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INTRODUCTION

For an average person, the beginning of each day is marked by a
natural wish to know the weather forecast, comparing it with the per-
sonal observation of the surrounding world through the window. Such
information about the quantity of heat, moisture and solar radiation in
the environment seems to be sufficient for taking adequate measures
and precautions that should protect our rather fragile organism from
unfavorable external conditions.

Until recently, not much attention has been paid to the fact that,
alongside the visible light and perceptible heat, the surrounding world
is permeated with myriads of particles and flows of radiation that are
not accessible for our sensual perception. It was assumed that this
sphere of scientists’ interests and activities does not come into a close
touch with our personal existence. The Chernobyl catastrophe has
destroyed these illusions, as death and illness of tens and hundreds
of thousands of human beings were largely caused by the absence of
information on the extraordinary high level of invisible penetrating
radiation or the presence of local sources with high concentration of
radioactive particles, found sometimes tens and hundreds of miles
away from the site of the catastrophe.

This was a powerful incentive to start off the works on modern-
ization of instruments for radiation monitoring of the environment,
led to realization of the importance of these means for large masses
of population. Systematic studies of radiation levels in many regions
of the former Soviet Union have unexpectedly revealed a number of
important factors that had no relationship to consequences of the Cher-
nobyl catastrophe. First of all, one should note broad uncontrolled use
of potassium fertilizers, which often contained high concentration of
the radionuclide 40K, as well as the use of building materials contain-
ing fission products of transuranic elements. One should also add fuel
transportation to nuclear power plants and disposal of the radioactive
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wastes, uncontrolled and irrational use of radiation in medical diag-
nostics, radiation effects upon passengers and crew of high-altitude
airlines, radiation coming from computer monitors and TV screens, not
fully understood effects of the “ozone holes” in the ionosphere, etc.

It has become obvious that in the modern world, the list of com-
mon attributes of civilization, such as thermometer and barometer,
should include instruments designed for detection of radiation — in
the environment, technical devices, alimentary products.

The purpose of these instruments is, first of all, to establish the very
fact that the level of radiation is substantially above the background
level, to measure exactly the radiation dose rate, to determine the type
and energy of particles or gamma-quanta. Solution of these problems
would protect human beings from harmful effects of radiation, localize
and eliminate its sources.

The key element of all radiation instruments is radiation detec-
tor, sensitivity and selectivity of which determine the characteristics
of the whole instrument. Solid-state crystal detectors are practically
the only type of sensors that can ensure both detection of the invisible
radiations and determination of their type and radiation spectrum, i.e.,
provide us with solution of all the above-described problems. Therefore,
developments in the field of nuclear instruments and methods that
were observed in the recent years have been largely related to creation
of new types of crystals and radiation detectors based thereon. One
of the most common and efficient types of detectors are those using
scintillator crystals, which transform invisible radiations into light,
with subsequent recording by photoreceiving devices.

Combination of high efficiency of radiation detection, high sen-
sitivity, and possibility to determine the energy characteristics have
made scintillation detectors one of the main types of sensors used
in instruments and systems for detection and monitoring of ionizing
radiation.

The existing trends in the development of scintillation technologies
are characterized worldwide by the following requirements to the scin-
tillator parameters: high atomic number (above 60), high light output,
fast response (down to several nanoseconds), radiation stability under
powerful (up to 108 rad) radiation doses, and parameter stability under
prolonged action of radiation (103—10* R/hour) and temperature (200°C
and more). Slow luminescence components should be absent (afterglow
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level below 0.01% after 3—10 ps), the dynamic range should be broad
(106-108), and the detection system as a whole should be reliable and
small-sized (which can be achieved using solid-state photoreceivers,
e.g., photodiodes).

At present, the above-described complex of requirements is not
fully met by any of the known scintillators. However, attention paid
to the problem of radiation detection, substantial efforts and amounts
of money spent for its solution allowed substantial progress in this
field, leading to the development of new types of scintillators that can
solve problems not realizable with conventional alkali halide crystals.
Results of studies and parameters for a broad class of modern scintil-
lators, peculiar features of their preparation technologies, description
of a large class of detectors, instruments and systems for radiation
detection using scintillation crystals — this is the scope of questions
touched upon in the present book.



CHAPTER 1
ALKALI HALIDE CRYSTALS

Alkali halide crystals, in particular, crystals of alkali metal iodides
are widely used as efficient scintillators and have been a subject of
numerous studies. Crystals of sodium iodide doped with thallium is
one of the most efficient scintillator materials. In the recent years,
a large amount of experimental data has been accumulated, which
show that scintillation characteristics of the materials are, in fact, not
constants, but are largely determined by the obtained level of their
production technology. They are closely related to structural perfec-
tion of the crystals, concentration and types of the defects formed in
the course of growth and post-growth treatment. In this chapter, it is
shown that the real crystal structure depends upon the state of the
activator in the crystal lattice, its concentration, and crystallization
conditions. Undesirable types of the activator defects are determined,
which cause afterglow and worsening of the light output and intrinsic
energy resolution of scintillators.

Studies of traditional scintillators based on alkali metal iodides
that have been carried out in the Institute for Single Crystals of the
Academy of Sciences of Ukraine provide us with evidence that the ob-
tained scintillator characteristics are not the final limit, and in many
cases can be substantially or partially improved.

1.1. Crystal and zone structure of alkali halide crystals

Most of the alkali halide crystals (AHC) crystallize in the face-cen-
tered cubic structure of the NaCl type. CsCl, CsBr and Csl crystallize in
the volume-centered cubic structure of the CsCl type. Crystals of these
two groups have different structures of the first Brillouin zone (Fig.1.1).
The respective band structures are also different (Fig.1.2). The most
essential distinctions are observed in the conduction band structure,
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Fig.1.1. First Brillouin zones of AHC with structures of NaCl (a) and CsCl (b).
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while the valence band structures of NaCl and Csl are largely similar.
The AHC band structure is characterized by the presence of low-lying
d-conduction bands and by a substantial distance between the alkali
metal p-conduction bands and the valence band. This feature has been
explained by mutual repulsion of the conduction and valence bands
having the same symmetry [1].

1.2. Preparation technology of alkali halide crystals

Alkali halide scintillation crystals are most commonly obtained
by two methods — those of Kyropoulos and Stockbarger, which have
been known since 1920-1es [2,3]. Later, these methods were substan-
tially developed, both in technological process and equipment design,
which allowed production of large-sized crystals of controlled structural
perfection and variable dopant composition, ensuring high optical and
scintillation characteristics [4—6]. Harshaw [7] reported production of
Nal(Tl) crystals up to 813 mm in diameter and 750 mm high.

The AHC preparation procedures, both by Kyropoulos and Stock-
barger methods, consist of several stages and begin with preliminary
treatment of the raw material and melt before starting the actual crys-
tal growth process. The operation sequence in raw material treatment is
essentially as follows. The most time-consuming stage is low-tempera-
ture drying (at the room temperature). At this stage, moisture present
in the initial salt should be desorbed as fully as possible. Attempts to
shorten this stage often lead to hydrolysis of the raw material by the
residual adsorbed water. At the second stage of drying the raw material,
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Fig.1.2. Band structure of AHC with NaCl- (a) and CsCl- (b) type lattice.

it is treated by hydrogen iodide vapor, which is formed as a result of
ammonium iodide decomposition (weakly reactive atmosphere). This
allows to bound traces of moisture and oxygen-containing admixtures
and to remove them by subsequent heating and pumping. Sufficiently
high temperature of the final stage of raw material treatment (550°C)
favors desorption and final removal of the gaseous reactive treatment
products from the ampoule. At this stage, all nitrogen-containing
substances are removed (which, even in trace quantities, can cause
substantial quenching of scintillations).

It has been known from practical experience that the main problem
in production of AHC-based scintillators of high efficiency consists in
removing all oxygen-containing anions from the growing crystal [8].
Among sources of such anion contamination are, firstly, components
of the air atmosphere (which are actively adsorbed on the surface of
each powder particle), and, secondly, oxygen-containing admixtures
that remain after chemical synthesis of the initial raw material (which
are located inside the powder particles). Fig.1.3 shows examples of
luminescence spectra of the compacted Csl powder and single crystals
grown from that raw material. Higher luminescence intensity of the
compacted powder in the blue spectral region is an argument in favor



Chapter 1 13

of the need for preliminary treat-
ment to achieve additional purifi-
cation of the raw material.
Having determined specific
contamination sources, one can
outline the ways to avoid them
in preparation of the raw mate-
rial. Thus, preliminary drying of
the raw material (powder) and
its treatment by a reactive atmo- y \\
sphere are aimed at the removal S,
of adsorbed air and moisture
components from the surface of 0.0 , , .
the powder particles. However, ' 300 400 500
this method does not help us Wavelength, nm
to remove molecular anions
concentrated inside the powder
particles. Therefore, further ma-
nipulations are needed to achieve
the required purification of the
melt. If the Kyropoulos method is
used, special gas-thermal treatment of the melt in an argon, nitrogen
or helium-containing medium is required, depending upon specific
objectives of the growth. If the Stockbarger method is used, this
role is played by graphitization of the ampoule. Advantages of the
Stockbarger growth for AHC consists in the possibility of full isola-
tion of the raw material and the melt from coming into contact with
air components and other contamination sources, as well as in more
convenient treatment of the raw material and the melt. Negative
sides of this method include poor structural quality of the crystals
obtained (extensive system of inter-grain boundaries, high dislocation
density, relatively high level of the internal stresses, formation of a
cellular structure, etc.). In the crystal volume, non-uniformities are
often observed in the form of honeycomb-like patterns or cell networks
[9]. It is assumed that cellular structure of Stockbarger-grown Nal(Tl)
crystals is related to the cellular structure of the crystallization front
caused by non-uniform distribution of the activator dopant. Intense
forced mixing of the melt by the method of horizontal rotating am-
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Fig.1.3. Luminescnce spectra of a
single crystal (1) and pressure-com-
pacted material (2) made of the same
batch of Csl raw material.
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poule ensures monotonous distribution of the activator and prevents
accumulation of the admixture at the crystallization front due to the
absence of crystallization supercooling [10]. Non-uniform distribution
of the admixtures along the AHC height leads to non-reproducibility
of the scintillator properties.

Alkali halide crystals of high structural perfection and parameter
uniformity can be grown by the Kyroupolos method, because in this
case there is no direct contact of the growing crystal with the crucible
walls, and the growing crystal can be easily moved away from the
melt, thus stopping the growth process before the melt would be used
completely. Generally, single crystals grown by the Kyropoulos method
are of better structural perfection than those grown by the Stockbarger
method. Among disadvantages of the Kyropoulos method, one should
note the melt vapor contacting the heater and the furnace housing. It
1s also more difficult to achieve the required low pressure in the growth
chamber because of large volume of the furnace.

It has been shown that, not depending upon the growth method
used, the presence of admixtures in AHC, even in trace quantities,
can substantially affect the character of their afterglow and radiation
stability. A negative role played both by cathion and anion admixtures
was noted [8]. At the same time, even in salts of very high purity degree
used for AHC growth, the content of OH™, 1057, CO32*, NO,™ can reach
103 mol.%. A decisive role of oxygen-containing compounds and the
presence of extra vacancy type defects have been shown to be a decisive
factor leading to long decay times [8,11]. Moreover, to obtain high quality
Nal- and Csl-based scintillators, the activator ions should be distributed
as uniformly as possible at concentration levels ensuring efficient detec-
tion of gamma-quanta, X-ray radiation and alpha particles.

Thus, achieving high scintillation parameters of AHC depends
upon specific features of the growth technology used, the presence
of admixtures and their concentration, as well as uniformity of the
activator distribution.

The total volume of the world AHC annual production is measured
in dozens of tons, and the most broadly used growth technologies are
those based on the Bridgman-Stockbarger directed crystallization
method. This technology, though sufficiently simple and convenient,
still has some drawbacks that create problems in production of large-
sized AHC of high quality.
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In the Institute for Single Crystals, two methods have been de-
veloped for automated pulling of single crystals from the melt on a
seed involving feeding-up of the raw charge in the course of growth
[12,81]. The activator distribution non-uniformity in this case did not
exceed 10% [79].

A method of crystal pulling from the melt was reported [5,6],
where the melt was placed into a rotating cylindrical crucible, with
feeding up by polycrystalline or granular raw charge from the feeder
located outside the growth furnace. The process automation is en-
sured by the temperature control of the heaters using signals of a
high-sensitivity electronic sensor of the melt level, thus determin-
ing either the mass speed of the growth or diameter of the grow-
ing crystal from the displacement of the melt mirror surface. This
methods excludes many drawbacks that are characteristic for the
Bridgman-Stockbarger method, but it has its own negative sides,
related to melting of the feed-up material directly in the crucible (in
its peripheral part) and large free surface of the melt when large-
sized crystals are to be grown.

In another method [13,14], these problems are avoided. At the
radial growth stage, the crystal is pulled from the melt with the ge-
ometry of its surface being varied by means of gradual elevation of the
melt level in a cone-shaped crucible. The feed-up is made with melted
material from the feeder located directly under the crucible in the
hermetically sealed growth furnace. This limits the maximum crystal
size, but provides for additional purification of the melt, removing
oxygen-containing microadmixtures and mechanical inclusions. The
melt level in the crucible is set by the position of the electric contacting
feeler with respect to the top of the cone-shaped crucible. Information
of the growth speed (or on the crystal diameter changes) comes in the
form of data on the feed-up rate variation.

Both methods have been comprehensively tested in growing of
large-sized Nal(Tl), CsI(Tl) [37], Csl(Na) and Csl single crystals — of
520 mm and more in diameter, of more than 500 kg in mass. High
quality of scintillation detectors prepared from these crystals (in
particular, detectors of large diameter for medical gamma-chambers,
which should meet especially high requirements) has been confirmed
by measurement of their characteristics carried out at many leading
Western companies in the field of radiation instruments.
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Table 1.1. Main physico-chemical properties and scintillation characteristics
of Nal(Tl) [16,17,18].

Characteristic Value
Atomic number 50
Density, g/cm? 3.67
Melting temperature, K 924
Thermal expansion coefficient, K~1 47.4-108
Cleavage plane (100)
Mohs’ hardness 2
Hygroscopicity yes
Maximum of the emission spectrum, nm 415
Lower absorption band edge, nm 300
Relative light output (y-radiation), % 100
Refraction index at the emission maximum 1.85
Scintillation decay time, us 0.23
Afterglow after 6 ms, % 0.3-0.5

1.3. Main physico-chemical properties and scintillation
characteristics of alkali halide scintillators

A substantial part of scintillation materials for detectors of ion-
izing radiation is based on alkali halide single crystals. At present,
they represent not less than 80% of the total quantity of scintillators
used in the world. In traditional application fields of AHC application,
the scintillators used are based on two crystal matrices — Nal and Csl
(Table 1.1 and 1.2).

