LGSO:Ce, the Ce1 luminescence bands are shift ed to the long-wave-
length side, however, this shift  is practically independent of the concentration 
of gadolinium in the solid solution, and is due to a change in the splitting of 
the excited 5d levels of Ce1 and the shift  of 5d

1
 closer to the 4f ground state. It 

should be noted that, in contrast to Ce1 centers, Ce2 centers exhibit a shift  in the 
luminescence maximum to longer wavelengths with increasing Gd concentra-

Fig. 4.14. Scheme of 5d levels of Ce3+ ions in diff erent environments, built on the basis of 
the approximation of the excitation spectra in Fig. 5.13 by Gaussian functions

Fig. 4.15. Th e eff ect of cation sub-
stitution on the energy structure of 
LGSO:Ce crystals. Arrows depict possi-
ble schemes of electron transport from 
traps to a Ce3+ activator ion
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Table 4.5. Energies (eV) of the 4f-5d transitions obtained from 
the excitation spectra of Lu

2x
Gd

2-2x
SiO

5
:Ce crystals at the maximum 

of the luminescence band of 7-coordinated Ce (Ce1, λ
lum 

= 395 nm) 
and 6-coordinated Ce (Ce2, λ

lum
 = 515 nm); and energies of the fi rst absorption 

maximum near the fundamental absorption peak in the VUV excitation spectra, 
λ

lum
 = 400 nm (its shift  is proportional to the shift  in the bandgap (E

g
))

Crystal 

composition
0.20 0.40 0.50 0.60 0.75 1

E
g

6.55 — — — — 6.7

CeO
7
 5d

1
3.30 3.28 3.29 3.29 3.28 3.31

CeO
7
 5d

2
3.49 3.47 3.49 3.47 3.46 3.48

CeO
7
 5d

3
3.66 3.66 3.67 3.66 3.66 3.65

CeO
7
 5d

4
4.07 4.07 4.06 4.07 4.08 4.14

CeO
7
 5d

5
4.62 4.62 4.62 4.62 4.60 4.68

CeO
6
 5d

1
3.25 3.23 3.24 3.25 3.24 3.29

CeO
6
 5d

2
3.80 3.79 3.80 3.79 3.79 3.79

tion, although the position of the lower excited level does not change in a series 
of solid solutions with a gadolinium concentration of 30—80 at.%.

Based on this data, as well as the depths of electron traps (see Chapter 4.1), 
a model of the band structure of LGSO:Ce crystals can be built (Fig. 4.15). Th e 
bandgap changes only by 0.15 eV, or by ~2—3% relative to E

g
; this cannot cause 

a signifi cant increase in the number of electron-hole pairs formed per unit of 
ionizing radiation energy (see equation 1.1). While in LSO, the lowest 5d

1
 level 

of cerium is 0.5—0.6 eV below the lower edge of the conduction band [99], the 
Lu3+/Gd3+ substitution reduces this distance to 0.4 eV, which causes the ioniza-
tion of electrons from this level to the conduction band; this is confi rmed by 
the temperature dependence of the light yield (see Fig. 4.6a): with the addition 
of gadolinium, the thermal stability of the light yield deteriorates above room 
temperature, which is one of the reasons for the decrease in the light yield in 
LGSO:Ce with a gadolinium concentration above 50%.

4.2.3. Phenomenological analysis 
of the ΔEg effect on the light yield of solid solutions

Th us, in the example of the LGSO:Ce and YAGG:Ce solid solution systems, it is 
demonstrated that the modifi cation of the crystal energy structure can signifi -
cantly aff ect the light yield, even if these changes amount to a few tens of eV as a 
result of the substitution of atoms in the solid solution. To fi nd out the contribu-
tion of the bandgap change factor, we evaluated its correlation with the concen-
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tration dependence of the light yield 
for known scintillators based on solid 
solutions. Namely, the analysis of the 
deviation of the light yield (L

exp
) from 

the additive values (L
Veg

) in the A
x
B

1-x
C 

solid solution systems (where A and B 

are substituted atoms in the solid solution) was carried out. For analysis, sys-
tems were selected in which a continuous series of solid solutions is formed 
over the entire concentration range from x = 0 to x = 1, the concentration of 
the activator (if present) does not change signifi cantly, the type of structure is 
maintained throughout the entire range of atomic substitution, and there are 
no impurities of foreign phases. Th e only exception is the Lu

x
Y

1-x
BO

3
 system 

[258], where up to 5% of the calcite phase is present in the vaterite phase at a Lu 
concentration >50 at.%. If, in some cases, the main phase is present only in part 
of the concentration range x, this particular range is taken into consideration. 
Th at is, in Lu

2x
Gd

2-2x
SiO

5
:Ce the interval 0.2 < x < 1 is considered, where the 

monoclinic structure C2/c exists; for Gd
3
(Al

1-x
Ga

x
)

5
O

12
:Ce, the 0.2 < x < 1 in-

terval with a garnet structure is considered; and for Lu
1-x

Sc
x
BO

3
:Ce, the studied 

interval is 0.1 < x < 0.9 with the calcite phase. As a result, 21 systems of solid 
solutions were analyzed [88].

Th e deviation of the light yield values from additivity in accordance with 
Vegard’s law was considered [156]. Th is empirical law postulates a linear de-
pendence of lattice parameters, density, and bandgap on the concentration of 
components in a mixed crystal:

                                                    μ
S 
= C

А
μ

А 
+ C

B
μ

В 
,
                                                                      

(4.6)

where C
А
, C

B
 are molar concentrations of components, m is one of the above 

parameters. In our case, it is assumed that in a solid solution, the light yield in 
the general case also obeys Vegard’s law.

Th e method of estimating the deviation of the light yield from the additive 
(linear) dependence is shown in Fig. 4.16. In most cases, the experimental light 
yield exceeds the additive values, that is, the corresponding points are above 
the straight line L

Veg 
= C

A
L

A 
+ C

B
L

B
. Th e deviation from the linear dependence 

can be expressed by the parameter (L
exp

/L
Veg

)
max

, where L
exp

 corresponds to ex-
perimental points, and L

Veg
 is the light yield in accordance with Vegard’s law. 

According to this procedure, the maximum deviation of the light yield from the 
linearity (L

exp
/L

Veg
)

max
 depending on the amplitude of the bandgap change in the 

Fig. 4.16. Procedure for estimating the devia-
tion of the light yield from linearity in scintil-
lators based on solid solutions [88]
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mixed crystal is plotted in Fig. 4.17. In addition to the systems studied in our 
works, bandgap values from the literature are given [88]. 

Despite the signifi cant improvement in light yield in garnets and some halides 
with ΔE

g 
> 0.9, large positive deviations were also observed in systems with small 

changes in E
g
; for example, ΔE

g
 = 0.15 eV in Lu

2x
Gd

2-2x
SiO

5
:Ce. Th e large spread 

of experimental points indicates that the DE
g
 parameter is not determining factor 

for predicting the concentration dependence of the light yield in a solid solution. 
Another reason for the large spread of points in Fig. 4.17 is that there may be dif-
ferent methods of determining the bandgap width in the literature sources used 
— in some cases, it is determined experimentally by luminescence absorption or 
excitation spectra, in other sources, E

g
 was determined theoretically.

Th e light yield should be more sensitive not to the overall change in the 
bandgap width, but to the position of the activator energy levels relative to the 
edges of the conduction band and/or valence band. Such an eff ect was demon-
strated in [92] for LaBr

3-x
I

x
:Ce and by us for LGSO:Ce [6]. In contrast, in the 

brightest multicomponent garnets (Lu,Gd,Y)
3
(Al,Ga)

5
O

12
:Ce (see [76] and 

many subsequent publications), the lowest excited level 5d
1
 in Ce3+ is far enough 

Fig. 4.17. Deviation of the light yield at room temperature from linearity depend-
ing on the diff erence in bandgap widths DE

g
 of the components of mixed crystals: 

GdTa
1-x

Nb
x
O

4
 (GTNO), Lu

1-x
Y

x
BO

3
:Ce (LYBO:Ce), Lu

1-x
Y

x
BO

3
:Eu3+ (LYBO:Eu), Lu

1-x

Y
x
VO

4
:Eu3+ (LYVO:Eu), Lu

1-x
Y

x
VO

4
 (LYVO), Lu

1-x
Y

x
SiO

5
:Ce (LYSO:Ce), Zn

1-x
Mg

x
WO

4 
×

× (ZnMgWO), CeBr
3-x

Cl
x
 (CeBrCl), LaBr

3-x
Cl

x
:Ce (LaBrCl:Ce), LaBr

3-x
I

x
:Ce (LaBrI:Ce), 

Lu
2-2x

Gd
2x

SiO
5
:Ce (LGSO:Ce), CsBr

1-x
I

x 
(CsBrI), BaBr

2-x
I

x
:Eu2+ (BaBrI:Eu), Lu

1-x
Y

x
AlO

3
:

Ce (LuYAP:Ce), Y
3
(Al

1-x
Ga

x
)

5
O

12
:Ce (YAGG:Ce), Lu

3
(Al

1-x
Ga

x
)

5
O

12
:Ce (LuAGG:Ce), 

Lu
1-x

Sc
x
BO

3
:Ce, Ca

1-x
Sr

x
S:Ce (CaSrS:Ce), Bi

4
(Ge

1-x
Si

x
)

3
O

12
 (BGSO), K(Ca

1-x
Sr

x
)I

3
:Eu2+, 

CsCaCl
3-x

Br
x
:Eu (CCCB:Eu) [88]
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from the conduction band edge, and the shallow trap levels merge with the con-
duction band. A similar situation was observed in Lu

1-x
Sc

x
BO

3
:Ce [98]. In prin-

ciple, based on available literature data (see [259—264] and references therein) 
for solid solutions containing an activator, a phenomenological dependence 
between the light yield and the energy gap between the activator levels and the 
edges of the bandgap can be plotted. However, it is quite obvious that the ob-
tained trend, for example, for scintillators activated by Ce3+, will follow the pre-
dictions [264]: (i) the larger the energy gap between the ground state and the 
valence band edge of the activator, the less likely is hole capture on Ce3+ because 
phonons and photons with higher energy are required for the energy transition; 
(ii) the lowest 5d level should not be located close to the conduction band to 
prevent thermal ionization of electrons from it.

On the other hand, in systems where atomic substitution strongly aff ects 
the energy structure, there are more opportunities to fi nd the optimal position 
of the energy levels of the activator and/or traps relative to the bandgap edg-
es, as was shown for garnets [12, 76]. Th us, systems with a large ΔE

g
 are more 

promising in the search for scintillators based on solid solutions with improved 
light yield.