Nal(Tl). This is one of the most efficient scintillation materials. It
was reported for the first time in 1948 [15]. Nal(Tl) single crystals remain
second to none among scintillator materials as for their light output,
energy resolution, good matching of the radioluminescence spectrum
to the maximum sensitivity region of commonly used PMT (415+5 nm)
and fast response (among activated alkali metal iodides).

The luminescence spectrum of Nal(Tl) single crystals, with maxi-
mum at 415 nm, is shown in Fig.1.4.

Nal(Tl) single crystals have relatively high density and atomic
number, which ensures high peak and full detection efficiency of gam-
ma- and X-ray radiation. High transparence to the intrinsic radiation
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Table 1.2. Main physico-chemical properties and scintillation characteristics
of single crystals Csl(Te), Cs(Na), Csl and Csl(CO5) [16,17,18].

Characteristic Value

CsI(Tl) | Csl(Na) Csl Csl(COy)
Atomic number 54 54 54 54
Density, g/cm3 451 451 4.51 4.51
Melting temperature, K 894 894 894 894
Thermal expansion coefficient, 54108 49-108 49108 | 49-106
K1
Cleavage plane No No No No
Mohs’ hardness 2 2 2 2
Hygroscopicity Slight Yes Slight Yes
Maximum of the emission 550 420 315 405
spectrum, nm
Lower absorption band edge, nm 320 300 260 300
Relative light output with 45 85 4-6 60
rescpect to Nal(Tl), %
Refraction index at the emission 1.79 1.84 1.95 1.84
maximum
Scintillation decay time, ps 0.63-1 0.63 0.016 1.4-3.4
Afterglow after 6 ms, % 0.1-5 0.5-5 - 0.06

(absorption coefficient K~5-10~3 cm™1) ensures good light absorption
in large-sized single crystals.

A serious drawback of Nal(Tl) crystals is their high hygroscopicity,
due to which these crystals must be placed into hermetically sealed
housings. Another drawback is their phosphorescence, which causes
rather high afterglow in the millisecond and minute range. The
relatively high afterglow limits the application fields of Nal(Tl). In
particular, this applies to computer tomography, where the afterglow
level after 3 ps should not be higher than 0.4% [19]. The millisecond
luminescence component, as well as the more slow components, sub-
stantially worsens counting characteristics of a detector, especially
in variable radiation fields and at operation temperatures below the
room temperature.

In Nal(Tl) crystals, the main luminescence component contributes
90-95% of the whole signal, and the remaining 5—-10% are due to slow
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components. One more draw-
back of Nal(Tl) single crystals is
0r that they are rather brittle and
tend to be easily cleaved along
the (100) plane. This can be
slightly improved by plastic de-
formation at high temperatures.
05 However, for severe operation
conditions (vibration, sharp
mechanical stresses, thermal
shocks) Nal(Tl) as scintillation
material is generally used in
00 , ) the form of so-called “polyscins”,
300 400 500 soo which are obtained by pressure
Wavelength, nm compaction and extrusion. The
single crystalline ingot is re-
Fig.1.4..Luminescence spectrum of crystallized at high temperature
Nal(Tl) single crystals. and high pressure, resulting in a
quasi-amorphous polycrystalline
material, in which the mosaic blocks are strongly disoriented. Such
structure increases the polyscin hardness, not worsening their optical
and scintillation properties. Mechanical properties of Nal(Tl) polyscins
and single crystals are compared in Table 1.3. Brittleness and tendency
to be easily cleaved is the reason why a moderate mechanical impact
can produce large fissures over the crystal volume. In polyscins, an
emerging small fissure is immediately blocked within a small volume
and does not expand further. High mechanical hardness characteristics
of Nal(Tl) polyscins allow their broad use in geology and geophysics, in
outer space studies and environmental monitoring. Simpler produc-
tion technology is another advantage of polyscins as compared with
single crystals.

Scintillation rise time T and scintillation efficiency n of Nal(Tl)
single crystals are strongly dependent upon the activator concentration
(Fig.1.5). The activator concentration is chosen to ensure sufficient scin-
tillation efficiency, keeping in mind that excess of the activator increases
the number of complex thallium centers competing with the regular
TI* luminescence centers in absorbing the excitation energy, worsen-
ing scintillation properties of the crystal [20]. Effects of the activator

Intensity, a.u.
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Table 1.3. Mechanical properties of single crystals and polyscins Nal(Tl) [18],
Csl(Tl) and Bi,Ge;0,, [26].

Charavteristic Single | Polyscin | Single Single
crystal Nai(Tl) crystal crystal
Nal(Tl) CsI(Tl) | BiyGes04,
Young’s modulus, 10710 N/m? 2.02 2.02 - 10.56
Yield strength, 1076 N/m?2 1.8-2.4 | 4.1-6.3 - -
Proof strength, 10~6 N/m?2 14-20 20 - -
Shear modulus, 109 N/m? 7.67 - 6.8 43.6
Bulk elasticity modulus, 1.80 - 1.26 5.66
1010 N/m?2
Poisson’s ratio 0.314 - 0.2 0.189
Elastooptical constants,
C;,°10%0 , N/m? 3.03 - 2.446 11.58
C,5101%, N/m? 0.899 - 0.661 2.70
C,,101%, N/m? 0.735 - 0.629 4.36
Anisotropy factor 0.69 - 0.70 0.98
1,5 H
40 I
@ 30 " 3o}t 2
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Fig.1.5. Scintillation rise time t© (1) and scintillation efficiency n (2) of Nal(Tl)
single crystals as function of thallium concentration.
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Fig.1.6. Scintillation decay time of
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Fig.1.7. Light output of Nal(Tl) single
crystals as function of temperature.

concentration upon scintillation
properties of Nal(Tl) crystal will
be considered in detail in Chap-
ter 1.4. The generally used mass
concentrations of the activator
in Nal(Tl) crystals usually do not
exceed 0.05%. An exception is
scintillation detectors of X-ray
radiation, where the activa-
tor concentration is purposely
increased to ensure proportion-
ality of the light output to the
radiation energy [21].

The luminescence decay
time and light output of Nal(Tl)
single crystals are shown as
functions of temperature in
Figs.1.6 and 1.7, respectively.

At higher temperatures
the decay time of Nal(Tl) is
decreased, making it possible
to use this material in radio-
metric equipment operating
at high temperatures, e.g., in
geophysical instruments. The
light output of Nal(Tl) is the
highest at room temperatures,
the temperature coefficient
is 0.22-0.5%/K, substantially
depending upon the sample
and radiation [22]. Below 0°C
and above 60°C, the light out-
put falls rather strongly. The
temperature dependence of the
intrinsic resolution of Nal(Tl)
crystals depends upon concen-
tration of the activator [23] and
is related to the presence of cen-
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ters that are more complex than Tl*-centers [20]. When the temperature
decreases, non-uniformities of the light output appear, worsening the
intrinsic resolution of Nal(Tl) crystals. Thus, to obtain a scintillation
detector with temperature-independent intrinsic resolution, one should
use lower concentrations of the activator.

Nal(Tl) single crystals have radiation stability that is quite sat-
isfactory for many applications. They can be used under ~-radiation
with flux density of up to 10° photons/(s‘cm?) without any noticeable
variation of their characteristics. With loads above 107 photons/(s-cm?),
characteristics can change irreversibly. Studies of gamma-radiation
effects upon optical and spectrometric characteristics of Nal(Tl)-based
scintillation detectors at temperatures from —100°C to +200°C have
shown that the observed worsening of scintillation parameters is
mainly due to lower transparence to the intrinsic radiation [24].

At room temperatures, undoped Nal is not used, as its light output
1s too low. However, its cooling to liquid nitrogen temperatures leads to
a substantial rise of the light output, which becomes two times higher
than light output of Nal(Tl) at 20°C [25]. The luminescence is observed
at \ .« = 303 nm with the time constant of 60 ns.

Csl(Na) and Csl(Tl). Csl-based crystals are sufficiently stable to
gamma-radiation because of their relatively high density and effective
atomic number Z. Csl crystals are used as scintillators either undoped
or doped with activators Na or Tl. Csl-based single crystals have high
thermal stability and mechanical strength, which is primarily due to
the absence of cleavage planes. Most physico-chemical properties of
Csl-based crystals do not depend upon the activator used (see Table 1.2),
while scintillation characteristics are essentially dependent upon the
type and concentration of the dopant. Csl single crystals have higher
plasticity as compared with Nal, which makes their mechanical pro-
cessing easier. It is interesting to note that Csl crystals are soluble in
water, but are not hygroscopic under normal conditions. However, if
they are brought into contact with a material upon which water vapor
1s deposited, or if this material is used in an atmosphere of high humid-
ity, surface degradation of Csl crystals can occur. For undoped Csl and
for CsI(Tl), it is possible to restore their initial properties by submitting
their surface to a repeated mechanical treatment. As for Csl(Na), this
1s a weakly hygroscopic material, and it should be hermetically packed
in the same way as Nal(Tl).
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Fig.1.8. Luminescence spectra of single
crystals Csl (1), CsI(Tl) (2), Csl(Na) (3).
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Fig.1.9. Light output of single crystals
Csl (1), CsI(TL) (2), Csl(Na) (3) as function
of temperature.

On the basis of Csl matrix,
the first scintillation material
proposed was Csl(Tl) [26]. The
light output of Csl(Tl) single
crystals is one of the highest
among the known inorganic
scintillation materials. However,
the luminescence maximum is
observed at 550 nm, which does
not give good matching with bi-
alkali photocathodes of PMT.
Consequently, the photoelectron
yield for gamma-radiation is only
45% with respect to Nal(Tl). With
higher photocathode sensitiv-
ity in the green region and the
signal formation time constant
of the order of 5 us, the signal
amplitude rises to 85% [7]. The
luminescence spectra of Csl-
based single crystals are shown
in Fig.1.8. Scintillation intensity
of Csl, Csl(Tl) and Csl(Na) as func-
tion of temperature is shown in
Fig.1.9.

Csl(Tl) is a relatively slow
scintillator with average decay
time of 1 ps (for ~-radiation).
Therefore, electronic circuitry
with matching signal formation
times 1s to be used, which limits
the counting rate ensured by the
detector.

The decay time of CsI(Tl) is
determined by more than one
component [16]. The fastest
component 1s of the order of
0.6 ps, and the slowest — 3.5 ps.
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Under excitation by strongly ion-
ized particles (alpha-particles or
protons), the intensity ratio of
these two components varies as
function of the ionizing power of
the absorbed particle. A peculiar
feature of scintillation in Csl(Tl) o
is that light emission has a finite
rate of its rise, which depends
both on thallium concentration
and on the ionization density.
This 1s illustrated by Fig.1.10,
where data are presented for a-
and 3-particles at different mass

concentration C of the activator. 0 0 160 2(;0 3[')0 400
Csl(Tl) scintillation crystals can
be used for separate detection of
particles by means of analyzing Fig.1.10. Rise time of a scintillation
the pulse shape. flash in Csl(Tl) as function of Tl con-

Radiation damage in Csl(Tl) centration for 5- and -particles.
crystals can be rather significant
when the absorbed dose is higher than 10 Gy (102 rad); however, it
is at least partially reversible. As most of the radiation damages give
rise to optical absorption bands that are observed mainly at lower
wavelengths, the use of photodiodes for recording the scintillation light
decreases the effects of radiation-induced damage upon light output
and pulse height resolution [16].

If thallium is replaced by Na as activator in Csl(Tl) crystals, the
result is a new scintillation material — Csl(Na) — with substantially
improved characteristics (higher efficiency, shorter decay time, higher
radiation stability. First detailed reports on luminescence and scintilla-
tion in Csl(Na) were made by Brinckmann in 1965 [27] and A.N.Panova
with her co-workers in 1967 [28].

Luminescence spectrum of Csl(Na) single crystals has maximum at
420 nm, which is well matched to the bialkali PMT photodiode sensitiv-
ity (see Fig.1.8). The light output is up to 85% with respect to Nal(Tl) for
~-radiation. The decay time is reduced to 630 ns. A drawback of Csl(Na)
scintillators, as well as of Csl(Tl) ones, is their rather high afterglow,

. ns

Concentration, mol.%
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which substantially limints the counting rate. It follows from Table
1.2 that decay time of Csl(Na) is shorter than of Csl(TL).

The light output temperature dependence for Csl(Na) single crystal
suggests that maximum scintillation efficiency is obtained at ~80°C, which
makes this material suitable for application at high temperatures.

Undoped Csl. First reports about possible use of non-activated
Csl crystals as fast scintillators were made in 1987 [29].

Undoped Csl has its luminescence maximum at 315 nm (see Fig.1.8)
with intensity much lower than for both activated crystals on its base.
Decay time of Csl is rather short — 16 ns [16]. Therefore, this material
can be used in these cases when high recording speed is required. Along-
side with the fast component at 315 nm, there is also a much slower
component with decay time of about 1 ps, which constitutes 15-20% of
the total light output of Csl [16,17]. Intensity of this slow component
1s largely dependent upon the crystal purity, as contamination of the
scintillation material by certain admixtures worsens the ratio of the
fast component to the total intensity [16].

The photoelectron yield of a Csl scintillator in combination with
bialkali photocathodes is about 400 photoelectrons/MeV (for ~-radia-
tion). With small Csl crystals, one can obtain energy resolution of the
order of 17-18% (662 keV ~-radiation). This material finds its appli-
cations in high-energy photon spectroscopy. Undoped Csl can be used
in combination with standard glass PMT, though better results are
obtained with quartz windows. It can be seen from Fig.1.9 that scintil-
lation intensity of Csl rises sharply with decreasing temperature; the
same applies to the decay time [16]. Undoped Csl has higher radiation
stability than when doped with thallium or sodium, and its properties
can be largely restored after a certain time. No substantial radiation
damage was observed in Csl up to doses of 1000 Gy (105 rad). Simul-
taneous presence of carbonate (CO32_) and hydroxyl (OH™) ions in Csl
crystals substantially worsens their radiation stability [61].

Csl(CO3). In 1990, one more Csl-based scintillator was discovered at
the Institute for Single Crystals — a Csl(CO;) single crystal was grown
from the melt that additionally contained Cs,CO5 [30]. Its optical and
scintillation properties have been studied: absorption spectra, photo-
and radioluminescence, luminescence excitation spectra, afterglow
intensity in the millisecond range, as well as temperature dependences
of the decay time and light output of ~-scintillations CA{ (137¢Cs, EN =
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Fig.1.11. Luminescence excitation (1) and ~-luminescence spectra of Cs(CO;)
crystals at 300 K (2) and 80 K (3).

662 keV, and °°Fe, EW = 5.9 keV) and a-scintillations C_ (" Am, E,
= 5.5 MeV) in the temperature range 140-373 K. Changes in C1 and
C, values in the air atmosphere were also studied. In the vibrational
absorption spectra of the studied crystals, bands were found that could
be ascribed to vy, vg and v, of CO32_ ions, with their intensity increas-
ing with higher concentration of Cs,CO; introduced to the melt. As it
can be seen from Fig.1.11, these crystals displayed luminescence with
maximum at 405 nm (300 K) and 420 nm (80 K), which could be excited
both by ionizing radiation and photons from the fundamental absorp-
tion decay region in the band peaked at 243 nm. Intensity of the said
luminescence increases with intensity of the absorption bands due to
CO32_ ions and does not depend upon the concentration of Na (which
did not exceed 1.4-10% mass % in the crystal studied).

The light output of Csl(CO3) crystals is 60% with respect to Nal(Tl)
under v-excitation (see Table 1.2), and the decay times of gamma- and
alpha-scintillations at 300 K are ~2 ps. When the temperature is de-
creased from 375 K to 163 K, decay time rises from 1.7 to 3 ps. Csl(CO5)
crystals are characterized by afterglow of 0.06% in 5 ms and 0.02% in
10 ms after irradiation by X-ray pulses of 10 ms duration.
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Fig.1.12. Light output of Csl(CO5) crys-
tals as function of temperature.
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Fig.1.13. Light output and scintillation
pulse duration T for Csl(COs) crystals
with different activator content.

The values of Cﬁ{ (137Cs) and
C,, of Csl(CO;) crystals can be as
hlgh as 130% and 200% of the
respective values for industri-
ally produced Csl crystals. The
value of C. (35Fe) is 2.5 times
higher as compared with Csl(Tl),
though 30% lower than observed
for Nal(Tl). Csl(CO;)crystals,
as well as Csl(Tl) crystals, are
characterized by stability of
their C_ and C_ values in the air
atmosp“ilere

In Fig.1.12, the light out-
put of Cs(CO3) single crystals
is shown as function of tem-
perature. One can see that it
remains constant in a rather
broad temperature range. Tem-
perature dependences of C_ and
C, for Cs(CO3) crystals are sub-
stantlally different from similar
dependences for Nal(Tl), Csl(Na)
and Csl(Tl). C_ and C_ values for
the latter crystals decrease by
40-70% upon cooling from 300
K'to 213 and 163 K; for Cs(CO;),
these values remain constant,
and their decrease upon heat-
ing from 300 to 340 K does not
exceed 20%.

In Fig.1.13, values are shown
of the light yield and scintillation
pulse duration 1 for Cs(CO;)
crystals with different activator
content. Small variations of the
light output are accompanied by
scintillation pulse changes from
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1.4 to 2.7 ps. The light output of Cs(COs3) is 50-60% with respect to
Nal(Tl). The intrinsic energy resolution remains at the level of 7.0-7.5%,
accompanied with high transparence to the activator luminescence.
Absorption coefficient at 420 nm does not exceed 1-10~2 cm™1, which
allows fabrication of large-sized Csl(CO;3) samples.

Spectral and kinetic parameters of Csl(CO3) crystals were reported
in [80]. Depending upon the ion CO32’ position in the Csl lattice, decay
time can vary from 1.8 to 3.0 ps, and the light output with respect to
Csl(Na) is from 80% to 50%, respectively. Thus, Csl(COs) crystals appear
to be a highly efficient scintillation material with low afterglow and can
be successfully used for detection of hard gamma-quanta, as well as
soft gamma- and X-ray radiation or alpha-particles in the temperature
range from 163 to 340 K [80]. Csl(CO;) single crystals are promising for
new types of combined detectors with separation of different radiation
types using time characteristics.

1.4. The activator state and scintillation process in AHC

Luminescent properties of inorganic compounds are related to
formation of certain structure violations in their crystal lattice. Such
violations in grown crystals are created artificially, either by means
of partial disproportionation of the matrix and formation of defect
sites its crystal lattice, or, more often, by introduction of dopant atoms
— activators — into the crystal lattice. Structure defects of different
nature that are present in the material give rise to luminescence cen-
ters, which take part in radiative annihilation of local electron excita-
tions. Physico-chemical models of the luminescence centers in AHC
were discussed in many papers [20, 31-34]; however, there still are
many theoretical descriptions and experimental facts that are not in
agreement with each other. Let us first consider the classical models
of luminescence in activated AHC [31]. Such activated crystals are, in
fact, solid solutions of the dopant in the matrix forming the basic lattice
[35]. Fig.1.14 shows schematically possible variants of the dopant loca-
tionin AHC: 1 — an isovalent dopant ion substitutes for a base cation;
2,3 — substitution for two base cations by isovalent dopant ions; 4,5,6
— an isovalent ion is located in the vicinity of a cation vacancy or a
dopant anion; 7 — heterovalent substitution for a base cation; 8,9 —a
heterovalent dopant ion is located in the vicinity of a cation vacancy;
10 — a cluster formed by two dopant-vacancy dipoles. By the present
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Fig.1.14. Possible location variants of dopant ions in AHC lattice.

time, experimental evidence of their presence in real crystals has been
found for all types of centers shown in Fig.1.14.

Considering physico-chemical models of luminescence centers in
AHC, one should account for the character of activator introduction
into the matrix of the basic crystal. If basic ions and dopants that
take part in the substitution process are of similar size, have equal
charges and similar states of the valence electrons, as well as similar
polarizability, broad range isomorphism of the initial components is
possible. In this case, fitting of the dopant into the crystal is of atomic-
dispersion nature. If charges are different, vacancies are formed that
provide compensation for the charge; they can be located either close
to the activator (local compensation) or far from it. In the case of lo-
cal compensation, vacancies (or other compensating defects) can be
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located close to the dopant in different positions, which makes it pos-
sible that centers of different symmetry types can exist. In the case of
substantial difference between the base and dopant structure, partial
isomorphic fitting of the introduced dopant is possible. The dopant is
included parallel to certain planar networks of the crystal. In the case
of molecular-dispersion distribution of the dopant, individual molecules
or complexes are being included [31].

Numerous experimental data, first of all, spectroscopic evidence
of correspondence between luminescence centers in crystals and free
activator ions, show that dopant ions located on regular sites of the
crystal lattice are the main luminescence centers in AHC.

The activated crystals (Nal(Tl), CsI(Tl), Csl(Na), etc.) are obviously
solid solutions of the substitution type, with dopants having limited
solubility in the matrix lattice [36,8]. It has been shown [36] that, for
Nal(Tl), the solubility of Tll in Nal at room temperature is not less than
0.79 mol.%.

The activator content in commonly used Nal(Tl) detectors corre-
sponds to the plateau on the light output vs. dopant concentration plot
(L(C)) and is by an order of magnitude lower than the experimentally
determined solubility limit at room temperature. The L(C) dependence
is the most important characteristic of scintillation systems based on
activated crystals, as C is, in fact, the only controllable parameter in
such systems that essentially determines the scintillator properties.
Experimentally determined limiting solubility of Nal in Csl (Csl(Na)
scintillators) at room temperature is 2.2:1072 %.

In systems with limited dopant solubility, such as Nal(TLl), CsI(Tl),
Csl(Na), as a result of non-equilibrium crystallization conditions, as
well as of thermal dissolution of supersaturated solid solution, dopant
microinclusions can appear. The aggregation mechanism of the dopant
in AHC is essentially temperature-dependent.

The concentration quenching of the light output and worsening of
the energy resolution R observed for Nal(Tl) crystals grown in vacuum
(see Fig.1.15), can be explained [36] by an increase in the number of
activator non-uniformities enriched with complex (Tl*) ,-centers, which
are several microns in size. For short-range particles (e.g., electrons of
5.9 keV energy) these non-uniformities are macroscopic, which leads
to lowering of the detection efficiency and worsening of the “peak-
to-valley” parameter. It has been shown that the reason for forma-
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favors the decomposition
process.

In [38], a theoretical
description is given for
effects of macro- and mi-
cro-non-uniformities in ac-
tivated AHC upon changes
in energy resolution. It has
been shown that, when
non-uniformities of size g
Thallium concentration, mol.% are present in the crystal

Fig.1.15. Light output (1,2) and intrinsic en- fq <<e, Where eis the 1oniz-
ergy resolution (3,4) as function of Tll concen- 18 pgrtllcle ‘Frack. Slz.e) and
tration for Nal(Tl) crystals grown in vacuum the scintillation yield is low-
(1,3) and oxygen atmosphere (2,4). ered (L<<L . ), intrinsic
resolution of a crystal with
non-uniformities is determined by the fluctuation of their number:

1,0

05

Light yield, a.u

0,0

Energy resolution, %

( 4

(
S y
Gl o o-oe |ov G-Q--(-)--Q 5

0,0 0,1 0,2 0,3

R, =5.56 (1 —p)/mp,

where m =1/Q is the number of non-uniformities in the track, p is prob-
ability for the track to intersect scintillating sections; (1 — p) is probabil-
ity for the track to intersect sections with L<<L_ . The light output
for a crystal with non-uniformities can be expressed as L =pL, ..

It has been shown in [38] that for scintillation crystals with micro-
non-uniformities the squared resolution value is inversely proportional
to the energy of y-radiation, and this dependence is much stronger than
for the ideal crystals. This could explain differences in R(1/L) plots
for Nal(Tl) crystals of different quality. With activator concentration
increasing, the probability of its non-uniform distribution becomes
higher, and effects related to worsening of scintillation parameters
should become more obvious. Nal(Tl) crystals grown in oxygen atmo-
sphere (see Fig.1.15), as distinct from those grown in vacuum, are
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characterized by more uniform activator distribution over the crystal
volume due to more efficient mixing of the melt during the crystalliza-
tion process. In such Nal(Tl) crystals, no quenching of the scintillation
yield (662 keV) is observed while Tl concentration is increased up to
0.3 mol.%, and the energy resolution is continuously improving. It
has been established experimentally [36] that spectrometric quality
of Nal(Tl) crystals is improved by increasing the activator content,
because of weaker contribution to the intrinsic resolution of the part
that is related to the inconstancy of specific output dL/dx [39]. This
fact is of substantial significance for understanding of the reasons that
limit spectrometric quality of the activated crystals. It proves that by
increasing the activator concentration one can not only correct the
non-linearity in the low energy region [40], but also to substantially
improve the energy resolution of a scintillator.

1.5. Basic concepts of the radioluminescence
mechanism in AHC

Though the history of studies and application of alkali halide scin-
tillators has been rather long, the mechanism of scintillation pulse
formation and physics of the radioluminescence process are still not
clearly understood. Let us consider some classic concepts of the radio-
luminescence mechanisms in AHC.

It is known that when a scintillation crystal is excited by ionizing
radiation, a radioluminescence pulse emerges, which is the basis of
the scintillation process. The general scheme of the radioluminescence
process in AHC can be summarized as follows [32,33]. An ionizing
particle or quantum, getting into the crystal, does finally generate
low-energy electron excitations — electron-hole pairs and excitons.
Migrating over the lattice, the electron excitations transfer their energy
to luminescence centers, bringing them into excited states. Transition
of the luminescent center back to the ground state (relaxation) is ac-
companied by emission of photons. According to this scheme, the whole
process can be divided into three stages: generation stage, migration
stage, and intra-center stage.

The generation stage (i.e., generation of low-energy excitations in
the lattice) includes energy transformation processes that start when
an ionizing particle as a quantum enters the crystal and finish when
electrons, holes and excitons are created. The energy of a fast charged



32 B.Grynyov, V.Ryzhikov, Jong Kyung Kim, Moosung Jae

particle that is decelerated in the crystal is used for ionization and
excitation of atoms.

If transformation of the charged particle energy in the crystal is
of a cascade character, the average energy of electron excitations is
lowered. The latter determines the character of the most probable
physical processes occurring in the exited crystal. A peculiar feature
of the generation stage is its very fast character — its duration does
not exceed 10710 s,

The migration stage is much slower — by an order of magnitude,
as compared with the generation stage. In the process of migration,
electrons can get localized for a certain time on intrinsic and dopant-
induced lattice defects; as for holes and excitons, they can be auto-
localized at low temperatures. These intermediary localizations, not
lowering the stationary radioluminescence yield, make the scintillation
pulses much longer, which leads to decreases in the scintillation pulse
amplitude. Thus, so-called “inertia losses” appear, which are typical
for scintillators.

At present, it is generally accepted that energy transfer to lumi-
nescence centers in AHC is carried out by the electron-hole mechanism
[61], though exciton mechanism is also considered [52]. Contribution of
the latter is thought to be negligibly small, which is primarily due not
to low transfer efficiency of the exciton energy to luminescence centers,
but to a very small number of excitons generated by the ionizing ra-
diation at room temperature. Depending upon the sequence of charge
carriers falling onto a luminescence center, one can distinguish between
the electron-hole and hole-electron recombination luminescence.

In Fig.1.16, electron and hole localization and recombination pro-
cesses in AHC are shown schematically [33]. Recombination processes
are: 1 — electron-hole recombination luminescence without an interme-
diary electron capture; 2 — electron-hole recombination luminescence
with an intermediary electron capture; 3 — hole-electron recombination
luminescence (non-relaxated holes); 4 — hole-electron recombination
luminescence (relaxated holes); recombination of genetic electron-hole
pairs. The capture processes are: 6 — capture on the electron activator;
7 — capture on the activator of a non-relaxed hole; 8 — hole autolocal-
ization; 9 — capture on the autolocalizad hole activator. Recombination
processes 1 and 3, which are due to non-relaxated holes and electrons
falling onto the luminescence center without intermediary localization
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Fig.1.16. Carrier localization and recombination processes in AHC [33] (ex-
planations given in the text).

on shallow traps, are very fast (go practically without retardation),
therefore not contributing to the scintillation pulse.

Reactions 2 and 4, which are related to thermally activated process-
es, can in principle be too slow at room temperature or below. It has been
found for Nal(Tl) crystals that both reactions (2 and 4) are sufficiently
fast and do contribute to the scintillation pulse at room temperature.

The final stage of the radioluminescence processes in AHC (called
also “intra-center stage”) is recombination of the charge carriers on
the luminescence center, which brings the center into an excited state,
and subsequent radiative transition of the center into the basic state.
Thus, spectral composition of radioluminescence is determined by
characteristics of the luminescence center (see Chapter 1.6).

In the region of room temperatures, quantum yield of the intra-cen-
ter stage (i.e., probability of radiative transition of a center to the basic
state) is close to 1. Experimentally determined values of the absolute
quantum yield for the best Nal(Tl) samples can reach 0.83+0.07 [53].

1.6. Structure of luminescence centers and
luminescence activation in AHC

Luminescence mechanism in AHC is commonly considered, fol-
lowing Kroger [42], in terms of the excitation and relaxation type
luminescence that can be either “direct”, i.e., of intra-center nature,
or “indirect”, i.e., activator-related.