4.3. Clusterization in solid solutions and its causes

4.3.1. Inhomogeneities in metal alloys

In the structure of crystals of solid solutions, there are volumetric spatial in-
homogeneities (or clusters, domains) enriched in one of the substituted atoms. 
For the fi rst time, this was clearly shown in metal alloys, where the formation 
of potential barriers at inhomogeneities in the crystal causes a limitation of the 
diff usion of charge carriers and an increase in their electrical resistance, as was 
indicated in Chapter 1.3.2. Th e clustering eff ect in metal alloys is called «short-
range order» [265—268] in contrast to the long-range translational order of the 
arrangement of atoms in a single crystal. Signs of the formation of domains in 
alloys are the broadening of the X-ray diff use scattering peaks, as well as the de-
viation of the dependencies of physical properties (lattice parameters, electrical 
resistance) from Vegard’s law. To describe short-range ordering in metals, the 
parameter of short-range ordering (SRO) energy was introduced [265—267], 
according to formula 4.8, obtained under the condition that each atom, due to 
its interatomic interactions polarizes the surrounding atoms of diff erent types, 
which, in turn, are in the fi eld of surrounding atoms polarizing the medium:

                          1 1
2SRO A A j i j iU C C r r      

,                                       (4.8) 

where C
A
 is the concentration of A atoms;  j ir r 

 
 is the partial ordering en-

ergy; α
i
, α

j 
are the SRO parameters for the 

i
-th and j-th atomic layers around 
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a certain atom. Th e C
A
(1 − C

A
) factor is universal for any system and has a 

maximum of around 0.5. In turn, the SRO parameters, which are also called 
the Warren-Cowley parameters (formula 4.9) depend on the probability AB

l  of 
atom B being at a distance r

j
 from atom A at concentration C

B
 of atom B in the 

solid solution:
                                                 1 AB

l l B/ C   .                                            (4.9)

For most of the more than 50 investigated alloys, the value of α
l
 turned 

out to be negative. Th ese include, in particular, alloys of noble and transition 
metals with each other and with base metals. Typical examples are Cu-Au, Ag-
Au, Ni-Pt, Fe-Al, Au-Pd, Ni-Al, Ag-Mg, Cu-Zn, V-Nb, Mo-Ti, Pd-W. Neverthe-
less, among such groups of metals, there are also alloys with α

l
 >0, for example, 

Ni-Au, Cu-Ni, Al-Ag (at С
Al 

>>C
Ag

), Nb-Ti, Mo-W. Various criteria have been 
proposed to predict the dependence of the α

l
 parameter (ionic radii of the com-

ponents, the average valence of the alloy, or a comparison of the valences of the 
solvent and the dissolving element). But it turned out that such criteria can be 
extended to a suffi  ciently small number of alloys. It turned out that to calcu-
late short-range ordering, it is necessary to calculate the ordering energy within 
the framework of the modern electronic theory of short-range ordering, which 
takes into account not only direct interionic interactions, but also interionic 
interactions through a gas consisting of conduction electrons [266, 267].

4.3.2. Manifestations of nanoscale inhomogeneities 
in mixed dielectric crystals

In dielectric crystals, spatial stratifi cation can cause limited diff usion of charge 
carriers with low energies of the order of kT. Limiting the diff usion of electrons 
and holes should increase the probability of genetic recombination (recombi-
nation of an electron and a hole formed in one act of carrier reproduction). It is 
noteworthy that the concentration dependences of the light yield in most of the 
solid solutions of the scintillators we considered have a maximum at a compo-
nent ratio of 1:1 (Fig. 4.1). For the fi rst time, the connection of light yield with 
the limitation of charge carrier diff usion on inhomogeneities in scintillation 
crystals was assumed in [11] for LuYAP:Ce. As confi rmation of the better diff u-
sion of carriers to the luminescent center, it was proposed to evaluate it in rela-
tion to the intensity of the VUV luminescence excitation spectra. One pair with 
energy close to E

g
 is formed upon excitation near the edge of the fundamental 

absorption. Two–four e-h pairs can be formed upon excitation by photons with 
energies of 3—5E

g
, if the average energy of electrons and holes is approximately 

0.5E
g
 in relation to the bottom of the conduction band and the upper edge of 

the valence band. During thermalization, some of them can diff use to a distance 
greater than the radius of capture by the cerium ion and not participate in the 
scintillation process, but lead to aft erglow and other slow processes. Th us, the 
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ratio of luminescence intensities upon excitation at 20—30 eV (~4E
g
) and 

6—7 eV (~E
g
) is a characteristic of the participation of electron-hole pairs in the 

scintillation process.
Th e ratio of I(~4E

g
) to I(~E

g
) in the LuYAP:Ce solid solution was the larg-

est in the range of intermediate concentrations around x = 0.5 (Fig. 1.11). In 
this work, similar dependencies were calculated for the LGSO:Ce and YAGG:Ce 
systems (Fig. 4.18). Both dependencies have a maximum at a component ratio 
of about 1:1. In LGSO:Ce, this ratio was measured separately upon excitation 
of the Ce1 and Ce2 centers. Th e excitation effi  ciency of Ce1 turned out to be 
approximately twice as high as that of Ce2. Similarly, based on excitation spec-
tra over a wide energy range (Fig. 3.26), the effi  ciency of the excitation process 
of Ce in YAGG:Ce at energies >>ΔE

g
 was estimated, which involves the se-

quential capture of a hole and an electron by cerium of separated electron-hole 
pairs (Fig. 4.18). Th e effi  ciency of energy transfer to the activator increases by 
1.5 times in the intermediate composition relative to YAG:Ce.

Th e dependence of the effi  ciency of charge transfer to the luminescent 
center is signifi cant, but indirect evidence of the contribution of inhomogenei-
ties to the scintillation process. Since the size of such inhomogeneities did not 
exceed several tens of nm, their direct observation is complicated. According 
to the authors’ experience, Transmission Electron Microscopy (TEM) is not 
eff ective because the sample thickness must be comparable to these inhomo-
geneities (domains). Crystal samples a few nanometers thick with atomically 
pure surfaces are very diffi  cult to prepare. Apparently, the limit of this method 
is Y-fl uctuations of ~50—100 nm size in LYSO:Ce, which were observed by the 
TEM method in combination with Energy Dispersive Spectroscopy [269].

Among other indirect evidence of the existence of inhomogeneities in di-
electrics, by analogy with metals, we should once again recall the nonlinear 
dependence of lattice parameters on the ratio of components in MgO-FeO, 
MgO-LiFeO [159] and PbF

2
-CdF

2
 [160]. Based on the studies presented in this 

monograph, other signs of the infl uence of heterogeneity on the scintillation 
process can be noted. In Gd(Nb

x
Ta

1-x
)O

4
, although the ionic radii of Nb5+ and 

Fig. 4.18. Excitation transfer ef-
fi ciency of the Ce3+ luminescent 
center: a — in LGSO:Ce (ratio 
of 400 nm luminescence excita-
tion spectrum intensities, I(30 
eV)/I(7 eV)); b — in YAGG:Ce 
(ratio of 520—540 nm lumines-
cence excitation spectra intensi-
ties, I(22.3 eV)/I(5.36 eV) [88]
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Ta5+ are identical [112] and the light yield at room temperature varies linearly 
with the composition of the solid solution [190], we have obtained facts indicat-
ing the existence of spatial inhomogeneities (see Section 3.2.2), namely:

• the broadening of thermally stimulated luminescence peaks for interme-
diate concentrations (Fig. 3.21) means a wider distribution of the activation 
energy of the traps corresponding to these peaks, i.e. the traps are in a diff er-
ent cationic environment, and their depth depends on the spatial fl uctuations 
of the bandgap;

• nonlinearity of light yield at 16 K and its linearity at 300 K (Fig. 3.23b). 
Since charge carriers in crystals are in a periodic electrostatic fi eld formed by 
matrix ions, in a mixed crystal, the amplitude of fl uctuations of the crystal fi eld 
increases in the case of the formation of clusters enriched with one of the sub-
stituted atoms. Th e diff erence in the bandgap (ΔE

g
) also matters, so the cluster 

boundaries become potential barriers that reduce electron and hole scattering 
at ΔE

g
 >> kT. In the system under consideration, ΔE

g
 between GdTaO

4
 and 

GdNbO
4
 is 0.8 eV [63]). Since kT is 19 times greater at 300 K than at 16 K, the 

limitation of carrier diff usion at 16 K causes an increase in the light yield in 
intermediate compositions, while at 300 K it changes additively. It is also nec-
essary to take into account the increase in the radius of the Onsager sphere at 
low temperatures.

4.3.3. Selective incorporation of substituted atoms 
into the crystal lattice in a solid solution

When considering the reasons that cause inhomogeneities in the crystal lat-
tice, fi rst of all, it is necessary to identify systems where the replaced atoms 
can occupy diff erent non-equivalent positions. Th e characteristic sizes of these 
inhomogeneities range from several angstroms (equal to the distance between 
equivalent crystallographic positions in the crystal lattice). We studied in detail 
the distribution of substituted atoms in non-equivalent positions in two solid 
solution systems activated by cerium —LSO-GSO and YAG—YGG.

In the structure of oxyorthosilicates, the rare-earth cation occupies two 
crystallographic positions in the REO

7
 (RE1) and REO

6
 (RE2) polyhedra. X-ray 

structural analysis and optical methods showed that in both structural types 
of the LGSO:Ce monoclinic lattice, Gd3+ and Ce3+ atoms with larger ionic radii 
occupy seven-coordinated oxygen positions with a larger average distance from 
the rare earth atom to the oxygen environment (Fig. 4.19). Th e dynamics of Lu3+ 

incorporation into matrices with diff erent types of spatial symmetry is shown 
in Fig. 4.20.

Th e distribution coeffi  cient of Gd into LSO estimated from these data is 1.2 
in LnO

7
 polyhedra and 0.8 in LnO

6
 polyhedra. An even more remarkable diff er-

ence in the incorporation coeffi  cient k(Lu) = 0.65 is observed for the symmetry 
P2

1
/c in LnO

7
, while for LnO

9
 polyhedra, the amount of Lu does not exceed 
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the error of the X-ray diff raction method. Th us, Gd atoms mainly occupy sev-
en-coordinated positions in LGSO with C2/c symmetry and nine-coordinated 
positions in LGSO with P2

1
/c symmetry. Th is result is natural, since Gd3+ ions 

with an ionic radius of 0.94 Å tend to substitute Lu3+ (r = 0.86 Å) in a position 
with a larger volume, where the average bond length between Lu3+ and the sur-
rounding oxygen atoms are 2.32 Å (2.23 Å in a six-coordinated position) [164].

Th e phase analysis of LGSO:Ce fi bers grown by the micro-pulling method 
[144] confi rms the substitution of Lu/Gd in six- and seven-coordinated poly-
hedra in the crystals; this indicates that the distribution of atoms over crystallo-
graphic positions are independent of the growth method.

As for the spatial heterogeneity (Fig. 4.19), it should be noted that the LnO
7
 

and LnO
6
 polyhedra form columns or layers oriented along certain crystallo-

graphic directions. Th e relative placement of Ln1 and Ln2 is diff erent in the 
P2

1
/c and C2/c structures. Th e example of the P2

1
/c structure clearly shows the 

spatial inhomogeneity of the arrangement of Ln1 and Ln2 in the corresponding 
layers alternating along the [100] direction with a minimum distance of 6.15 Å 
between them. Th us, there is a clear spatial separation of Lu and Gd enriched 
layers. In contrast to P2

1
/c, there is no obvious segregation of Lu and Gd in the 

C2/c structure, and we can only talk about columns enriched in the correspond-
ing atoms. Moreover, the smallest distance between the Ln1 and Ln2 positions 
is only 3.47 Å.