In the case of direct activation, absorption and excitation spectra
are specific for a given activator and are due to radiative transitions
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between its energy levels. The
direct activation of luminescence
is observed in AHC with a broad
band gap and rather small step
2 between energy levels of the acti-
vator. Examples of systems with
direct activation are AHC doped
with mercury-like ions [36]. Their
outer electron shell configuration
is s2 (in the excited state — sp).
These configurations correspond
to the basic level 1S, and a set of
. . . ) excited levels: 1pl, Do 3pl, 3p2.
0 In the cubic symmetry field, the
55 5,0 45 40 .. 1 3
Photon energy. (6V) transitions alllowed alre Sy — °py
(band A) and *S; — "p; (band C),
Fig.1.17. Absorption spectra of KI(TL) and in the tetragonal symmetry
crystals containing 2:1073 (1) and field, in addition, 180 — 3p2 (band
4.5:1072 (2) mol.% Tl at 77 K. B). The 1SO — 3p0 transition is
allowed only in lower symmetry
fields. There exists a genetic relationship between absorption bands of
AHC containing Hg-like ions and the corresponding transitions in the
free activator ions. In absorption spectra of AHC doped with Hg-like
ions, A-, B- and C-bands are observed. In the luminescence excitation
spectra, in addition, a D-band is observed, located at the base exciton
absorption edge (Fig.1.17).

Under excitation in A-, B-, C absorption bands, in the luminescence
spectra of activated AHC at room temperature only the A-luminescence
band is observed, which is due to non-radiative transitions 1p1 — 3pl,
3p2 — 3pl. In addition, in the A absorption band at low temperatures
the long-wave luminescence is also excited, which can be related to
D-radiation.

With higher activator concentrations, AHC spectral characteristics
are changed: additional absorption and emission bands appear, which
are related to complex activator centers (pairs, trios, etc.). In Nal(Tl)
single crystals, at least three types of centers exist that are created
by Tl*-ions, as well as (Tl*),- and (Tl*),-forms [41]. Absorption bands
of these centers are shifted to the long-wave spectral region as the

60 |
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Table 1.4. Activator absorption and emission band maximums and photoscin-
tillation times for crystals Nal(Tl).

Center type X5 nm N, L, nm Tip, DS
T 293 415 205, 200
330 10 (77 K)
(Tl+)2 260, 306 428 —
330 7
(Tl+)n 268 450 —
315-320 — —

activator composition becomes more complex. Positions of maximums
of the long-wave absorption bands X, x that are due to these centers,
luminescence excited therein (\, 1) , and duration of the intra-center
emission tin are given in Table 1.4.

Later, the tin values under excitation in absorption bands due to
activator centers were measured for crystals in which the activator
content corresponded to the end of the light output vs. Tll concentration
dependence plateau (7-1072 % Tl), where complex centers were not yet
formed, and in the concentration quenching range L, when the pres-
ence of complex centers is reflected in radioluminescence (5:107! %
TU) (Table 1.5).

The values of T, for TU*, (T1*),, (T1*),, as compared with 7., =230-250 ns,
show, accounting for data of Table 1.4, that the scintillation process,
alongside with Tl*-centers, can also involve complex (Tl*) ,-centers, owing
to re-absorption of the short-wave radiation emitted by Tl*-centers. The
presence of (Tl*),, in the lattice leads to worsening of the energy transfer
conditions from the lattice to luminescence centers, thus lowering the
light output. It has been shown that long-wave luminescence is related to
thallium aggregates (TL"), with 2<n <6 [43]. Thus, returning to Fig.1.15,
we can state that, irrespective of the excitation density, the principal role
in the scintillation process is played by Tl*-centers. Saturation of L(C) is
ensured by sufficient concentration of Tl*-centers for a given excitation
density. Concentration quenching of L in vacuum-grown crystals is related
to spinodal decomposition of the solid solution and increased volume of
the fraction containing thallium aggregates.

In the case of indirect luminescence activation, spectral charac-
teristics of AHC are weakly dependent upon the activator dopant,
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Table 1.5. Intra-center emission times ;, under excitation in activator absorp-
tion bands for TU*, (TL*),, (Tl*),-centers in crystals Nal(Tl)

Thallium iod.ide (TU) N> DI Nips DS
concentration,%
71072 291 200
260 154
313 200
51071 291 254
313 250

being specific for each basic compound. Luminescence is caused by
radiative annihilation of bonded or localized excitations of the halo-
gen (XZZ’) close to lattice defects (dopant or structural). Excitation
of this luminescence occurs at the falling section of the fundamental
exciton absorption. Localization centers of exciton excitations can be
represented by vacancies of the opposite sign — dipolons, as well as
isolated (single) vacancies.

According to [44], evidence of indirect activation is observed in crys-
tals with isovalent dopants when the dopant cation (anion) has larger
lonization potential as compared with the matrix cation (anion), with
the band gap width lower than in the basic material. A typical example
of system with activation of indirect type is Csl(Na), where luminescence
results from radiative annihilation of excitons located close to Na [45,46].
Indirect excitation of luminescence is also characteristic for deformed
[47] and not deformed [37] Csl crystals. This class of crystals should
probably also include Csl(Ca) and Csl(CO5). In Table 1.6, luminescence
characteristics are given for pure and activated Csl crystals.

A comprehensive study of the effects of Cs,(CO;) activator at dif-
ferent concentrations and high-temperature treatment upon radio-
luminescence spectra, light output, scintillation pulse duration and
vibrational absorption of Csl(COs) crystals was reported in [48]. Two
types of centers were found to be responsible for scintillations. Centers
I corresponded to radioluminescence at 395 nm and 7 = 1.4 us, and
centers IT — 430 nm and 7 = 3.4 ps, respectively. It was assumed that
Center I included the CO32_ complex — an anion vacancy, while centers
II were due to cesium oxides — products of partial thermal decomposi-
tion of the activator dopant Cs,(CO5) in the melt of Csl.
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Table 1.6. Luminescent characteristics of pure and activated crystals Csl [37]

Crystal Luminescence
Photoexcitation ~-excitation
Excitation, | Emission, Decay Emission, Decay
nm nm time, ms nm time, ms
Csl 307 0.01
(undoped) 440 3
Csl, e=14% 242 430, 460, 307, 440,
530 530
Csl(Na) 238 425 0.4 425 0.6; 1.8
Csl(Ca) 240 415 0.53 307,420 | 0.01, 1.0
Csl(Sb) 241 415 307 0.01
262 545 420 0.98; 2.7
550 1.6; 4.8
Csl(Bi) 240 420 307 0.011
262 550 420 1
550 3

It should be noted that in recent years some evidence appeared
that in AHC doped with mercury-like Tl or In ions luminescence can
also be caused by radiative transitions in excitons localized close to
the activator [49,50].

1.7. Application fields of AHC-based scintillators:
present-day state and further prospects

The scintillation method of ionizing radiation detection using AHC has
been described and reviewed in a number of publications, where general
information can be found on development of new AHC-based scintillation
materials and current situation in their production [18,20,32,33,54—58].
The application field of AHC is so broad, and their variety is so great,
that the problem of choosing the best suitable scintillation material and
optimum detector design often becomes very difficult. In Chapter 1.3 we
showed that each of the scintillation materials has its advantages and
drawbacks and can be best suited for certain specific purposes, accounting
for specific application conditions and requirements.

By the present time, a list of most common application fields of
scintillation detectors based on Nal and Csl crystal matrices has been
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more or less defined: high energy physics, non-destructive testing
(defectoscopy), medicine, environmental monitoring, astrophysics
[77,78]. Thus, Nal(Tl), Csl(Tl) and Csl(Na) crystals are widely used in
scintillation counters for detection of gamma-radiation. In high energy
physics, Csl(Tl), Csl(Na) and non-activated Csl are used for calorimetry
of elementary particles.

Successful search for materials to be used in “fast” detectors, which
would ensure not only faster radiation detection, but also time separa-
tion of scintillation pulses, resulted in creation of a new generation of
instruments based on new types of detection systems.

In 1987-1988, possible uses of undoped Csl single crystals as fast
scintillators were reported [59—61]. This achievement opened ways to
creation of electromagnetic calorimeters for high energy physics [62,63],
hodoscopic detection systems [64], positron emission tomographs [65].
Since 1991-1992, undoped Csl crystals have been used as fast scintil-
lators in many R&D projects carried out by international high energy
physics centers. Specific scintillation properties of undoped Csl make
it a very promising material just for its application in electromagnetic
calorimeters [63, 66—68].

Though experiments in high- and medium-energy physics are
quite various, all of them are, as a rule, related to accumulation of
large radiation doses during the operation period. Therefore, broader
use of Csl crystals in this field requires further improvement of their
radiation stability [69].

Possibilities were studied of using different types of detectors based
on Nal(Tl), Csl(Tl) single crystals, as well as Csl(Tl) films, for detection
of X-ray and long-wave gamma-radiation accompanying the decay of
alpha-emitting 23°Pu and 24'Am [70].

In [71], a real time scale ~-telescope was reported, designed for
detection, visualization and analysis (determination of intensity,
spectral composition and angular coordinates) of localized areas of
radioactive contamination of the environment by point and planar
~-emitting sources. The ~-telescope comprises a position-sensitive
detector made of polycrystalline Nal-based scintillator. For density
monitoring of light media (snow, ice, peat, plastics, etc.), a digital
radioisotope density meter has been developed, in which Nal(Tl)
single crystals are used as material for the stabilized scintillation
detection block [72].
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Table 1.7. Scintillation parameters of Csl and Csl(Na) activated by In or TL.

Characteristics Csl Csl(Na) CsI(TV) Csl(In)
(undoped)
T, 18 2...16 630 900 2500
Ay DD 305 420 540 550

At present, combined scintillation detectors (“phoswich” detectors)
[73] are among the most efficient devices for separation of radiation
types over characteristic times of scintillation decay. To achieve such
separation, two different scintillators are used in combination with
one another.

In [8], a new approach was proposed for making a combined
detector on the basis of one crystal. The idea consists in diffusion
coloring of a scintillation material in the activator vapor, with the
surface-adjacent layer thus formed playing the role of a second
detector in combination with the initial matrix. An important ad-
vantage of the diffusion activation method is the use of one and the
same material in the doped and undoped forms, which solves the
problem of optical matching between different scintillator materi-
als. For this purpose, Csl crystals were used — “pure” and doped
with Na (~0.25%). The diffusion coloring process was carried out in
sealed quartz ampoules by prolonged isothermal annealing at 550°C
under vapor of high purity metal indium. The matrix chosen allows
realization of different luminescence types. Undoped Csl and Csl(Na)
are widely used materials for standard “fast” scintillation detectors.
Scintillation mechanisms in these crystals are based upon intrinsic
(Csl) and activator-related (Csl(Na) luminescence. Introduction of
such activators as In or Tl can substantially change the scintillation
characteristics (Table 1.7). The strongest effects are observed when
the crystal is doped with indium ions. Maximum concentration of
In in the crystal lattice is determined by the In solubility limit, and
the activated zone profile — by decomposition of the supersaturated
solid solution.

The optimum layer thickness is 3—4 mm. This is quite sufficient
for indium-doped Csl(Na) to be an efficient material for alpha-gamma
discrimination. Characteristic luminescence spectra measured for dif-
ferent parts of diffusion-activated crystals are presented in Fig.1.18.
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In recent years, there has
been a growing interest in detect-
ing devices that could operate
under severe thermomechanical
conditions, e.g., for geophysical
applications (environment tem-
perature changes from dozens
below zero to hundreds above
zero degrees Centigrade, vibra-
tion and shock loads, aggres-
sive media, etc.) [54, 74-76].
Up to the present time, Nal(Tl)
single crystals has been gener-
300 400 500 600 ally considered among materials

Wavelength, nm suitable for these purposes [74].

Fig.1.18. Luminescence spectra of The relevant parameters are:

diffusion-activated Csl and Csl(Na) 1ight output, energy resolution
crystals. (at normal and higher tempera-

tures), density, etc. An important

drawback of Nal(Tl), which is
especially strongly felt in such applications, is its hygroscopicity. If
working temperatures are not very high (not higher than 130°C),
CsI(Tl) 1s a good alternative to Nal(Tl), ensuring higher detection ef-
ficiency of gamma-radiation and being less hygroscopic. It is known
that under thermal influence scintillator crystals tend to pass over
to a complex three-dimensionally stressed state, which lowers their
mechanical strength. Therefore, improvement of thermal strength
and shock resistance properties of activated AHC is in close connec-
tion with the growth technology, as the dopant should be uniformly
distributed over the crystal volume. Further studies are needed of
AHC thermophysical properties from the point of view of the activa-
tor effect upon the temperature linear expansion coefficient of the
scintillator material, as non-uniformity of the activator distribution
makes its value unstable, leading to high brittleness at room and
lower temperatures [54]. Another important problem is caused by
different materials in the detector having different thermal linear
expansion coefficients, as the resulting mismatches can reach critical
values making the detector partially or fully inoperable.

Intensity, a.u.
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In the monograph [54], problems concerning scintillation detectors

functioning under severe operation conditions are considered in detail.
Ways are described to improve stability of AHC-based detectors, and
data are reviewed on materials suitable for detectors and detection
blocks with high vibration and thermal stability.
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CHAPTER 2
SINGLE CRYSTALS OF COMPLEX OXIDES

Main parameters of scintillators based on binary oxides, oxide
systems, silicates of yttrium, scandium and rare-earth elements, bis-
muth zirconosilicates, silicates and germinates, as well as aluminates,
vanadates and tungstates of metals are presented in the review [1].

Scintillation properties have been found in binary oxides BeO, ZnO,
Y,03, S¢,05 [2-5]. Their scintillation characteristics, optical uniformity,
radiation stability and other important properties are largely depen-
dent upon the growth conditions and purity of the initial raw material.
The above-listed two-component oxides are “fast” scintillators, with
decay times T < 100 ns. The luminescence nature in two-component
oxides is largely related to the formation of excitons, as well as com-
plex dopant centers of radiative recombination [6—10]. Applications
of beryllium oxide are based on a unique combination of its thermal,
mechanic, electric and optical properties, accompanied by its intense
radioluminescence. For non-activated BeO samples, the light output of
alpha- and beta-scintillations is 40—-75% with respect to Csl(TL).

Kinetics of the luminescence decay of autolocalized excitons in BeO
crystals was studied in [149], and the nature of point defects in cationic
and anionic sublattice — in [11]. In Fig.2.1, plots are presented that
characterize the decay time (“slow” component) for several scintillators
as compared with BeO (using data given in [1]). Due to small size of
the obtained crystals of binary oxides BeO, ZnO, Y,0; and Sc,05, their
use in scintillator technologies has been very limited.

The class of zirconosilicates includes such compounds as Na,ZrSOg,
K,ZrSOs, Na,ZrS,05, Na,Zr,5i;0,,, Cs,ZrSi,04, etc. The best light output
was reported for Na,ZrSOg crystals doped with Eu and Tb (15-20%
with respect to Nal(Tl)). Zirconosilicates belong to chemically stable
scintillators (in particular, they are stable to acids); however, their
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efficiency is rather low, scintil-
lations are long, and preparation
technology is not adapted for 25
large-scale production [6].
Considering the class of 20
aluminates, attention is to be
paid to scintillators based on yt-
trium-aluminum garnet doped
with cerium, praseodymium, 10
scandium,as well as lutetium- or
gadolinium-scandium and gado-
linium-gallium garnets. A suffi-
ciently “fast” scintillator is LiAlO, . . . .
(T = 50 ns), which is chemically 8 6 4 2 0
and thermally stable. Cerium- gt s
doped gadolinium-scandium
garnet is another “fast” scintilla- Fig.2.1. Luminescence decay time (slow
tor (t = 100 ns). The dopant ions component): 1— Nal(Tl); 2—Bi,5i;045;
. . 3 — BaF,; 4 — CdWO,; 5 — ZnWO,; 6
(cerium, praseodymium) play the 2 4 4
Y . — Y,AL0,5(Ce); 7— BeO [17].
role of recombination lumines-
cence centers in aluminates. In
the excitation mechanism, the excitons are involved.
Yttrium-aluminum oxide YAlO; (YAP) is well known in laser technolo-
gies. Its activation by cerium allows obtaining of a scintillation material.
The light output of YAlO;-Ce at CeO, concentration of 0.2 mass % is ~40%,
T=28ns, n=1.93, N, =347 nm (though the value of 390 nm can also
be found in literature). YAlO5-Ce crystals are not hygroscopic, chemically
stable and possess high mechanical characteristics. This allows prepara-
tion of rather thin samples (50—-100 pm), which is required for production of
low-background alpha-spectrometers. A distinctive feature of this material
1s that its light output is still linearly dependent on energy at high ioniza-
tion densities. Its radiation resistance is very high — ~108 rad [12].
Analysis of data presented in [1-12] shows that the most prom-
1sing oxide scintillators can be found in the following three groups:
silicates of yttrium, scandium and rare earth elements; bismuth
silicate and germanate; metal tungstates, molibdates and vanadates.
They are distinguished by their high thermal, chemical and radiation
stability, relatively fast response, and high light output. Therefore,

gl a.u.
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they arouse much interest as promising materials of high efficiency
and reliability of detection, good energy, spatial and time resolution.
Their use in detectors of ionizing radiations opens many new practi-
cal possibilities.

Therefore, in this chapter we will consider these scintillation materi-
als in more detail. As their preparation technologies are based on general
features of crystal growth by the Czochralski method, we will also discuss
(in Chapter 2.1.2) theoretical considerations for thermal conditions of the
growth process that allow preparation of oxide crystals of constant radius
with high structural perfection and high scintillation parameters.

2.1. Bismuth germanate Bi,Ge;0,, (BGO) and silicate
BiSi30,, (BSO) single crystals

2.1.1. Crystal and electron structure of Bi ,Ge;0,, and
Bi,Si;0,,

A natural hydrothermal mineral eulytine (chemical formula
Bi,Si30;,) is known, with its crystalline structure first determined in
1931 [13]. This mineral possesses volume-centered cubic lattice with

Fig.2.2. Orthogonal projections of the eulytine elementary lattice onto the
(001) plane [13].
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a) b)

Fig.2.3. A fraction of the eulytine structure: a — projection onto the (100)
plane; b — projection onto the (111) plane [14].

a =(1.0272+0.0004) nm; its elementary cell contains four formula units.
Several models have been proposed for positions of the structural ele-
ments in the eulytine lattice, which reflects difficulties of constructing
graphical images of large-sized elementary cells. Fig.2.2 shows the
orthogonal projection of the eulytine elementary cell onto the (001)
plane according to data from [13]. A characteristic feature of such
construction is the presence of clearly observed tetrahedral “cavities”,
inside which localization of dopants is possible. The eulytine structure
1image, as interpreted by N.V.Belov [14], is shown in Fig.2.3.

According to data from [14,15], eulytine has a carcass structure
composed of independent SiO 4-tetrahedrons and BiO3-pyramids, which
are interconnected by their vertexes.

In the eutytine structure, the “oxygen equality” principle is realized:
each oxygen atom is bound only to two cations (silicon and bismuth);
three oxygen atoms in connection to bismuth form a regular triangle with
bismuth atom located over the plane. Such configuration of structural
elements was called “umbrella configuration” in [14,15]. The second
trio of the oxygen partners is at much greater distance from bismuth.
Further studies [16] have shown, using synthetic polycrystalline samples
of Bi,Si304,, that the bismuth octahedron is strongly distorted — tree
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[112] oxygen atoms are at 0.215
nm from bismuth, and the
other three — at 0.265 nm.
Substantial distortion of
the octahedral coordina-
tion of atoms in Bi,Si;04,
was confirmed in [17] on
poly- and single crystalline
samples. Fig.2.4 shows the
coordination of oxygen at-
oms around the bismuth ion
in the eulytine structure:
the bismuth ion is octahe-

Fig.2.4. Coordination of oxygen atoms around ‘(‘ira.lly ’?urrounded by three
the bismuth ion in the eulytine structure [17]. trios” of oxygen atoms
with respective distances of

0.2125 nm and 0.2617 nm
[17]. Results obtained for synthetic Bi;Si;0,, crystals using neutron dif-
fraction and ESR [17] show that, within the limits of standard deviations,
both polycrystalline and single crystalline synthetic Bi,Si;0;, samples
have the same structural parameters as the natural eulytine.

Single crystals of bismuth germanate Bi,Ge;0,, with eulytine
structure were first synthesized in 1965 [18]. Their lattice structure
and architectural design are similar to Bi,Si;0,,; the elementary lattice
parameter a = (1.0527+0.0003) nm [17-20].

The main fragments of the Bi,Ge;0,, crystal structure are isolated
orthotetrahedrons of germanium and isolated octahedrons of bismuth.
Fig.2.5 shows the elementary cell of Bi,Gi;04, [17].

The coordination tetrahedrons of GeO, and Bi,Ge;0,, are only
weakly distorted, and the coordination polyhedron of bismuth at-
oms is a strongly distorted octahedron with two “trios” of oxygen
atoms: the first — with Bi—O distance equal to 0.2605 nm, and the
second — 0.2161 nm. Thus, in any crystal structure models of bis-
muth germanate and silicate, the bonds Ge—O or Si—0 are equivalent,
while Bi—O bonds are substantially different. Calculations of the local
valence balance [21] showed that both types of description are accept-
able — with Bi polyhedrons presented as octahedrons, and with the
“umbrella” configuration for Bi.

v
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Fig.2.5. Elementary cell of Bi,Ge;0,, [17].

A detailed analysis of different electron structure models for
Bi,Ge;0,, was carried out [21] in accordance with structural units
of the crystal lattice. Electron structure was considered for clusters
Ge044_ and Bi069_ as the smallest clusters, and for a more complex
cluster Bi4Ge3O129_ proposed in [22]. In the complex cluster model,
the idea of N.V.Belov of the “umbrella” crystal structure was used.
The cluster was presented as a regular trigonal pyramid with Bi atom
located in its vertex. Three oxygen atoms around Bi, which are located
in the pyramid base, are also vertexes of the Ge tetrahedrons. The
diagram of energy levels in Bi,Ge;0,, obtained as a result of calcula-
tions for the complex cluster BiGe3O129_ and the minimum clusters
BiO,°~ and GeO,*~ is shown in Fig.2.6.

In the dipole approximation, in the BiGe3O129_ cluster with point
symmetry Cj  all transitions from the filled states to the virtual ones
are permitted. The first peak A corresponds to the transition from the
level 6s of bismuth to the conductivity band. Maximums B, C and D
correspond to transitions from 2p-states of oxygen. As for maximums
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BiO,” GeO," Bi,Ge,0,,”

Fig.2.6. A diagram of the energy levels of the minimum (BiO,°"), (GeO,*") and
“umbrella” clusters in Bi;Ge, 04, [10]. The spectrum of the imaginary part of
dielectric permittivity e4 is shown.

E, F, G, they are related to transitions from 2s-states of oxygen, while
peaks K and L are well approximated by transitions from d-states of
bismuth.

2.1.2. Theoretical description of thermal conditions for
growth of oxide crystals of constant radius by the
Czochralski method

At present, the main preparation technique of oxide scintillation
crystals is their growth from the melt by the Czochralski method.
To control structural perfection and scintillation characteristics of
crystals, it is necessary to determine the principal factors affecting
the growth conditions. The Czochralski method had been used in
practice for a long time, detailed theoretical and experimental stud-
ies, clearing up the main features of the Czochralski growth process
for oxide crystals [23-27].

The approach developed in [26] actually accounts for all the rel-
evant factors, allowing an analysis of oxide crystal growth without
costly experiments. One of the main growth parameters of the oxide
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crystals affecting their optical quality is the crystallization rate (speed).
It should be kept constant during the growth process, which is reflected
in the radius of the growing crystal remaining constant. The problem
of growing crystals of the constant radius is of great practical interest.
Stabilization of the crystal radius in the growth process can be achieved
mainly by variation of the pulling rate or by changing the heater power.
In growing oxide crystals, the speed of pulling from the melt should be
kept slow, as its variation can lead to changes in the effective dopant
introduction coefficient. Therefore, in growing crystals of complex oxide
compounds, the crystal radius is kept constant mainly by controlling
the heater power. Rates of pulling and rotation of the crystal, as well
as the crucible radius, should be kept constant (stabilized).

From mass and heat balance conditions during growth of a crystal
with constant radius, it follows that crystal radius R at a constant pulling
speed Uy is related to the temperature gradients in the solid G, = 0T /oz
and liquid G, = 0T}/0z= (T,, - T)/5 phases on the crystallization front (i.e.,
with thermal conditions) by the following relationship [27]:

AH, p.v
Re =R \Jo;/p. [1— meP , 2.1
§ = TP ps\/ NG, +N(T, — T @1

where TS’ ;are thermal fields in the crystal (s) and melt (J), respectively,
Psl— density, Nl — thermal conductivity coefficients, T, — melting
temperature, AH, — melting enthalpy, R;— crucible radius, 6 — thick-
ness of the boundary layer. The values of G, and G, can be found from
thermal conductivity equations or experimentally. It follows from (2.1)
that, to ensure a constant radius of the growing crystal at a constant
pulling rate, the heat flux difference at the boundary between the solid
and liquid phases should be kept constant. The heat flux from the liquid
phase is affected both by the temperature of the melt and by the thick-
ness of the boundary layer. The melt temperature can be controlled by
the heater power, and the boundary layer thickness 6 is determined
both by thermal conductivity and by hydrodynamic properties of the
melt. The value of §;, = \/v/_w , where o is the frequency of crystal rota-
tion. During growth of oxide compound crystals Bi,Si;0,,, Bi,Ge;0;,,
Bi,,Si0,q, Bi;,Ge0,, and TeO,, the crystal rotation frequency should be
changed as the melt level in the crucible becomes lower.
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If technological parameters of the growth installation that affect
the radius of the growing crystal are appropriately stabilized, changes
in thermal conditions caused by the changing melt mass and crystal
length become the main factor affecting the crystallization rate (and,
consequently, the crystal radius).

When crystals are grown by the Czochralski method without
additional “feeding-up” in the course of growth, the level of the melt
and the crystallization front location with respect to the crucible
walls are continuously changed. When the melt level in the crucible
becomes lower, the temperature just above the melt is continuously
increasing due to larger screening effects from the bare crucible walls.
At low thermal conductivity of the material, this leads to worse heat
removal along the crystal. In this case, to keep the crystal radius
constant, the melt temperature should be lowered. At the initial
stage of growth, the rate of decreasing the melt temperature should
be higher than at final stages. This is explained by the increasing
thickness 6 of the boundary layer caused by weakening of convection
in the melt and of the thermal flux along the crystal due to the rising
environment temperature. If thermal conductivity of the crystal is
sufficiently high, the temperature of the melt should be increased
in the course of growth. In this case, the crystal growth is strongly
affected by changes in the character of heat removal from the crystal
to the environment (as the top of the crystal is moving upwards from
the melt surface). The heat flux from the crystallization front along
the crystal is composed of the molecular W, and radiation W, compo-
nents. The radiation component depends on the crystal transparence
with respect to thermal radiation from the melt at the wavelength
Amax: Which corresponds to maximum radiation from the interface
at melting temperature 7,,.

Theoretical consideration of the effects of convection in the melt
upon thickness of the thermal boundary layer ¢ [26] have shown that it
1s determined both by thermal conductivity and hydrodynamics of the
melt. It can be described as function of variables that are determined
by thermal and hydrodynamic characteristics. In a dimensionless form,
1t can be expressed as

1% = F (8, / R;,Rg/ R, Gr, Mn, Re), (2.2)
l



56 B.Grynyov, V.Ryzhikov, Jong Kyung Kim, Moosung Jae

where Gr is the Grashof number, which characterizes the intensity
of natural convection, Mn is the Marangoni number, which describes
the thermocapillary convection, Re is the Reynolds number, which
describes the intensity of forced convection in the melt caused by the
melt entrainment by the rotating crystal and the crucible. In the course
of crystal growth, relative contributions of the natural and forced
convection in the melt are re-distributed, which is due to changes in
thermal and geometrical growth conditions. At the initial stage, natural
convection is predominant, while at the final stage forced convection
becomes the most important.

One should also account for the dependence of the melt viscosity
on temperature, as radial non-uniformity of the melt viscosity affects
the quality of the growing crystal. To obtain crystals of high quality,
it is important to choose such dimensions of the crucible and crystal
that would ensure uniformity of the melt due to both natural and
forced convection.

Thus, at specified values of the crucible radius R, and crystal radius
R;, as well as of the pulling rate v, and rotation rate , initial growth
conditions (the temperatures of the melt and crucible) are determined,
according to (2.1), by the value of temperature gradient along the
crystal pulling axis, which depends upon the design of the crystal-
lizer. Experimental results show that the region of optimum thermal
conditions, both for crystals with good heat removal (e.g., Bi,Ge;0;,,
CdWO,) and materials with low thermal conductivity (e.g., LINDO,), is
limited from both sides — from initially high melt temperatures (at
temperature gradients over the melt > 70 K/cm) and from low tem-
peratures at relatively low axial temperature gradients (< 30 K/cm). In
the first case, undesirable negative effects can be caused by violations
of the melt stoichiometry and by formation of metastable phases in
the melt (and, consequently, in the grown crystal — e.g. Bi,Ge;0,,).
In the second case, there is a danger of concentration supercooling of
the melt, which can cause worsening of the crystal quality and even a
breakdown of the growth process.

As we had already indicated, during pulling of the growing oxide
crystals stabilization of their radius is made by the appropriate varia-
tion of the melt temperature by means of controlling the heater power.
Therefore, from the character of the heater power variation (which can
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be easily measured) one can get information on the variation of thermal
conditions in the course of growth of a crystal with constant radius.

Our studies on this question have shown that for qualitative
analysis of the process in developing preparation technologies for new
materials, as well as for determination of the optimum crystallizer
design the following expression can be used:

%(CmmTl) = W) =W, () — W () — W, (1) — W, (D), (2.3)
where the left-hand side describes the variation of the heat content of
the melt in unit time, Wis power coming to the melt from the heater,
W, is power removed from the melt through the crystal, Wf 1s power
removed from the free surface of the melt to the environment, W is
power removed from the melt through the bottom of the crucible, W
is power removed through the side walls of the crucible, C, is specific
heat capacity of the melt, m is mass of the melt. A detailed analysis
of (2.3) is given in [37, 38].