Th e distribution of Ce3+ possesses the largest ionic radius among the lan-
thanides (1.02 Å) is even more heterogeneous; this in turn aff ects the scintil-

Fig. 4.19. Crystal lattices of GSO (monoclinic structure P2
1
/c) and LSO (monoclinic 

structure C2/c) assembled using the program «Balls&Sticks» [269]). Colored balls in-
dicate lanthanide atoms with diff erent oxygen coordination. SiO

4
 polyhedra are marked 

with small balls [88]
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lation parameters of the crystals. According to EPR and Raman spectroscopy 
data for LSO:Ce, the fraction of Ce located in the six-coordinated position is 
5—10% [164, 165]. Th us, Ce3+ is also mainly concentrated in Ln1 polyhedra.

Th e change in the splitting parameters of the 5d levels in Ce3+ 
(Table 4.5) and the change in the probability of electronic transitions (Fig. 4.14) 
indicates that the Ce centers in LSO, GSO, and for medium LGSO concen-
trations have diff erent environments. Th e arrangement of cerium in the cor-
responding positions can be estimated using the kinetics of the luminescence 
decay of these centers. Th e decay times of the Ce1 and Ce2 centers in LSO and 
GSO coincides with literature data [271—272]. Th e luminescence kinetics of 
Ce1 and Ce2 centers in LGSO solid solutions diff ers signifi cantly from the ki-
netics in solid solution components (Fig. 4.21 and Table 4.6).

In GSO:Ce and LGSO:Ce crystals with the P2
1
/c structure, the decay kinetics 

of Ce1 centers, as well as their excitation and luminescence spectra (Fig. 4.13), 
practically do not depend on the introduction of lutetium and are described by 
a single exponent with a characteristic decay time of ~22 ns, while the kinetics 
of Ce2 centers signifi cantly depends on the crystal composition (Fig. 4.21 and 

Table 4.6. Luminescence decay times of Ce1 and Ce2 centers in LGSO:Ce

Structure 

type
Crystal composition 

Decay time at 300 K, ns

Ce1 Ce2

P2
1
/c GSO: 0.6% Ce 23 4 (100%)

LGSO:Се 5% Lu 22 5 (46%) + 23 (54%)

LGSO:Се 10% Lu 22 5 (30%) + 25 (70%)

LGSO:Се 20% Lu 21 6 (25%) + 30 (75%)

C2/c LGSO:Се 20% Lu 7 (31%) + 23 (69%) 42

LGSO:Се 40% Lu 8 (21%) + 26 (79%) 47

LGSO:Се 50% Lu 9 (20%) + 27 (80%) 47

LGSO:Се 75% Lu 12 (18%) + 31 (82%) 46 + background

LSO 30 42 + background

Fig. 4.20. Lu concentration in diff erent 
oxygen coordination positions in LGSO 
depends on Lu concentration in the 
melt according to X-ray diff raction data 
[110, 144]. Dashed lines indicate a pos-
sible trend [88]: 1 — 6-coord C2/c; 2 — 
7-coord C2/c; 3 — 7-coord P2

1
/c; 4 — 

9-coord P2
1
/c
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Table 4.6). At the same time, a change in the splitting of the 5d levels is observed 
for Ce2 (Figs 4.13, 4.14, and Table 4.5). In this case, the decay kinetics also 
changes: along with the short component (4 ns) due to temperature quenching 
of Ce2 centers [180], an additional long component (~25 ns) appears, and the 
contribution of this component increases with increasing lutetium concentra-
tion. Taking into account the presence of lutetium in the Ln2 positions, it can be 
predicted that part of the Ce2 centers is located in the «normal» environment of 
gadolinium ions, and the other part of Ce2 has lutetium ions in the immediate 
environment. As a result: 1) the symmetry of the crystal fi eld changes, which 
aff ects the splitting of energy levels, and 2) lattice parameters change, which 
leads to a change in the energy expenditure for the relaxation of Ce2 centers, 
and, accordingly, to a change in the temperature dependence of the lumines-
cence kinetics. Considering the layered structure of GSO and suffi  ciently large 
distances between the layers (Fig. 4.19a), it can be stated that the Ce2 centers are 
surrounded by lutetium, and Ce1 is mainly surrounded by gadolinium.

Fig. 4.21. Luminescence decay curves of Ce1 (λ
exc 

= 300 nm, λ
lum 

= 395 nm) and Ce2 
(λ

exc
 = 325 nm, λ

lum
 = 525 nm) centers in GSO:Ce, LSO:Ce and LGSO:Ce crystals with 

diff erent gadolinium content. Measurements of LGSO:Ce decay kinetics were carried out  
by Dr. S. Neicheva (ISMA)
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In the C2/c structure, the luminescence of the Ce1 and Ce2 centers is char-
acterized by monoexponential decay with constants of 30 ns and 42 ns, respec-
tively, which corresponds to literature data [271—272]. In LGSO:Ce with the 
C2/c structure, the luminescence decay of Ce2 centers is delayed (τ = 47 ns) 
compared to LSO:Ce, but does not depend on the crystal composition in the 
range of 30—60% Gd. A fast component appears in the decay kinetics of Ce1 
centers and its contribution increases with the concentration of gadolinium 
ions. With the addition of gadolinium, the decay time of the second, slower 
component decreases from 30 ns (similar to the decay time of Ce1 in LSO) to 23 
ns (similar to the decay time of Ce1 in GSO). Th e change in the decay kinetics 
of Ce1 centers indicates that the introduced gadolinium is located around Ce1, 
while the environment of Ce2 remains unchanged. In addition, the appearance 
of a fast decay component in mixed compositions indicates the energy transfer 
from the Ce1 center to Ce2. Th is is due to the close location (about 3.47 Å) of 
the centers in the Ln1 and Ln2 crystallographic positions in the C2/c structure. 

Th us, the Ce1 and Ce2 luminescent centers are in diff erent environments 
in LGSO:Ce crystals, which confi rms the spatial inhomogeneity in the Lu and 
Gd distribution in these solid solutions, caused by the selective occupation of 
non-equivalent positions by atoms in the crystal lattice. Th e selective occupa-
tion of crystallographic positions with Al3+ and Ga3+ ions was investigated in the 
Y

3
Al

5-x
Ga

x
O

12
 system, which, as noted above, forms a continuous series of solid 

solutions with the garnet phase in the entire x range from 0 to 5. In YAGG:Ce, 
Al3+ and Ga3+ can occupy a tetrahedral position coordinated by four oxygen 
atoms and an octahedral position coordinated by 6 oxygen atoms [273]. In the 
stoichiometric structure of garnet, the ratio of the number of tetrahedral posi-
tions to octahedral positions is 3 to 2 (Fig. 4.22).

In Chapters 2 and 4, it was shown that the optical properties of 
Y

3
Al

5-x
Ga

x
O

12
:Ce garnets vary nonmonotonically with respect to x. In this case, 

it is possible to distinguish concentration intervals x ≤ 3 and x >3 with diff erent 
types of optical and luminescence properties, which may be caused by Ga3+ ions 
occupying diff erent crystallographic positions in these intervals. At the same 
time, the features of Al/Ga substitution in octahedral and tetrahedral positions 
in Y

3
Al

5-x
Ga

x
O

12
:Ce crystals were not fully elucidated. However, this issue is very 

important in the development strategy of multicomponent garnets for both 
scintillators and phosphors [275] and luminescent converters for LEDs [276]. 
Due to the relative proximity of their ionic radii [138], aluminum and gallium 
can occupy both tetrahedral and octahedral positions in the garnet structure. In 
experiments [107, 277], and as a result of theoretical calculations [278—279], a 
predominant occupation of tetrahedral positions with Ga3+ ions in the garnet 
structure was observed. However, in other works, it was claimed that octahedral 
positions are predominantly occupied by gallium [283].

Since the occupation of crystallographic positions aff ects the energy struc-
ture and optical properties of the crystal, this phenomenon required a more 
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Fig. 4.22. Structure of YAGG:Ce crystals [273]

detailed study. In recent years, aluminum occupancy of crystallographic posi-
tions in Y

3
Al

5
O

12
, Y

3
Ga

5
O

12
 powder samples and mixed Y

3
Al

5-x
Ga

x
O

12
 (x = 0, 1, 

2, 3, 4.5) was investigated by NMR and EXAFS methods [277—284]. Nuclear 
magnetic resonance (NMR) provides a unique opportunity to quantitatively 
determine the occupation of crystallographic positions, and is the optimal tool 
for such studies.

It was determined that (i) gallium ions preferentially occupy smaller tetra-
hedral positions, while (ii) Al ions preferentially occupy octahedral positions, 
despite the smaller ionic radius compared to Ga. Based on the obtained results, 
the non-monotonic dependence of the optical properties of Y

3
Al

5-x
Ga

x
O

12
:Ce 

on the Ga/Al ratio can be associated with the predominant occupancy of tet-
rahedral and octahedral positions in the garnet structure by Ga and Al ions, 
respectively. However, unlike LGSO:Ce crystals with a monoclinic structure, 
where lanthanide atoms form layers enriched with one of the atoms along a cer-
tain crystallographic direction, in the structure of garnet, tetrahedral, and octa-
hedral positions enriched with Al3+ or Ga3+ are arranged in the form of columns 
oriented along certain crystallographic directions (Fig. 4.23). In particular, in 
the gadolinium gallium garnet Gd

3
Ga

5
O

12
 structure, gallium-enriched columns 

of atoms are oriented along the [100], [010], [001] directions with interatomic 
distances of 6.191 Å and along the [111] direction with interatomic distances of 
5.362 Å. Th e aluminum-enriched columns are oriented along the [110], [101], 
[011] directions with interatomic distances of 3.461 Å.

Fig.4.23. Spatial structure of garnet RE
3
(Al,Ga)

5
O

12
, constructed using the Balls&Sticks 

program [270]. Large balls indicate rare earth atoms in dodecahedral positions, small balls 
indicate Al and Ga atoms in tetrahedral or octahedral positions (oxygen atoms are not 
shown for simplicity). Arrows indicate columns of atoms in tetrahedral coordination along 
the [100] crystallographic direction, which in a mixed crystal preferably contain Ga3+ [88]
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To date, there is no explanation why Ga3+ predominantly occupies tetra-
hedral sites in Y

3
(Lu

3
)Al

5-x
Ga

x
O

12
 mixed garnets. Moreover, the exact determi-

nation of the Ga/Al distribution in yttrium garnets and, especially, in luteti-
um ones is an important problem, because the occupation of cation positions 
strongly aff ects the energy structure and location of the 5d levels of Ce3+, as 
well as the energy levels of other impurities and lattice defects in the band-
gap. Th e explanation of this phenomenon is also a task for theoretical research 
[279—284].

4.3.4. Study of microinhomogeneities 
in dielectric crystals

Inhomogeneity in the form of domains or clusters enriched with one of the 
substituted atoms can also be related to certain features of the solid solution or 
the method of crystal obtaining. Th e size of such clusters can range from several 
angstroms (the distance between equivalent crystallographic positions in the 
crystal lattice) to several micrometers. Using confocal luminescence microsco-
py, we experimentally demonstrated the existence of such microinhomogenei-
ties — domains, 1—3 μm in size, enriched with Lu or Gd, in LGSO:Ce.

In bulk crystals grown by the Czochralski method or similar methods, the 
concentration of impurities usually increases smoothly from the point of nucle-
ation to the point of separation of the crystal from the melt. Th e concentration 
gradient of impurity and matrix atoms in the mixed crystal is convenient to 
observe on the fi bers obtained by the micro-pulling method. Th e phenomenon 
of radial segregation of matrix cations in a solid solution is conveniently studied 
using the example of LGSO:Ce fi bers (the procedure for their preparation is de-
scribed in Section 2.3.1). Th e Ce1 and Ce2 excitation spectra (Fig. 4.24) are sig-
nifi cantly overlapped, thus their contributions to the total spectrum are diffi  cult 
to separate. At the same time, excitation at 405 nm used in confocal microscopy 
made it possible to selectively excite Ce2 centers.