It can be seen from (2.3) that the power coming to the crystallizer
1s consumed for changing the heat content of the melt and for thermal
losses indicated in (2.3). To obtain a crystal of high quality, optimum
values of W (), Wf(t), W, @), W,(t) should be determined, as well as
the best ways to achieve them, and then, on the basis of the analysis
carried out, one should create a suitable crystallizer design and choose
the required regimes of crystal growth.

The temperature distribution above the melt before the growth
start is specified by the crystallizer design, and changes in thermal
conditions in the crystallization zone during growth of a crystal with
constant radius are reflected in the character of changes in the heater
power. Monotonous and smooth variation of the heater power for
maintaining the crystal radius constancy corresponds to monotonous
variation of thermal conditions in the course of crystal growth. Such
character of heater power variation guarantees high quality of the
grown crystal.

In Chapters 2.1.3, 2.3.2 and 2.4.2, we have demonstrated how one
can obtain, using the theory described in [26], optimum conditions for
the growth process that would guarantee high structural perfection
and scintillation characteristics of complex oxide crystals.
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2.1.8. Technological features of single crystal growth
of bismuth germanate and silicate

Preparation methods of Bi,Ge;0,, (BGO) and Bi,Si;0,, (BSO) single
crystals, as well as their quality, have been reviewed in detail [28]. For
preparation of BGO and BSO single crystals, many of the commonly
known methods of crystal growth were used. By the Bridgman-Stock-
barger method, BGO crystals of 20 mm in diameter and 50—60 mm
in length could be grown practically without defects. However, it is
hardly possible to grow large-sized crystals by this growth method due
to the difference in growth rates of the central and peripheral parts
of the crystal.

The floating zone method is of simple design and high productiv-
ity. In this method, the zone of higher temperature moves along the
vessel containing the seed crystal and the raw charge. However, this
method also sets limits on the crystal size, primarily, on its height,
because heat transfer becomes non-uniform with increasing height
of the grown crystal, and temperature convection near the surface
becomes stronger. BGO crystals obtained by this method tend to be
ageing with time, with yellowish color appearing, which worsens their
optical properties.

By the heat exchanger method, BGO crystals are grown on seed
placed onto the bottom of a platinum crucible. The growth start and
rate are determined by the intensity of aeration with cooling gas going
through the heat exchanger. Preparation of defect-free 40X40X13 mm
BGO crystals by this method has been reported [28].

The main prospects for growth of large-sized BGO single crystals
are related to the development and improvement of the Czochralski
method. Using a low-gradient variant of this method, BGO crystals of
diameter 120-130 mm and 350 mm long could be obtained. This method
could be proposed as method for industrial production of large-sized
BGO crystals; however, it is worse than the conventional Chochralsky
method, as there is a possibility for formation of different structure
defects and coloring of single crystalline material.

At present, the most common preparation method of BGO and BSO
crystals is pulling from the melt by Czochralski method (see 2.1.2).

Fundamental studies of peculiar features of the Bi,0;—GeO, were
carried out by V.M.Skorikov and his team [29-34]. The problem of
preparation of structurally perfect BGO single crystals was considered
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in works of S.F.Burachas and B.L.Timan [35-38], where technological
features of growth of these crystals were discussed in detail.

Bismuth germanate Bi,Ge;0,, (BGO). Preparation of structurally
perfect BGO single crystals by the Czochralski method, as it follows
from Chapter 2.1.2, is related to the correct choice of crystallization
conditions and regimes, which should account for physico-chemical
properties of the Bi,0;—GeO, system. A characteristic feature of the
diagram of state of Bi,0;—Ge0, is a possibility of formation, depend-
ing upon specific conditions, of several stable or metastable phases
of constant or variable composition. It was found that in the state of
stable equilibrium, alongside with Bi,Ge;0,, of the eulytine structure,
two more stable phases can be formed — Bi;,Ge0,, with the sillenite
structure, and Bi,Ge;04 with the bentoite structure, as well as a meta-
stable phase of Bi,GeOs.

The polymorphism of the initial bismuth and germanium oxides,
in combination with high polarizability of Bi ion, leads to interactions
of complicated nature between Bi,05 and GeO,. From the review paper
(28], it follows that processes of compound formation in the Bi,0;—GeO,
system are primarily determined by the temperature regimes of the
synthesis. In Tabl.2.1, one can find the phase composition of Bi,0;—
GeO, samples (according to data taken from [33]) as function of the
Bi,Ge;0,, synthesis temperature. At higher temperatures, the fraction
of eulytine in the Bi,05 + GeO, reaction products increases.

Studies of density and viscosity polytherms indicate the presence of
three temperature zones above the liquidus curve, with different melt
structure in each of the zones. The upper boundary of the low-tempera-
ture zone A (it is also the lower boundary of zone B) is 30 K above the
liquidus, zone B occupies an interval of ~100 K, and further upwards is
zone C. In the temperature zone A, the main role is played by the bond

Table 2.1. Phase composition of the 2Bi,05+3Ge0, reaction products

Synthesis temperature range, K Phase composition
913-1163 Bi,Ge;0,,; Bi ;,Ge0,,; Bi,Ge;0x;
a-Bi,05; GeO,
1213-1233 Bi,Ge;0,,; Bi ;Ge0,,; BiGe;0q
1253-1273 Bi,Ge;0,,; Bi;Ge;0q
1304 Bi,Ge;0,,
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Bi3+—GeO44_, which 1s broken when the temperature is raised. When
the melt is heated to temperatures corresponding to zone B, polymer
structures are formed from Ge044_ tetrahedrons and Bi2032+ covalent
complexes. Modification of the melt structure under heating is accom-
panied by abrupt changes in its properties, especially in viscosity.

The metastable phase Bi,GeOg is crystallized from the metastable
melt upon cooling from the temperature zone B. Therefore, if during
the growth process the temperature remains more than 30 K higher
than the melting temperature of the stable phase for a long time, for-
mation of the metastable phase occurs. This phase accompanies the
main (eulytine) phase during crystallization, thus worsening optical
quality of the grown crystal. Otherwise, substantial overcooling of the
melt also negatively affects the crystal quality. Accounting for peculiar
features of the Bi,0;—Ge0, system and the results of detailed studies
of Bi,Ge;0,, crystal growth that had been carried out in the Institute
for Single Crystals, we have developed a scientific base for production
technology of these crystals. This technology allows preparation of
structurally perfect bismuth germanate crystals of large size. These
crystals have practically no defects, are of the color of pure water drop-
let, and are suitable for application in high energy physics.

Bi,Ge;04, crystals 556 mm in diameter and 250 mm long were
obtained using the Czochralski method by pulling from the melt at
1.5 mm/hour; crystal rotation speed was 40 rpm. A platinum crucible of
100 mm diameter was used; above the crucible, a platinum screen of the
same diameter was installed coaxially. For heating of the crucible and
the screen, high frequency currents were used. An automatic control
system maintained the crystal diameter constant within + 0.5 mm.

Charge for the crystal growth was prepared by solid-phase syn-
thesis. Accounting for crystallochemical properties of the system
Bi,0;—Ge0,, as well as effects of the atmosphere moisture, possibility
of formation of carbon-containing compounds, purity of the reagents
and the container material on the quality of BGO crystals, optimum
regimes were proposed for synthesis of bismuth germanate charge.

Annealing of Bi,0; was carried out at the temperature of 440+10°C,
at which moisture and volatile admixtures should be completely re-
moved, thus making the powder mass to be constant. When GeO, is
annealed at 965+15°C, alongside with establishment of the powder
mass constancy, the oxide is transformed into a stable hexagonal
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modification. This is a necessary condition for the reaction of eulytine-
structured bismuth germanate formation to be fully completed.

A new method of melt preparation had been proposed, which
consisted in the following. A homogenized mixture of pre-calcinated
germanium and bismuth oxides, taken in the stoichiometric ratio,
are placed into a crucible in the crystallization unit of the growth
installation. Oxides are heated in a platinum crucible at a rate of
100-150 K/min up to 940+10°C; this temperature is higher than the
melting temperature of the metastable phases. So, the oxide mixture
remains inside the temperature range of the metastable phases (and of
high corrosion activity of Bi,05 to platinum) for only 1.5-3 min, which
is 10—20 times less than in other known methods.

Under these conditions, the solid-phase reaction of Bi,Ge;0,,
formation goes with high speed, which correspondingly decreases
the corrosion rate of the platinum crucible by 10-20 times. When
the temperature reaches 940+10°C, the heating rate is lowered to
15-20 K/min, and the oxide mixture is further heated until melting.
The melted mixture is further heated up to 1075+10°C and kept
at this temperature for 1-3 hours. The melt is fully homogenized,
metastable phases fully decomposed, and bismuth germanate is
synthesized in the liquid phase. Because of high heating rate,
absence of cyclic cooling and shorter high-temperature isothermal
stage, the total duration of the technological process is reduced by
about 2 times. Chemical analysis shows that platinum content in
the melt and in the grown BGO crystal is not higher than 10~ mass
% (as compared with 1072-10~1 %, typical for other known methods
of BGO synthesis.

One of the ways used to achieve high scintillation parameters
and optical uniformity of BGO crystals is application of double crys-
tallization, which is intended to minimize the content of admixtures.
However, even the highest possible purity of the initial components
used for BGO synthesis cannot guarantee that the grown large-sized
crystals will have satisfactory optical and scintillation properties, be-
cause various microphases tend to be formed at the growth stage in
an uncontrolled way [29,39].

Effects of non-stoichiometry and phase composition of the initial
charge and the melt upon quality of BGO crystals were reported in [36].
In the bottom part of grown BGO crystals, often high concentration of
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micropores and inclusions is observed (up to 8103 cm3), which makes
the absorption coefficient in the intrinsic luminescence region as high
as (1-2)-10~! em~1. Scintillation characteristics are also worsened (light
output < 12% and energy resolution >16%). The main phase that nega-
tively affects the process of Bi,Ge;0,, crystallization at the final stage
of synthesis is that of Bi,Ge;04 with the benitoite structure. When con-
centration of this phase in the melt increases, it can be captured into the
crystallization zone, resulting in drastic changes in the thermophysical
conditions of BGO growth, which can even lead to a complete disruption
of the growth process because of substantial crystallographic differences
between the two phases (cubic Bi,Ge;0,, and hexagonal Bi,Ge;0q). If
in the course of BGO crystal growth the melt stoichiometry is violated
(e.g., because of evaporation of Bi,O5 or due to non-stoichiometry of the
charge used), formation of the Bi;,Ge0, phase is possible. However, its
effects upon structural perfection and scintillation parameters of BGO
crystals are much weaker than those of Bi,Ge;0.

As we have already noted (Chapter 2.1.2), in the Czochralski
growth of BGO the melt homogeneity and crystal quality are sub-
stantially affected by the dimensions ratio of the growing crystal and
the crucible. It has been shown [37] that if melt viscosity is strongly
temperature-dependent, growth of defect-free crystals is possible
only in a certain range of values of the crucible and crystal diam-
eter. Expressions have been obtained [37] that allow a qualitative
evaluation of radial temperature gradients required for the melt to
be homogeneous. It was shown that, in order to obtain structurally
perfect BGO crystals of eulytine structure with diameter of 50—60
mm, the optimum crucible diameter should be about 100 mm. When
larger crucibles are used, additional heaters should be applied in the
BGO growth installation.

Conditions of heat removal from the growing BGO crystal and
their influence upon its side shape were considered in [38]. The prob-
lem is related to relatively high conductivity of Bi,Ge;04, crystals;
consequently, large fraction of heat is removed from the melt through
the crystal. This is confirmed by direct measurements of the melt
temperature upon removal of the crystal from the crucible. Thus, with
crucible diameter 100 mm, crucible height 100 mm, crystal diameter
50 mm, crystal length 200 mm, when the crystal was torn away from
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the melt, the melt temperature, at the same heater power, increased
by about 30 K.

As for temperature distribution in the melt, it was shown to
substantially affect the possible faceting of the side surface of the
growing crystal [38]. Such faceting is related to the integral thermal
effect, which depends upon thermal conditions both in the melt and
in the growing crystal, determining the shape of the crystallization
front. No faceting is observed when the crystallization front is con-
vex with respect to the melt, and the axial temperature gradient
is large.

Another important result of these studies has been a discovery of
the temperature range of the melt in which there is no defect forma-
tion — neither defects due to overheating, nor those caused by super-
cooling [35]. This temperature range is ensured by correctly chosen
regimes and conditions of BGO crystal growth accounting for peculiar
features of the Bi,0;—GeO, system.

Bismuth silicate Bi,Si304, (BSO). Single crystals of bismuth silicate
are grown using the Czochralski method by pulling from the melt. As
charge, a mixture of silicon dioxide 5i0, and bismuth oxide Bi,05 is
generally used. Interaction of the initial components in the Bi,0;—Si0O,
system 1s much more complex than in the Bi,0;—GeO, system. Phase
diagram of the Bi,0;—Si0, system was presented in [147], with the
existence of three compounds noted. Stable compounds Bi,,Si0,, and
Bi,Si;0,, have melting points at 900°C and 1032°C, respectively. The
metastable phase Bi,SiOg is crystallized above 845°C. Between the two
stable compounds Bi,,Si0,, and Bi,Si;0,, an eutectic reaction occurs
at 887°C, with the eutectic point close to 25 mol.% Si0,. When SiO,
concentration is increased from 20% to 100%, the following reactions
proceed one after another: 6-Bi,05 (20-30 mol.% Si0,) — §-Bi,05 +
Bi,SiOg (30—45 mol.% Si0,) — Bi,Si05 (about 50 mol.% Si0,) — Bi,SiOy
+5i0, (50-60 mol.% Si0,) — Bi,Si;04, (> 60 mol.% SiO,). If 6-Bi,0; and
Bi,SiOg crystallize simultaneously, the 8-phase is transformed into
Bi,SiOg at 720°C.

Complex physico-chemical nature of the interaction of crystal-
forming oxides of the Bi,0;—Si0, system makes it difficult to look
for optimum technological regimes of BSO crystal growth, especially
of large-sized BSO crystals. Alongside with the main substance of
the eulytine structure, other substances can be formed, such as
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Bi;,S10,( (sillenite structure), Bi,Si;0,, (benitoite structure), as well
as metastable phases like Bi,Si0g, formation probability of which
depends upon time and temperature conditions of the synthesis
[40]. From the viewpoint of preparation of high-quality crystals,
the most important is to obtain the eulytine monophasic structure,
which can be ensured by an appropriate control of melt overheating
(accounting for its thermal instability) and supercooling.

Some peculiar problems emerge in preparation of a homogeneous
melt in the Bi,0;—S5i0, system, because, under certain conditions, a
glass-like film is formed on the melt surface. This process is rather
stable, which largely hinders formation of nuclei of the main phase
during BSO crystal growth. This film can be melted only by undesir-
able substantial overheating of the melt above the melting point of
the main eulytine phase. In addition, silicate melts have much higher
viscosity and density as compared with germanate melts.

In [41], a method has been proposed for growth of Bi,Si;0,, single
crystals, in which higher crystal quality is ensured by homogeniza-
tion of the melt at lower growth temperatures and more efficient use
of the charge.

Bismuth silicate crystals 35 mm in diameter and 150-200 mm
long were grown by the Czochralski method using high-frequency
heating in a platinum crucible. Diameter of the growing crystal was
kept constant by a specially designed automatic control system with
a mass sensor. An important feature of this method is the use of non-
stoichiometric charge — the concentration of Bi,O5 deviated from
stoichiometric value by 1-5% and was subsequently added to the
obtained mixture only at the temperature of 1100-1130°C. Addition
of the appropriate quantity of bismuth oxide in the form of powder
directly onto the surface of a hardened melt before the crystal growth
leads to disappearance of the glass-formed film and formation of a ho-
mogeneous melt suitable for single crystal growth. The content of the
main phase — Bi;Si;0,, — in the single crystals obtained was 99.8%,
and the content of compound Bi,,Si0,, with sillenite structure did not
exceed 0.2%. These crystals were characterized by nearly total absence
of light scattering centers.

In [148], growth of BSO crystals was reported (diameter 35 mm,
length 220 mm) by the Bridgman method in a platinum crucible at a
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speed of 0.5 mm/hour. The crystals were of good quality, with energy
resolution at the level of 22% at 662 keV.

2.1.4. Thermal treatment of BGO single crystals

Bismuth germanate single crystals grown from the melt by the
Czochralski method in non-uniform thermal fields are usually charac-
terized by substantial thermoelastic residual stresses, which are, with
other conditions equal, proportional to the crystal diameter squared.
For large-sized BGO crystals (D > 50 mm and L > 150 mm), the re-
sidual stress values approach the strength limit of the material, and
sometimes even surpass it. This can cause fissuring and cracking of
the crystal — either just after the growth or later, during their opti-
cal-mechanical treatment.

Some of the grown BGO crystals appear to have rather poor struc-
tural perfection. They can be optically non-uniform, contain admixtures
and inclusions of metastable phases captured from the melt, agglom-
erations of pores, color centers. In many BGO samples small-angle
micro-block boundaries are observed, with disorientation from 5 to 60
angular seconds. It has been shown [42] that optical transmission coef-
ficient of BGO single crystals is correlated to the degree of its structural
perfection. The above-mentioned structural defects lead to increases
in optical absorption in the intrinsic radioluminescence bands, they
can cause worsening of such important scintillation parameters as
light output and energy resolution. Directly after the growth, many
BGO crystals have energy resolution R > 20% and light output less
than 8%, which substantially limits their application in high energy
physics and nuclear instruments.

It is known that thermal treatment is an efficient way to improve
the crystal quality and increase the production yield of good pieces.
For BGO crystals, studies on improvement of their optical and scin-
tillation characteristics by means of thermal treatment have been
reported [43,44]. This problem becomes especially important because
of the growing demand for large-sized BGO single crystals with high
scintillation parameters.

One of the variants of thermal treatment allowing substantial
increases in light output and improvement of energy resolution of
BGO scintillators is their annealing in an oxygen-containing medium
by heating at a rate of 75—200 K/hour up to 950-1030°C, keeping the
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crystals at this temperature for
0.5-2 hours, then cooling down to
960-900°C at 50—100 K/hour, and 1,0 | ]
finally cooling to the room tem- ﬂ
perature at 100-200 K/hour. The =

presence of an oxygen-containing
atmosphere favors healing of the
oxygen vacancies in the crystal
matrix and suppresses diffusion
of bismuth from the crystal. A
distinctive feature of the thermal
treatment regime proposed in
[43] for BGO crystals is passing ) ) .
of 0.05-0.25 mA/cm?2 DC through —— 600 700
the crystal (along the growth axis) Wavelength, nm
during the stage of keeping at the
highest annealing temperature.
Introduction of this new stage can
be explained in the following way.
It was established experimentally
that, to accelerate the chemical decay of the inclusions of Bi,GeOg
and Bi;,Ge0y metastable phases and their transformation to the
main phase of Bi,Ge;0,,, as well as to achieve compensation of the
charged defects and ordering of the crystal structure, thermodif-
fusion and thermodissociation, characteristic for the conventional
annealing, should be accompanied by electrodiffusion (transfer of
charges) and electrodissociation (electrolysis), induced by the direct
current passing through the crystal. In Fig.2.7, relative changes in
optical transmission of BGO crystals occurring after carrying out the
heat treatment are shown, and in Table 2.2, changes in scintillation
parameters are shown that were observed after thermal treatment
of different regimes. Numbering of crystals in Fig.2.7 and table 2.2
is identical.

For BGO scintillators of 40-55 mm diameter and the same length,
after annealing the absolute value of light output increased by 3—3.9%,
and the energy resolution value improved by 2—7.3%. The relative
light output increase was 20-60%, and the energy resolution improve-
ment — 10-30% with respect to the values before annealing. Passing

Transmission, a.u

Fig.2.7. Relative changes in optical
transmission of BGO crystals as a
result of thermal treatment.
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Table 2.2. Scintillation parameters of BGO crystals at different thermal
treatment (TT) regimes

Characteristic Crystal No.
1 2 3
Heating rate, K/hour 100 150 100
Temperature, °C 1010 1015 1000
Current density, mA/cm? — 0.15 0.15
Oxygen content, % 100 20 20
Light output with respect to Nal(Tl) %
Initial 5.0 6.6 7.5
After TT 8.5 10.5 10.6
AC 3.5 3.9 3.1
Energy resolution R, (EW=O,662 MeV),%
Initial 24.0 19.2 18.2
After TT 16.7 14.9 16.2
AR 7.3 4.3 2.0
Outer appearance after TT No fis- No fis- No fis-
sures sures sures

the electric current through the crystal leads to a further increase in
light output by 15-20%

Higher oxygen content in the annealing atmosphere (up to
100% — annealing in an ampoule) favors further improvement of
scintillation parameters by 5-10%. The effects of oxygen annealing
are due to thermal dissociation of oxides and further diffusion of the
free oxygen into the crystal.

A similar effect is achieved by annealing BGO crystals in Bi,O3 vapor
(T=970-1030°C, t =0.5-1 hour) or Sb,05 (1'=900-1030°C, t = 2—8 hours)
in a sealed ampoule. The effect of thermal treatment in BiO5 or Sb,Os
vapor is comparable to annealing in the oxygen atmosphere and is
explained in similar terms — thermal dissociation of these oxides with
liberation and subsequent diffusion of free oxygen into the crystal.

Annealing in Bi, 05 or Sb,05 atmosphere leads to the crystal struc-
ture ordering not only due to thermal diffusion and thermal dissociation
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of the irregular oxide phases, but also because of healing of the oxygen
vacancies. The thermally less stable Sb,O¢, starting from 630 K, begins
to lose oxygen, being transformed stage by stage to Sb¢0y,, Sb,04, Sb,0;.
The liberated oxygen atoms, even during short time of their existence,
substantially increase the annealing efficiency. When BGO crystals
are annealed in Bi,0; vapor, the average light output values increased
from the initial 14.8% (with respect to Nal(Tl)) to 17.8%. The energy
resolution changed from 14.4% to 12.9%. Annealing in Sb,05 leads to
even better results — the light output reaches 18.8%, and the energy
resolution is improved to 12.5% [28].

Thus, it can be concluded that thermal treatment of large-sized
BGO crystals is an essential stage of their production technology. Op-
timum annealing procedures ensure high production yields of scintil-
lators with high functional parameters.

2.1.5. Main physico-chemical properties and scintillation
characteristics of bismuth germanate and silicate
crystals

Main physico-chemical properties of Bi,GeO; and Bi,Si;0,, are
presented in Table 2.3. Their scintillation characteristics are given
in table 2.4.

As compared with alkali halides, main advantages of BGO are
high atomic number and high density, which ensures much higher
detection efficiency for scintillators of similar size. In Fig.2.8, the peak
efficiency is shown for BGO- and Nal(Tl)-based scintillation detectors
of equal size.

Linear total absorption coefficients of the medium-range gamma-
radiation are 2.1-2,5 times larger for BGO crystals than for Nal(Tl).
Therefore, to achieve similar detection efficiency one should use Nal(Tl)
crystals of 9-16 times larger volume as compared with BGO, depending
on the energy of the detected particles. The energy dependence of the total
absorption coefficients of Nal(Tl) and BGO crystals is shown in Fig.2.9.

Considering different classes of inorganic crystals, one can see
that complex oxide single crystals are somewhat inferior to AHC as
for their scintillation parameters, but they also have many advan-
tages such as their fast response, radiation and thermal stability,
mechanical strength. The decay time of BGO at the room tempera-
ture is ~300 ns, i.e., only slightly worse than with Nal(Tl). However,
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Table 2.3. Main physico-chemical properties of bismuth germanate and silicate
crystals

Characteristic Bi,Ge;0,4, Bi,Si304,
Lattice constant, nm 1.0497 1.0240
Density, kg/m3 7120 6800
Melting temperature, K 1317 1293
Specific heat capacity, J/(kg'K) 300
Molecular heat capacity, cal/(mol-K) 40.39 39.90
Debye temperature, K 236 271
Grueneisen constant 1.18 1.88
Linear thermal expansion coefficient at 2.69 10.65
20° C, 106 K1
Latent heat of crystallization, Kcal/mole 44.6
Thermal conductivity, W/(m-K) 2
Mohs’ hardness 5-6 6
Microhardness, kG/mm? 315
Young’s module, 1019 N/m? 10.56
Conductivity, 10713 Ohm'm™! 8.4

unlike Nal(Tl), the afterglow of BGO in the millisecond range (after
3—6 ms) is only 0.005—-0.1%. Therefore, BGO crystals, as a whole, are
considered more fast than Nal(Tl), which makes BGO scintillators
the most suitable for their use in tomography. The scintillation time
7 and light output of BGO are temperature-dependent; in Fig.2.10,
the light output and decay time of BGO single crystals are shown as
functions of temperature.

Due to its lower light output, BGO generally has somewhat worse
energy resolution as compared with Nal(Tl). However, this largely
depends upon the crystal quality. It has been shown that, using raw
materials of the highest purity, BGO single crystals can be grown
that show the energy resolution of 9.3% (137Cs ~-radiation). At a con-
stant crystal diameter, the crystal length increase by 4 times changes
the energy resolution by 1.3 times (from 10.5% to 13.3%), and the
light output becomes two times lower (12% and 6% with respect to
Nal(Tl), respectively). This is caused by insufficient transparence to
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Table 2.4. Main scintillation characteristics of single crystals Bi,Ge;0,, [45]

Characteristic
Effective atomic number 74
Radiation length, cm 1,13
Relative light output, % with respect to Nal(Tl) 12-16
Energy resolution for E. =662 keV, % 9-13
Decay time, ns 0.3
Luminescence maximum, nm 480-500
Refraction index at the emission maximum uaJyuyeHus 2,15
Absorption coefficient at the emission maximum, cm™! 0,07-0,2
Afterglow level (after 20 ms), % 0,05

the intrinsic radiation, which is characteristic for large-sized BGO

crystals.

Increasing temperatures affect scintillation parameters of BGO
rather strongly (as compared with AHC). Thus, when the tempera-

ture rises from 70°C to 100°C, the
light yield of BGO decreases by
10 times, and the decay time is
decreased logarithmically. Though
scintillation characteristics of BGO
are strongly temperature-depen-
dent, high detection efficiency and
high stability to the influence of
mechanical and climatic factors
make it possible to use BGO-based
instruments for detection of ~-ra-
diation in geophysical studies, ore
pits, etc.

It can be seen in Tables 1.1
and 2.4 that spectrometric char-
acteristics of BGO single crystals
are lower than those of AHC due
to their low light output. Different
authors gave the BGO light output
values in the range from 8% to

50

N
o
T

N
o

Peak efficiency x10“,a.u.

3 1 Lol
0,2 05 1 2
Energy, MeV

Fig.2.8. Peak efficiency of scintilla-
tion detectors based on BGO (1) and
Nal(Tl) (2) single crystals of dimen-
sions @76.2X76.2 mm.



Chapter 2 71

20% with respect to Nal(Tl). The
absolute value of this parameter,
as it follows from the analysis of
literature data, depends upon
specific features of the growth
technology, such as purity of the
initial raw material, presence of
impurities in the crystal, its opti-
cal transparence. A BGO crystal,
25 mm in diameter and 25 mm
long, produced by Harshow, which
was grown from a twice-recrys-
01 vy o tallized raw material, showed
" 04 1 the resolution of 9.3% (137Cs ~-
Energy, MeV radiation), while BGO crystals
) of similar sizes obtained from
Fig.2.9. Energy dependence of the to- ;45 hi produced from twice- and
tal absorption coefficient for Nal(Tl) . .
(1) and BGO (2) crystals. thrlce-recrystalhzed raw mate-
rial, had these values as 11.6%
and 9.5-10%, respectively [21].

BGO single crystals display photo- and radioluminescence in the
visible spectral range. In these scintillators, the role of luminescence
centers is played by Bi ions; therefore, BGO crystals do not require dop-
ing with activators. Their excitation and luminescence spectra at room
temperature are shown in Fig.2.11. The luminescence maximum at 505
nm is slightly shifted towards the long-wave region, and attempts were
made to use BGO-based scintillation detectors in combination with
photodiodes for spectrometry of ~-radiation. However, because of low
light output of BGO, photodiode noises impose substantial limitations
on spectrometric properties of such devices. Better resolution can be
achieved when the whole device is cooled down to —15°C. In Table 2.5,
luminescent-optical characteristics of Bi,Ge;0,, and Bi,Si;0,, crystals
are presented [46].

Model descriptions of the luminescence in BGO have been summed
up in [21], with many contradictory experimental and theoretical data
available in the literature.

The configurational model of intra-center luminescence is based
upon ideas developed for crystals possessing Bi3* ions as activators.

-

Total absorption factor, cm™
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The energy level structure of Bi*
ion corresponds to the general
picture of the hydrogen-like atom 800 - o
terms [47]. Optical properties
of such crystals are, as a rule, 9
determined by electron transi- 600 o
tions between states 6s2 and L
6s6p of the trivalent bismuth 00 L %
ion. A characteristic feature of
the luminescence of bismuth-con- I 00%
taining crystals in the hydrogen- 200 |- O%QD
like 1ons model is the presence o
of an excited metastable level o, ., . 9000
3p,, which plays the role of an 50 0 50 100
electron trap in the intra-center Temperature,’C
processes, thus determining the
decay time at low temperatures.
Considering Bi3*-centers as parts
of Bi069_ clusters, one should o]
note that excitation relaxation oo
processes in BiO69_ lons are | %
similar to excitation relaxation
processes of WO42_ ions in cal-
cium tungstate.