 Since the cerium luminescence band wavelength and luminescence inten-
sities of the Ce1 (CeO

7
) and Ce2 (CeO

6
) centers depend on the Lu/Gd ratio in 

the host (Fig. 3.2), the use of high spatial resolution microscopy, when both Ce 
centers are excited with a halogen lamp, and the spatial distribution of the con-
centration of Lu/Gd matrix cations in the crystals can be estimated by selective 
laser excitation of CeO

6
 centers.

Th e general view of the samples irradiated with electrons is shown in 
Fig. 4.25. Inclusions in the form of rods or twisted planes oriented along the 
fi  ber axis are clearly visible. Th e thickness of these rods and planes is 1—3 μm, 
and the length is up to several mm. Bright lines on the periphery of the longitu-
dinal section look like cracks. Nevertheless, there are no visible brightness gra-
dients from the center to the periphery, or along the fi ber, unlike, for example, 
LuAG [143] studied under similar conditions. Th is indicates a fairly homoge-
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neous Ce3+distribution in LGSO. Photographs of the samples under excitation 
with a halogen lamp are shown in Fig. 4.26. Areas 1 and 2 (red rectangles in Fig. 
4.25) are the «center» and «periphery» of sample 2, areas 3 and 4 are the «mid-
dle» and «periphery» of sample 3.

As can be seen, the samples are not similar; however, there is no noticea-
ble change in the luminescence intensity from the center to the periphery in 
the cross-section (area 2) and also along the fi ber in the longitudinal section 
(area 3). Th e bright lines on the longitudinal section are obviously cracks. Many 
bands of inclusions along the fi ber axis are clearly visible as well in Fig. 4.26. As 
can be seen (section 1), the central part of the fi ber has a diameter of about 1 mm 
without visible inclusions; along the periphery (area 2), there are a few cracks with 
a large number of inclusions, which appear brighter. Th e brightest color of the 
inclusions can be explained by both a local increase in the Ce concentration in 
them and by light scattering. Photos of areas 2—4 clearly demonstrate that these 
inclusions have the shape of twisted plates oriented along the fi ber axis.

Th e evolution of the luminescence spectra of the samples upon simultane-
ous excitation of both Ce3+ centers is illustrated in Fig. 4.27. Th e spatial integrat-
ed intensity of photoluminescence was greater in the peripheral regions in both 
samples. Th e photoluminescence spectra consist of two overlapping bands with 
maxima around 500 and 570 nm. Th e peak at 500 nm is associated with CeO

6 

emission, and the band at 570 nm is associated with defects around Gd. Th is 

Fig. 4.24. Excitation and luminescence spectra of Ce1 and Ce2 
centers in LSO:Ce (b) and Lu

0.5
Gd

1.5
SiO

5
:Ce (a) [285]
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Fig. 4.26. Microscope photo of areas selected in Fig. 4.25 of samples 
excited by a halogen lamp [285]

Fig. 4.25. Photo of transverse (left ) and longitudinal (right) sections 
of samples under cathodoluminescence excitation. Th e studied areas 
are numbered from 1 to 4 [285]

confi rms that both the total cerium concentration and the Gd concentration in-
crease from the center to the periphery of the fi ber. Th e emission of CeO

7 
with a 

peak at 420 nm is not clearly distinguished due to the cutoff  of the luminescence 
at <420 nm by the fi lter used in the experiment.

To fi nd out whether the Gd content increases monotonically from the center 
to the periphery or if its distribution is inhomogeneous, the spatial distribution 
of photoluminescence in the same samples was studied using high-resolution 
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confocal microscopy (Fig. 4.28). Here you can trace areas with diff erent lumi-
nescence parameters. In particular, you can compare the spectra of lumines-
cence, bright and dark areas.

Since inclusions are accumulated on the periphery, Fig. 4.28 presents a small 
section of area 4. It can be seen that the changes in the luminescence intensity 
between areas 1 and 2 in the fi gure on the left  correspond to the change in the 
center of mass of the spectrum in the fi gure on the right. Th e spectra measured 
in diff erent regions and the diff erential spectrum (Fig. 4.29) certainly contains 
a spectral component of 550—600 nm, present only in Gd-containing samples 
and can be tentatively attributed to Gd-related defects. If visually brighter areas 
correspond to inclusions (area 1 in Fig. 4.28), it can be concluded that Gd main-
ly accumulates in inclusions.

Th e obtained results have shown that the LGSO:Ce fi ber consists of a solid 
central part with a diameter of about 1 mm and a periphery with a large num-
ber of inclusions and cracks. Th e diameter of the central part coincides with the 
inner diameter of the crucible capillary (1 mm). Th ere is no noticeable increase 
in total luminescence intensity from the center to the periphery of the fi ber. 
It should be noted that the brighter luminescence observed in the inclusion 
regions can also be caused by light scattering. Th e inclusions in the peripheral 
part have the shape of intersecting lines or layers forming single-crystalline col-

Fig. 4.27. Photoluminescence spectra of diff erent 
areas of sample 2 (a), and spectra normalized to the 
maxi mum (b) [284]

Fig. 4.28. Spatial distribution of intensities of LGSO:Ce 
photoluminescence peaks and their LGSO:Ce mass 
centers (left ) upon excitation at 405 nm [285]

▶
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umns oriented along the fi ber axis. 
Th e brightest luminescence, excited 
by a halogen lamp (Figs 4.25, 4.26) 
and the appearance of the lumines-
cence band in the range of 550—600 
nm upon selective excitation of Ce2 
(Fig. 4.29) in the regions of inclu-

sions indicate the accumulation of both Gd and Ce in them. Th us, the radial 
distribution of Gd and Ce outside the central part of the fi ber is inhomogene-
ous, with a higher concentration in the inclusion regions.

Th us, the results obtained confi rm the existence of bulk clusters 1—3 μm in 
size, enriched in Gd ions in LGSO:Ce crystals. Th e existence of such large clus-
ters makes obvious also the existence of nano-sized clusters, although existing 
methods are not capable of direct experimental confi rmation. Th e inclusions 
form scattering centers and lead to a decrease in optical transparency and, as a 
consequence, a drop in the light yield in the fi bers is observed [145]. Since Gd 
and Ce have signifi cantly larger ionic radii, their concentration leads to loos-
ening of the lattice and the appearance of cracks on the periphery of the fi ber. 
Th us, the large diff erence in the ionic radii of the competing Lu3+, Gd3+, and 
Ce3+ cations does not allow producing fi bers completely free of cracks using the 
micro-pulling method. Mainly, the cracking is apparently related to Gd, whose 
concentration is 2 orders of magnitude higher than Ce.

At the same time, single-crystalline columns separated by cracks and in-
clusions and oriented along the fi ber axis can, in fact, be used in scintillation 
detectors to visualize X-ray or g-measurements with high spatial resolution. 
Th ere are well-known examples of phase-separated fi bers based on CsI [285] 
and in the Gd

2
O

3
—Al

2
O

3
 system [287], as well as in the LiF/CaF

2
/LiBaF

3
 terna-

ry system [288] formed the due to a targeted shift  in the composition of the melt 
from the stoichiometry to the eutectic composition. As a result, the columnar 
structure of the scintillator with a higher refractive index (for example, GdAlO

3
 

(GAP:Ce)) is located in a matrix with a lower refractive index (Al
2
O

3
). Light 

propagates in such scintillator columns due to the complete light refl ection. In 
the case of LGSO:Ce fi bers grown by the micro-pulling method, compartments 
are formed due to the segregation of Gd3+ to the periphery of the fi ber. Refl ec-
tion or scattering of light can occur due to the opacity of inclusions and cracks 
between single-crystalline columns. Th e size of the columns should depend on 
the Gd and possibly the Ce content, so it is a matter of optimizing the fi ber 
growth technology.

Fig. 4.29. Photoluminescence spectra 
of areas 1 and 2 highlighted in Fig. 4.28, 
and the diff erential spectrum of areas 1 
and 2 during selective excitation [285]
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4.3.5. Phenomenological analysis of the correlation 
between the ratio of the volumes of substituted ions (RA/RВ)3 
and the light yield in solid solutions

Analysis of the cluster formation mechanisms and their manifestation in the 
physical properties of mixed crystals (sections 4.3.1.—4.3.4) has shown that, 
from a practical point of view, the most important issue is the ability to predict 
clustering phenomena in a solid solution based on the parameters of its compo-
nents. In other words, how can the affi  nity of substituted AA, BB, or AB atoms 
can be controlled in the A

1-x
B

x
C solid solution system?

Factors causing clustering can be divided into chemical and physical ones. 
As for chemical factors, in each specifi c case, the presence of chemical com-
pounds between substituted atoms should be taken into account. Among sys-
tems of mixed scintillators, clustering is more likely in halide scintillators with 
substitution for the anions I−/Br−, I−/Cl−, Br−/Cl−, which are form diatomic mo-
lecules I

2
, Br

2
, Cl

2
 in a free state. Although such molecules exist only in the gas-

eous state, it is possible to foresee a certain affi  nity between them in the compo-
sition of solid dielectrics and, therefore, the tendency to form AA or BB clusters. 
If there are chemical compounds between A and B, such as 2Nb

2
O

5 
∙
 
Ta

2
O

5
 in the 

binary system, Nb
2
O

5
—Ta

2
O

5
, the affi  nity of the AB type can be expected.

In general, to assess the affi  nity of the AB type, it is necessary to take into 
account for the covalent chemical bond energy between these two elements 
(relative to the hypothetical covalent bond between them), which is proportion-
al to the diff erence in their electronegativities according to Pauling’s empirical 
formula (c

А
 and c

В
 — electronegativities of elements A and B):

                                      0.208 ∙ Δ(A-B)1/2 = |χ
А
 − χ

В
 |.                               (4.10)

Th e Nb-Ta affi  nity estimated in Gd(Nb
x
Ta

1-x
)O

4
 is low due to similar elec-

tronegativities of 1.5 in Ta and 1.6 in Nb according to the Pauling scale [289]. 
Th e D(Ta—Nb) value is about 30 kJ/mol. At an average covalent chemical bond 
energy of several hundred kJ/mol, the value of D(Ta—Nb) can be neglect-
ed. Among the solid solutions we are considering, Zn and Mg (Zn

1-x
MgWO

4
 

system) have the largest electronegativity diff erence of 0.3 units. Consequent-
ly, in most solid solution systems, there are no clear chemical factors causing 
AB affi  nity.

Th e size factor is also considered as an important reason for clustering. Th e 
selective substitution of atoms in the lattice is caused predominantly by the ion-
ic radii of these atoms; however, in the case of large clusters of the same type 
atoms, when the sizes of the substituted atoms are close, R

A 
» R

B
, the deforma-

tion of the crystal lattice is insignifi cant. In systems with too large diff erences 
in ionic radii (according to the Goldschmidt criterion, at R

A
/R

B 
> 1.15), there is 

a danger of the formation of a block structure and the destruction of the single 
crystal, or at least the formation of inclusions of another phase, or cracks due 
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to mechanical stresses, which negatively aff ects the optical transparency and 
scintillation parameters. Th is estimate is very approximate and in each specifi c 
case, the isomorphic capacity of each specifi c type of crystal lattice should be 
taken into account. To maintain the lattice integrity and minimize mechanical 
stresses in it at R

A 
>> R

B
, the size of these clusters should be limited, and layers or 

clusters enriched with the other atoms should form around them. Th erefore, the 
physical factor causing the affi  nity of AA and BB atoms (see section 1.3) should 
be the ratio of their sizes R

A
/R

B
.

To check the correlation between the ratio of the ionic radii of substituted 
atoms and the concentration dependence of the light yield in crystals of solid 
solutions, a phenomenological dependence of the light yield deviation from the 
additive values (L

exp
/L

Veg
)

max
 on the ratio of the volumes occupied by the sub-

stituted ions (R
A
/R

B
)3 was built (Fig. 4.30) by analogy with the procedure used 

in subsection 4.2, Figs. 4.16, 4.17. Th ere is an obvious tendency to increase in 
the light yield in solid solution with an increasing ratio in the ionic radii at 
(R

A
/R

B
)3 from 1 to 1.5 (corresponds to the ratio of ionic radii from 1 to 1.15). 

When (R
A
/R

B
)3 increases above 1.5, the parameter (L

exp
/L

Veg
)

max
 tends to de-

Fig. 4.30. Correlation between the maximum deviation of light yield from Vegard’s law 
at room temperature and the ratio of the volumes occupied by substituted atoms for the 
following compounds: GdTa
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crease. Th e maximum on this dependence corresponds to the solubility limit at 
R

A
/R

B
 = 1.15 in accordance with Goldschmidt’s rule, which indicates the possi-

bility of isomorphic substitution of atoms with a diff erence in ionic radii of up 
to 15% in the crystal lattice. Th is empirical relationship was established using a 
perovskite-type lattice as an example, but can be a guide for other types of crys-
tal structure. In the case of a large diff erence between the ionic radii, according 
to our observations, the systems are very inhomogeneous due to the presence 
of a block structure and inclusions, which negatively aff ects the transparency 
and scintillation parameters of the crystals. However, in powdered samples, this 
may not have a negative eff ect on the recorded light yield. It should be noted 
that the demonstrated correlation between (L

exp
/L

Veg
)

max
 and (R

A
/R

B
)3 is valid 

regardless of the type of substitution (cationic or anionic), the chemical nature 
of the solid solution (oxides, halides), the type of luminescence mechanism (ac-
tivator or intrinsic) and the growing method (Czochralski, Bridgman, or other). 

Noteworthy there are 2 obvious deviations from this trend — crystals of 
ZnMgWO

4
 and LuYAP:Ce and systems with a garnet structure — YAGG:Ce 

and LuAGG:Ce. In the fi rst case, the diff erence in the electronegativity between 
Zn and Mg (0.3), which is the largest among the considered atomic substitu-
tions, may play a role. A large diff erence in electronegativity (>0.6 according to 
the Goldschmidt criteria) also leads to poor solubility in these systems, despite a 

Fig. 4.31. Correlation between the maximum deviation of the light yield at room tem-
perature from Vegard’s law depending on the volume ratio occupied by substituted at-
oms for the following compounds with selective substitution of atoms in the crystal lat-
tice: Lu
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small diff erence in ionic radii. For the LuYAP:Ce system, there are diff erent data 
on the concentration dependence of the light yield which does not agree with 
each other, so the diagram involves both parts. As for garnet systems, the very 
high positive deviations of the light yield from additivity are probably also as-
sociated with a combination of spatial inhomogeneity of the distribution, with 
a strong spatial modulation of ΔE

g
 and a shift  of the energy levels of the activa-

tor and traps in the bandgap (see subsection 4.2).
Th us, the diff erence in the ionic radii of substituted atoms in solid solutions 

is a key factor that causes the formation of one-dimensional or two-dimension-
al inhomogeneities in the case of selective substitution of atoms in non-equiv-
alent crystallographic positions, and/or the formation of bulk clusters enriched 
in one of the components in crystals. One can try to separate the contribution 
from one- and two-dimensional inhomogeneities, as well as from bulk ones, by 
considering separately the systems where substituted ions occupy two crystal-
lographic positions. For 8 mixed crystals, the correlation between the improve-
ment of light yield and (R

A
/R

B
)3 is even more pronounced (Fig. 4.31).

4.4. Summarizing the data on light yield 
in crystals of solid solutions

A phenomenological analysis of the main factors infl uencing the concentra-
tion dependence of the light yield in solid solution crystals was used to ana-
lyze the systems of mixed scintillators. In this chapter, for the fi rst time, the 
infl uence of these factors is systematized, and criteria are developed by which 
the highest light yield can be achieved. Four parameters of mixed systems 
are considered:

1. Th e number of charge carrier traps in it, in other words, the non-stoichio-
metry of the crystal. In oxide systems, as a rule, oxygen vacancies are the main 
type of defects. Th ey are formed when a crystal is grown and annealed in a cer-
tain atmosphere. A convenient example is oxyorthosilicates, where the presence 
of deep traps formed on oxygen vacancies reduces light yield in favor of slow 
luminescence components (aft erglow). Th e concentration of deep traps on oxy-
gen vacancies can be estimated from the high-temperature TSL peaks. We have 
shown that in the LGSO:Ce system, the number of oxygen vacancies depends 
on the oxygen vapor pressure above the melt, which, in turn, is a function of 
the crystallization temperature. Th erefore, in the general case, the greater the 
diff erence in the crystallization temperatures of the components, the num-
ber of defects in the mixed crystal changes more sharply. However, no obvious 
correlation was found between melting temperatures and light yield. Probably, 
in each specifi c case, it is necessary to take into account the vapor pressure of its 
components above the melt.

2. Modifi cation of the energy structure in a mixed crystal is more signifi -
cant when the bandgap diff erence ΔE

g
 is larger. Th is eff ect was clearly demon-
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strated in rare-earth garnets, where the bandgaps vary by 1—1.6 eV in several 
solid solutions. Accordingly, the energy levels of the activator and charge carrier 
traps in the bandgap are signifi cantly shift ed, which aff ects the conditions of 
carrier transport to the luminescent center. When clusters are formed in mixed 
crystals enriched in one of the components, a large ΔE

g
 causes strong modula-

tions of the conduction and valence band edges, which limit the thermalized 
diff usion of charge carriers. Th erefore, an important parameter determining the 
concentration dependence of the light yield in mixed crystals is the diff erence 
in the bandgaps, ΔE

g
 of the solid solution components.

3. Th e electron-phonon interaction intensifi es when new bands with en-
ergies diff erent from the existing ones appear in the phonon spectrum. As was 
shown in Chapter 1, the eff ect of reducing the thermalization length should be 
manifested with a strong diff erence in the energies of optical phonons in the 
components of the mixed crystal. Th ese energies should depend both on the 
distance between atoms, i.e. the ratio of the ionic radii of substituted atoms 

 Fig. 4.32. Correlation between the maximum deviation of light yield from Vegard’s law 
at room temperature and the diff erence in atomic weights of substituted atoms for the 
following compounds: GdTa
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R
A
/R

B
, and on the ratio of their atomic weights, m

A
/m

B
. Th at is, the ratio of 

atomic weights and ionic radii of substituted atoms in a solid solution are 
important.

4. Th e inhomogeneity in the crystal will also depend on the ratio of the 
ionic radii of substituted atoms, and, to be more precise, on their volume. 
In solid solutions, one- and two-dimensional inhomogeneities are formed due 
to the selective occupation of crystallographic positions by atoms of diff erent 
sizes, as well as volumetric clusters (domains) enriched with one of the substi-
tuted atoms. Th ese inhomogeneities cause spatial modulations of the energy 
structure of the crystals, which aff ect the effi  ciency of carrier transport to the 
luminescent center.

Aft er analyzing the concentration dependence of the light yield depending 
on the melting temperatures of the components (Table 4.3), ΔE

g
 (Fig. 4.17), as 

well as (R
A
/R

B
)3 (Figs. 4.30, 4.31) in 21 mixed crystals, the correlation between 

(L
exp

 /L
Veg

)
max

 and m
A
/m

B
 were also studied. However, despite the large diff e-

rence in atomic masses, reaching 4 times in some systems, the diagram Fig. 4.32 
shows no obvious correlation between these two parameters. Perhaps the con-
tribution of the electron-phonon interaction is easier to estimate by the corre-
lation between the light yield and the energy diff erence of the optical phonons 
associated with substituted atoms.

Th us, based on the phenomenological analysis of the correlation between the 
concentration dependence of light yield in mixed systems and the physical pa-
rameters of these systems, it is possible to formulate three main characteristics of 
the systems where a signifi cant improvement in light yield can be expected:

1. Th e diff erence in the ionic radii of substituted atoms should be 7—15% 
(a particularly promising interval is 10—15%). Th is diff erence in ionic radii en-
sures the formation of spatial inhomogeneities in the distribution of substituted 
atoms; the sizes of these inhomogeneities reach the radius of the Onsager sphere 
(in the systems under consideration, it is 5—10 nm), which increases the contri-
bution of geminate recombination of charge carriers and scintillation effi  ciency.

2. A large diff erence in the bandgaps ΔE
g
 of the solid solution components. 

In general, by reducing E
g
, it is possible to increase the number of electron-hole 

pairs formed in the scintillator per unit of absorbed energy (see Eq. 1.1). How-
ever, in all considered mixed systems, ΔE

g
/E

g
 does not exceed 20%, so it cannot 

cause changes in light yield up to 4 times as observed in the systems studied. 
Th e mechanism of ΔE

g
 infl uence on the concentration dependence of the light 

yield in a solid solution is obviously diff erent. Firstly, under conditions of large 
ΔE

g
, it is possible to control over a wide range the positions of the energy levels 

of the activator and traps in the crystal bandgap by substituting matrix atoms. 
Secondly, according to the hypothesis about the variation of ΔE

g
 on spatial in-

homogeneities in the crystal, the amplitude of the crystal potential jumps on the 
boundaries of these inhomogeneities will be higher. Th is reduces the distance 
between geminate electrons and holes and reduces the probability of stochastic 
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recombination in the scintillator. Th e energy structure of a solid solution can be 
eff ectively infl uenced by the presence of a strong crystal fi eld; its strength can 
be estimated by the splitting of the activator levels. For example, according to 
[261, 262] the splitting energy of the 5d Ce3+ levels is 27000 cm-1 in Y

3
Al

5
O

12
:Ce, 

20700 cm−1 in Lu
2
SiO

5
:Ce, > 18500 cm−1 in LuBO

3
:Ce (vaterite structure), 

12700 cm−1 in YAlO
3
:Ce.

3. Perhaps a large diff erence in electronegativity is a positive sign; however, 
the available data do not allow us to unambiguously assess the infl uence of this 
factor. An example of such a system is Zn

1-x
Mg

x
WO

4
, in which the electroneg-

ativity diff erence between Zn and Mg is 0.3, and the system has poor solubility 
in accordance with the Goldschmidt rules despite a small diff erence in ionic 
radii of 2.8%.

Based on these fi ndings, the most promising ion pairs can be selected for 
possible isovalent substitutions (some of them are already used in scintillators) 
(Table 4.7). According to the R

A
/R

B
 ratio, pairs of cations or anions can be di-

vided into 3 groups. Th e fi rst column contains pairs of atoms with a diff erence 
of ionic radii up to 5%. According to the diagram in Fig. 4.30, the light yield in 
them slightly deviates from Vegard’s law.

Th e middle column presents pairs where R
A
/R

B
 is in the optimal range of 

5—15%. In these systems, the (L
exp

/L
Veg

)
max

 parameter reaches 4. Substitution of 
some of these atomic pairs is already used in the engineering of effi  cient scintil-
lation crystals (Br−/Cl−, Br−/I−, Ba2+/Sr2+, Al3+/Ga3+). At the same time, the sys-

Table 4.7. Th e diff erence of ionic radii in some atomic pairs according to [112]

0—5% 5—15% >15%

Ion pair R
A
/R

B
,% Ion pair R

A
/R

B
,% Ion pair R

A
/R

B
,%

Ta5+/Nb5+ 0 Cd2+/Hg2+ 7.4 Lu3+/Sc3+ 15.6

Hf4+/Zr4+ 1.4 S2−/Se2− 7.6 Ca2+/Sr2+ 18.0

Mo6+/W6+ 1.6 Br−/Cl− 8.3 V5+/Nb5+ 18.5

Zn2+/Mg2+ 2.8 Lu3+/Gd3+ 9.0 Ti4+/Zr4+ 19.0

Gd3+/Y3+ 4.2 Rb+/Cs+ 9.9 La3+/Lu3+ 19.8

Y3+/Lu3+ 4.5 La3+/Gd3+ 10.0 Zn2+/Cd2+ 28.3

K+/Rb+ 11.0 Ga3+/In3+ 29.0

La3+/Y3+ 11.5 Sn4+/Ge4+ 30.1

Se2-/Te2- 11.6 Si4+/Ge4+ 32.5

Br−/I− 12.2 F-/Cl- 36.1

Al3+/Ga3+ 13.7

Ba2+/Sr2+ 14.4
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tems with S2−/Se2−, Lu3+/Gd3+, La3+/Y3+, Rb+/Cs+, K+/Rb+ substitutions are insuf-
fi ciently studied. For such diff erences in ionic radii, it is desirable to have crystal 
structures with a large isomorphic capacity, such as rare-earth garnets. For ex-
ample, crystals of garnets with Al-Ga substitution (the diff erence in the radii of 
the substituted cations is 13.7%) up to 2—3 inches in diameter are successfully 
grown nowadays [289]. But with such a diff erence in the radii of substituted 
atoms, the crystals are prone to cracking (here we should mention LGSO:Ce 
[167] and mixed crystals of alkaline earth halides [82]).

Finally, the right column contains atom pairs with poor solubility with a 
diff erence in ionic radii of substituted atoms greater than 15%, according to 
Goldschmidt’s rules. In most cases, these mixed crystals are impossible or very 
diffi  cult to produce with high quality, although a known exception is the BGSO 
system, for which large-sized crystals have been successfully obtained. Howe-
ver, such systems may be suitable for the synthesis of polycrystalline ceramics 
or powdered samples.



5.1. LGSO:Ce and LYSO:Ce crystals 
for high energy physics experiments

Optimizing the properties of LGSO:Ce and LYSO:Ce crystals is asso-
ciated with increasing requirements for light yield and speed of scin-
tillators necessary for the implementation of projects in the search for 
muon-to-electron conversion processes (μ2e experiments at Fermilab 
(USA) [53] and COMET in KEK (Japan) [54]. To test the suitability 
of scintillators in future high-energy physics experiments (ILC, LHCb, 
etc.), LGSO:Ce and LYSO:Ce crystals were selected, which are one of 
the most promising scintillators with high density and eff ective atomic 
number, chemically stable and non-hygroscopic, having rapid lumines-
cence decay, high temperature stability, and radiation resistance. Th ese 
materials have the potential to meet the requirements of the μ2e project, 
namely an energy resolution of 2% at 105 MeV, a decay time of <100 
ns, a spatial resolution of s

r,z
 = 1 cm, and a time resolution of 1 ns [53]. 

To achieve this goal, large-sized crystals and scintillation elements 
were manufactured at the ISMA NAS of Ukraine. It was necessary to 
optimize the cationic composition of the crystals to obtain optimal scin-
tillation parameters and minimal cracking of the crystals, and to test the 
resulting crystals. Crystals of the following composition were selected: 
LYSO:Ce (10% Y relative to Lu), LGSO:Ce (10% Gd relative to Lu). Th e 
activator concentration was 0.2 at.% relative to lanthanides. Large-sized 
crystals of LGSO:Ce and LYSO:Ce with a diameter of up to 48 mm and a 
cylindrical part length of up to 150 mm were grown using the Czochral-
ski method. Samples of 10 × 10 × 1 mm3 for optical and 10 × 10 × 2 mm3 
for scintillation measurements were made from the crystals. Large-sized 
samples for testing were also manufactured (Fig. 5.1).

Fig. 5.2 demonstrates the transmission spectra of the grown crys-
tals in comparison with commercially available crystals LSO:Ce (Sie-
mens, USA) and LYSO:Ce (CPI, USA). In the range of 200—350 nm, 
bands corresponding to 4f-5d transitions in Ce3+ ions were observed in 
all studied crystals. Th e edge of the transparency band for all crystals 
is about 375 nm; for LSO:Ce and LGSO:Ce, the edge is shift ed to the 
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short-wavelength region by ~5 nm relative to LYSO:Ce. For LYSO:Ce crystals 
grown in ISMA and CPI, the wavelength of the transparency edge is the same. 
In the optical range, the LGSO:Ce transmittance is 76—82%, which is slightly 
less than in other crystals. Th e reason for this is the presence of light scattering 
centers in LGSO:Ce. Transmittance of LYSO:Ce crystal grown in ISMA is by 
1.5—2.5% better than in its counterpart made in CPI.

Th e luminescence spectra of crystals under X-ray excitation (Fig. 5.2) con-
sists of two maxima at 405 and 422 nm, which correspond to the 5d—4f

1,2 
radia-

tive transitions in Ce3+ ions. Th e LSO:Ce and LYSO:Ce spectra are very similar; 
the only diff erence is a more intense long-wavelength shoulder in the LYSO:Ce 
spectra due to a more intense reabsorption of the short-wavelength edge of the 
LYSO:Ce spectrum and/or redistribution of activator ions between positions in 
the crystal lattice. For LGSO:Ce, the peak intensity is even more redistributed 
in favor of the 422 nm band. 

Fig. 5.1. Scintillation elements LGSO:Ce 20 × 20 × 50 mm (left ) and LYSO:Ce 30 × 30 ×
× 50 mm (right) manufactured by ISMA NAS of Ukraine to test the suitability of the 

crystals for muon-electron conversion experiments in high-energy physics [291]

Fig. 5.2. Transmission spectra of samples with a thickness of 1 mm (a) and luminescence 
spectra under X-ray excitation (b) [291]
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Th e scintillation yield and energy resolution were determined by excitation 
of a 137Cs source by γ-radiation with an energy of 662 KeV on an installation 
based on an R1307 photovoltaic cell, with an integration time of 2 μs. To deter-

Fig. 5.3. Amplitude spectra of 10 × 10 × 2 mm samples under 662 keV excitation without 
optical contact (a) and with optical contact (b) [290]: 1 — LYSO; 2 — LGSO; 3 — LSO; 
4 — BGO [291]

Fig. 5.4. Amplitude spectra of LGSO:Ce 
(explanation in the text) [291]

Fig. 5.5. Dependences of scintillation 
yield and energy separation s/E on 
g-excitation energy [291]

▶
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Table 5.1. Parameters for evaluating the absolute light yield 
(OC is optical contact)

Scintillator Number l
max

, nm Without OC With OC C
PEM

BGO 7 490 0.476 0.700 0.592

LSO «Siemens» 420 0.476 0.700 0.920

LYSO 4—12 420 0.476 0.700 0.903

LGSO 7—12 430 0.476 0.700 0.872

mine the light yield using the Monte 
Carlo method, we simulated the light 
collection coeffi  cients t for the cases 
without and with an optical contact, 
as well as the coeffi  cients for match-
ing the luminescence spectrum of 
the crystal and the sensitivity range 
of the photoelectric converters (PEC) 
(Table 5.1). Th e amplitude spectra 
are shown in Fig. 5.3. Th e results for 
the measurements without and with 
an optical contact are qualitative-
ly the same. Th e LSO:Ce amplitude 

peak is located ~100 channels to the right of the LYSO:Ce and LGSO:Ce peaks. 
In absolute terms, the LSO:Ce light yield is 2000—3000 photons/MeV higher 
(Table 5.1). Th e LYSO:Ce and LGSO:Ce peaks are almost identical, but the 
LGSO:Ce light yield in measurements with optical contact is 1300 photons/MeV 
higher due to the worse agreement of the luminescence band with the sensitivity 
range of photoelectric multiplier (PEM): C

PEM
 = 0.903 versus 0.872 (see Table 5.1). 

Th us, when using other photodetectors, for example, silicon PEMs, the technical 
light yield of LGSO:Ce samples should be higher than that of LYSO:Ce and, pos-
sibly, LSO:Ce. Th e best energy resolution at 662 keV is obtained in LGSO:Ce and 
is 8.4% with optical contact and 7.9% without optical contact. In LYSO:Ce and 
LSO:Ce, the resolution is noticeably worse and ranges from 9.6 to 10.3%.

Large-sized LGSO:Ce crystals with dimensions of 20 × 20 × 50 mm3 were 
tested in a wide excitation energy range (see Fig. 5.1). Th e contribution of the 
crystal’s intrinsic radioactivity to the amplitude spectrum was very signifi cant 
due to the 176Lu isotope (Fig. 5.4). Th is contribution (curve 1) was 5650 counts/s 
or 53.9% of the resulting peak of 10480 counts/s (curve 2).

Th e energy resolution s/E determined from curve 3 (Fig. 5.4) was 6.38%, 
as the diff erence between the resulting spectrum and the spectrum of intrin-
sic radioactivity. In terms of FWHM, denoted by R according to Equation 5.1, 
we obtain an energy resolution of 15.07%. LGSO:Ce showed good linearity of 

Fig. 5.6. Th e position of the Na-22 peak de-
pends on the value of the time gate [291]
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scintillation response versus excitation energy in the range of 400—1400 keV 
Fig. 5.5). Th e energy resolution s/E improves with increasing energy and rea-
ches 4.6% at ~1300 keV

                                          R = ΔE/E = 2.36 ∙ σ/E.                                          (5.1)

Th e decay curves of LGSO:Ce were measured upon excitation by 22Na 
in time gates from 40 to 500 ns (Fig. 5.6). Th e decay time of the fast compo-
nent was 44.7 ns, which is consistent with the decay time of Ce3+-activated 
oxyorthosilicates.

Th us, we produced large-sized single crystals of LGSO:Ce with a diameter 
of up to 45, and a length of up to 150 mm without cracks. Th eir perspective for 
use in high-energy physics experiments to search for the conversion of muons 
into electrons is shown.

5.2. GAGG:Ce crystals for geological exploration

Recently, the effi  ciency of mineral exploration has decreased since the search 
for new deposits requires deeper drilling throughout hard rock. Increasing the 
effi  ciency of searching for such deep deposits requires advanced drilling tech-
nologies, in particular, a «predictive drilling» technology platform that system-
atically maps mineral deposits in the surrounding crust while drilling. Th e tech-
nology platform for predictive drilling must include low-cost hard rock drill-
ing methods. Th is can be provided by continu ous drilling technology. Th e key 
advantages of continuous drilling are a high rate of penetration through hard 
rock, high reliability, and continuous lift ing of spent rock to the surface [292].

Scintillators for detecting γ-radiation used in mineral exploration probes 
must meet the following requirements:

a) the high energy resolution of the photopeak as well as the high eff ective 
atomic number and density of the material are very important in distinguishing 
it from the Compton scattering spectrum; a high signal-to-noise ratio (low af-
terglow) is also required;

b) low intrinsic radioactivity to distinguish background radioactivity of the 
rock: the g-background should not exceed a maximum of 1000 counts/s, and 
optimally should not exceed 10—100 counts/s. Fast scintillation decay is less 
important compared to background characteristics;

c) the spectral range of luminescence is an important, but not a determin-
ing factor;

d) good temperature stability of scintillation characteristics. Typical tem-
peratures in a narrow well (diameter <75 mm) are 25—45 °C due to the rapid 
circulation of the drilling fl uid and rarely exceeds 70 °C (in addition, the depth 
of such wells does not exceed 2 km);

e) the simplicity of connecting the scintillator to the photodetector is im-
portant. Th e use of a shift er or concentrator of light is allowed. Th e green-red 
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Table 5.2. Promising scintillators for predictive drilling 
(crystals selected for experiments are in bold)

Crystal

Den-

sity, 

g/cm3

Light yield, 

photons/MeV

Energy res-

olution at 

662 keV,% 

Decay 

time with 

γ-excitation

Notes

Gd
2
SiO

5 
(GSO)

Gd
2-x

Y
x
SiO

5
 (GSO)

6.7
6.5

(8¸11) ∙ 1000 9—11   5 Tendency to 
cracking

Lu
2
SiO

5 
(LSO) Се3+ 7.4 30 000 7.3—9.7 50 Own back-

ground

Y
2
SiO

5
 (YSO) Се3+ 4.4 30 000 15 40 Poor tempera-

ture stability

Lu
2
Si

2
O

7
:Се3+(LPS) 6.2 26 000 9.5 60 Own back-

ground

Gd
2
Si

2
O

7
:Се3+(GPS) 5.5 (35¸39) ∙ 1000 5—10 38 Tendency to 

cracking

Y
3
Al

5
O

12
:Се3+ 

(YAG:Се)
4.55 24 000 7.3 85 + 

+ slowly

Y
3
Al

5
O

12
:Pr3+ 

(YAG:Pr)
4.55 16 000 14 Maximum lu-

minescence at 
320 nm

Gd
3
(AlGa)

5
O

12
:Се3+

(GAGG:Се)
6.6 (45¸60) ∙ 1000 7 220

Lu
3
Al

5
O

12
:Се3+ 

(LuAG)
6.7 12 500 No data   44 Own back-

ground

YAlO
3
:Се3+ (YAP:Се) 5.35 21 000 6.7   27

YAlO
3
:Pr3+ (YAP:Pr) 5.35 13 000   13 Maximum lu-

minescence at 
270 nm

LuAlO
3
:Се3+ 

(LuAP:Ce)
8.34 11 000 14 16 + 

+ slowly
Background, 
complexity of 
results

CdWO
4

7.9 14 000—
27 000

8.9 13 000

ZnWO
4

7.85 ~50% of 
CWO

8—11 21—28 000 Tendency to 
cracking

SrI
2
:Eu2+ 4.6 100 000 3—5 1200 Hygroscopicity

LaBr
3
:Се3+ 5.1   70 000 3     30 Hygroscopicity
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spectral range of luminescence is preferred, but the 350—450 nm range is also 
acceptable. High light yield is important when using luminescence shift ers;

f) hygroscopicity and mechanical resistance are desirable, but not manda-
tory conditions;

g) the space for the crystal detector is limited to 40 mm, but, due to the need 
for a protective housing, the diameter of the crystal should not exceed 35 mm. 

Table 5.3. Parameters of manufactured detectors 25 × 35 mm

Scintillator

Light yield (%) 

relative 

to 25 × 25 mm 

NaI:Tl

Energy 

resolution,%
Scintillator

Light yield (%) 

relative 

to 25 × 25 mm 

NaI:Tl

Energy 

resolution,%

YAlO
3
:Ce    27 Not 

distinguished
GAGG:Ce    95 11.4

CdWO* 120 18.1 SrI2:Eu 150 6.5

Table 5.4. Scintillation parameters of large GAGG:Ce detectors

Detector Size, mm Sample

Relative light yield
Energy resolution 

(R),% at 662 keVChannel 

number

LY relative to 

CWO,%

CWO standard 40 × 25 3 435 100.0 9.5

GAGG(Ce) 36 × 50 1 250.5 56.4 12.8

GAGG(Ce) 36 × 50 2 266.5 60.0 13.1

GAGG(Ce) 36 × 50 3 371 83.6 13.1

Fig. 5.8. Amplitude spectra of GAGG:Ce samples with a diameter of 36 mm and a height 
of 50 mm 

Fig. 5.7. On the left : the appearance of the GAGG:Ce element 35 × 50 mm made from 

the grown crystal; on the right: the same element when exposed to a UV lamp
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Th e crystal length should be less than 100 mm; but it is limited to 50 mm for 
greater uniformity and better energy resolution of the g-photopeak. 

When choosing a scintillator for this application, we considered the follow-
ing crystals (Table 5.2).

Based on the analysis of this table, the following scintillators were chosen 
for further tests: GAGG:Ce, YAP:Ce, SrI

2
:Eu, CdWO

4
*. Moreover, the last of 

them is a standard scintillator for geological exploration; regarding other scin-
tillators, there was no information about their use in this area. Detectors with 
a diameter of 25 mm and a height of 35 mm with one polished end were made 
from these crystals and sealed in an aluminum container with protective glass. 
Th e test results are presented in Table 5.3. Light yield and energy resolution 
were measured under the following conditions: PEM Hamamatsu R1307; 137Cs 
as a source of γ-irradiation; 662 KeV; the source was located at a height of 5 cm 
above the center of the detector; integration time 8 μs.

Despite the highest light yield and the best energy resolution of the SrI
2
:Eu 

crystal, the denser and non-hygroscopic GAGG:Ce crystal was chosen by the cus-
tomer for further tests. Elements with sizes 35 × 50 mm (Fig. 5.7) and 25 × 35 
mm were made from the grown crystals. Th e results of testing the detectors ac-
cording to a similar procedure are presented in Table 5.4 and in Fig. 5.8. Energy 
resolution of about 13% at 662 keV met the customer’s requirements.

Th us, large-sized GAGG:Ce single crystals and scintillation elements were 
manufactured for geological exploration of mineral deposits. Th eir compliance 
with consumer requirements was shown — light yield up to 47000 photons/
MeV; energy resolution of 11—13% (for elements with 35 × 50 mm); high 
density (6.6 g/cm3).

5.3. GAGG:Ce, LYSO:Ce substrates 
for thin-film detectors with high spatial resolution

In recent years, there has been a fairly rapid development of microtomography 
techniques using both traditional X-ray sources and synchrotron radiation. Th e 
areas of application of such microtomography with resolution in the micron range 
are non-destructive testing of objects under study in industry and various bran
ches of science, in particular in materials science, medicine, biology, paleontology, 
etc. A constituent part of the detector for microtomography is a scintillation screen 
in the form of a thin crystal or a single-crystal fi lm with a thickness in the micron 
range. Currently, scintillation screens based on thin single crystals of YAG:Ce 
and LuAG:Ce garnets, and screens based on single crystal fi lms of LuAG:Eu and 
GGG:Tb garnets obtained by liquid phase epitaxy (LPE) have already been creat-
ed; screens based on Lu

2
SiO

5
:Tb (LSO:Tb) and Lu

2
SiO

5
:Tb,Ce (LSO:Tb,Ce) fi lms 

emitting in the visible region of the spectrum have also been manufactured.

* Th e CdWO
4
 detector was manufactured at ISMA by the group of Dr. I. Tupitsyna.
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At the same time, the further development of this microtomography tech-
nique, in particular, the creation of detectors with resolution in the submicron 
range, requires new types of scintillation screens with a signifi cantly greater X-ray 
absorption capacity proportional to ρ ∙ Z4

eff
, where ρ and Z

eff 
 are the density and 

the eff ective atomic number of the scintillator material. Matrices of mixed garnets 
and orthosilicates GAGG, LYSO, and LGSO have a signifi cantly higher density 
(6.7—7.4 g/cm3) and eff ective atomic number (61—65) compared to YAG and 
GGG garnets, currently used for scintillation screens produced by the LPE me
thod. Th is is why mixed garnets and silicates are very promising materials for the 
development of new types of scintillation screens based on these compounds to 
create tomographic detectors with spatial separation in the submicron range [293].

A new detector concept for microtomography was recently proposed [292]. 
It comprises a complex scintillator containing several layers; the optical signal is 
recorded from each scintillation layer separately, followed by superimposition 
of images from diff erent parts of the complex scintillator. With a multilayer fi lm 
scintillator, the contrast and spatial separation of images can be signifi cantly 
improved, even in the submicron range. Th is new concept also provides for the 
creation of various types of effi  cient thin-fi lm scintillators deposited on lumi-
nescent and non-luminescent substrates.

Th e liquid phase epitaxy (LPE) method makes it possible to create funda-
mentally new types of hybrid scintillators (HC) based on multilayer single-crys-
tal epitaxial structures containing one or two single-crystal fi lm scintillators 
grown on single-crystal scintillator substrates from selected types of oxide com-
pounds [54]. Compared to known single-layer analogues, screens based on HS 
provides signifi cantly better spatial separation and contrast of images due to 
mixing optical signals from each HS component, emitting in diff erent regions 
of the spectrum. Such hybrid screens will have a signifi cantly higher X-ray ab-

Fig. 5.9. GAGG:Ce substrates with dimensions of 10 × 10 × 1 mm (left ) and GAGG:Ce 
30 × 1 mm (right)
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sorption capacity due to an increase in the overall thickness of the scintillator 
and specifi c adjustment of the K-edge of absorption in solid solutions of garnets 
and orthosilicates containing Lu, Gd, and Y ions.

For crystallization of high-quality fi lms by liquid-phase epitaxy, the mis-
fi t between the substrate and fi lm lattice parameters should not exceed a cer-
tain value; in particular, for garnet with a suffi  ciently high isomorphic lattice 
capacitance, this misfi t can reach approximately 1%. For this reason, standard 
YAG or LuAG substrates are not suitable for producing high-quality fi lms of 
multicomponent Al/Ga-substituted garnets due to too small lattice parameters. 
For this purpose, we prepared Gd

3
Al

5-x
Ga

x
O

12
 (GAGG) and Gd

3
Al

5-x
Ga

x
O

12
:

Ce (GAGG:Ce) substrates at x = 2.5—3 (Fig. 5.9).
Due to the larger lattice constant in Gd

3
Al

2.5
Ga

2.5
O

12
 (GAGG), 12.228 Å 

compared to a = 10.008 Å in YAG, the Gd
3-x

Lu
x
Al

5-y
Ga

y
O

12
:Ce fi lms** were 

grown on GAGG substrates. Good optical quality Gd
3-x

Lu
x
Al

5-
yGayO

12
:Ce fi lms 

with x = 1.5, 1.0, and 0 in the range of y = 1.5÷3.0 were successfully crystallized 
onto GAGG substrates with (100) orientation.

To determine the structural quality of fi lms of diff erent compositions, 
X-ray diff raction measurements were used (DRON 4 spectrometer, CuK

a
 X-ray 

source) (Fig. 5.10). Based on XRD analysis data for Gd
3-x

Lu
x
Al

5-y
Ga

y
O

12
:Ce 

fi lms at x = 1.5÷0 and y = 1.5÷3.0, the lattice parameters of crystals with dif-
ferent compositions and the misfi t between the lattice parameters of fi lms and 
GAGG substrates m = (a

SCF
 − a

sub
)/ a

sub
 × 100% were determined (Table 5.5). 

** Films were grown at LNU named aft er I. Franko (Lviv) and Kazimierz Veliky Uni-
versity in Bydgoszcz (Poland) under the supervision of Prof. Yu. Zorenko and 
Dr. V. Gorbenko.

Fig. 5.10. Left : luminescence of a Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce (BaO) fi lm under laser excita-

tion at a wavelength of 350 nm. On the insert: Gd
3
Al

2.5
Ga

2.5
O

12
 (GAGG) substrates with 

deposited Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce and Gd
3
Al

2.35
Ga

2.65
O

12
:Ce fi lms. Right: XRD patterns 

of (1200) planes of Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce and Gd
3
Al

2.75
 Ga

2.25
O

12
:Ce fi lms grown on a 

substrate; the misfi t in lattice parameters is 0.73% and –0.3%, respectively [295]
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Fig. 5.11. Amplitude spectra of the fi lms: (2) Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce (PbO) 

(LY = 145%; R = 20%), (3) Gd
1.5

Lu
1.5

Al
2.75

Ga
y
O

12
:Ce (BaO) (LY = 346%; R = 7.2%) and 

(4) Gd
3
Al

2.35
Ga

2.65
O

12
:Ce (BaO) (LY = 347%; R = 7.0%) relative to fi lm (1) (LY = 100%, 

R = 12.4%) and single crystal (5) Gd
3
Al

2.5
Ga

2.5
O

12
:Ce (LY = 364%; R = 7.0%;) under ex-

citation by a-particles of Pu239 (5.15 MeV) and recorded at an integration time of 12 μs. 

Th e type of fl ux for growing fi lms by the LPE method is indicated in brackets [295]

Fig. 5.12. X-ray diff raction pattern of the (1020) plane of LuTb
2
Al

3.3
Ga

1.5
O

12
:Ce (1a) 

and TbAG:Ce (2a) fi lms grown on YAG substrates (a), and the (1200) plane of single 

crystal fi lms of Tb
3
Al

3
Ga

2
O

12
:Ce (1b) and Tb

3
Al

2.5
Ga

2.5
O

12
:Ce (2b) grown on GAGG sub-

strates [296]; a: 1 — LuTb
2
Al

3.5
Ga

1.5
O

12
:Ce, m = 0.57%, a = 12.076 A; 2 — Tb

3
Al

5
O

12
:Ce, 

m = 0.53%, a = 12.074 A; b: 1 — Tb
3
Al

3
Ga

2
O

12
:Ce, m = 0.49%, a = 12.168 A; 2 — 

Tb
3
Al

2.5
Ga

2.5
O

12
:Ce, m = 0.44%, a = 12.174A [295]
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Table 5.5. Properties of Gd
3-x

Lu
x
Al

5-x
Ga

x
O

12
:Ce fi lms deposited 

on GAGG substrates in comparison with standards — a YAG:Ce fi lm deposited 
on a YAG:Ce substrate and GAGG:Ce single crystals (m is the misfi t between 
the substrate and fi lm lattice parameters); λ

max
 is the wavelength luminescence 

maximum); t
1/e

 is the scintillation decay time; light yield upon excitation 
by α-particles relative to the YAG:Ce reference fi lm with a light yield 
of 360 photoel/MeV according to [296]

Film composition
Substrate 

composition
m,% λ

max
t

1/e

Light 

yield, %

YAG:Ce YAG 535 67.3 100

Gd
1.5

Lu
1.5

Al
3.5

Ga
1.5

O
12

:Ce
Gd

1.5
Lu

1.5
Al

2.75
Ga

2.25
O

12
:Ce

Gd
3
Al

2.75
Ga

2.25
O

12
:Ce

Gd
3
Al

2.35
Ga

2.65
O

12
:Ce

Gd
3
Al

2
Ga

3
O

12
:Ce

GAGG
GAGG
GAGG
GAGG
GAGG

−0.92 
−0.75 
−0.30 
0.05 
0.15

518 
522 
549 
547 
546

73.1 
285 
328 
318 
332

268 
346 
344 
347 
344

—

—

Gd
3
Al

2.5
Ga

2.5
O

12
:Ce 

(GAGG:Ce) 
Gd

3
Al

2
Ga

3
O

12
:Ce 

(GAGG:Ce)

—

—

547 

549

440.8

 239.4

380 

365

Th e lattice constants varied from 12.139 Å in Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce to 

12.235 Å in Gd
3
Al

2
Ga

3
O

12
:Ce, and the misfi t decreased from m = –0.73% in 

Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce to 0.15% in Gd
3
Al

2
Ga

3
O

12
:Ce.

Th e scintillation parameters of Gd
3-x

Lu
x
Al

5-y
Ga

y
O

12
:Ce fi lms of diff erent 

compositions grown on GAGG substrates under excitation by 239Pu a-particles 
(5.15 MeV) and measured with an integration time of 12 μs are shown in Table 5.6 
and Fig. 5.11. Optimizing the cationic composition of the fi lm made it possible to 
increase the light yield by 3.5 times compared to the YAG:Ce standard. Th is is the 
highest light yield obtained in garnet-based fi lm scintillators [295—296].

Optimizing the cationic composition of the fi lm and crystal makes it pos-
sible to control the placement of energy levels of activators and traps in the 
bandgap of the crystal. 

At the same time, the energy resolution (R) of Gd
1.5

Lu
1.5

Al
2.75

Ga
2.25

O
12

:Ce 
and Gd

3
Al

2.75-2.35
Ga

2.25-2.65
O

12
:Ce fi lms are similar to high-quality crystals of 

Gd
3
Al

2.5-2
Ga

2.5-3
O

12
:Ce (Fig. 5.11). Also, according to a similar procedure, 

Lu
3-x

Tb
x
Al

5-x
Ga

x
O

12 
garnet fi lms were crystallized on YAG substrates with a 

lattice constant of 12.007 Å and GAGG substrates with a lattice constant of 
12.228 Å. Scintillation fi lms Lu

3-x
Tb

x
Al

5-x
Ga

x
O

12
:Ce, x = 0.2÷3, grown from a 

PbO-based fl ux on a GAGG substrate, have a very high structural quality, 
illustrated in Fig. 5.12. Th ey have a high light yield and a relatively fast scintil-
lation response. Th e optimized composition of the fi lms provided a light yield 
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2.35 and 1.15 times higher, respectively, than the light yield of YAG:Ce and 
LuAG:Ce fi lms crystallized on a YAG:Ce substrate under similar conditions. 
By optimizing the Al3+/Ga3+ and Lu3+/Tb3+ ratios, fi lms with a very low level of 
thermally stimulated luminescence at temperatures above room temperature, 
and relatively fast scintillation decay were also obtained (Table 5.6).

Th us, new scintillators based on single-crystalline fi lms can be proposed for 
various applications, above all, for scintillation screens for microtomography. 
Th ese fi lms grown on GAGG substrates can also be used to create new types of 
combined fi lm-substrate detectors for simultaneous detection of various com-
ponents of ionizing particle fl uxes.

LYSO:Ce, GAGG, GAGG:Ce single-crystalline plates were manufac-
tured as substrates for Gd

3
Al

5-x
Ga

x
O

12
:Ce, Lu

3-x
Gd

x
Al

5-
 

x
Ga

x
O

12
:Ce and 

Tb
3-x

Lu
x
Al

5-x
Ga

x
O

12
:Ce thin-fi lm detectors with a garnet structure for microto-

mographic techniques with submicron spatial separation. In particular, the 
light yield of Gd

3
Al

5-x
Ga

x
O

12
:Ce and Lu

3-x
Gd

x
Al

5-x
Ga

x
O

12
:Ce thin fi lms is ~350% 

relative to the YAG:Ce standard, which is the highest value among fi lms with 
the garnet structure known today.

Table 5.6. Properties of Tb
3-x

Lu
x
Al

5-x
Ga

x
O

12
:Ce fi lms deposited on GAGG 

substrates in comparison with standards — YAG:Ce and LuAG:Ce fi lms 
deposited on a YAG:Ce substrate and GAGG:Ce single crystals 
(m is the misfi t between the lattice parameters of the substrate and the fi lm; 
λ

max 
is the wavelength of the luminescence maximum; t

1/e
 is the scintillation 

decay time); the light yield upon excitation by α-particles relative 
to the YAG:Ce reference fi lm with a light yield of 360 ph/MeV 
according to [295]

Film composition
Substrate 

composition
m,%

λ
max

, 

nm
t

1/e
, ns

Light 

yield,%
Refs

YAG:Ce (PbO) YAG — 535   67 100

LuAG:Ce (PbO) YAG −0.82 509 205 [299]

Gd
1.5

Lu
1.5

Al
3.15

Ga
1.85

O
12

:Ce
Gd

1.5
Lu

1.5
Al

2.75
Ga

2.25
O

12
:Ce

Tb
2
LuAl

3.5
Ga

1.5
O

12
:Ce

Tb
2
LuAl

2.75
Ga

2.25
O

12
:Ce

Tb
3
Al

5
O

12
:Ce

Tb
3
Al

3
Ga

3
O

12
:Ce 

Tb
3
Al

2.5
Ga

2.5
O

12
:Ce

YAG
GAGG
YAG
YAG
YAG

GAGG
GAGG

−0.86 
−0.73 
+0.57 
+0.77 
+0.53 
−0.49 
−0.37

522 
519 
543 
543 
555 
543 
543

  51 
155 
130 
 292 
435 
456

130 
145 
120 
  96 
123 
200 
235

[298]
[297]

Gd
3
Al

2.5
Ga

2.5
O

12
:Ce

(GAGG:Ce)
Gd

3
Al

2
Ga

3
O

12
:Ce

(GAGG:Ce)

547

549

440.8 

239.4

380 

365

[297]

[297]
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Книгу присвячено розробці науково-технічних основ створення високоефек-
тивних неорганічних сцинтиляційних кристалів на основі твердих розчинів 
заміщення. Досліджено структурні, люмінесцентні та сцинтиляційні властивості 
отриманих оксидних кристалів. Визначено умови вирощування великорозмірних 
оксидних кристалів твердих розчинів методом Чохральського та кристалічних 
волокон твердих розчинів методом мікровитягування (μ-PD). Визначено 
загальний фе номенологічний підхід до цілеспрямованого отримання кристалів 
з покращеним світловим виходом, зокрема тенденцію до збільшення світлового 
виходу твердого розчину в змішаних системах.

Видання може бути корисним фахівцям з матеріалознавства у сфері сцин-
тиляційних та люмінесцентних середовищ, а також розробникам технологій і 
нанотехнологій одержання сцинтиляційних матеріалів та виробів з них.
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