The cluster models of BGO
luminescence are based on con-

T 1S
(=

a)

Light yield ,a.u
>
T

sidering BiO69_ and Ge44_ type 05 | oO
clusters as absorption centers 00
[48]. Absorption is considered - %
as transitions from the occupied o
molecular orbitals 6s (bismuth) 0,0 —
-50 0 50 100

or 2p (oxygen) to the free mo-
lecular orbitals 6p (bismuth)
and 4s (germanium). Absorption b)

(excitation) can go by different

ways. In [48], the exciton excita- Fig.2.10. Decay time td (a) and light
tion model is described. The role output (b) as function of temperature
of Frenkel excitons is played by for BGO single crystals.

Temperature,’C
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Fig.2.11. Excitation (1) and lumines-
cence (2) spectra of Bi,Ge;0,, at the
room temperature.

excited ion-clusters BiO69_ and
Ge44_ (in analogy with the situa-
tion in CaWO,, where the Frenkel
exciton is represented by an ex-
cited quasi-molecule WO 42_). The
energy transfer from excitons to
dopant centers in BGO can be
realized by two mechanisms [49]
— non-radiative sensibilization
transfer and migration of the mo-
bile excitons interacting with the
dopant centers.

Let us now consider how the
defects of different nature can
affect scintillation parameters of
BGO crystals.

Effects of dislocations and the
block structure upon scintillation
properties of BGO crystals are
practically not known. BGO crys-

tals with blocks of up to 1 cm? volume and disorientation between them
not more than 5 have scintillation parameters practically identical with
those of crystals without blocks grown from the same charge under
the same conditions. As for admixtures and inclusions, their influence

Table 2.5. Luminescent-optical characteristics of crystals Bi,Ge;0,, and

Bi,Si504,.
Crystal Bi,Ge;0,, Bi,Si304,

Band gap, eV 5.0 5.4
Low-energy peak in reflection spectra, eV

300 K 4.68 5.1

80K 4.8 5.2

42K 4.8 —
Emission maximum, eV 2.45 2.5
Quantum yield of luminescence at T, K

295 0.13 0.027

80 0.44 0.3
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Table 2.6. Effects of structure imperfectness in BGO crystals upon their
energy resolution.

Sample No. Sample characteristics Energy resolution, %
Coloring Presence of in-
clusions
1 Yellow Yes 14.6
2 Yellow No 13.2
3 Colorless Yes 10.0
4 Colorless No 34.5

upon optical and scintillation parameters can be rather significant. In
Table 2.6, results are presented showing how structural imperfections
of @25%25 mm BGO crystals affect their energy resolution [50].

As it is seen from the Table, coloring of the BGO crystal and the
presence of inclusions in its volume substantially worsen one of the
most important scintillation characteristics — the energy resolution.
Statistical processing of the results obtained for BGO crystals with
low values of the main scintillation parameters has shown that these
low values are generally due to macro- and microdefects, as well as
admixtures. Thus, for a batch of BGO crystals with light output from
10.3% to 17.5% and energy resolution from 12.8% to 18.3%, the fol-
lowing variation limits were established for the impurity content (in
mol.%): Cu — from 3107 to 1-107%; Fe — from 1.1-104 to 2:107%; Al
— from 6107 to 1.1-10~%; Mg — from 2.5:107° to 1:10~%; Pb — from
<2.5:107° to <2.5:107%; C — from 3.5:102 to 4.4:102, with Si content
nearly constant. Some crystals were uncolored, the color of others
varied from light yellow to dark yellow. The number of inclusions in
these crystals was substantially different.

Coloring of a crystal can be caused both by an admixture intro-
duced into the crystal in quantities more than 10~4 and by the pres-
ence of improper phases in the crystal, such as compounds Bi,GeOs
and Bi;,Ge0,,. The coloring can be avoided by using charge of higher
purity or growing the crystal from a recrystallized raw material. In
the latter case, there is a danger of the metastable phase formation
and violation of the melt stoichiometry due to evaporation of one of
the components — Bi,05.
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Among macro- and microdefects that can be found in BGO crystals
even by visual observation, one should note chaotic bands of inclusions,
periodic bands of inclusions, inclusions due to concentrational supercool-
ing of the melt, isolated small-sized inclusions. Practically all the defects
of this type can be avoided by optimizing the crystal growth conditions,
specifically, by using an automatic growth control system.

Inclusions of different nature in BGO crystals may lead to appear-
ance of absorption bands in the visible spectral range and increased
absorption in the near-UV range. They also affect the shape of the
fundamental absorption band edge. In yellow BGO crystals, an absorp-
tion band was recorded close to 400 nm, with its nature still unclear.
The best optical transmission values were obtained for totally colorless
crystals grown from high-purity charge that had been submitted to
triple recrystallization.

For applications of BGO crystals in high-energy physics, one of
the requirements is stability with respect to ionizing radiation. BGO
single crystals have satisfactory radiation stability (this term means
that BGO crystals preserve their main parameters and functional
abilities both directly under irradiation and after irradiation had
been stopped). Radiation stability of BGO crystals depends both
on the crystal quality and on properties of the radiation — its type,
dose rate, exposure time, etc. In analyzing the radiation stability of
BGO crystals, attention should be paid to deterioration of the crystal
transparence (emergence of coloring centers), crystal degradation due
to radiation-induced structure violations and formation of defects in
the bulk crystal and on its surface, increased noise of the scintillation
detector, etc. Radiation stability of BGO single crystals is strongly af-
fected by the presence of such admixtures as Pb, Fe, Mn, and oxygen,
which is the most harmful. Depending upon the crystal size and purity,
in powerful radiation fields the main scintillation characteristics of
BGO crystals are either practically unchanged or are changed with a
possibility of subsequent restoration.

Restoration of the initial optical transparence can occur sponta-
neously under influence of thermal factors or can be stimulated by
laser irradiation of the crystal. In [51], kinetics of the de-coloring
after irradiation was explained in terms of a Frenkel pair model,
the formation of which involves the admixture atoms. This pair is
unstable, as its dissociation requires only 30 MeV. The de-coloring
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time of BGO crystals can be from 1 to 30 days. Analyzing results ob-
tained by various researchers, one could note that both the process
of radiation-induced damaging and the process of restoration of the
irradiated samples are largely specific for each individual crystal,
depending upon purity of the raw material, presence of admixtures
and various microstructure defects, crystal size, radiation energy,
dose and dose rate.

Under similar radiation conditions, radiation-induced changes in
such parameters as light output and optical transmission are much
smaller for crystals of relatively short length, and greater for crystals of
large dimensions. The main type of radiation-stimulated defects formed
in BGO crystals under ~-irradiation are coloring centers, which affect
the crystal transparence. It should be noted that in the high-energy
physics applications of BGO crystals, the degradation of the transmis-
sion coefficient, and not variation of the scintillation properties, is the
most important factor.

When BGO crystals are affected by neutrons and protons, substan-
tial degradation of the transmission spectra and loss of transparence
are observed. Restoration of optical transparence of BGO crystals that
had been irradiated by neutrons or protons goes more slowly than after
~-irradiation. As for electron radiation (K ~ 200 keV), it can cause radia-
tion-stimulated point defects or their aggregates in BGO crystals.

When BGO crystals are irradiated by neutrons, protons or elec-
trons, thermally stable luminescent radiation defects can also be
formed. Annealing of BGO crystals up to 670-870 K favors destruc-
tion of the absorbing centers in the visible range of the spectrum that
are associated with admixture or intrinsic pre-radiation defects, and,
at the same time, formation of new luminescent radiation defects.
Analysis of experimental and theoretically calculated values of the
threshold energy E, for the impact displacement mechanism [21]
has shown that luminescent radiation defects can be formed in BGO
by the said mechanism ensuring breaking of inter-atomic bonds and
formation of Frenkel pairs. Electrons with energies E < E; do not
create such defects. If there are admixture defects, or pre-radiation
defects of other types, formation of radiation-stimulated defects that
would be optically active, but not luminescent, is possible even by
electrons with energies £ < E;, as well as by low-energy ~-radiation.
In the same paper, possible models of luminescent radiation defects
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in irradiated BGO crystals are
— discussed.
P “,. Thus, radiation-stimulated
\ defects in BGO crystals generally
{ ! worsen their scintillation char-
[ acteristics. The induced absorp-
05 | tion has been shown to lower the
scintillator transparence to the
intrinsic radiation; luminescence
that is due to radiation defects
can make the scintillation pulse
substantially longer, especially
0.0 ) ) ) at low temperatures.
T 04 08 1 3 Single crystals of Bi,Si;04,
Wavelength, nm have been studied much less than
those of Bi,Ge304,. Bi,Si30,, single
Fig.2.12. Transmission spectra of BGO crystals reported in [52] had their
(1) and BSO (2) crystals. light output at the level of just
20% with respect to Bi,Ge;04,
crystals grown in similar conditions. The luminescence spectrum
had maximum at 480 nm, and the decay time was 0.1 ps. The energy
resolution was reported as 30% (137Co ~-radiation). It is clear that
BSO is inferior as compared to BGO by nearly all parameters. The
only exception is the decay time, which is 3 times shorter as compared
with BGO. The transparence range of BSO is narrower, but the level
of transparence is similar (Fig.2.12). Reflection and absorption spectra
of both crystals are largely similar.

It has been noted [46] that in BSO crystals the absorption edge
and the low-energy maximum of the reflection spectrum are shifted
towards higher energies. Scintillation parameters of Bi,Si;04, single
crystals reported in [53] were similar to the above-described: light
output of 18% (with respect to BGO), X-ray luminescence maximum
at 500 nm, decay time T = 0.1 ps.

In general, scintillation parameters of Bi,Si;0,, single crystals are
not very high, but still they can be used for detection of ~-radiation.
However, due to their low light output, BSO can hardly be considered
as a promising scintillation material, even accounting for its being
relatively cheap.

Relative intensity
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2.1.6. Applications of BGO and BSO single crystals.

Possible application fields of BGO and BSO single crystals are
determined by their physico-chemical properties and scintillation
characteristics. At present, BGO is considered as the most promising
material for high energy physics — the field where disadvantages
of such commonly used scintillation materials as Nal(Tl) and CslI(Tl)
are especially obvious. These disadvantages include relatively high
radiation length, which implies the use of large-sized detectors,
hygroscopicity, which makes continuous problems with appropriate
housing and containers for scintillator crystals, etc. For efficient
experiments using accelerators of charged particles, small-sized
electromagnetic calorimeters are needed with high spatial, energy
and time resolution, which would ensure high detection efficiency
and reliability. Large density of BGO and its high effective atomic
number ensure small radiation length, and relatively short decay
times ensure sufficiently fast response of BGO-based detectors.
Lower light output of BGO as compared with alkali halide scintil-
lators is not so important at high energies of elementary particles,
where at £ > 10 MeV BGO has much better energy resolution than
AHC. BGO crystals are also suitable for spectrometry and radiom-
etry of ~-radiation.

Because of their substantial advantages in afterglow (it is by
two orders of magnitude lower as compared with Nal(Tl)), BGO
crystals are very promising for application in computer tomogra-
phy, as they ensure substantially lower dynamical errors of the
measurements.

Recently, there has been much interest in BGO single crystals
as scintillation materials for positron emission tomography (PET)
[54,56,57,64].

In [54,56], a position-sensitive detector of gamma-quanta is described,
which is used in a positron emission tomograph based on hodoscopic
PMT in combination with BGO and GSO scintillators. Intrinsic spatial
resolution was measured for the tomograph elements: with a Bi,Ge;0,,
scintillator, it was 3.6 mm, and with Gd,Si0;:Ce — 1.75 mm.

Fig.2.13 shows time and spatial resolution of a position-sensitive
detector using GSO (a) and BGO (b) crystals, which means that nearly
complete separation of events coming from the neighboring scintilla-
tion plates had been achieved.
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Fig.2.13. Time and spatial resolution of
positional-sensitive detectors using GSO
(a) and BGO (b) crystals. The values were
obtained at three positions of the scintil-
lation plate along the hodoscopic PMT
photocathode: —3.0 mm and +3.0 mm.
The source used is 22Na.

BGO scintillation crystals
are characterized by many
properties that make them
also promising for applications
in the medium-energy physics,
especially for detection of neu-
tral particles (w%, n-mesons,
~-quanta). The most important
parameters of the detectors
of neutral particles are high
energy resolution, high spa-
tial resolution in determin-
ing the ~-quanta interaction
coordinates in the detector,
low sensitivity to background
neutrons. In this connection,
advantages of BGO crystals
are obvious: high effective
atomic number and high den-
sity ensuring short radiation
length and good localization
of the electromagnetic showers
inside the crystal, low sensitiv-
ity to thermal neutrons (~0.1
with respect to Nal(Tl); at E,
~ 10 MeV, the neutron interac-

tion cross-sections with BGO and Nal(Tl) are practically the same).
Disadvantages of BGO scintillators: light output is only 10-20% with
respect to Nal(Tl); optical refraction index is high (n; = 2.15), which
causes additional light losses at the boundary between the crystal
and the photoreceiver. In [55], BGO scintillation crystals with good
spectrometric parameters were reported (high energy resolution and
uniformity of the light output), which could be used in a high-resolu-
tion spectrometer of neutral particles.

In [147,148], BSO crystals were presented as promising materials
for experiments in high-energy physics as a fast and heavy scintillator.
Though light output of BSO is only 20% of the light output of BGO,
the decay time is three times shorter just 100 ns) [148].
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2.2. Compounds of yttrium, scandium and rare-earth
element silicates

2.2.1. Crystal structure of compounds Ln,SiOy

It is known that in Ln,03;—SiO, binary systems (here Ln denotes a
lanthanide element) at Ln, to SiOg ratio 1:1 for all L, as well as for Y and
Sc, there exist compounds of formula Ln,SiOg (lanthanide orthosilicates
Ln,0[Si0,]) that are congruently melting and stable in a broad tempera-
ture range. Lanthanide orthosilicates are characterized by their high
mechanical strength, high thermal and chemical stability, as well as
good transparence in a broad optical range. It has been noted [58] that
yttrium, scandium and rare-earth element silicates are highly efficient for
detection of radiation of different types; with their relatively short scintil-
lation time (~15—60 ms), they can ensure efficient loading of scintillation
detector circuits. The crystal structure of Ln,SiOs allows introduction of
activator ions in rather high concentrations for purposeful variation of
scintillation characteristics. X-ray studies of Ln,SiOs crystals have shown
[69] that, depending upon their crystal structure, they can be sub-divided
into three types. The first type includes lanthanide orthosilicates from Lu to
Tb (monoclinic lattice, P2,/c, z= 4), the second type — those from Tb to Nd
(monoclinic lattice, B2/b, z=8), and the third type —La,SiOg, the structure
of which had not been determined. In a later publication [60], all Ln,SiOg
crystals studied were subdivided into only two types (Table 2.7).

For Dy,Si0s, dimorphism is observed. Spectroscopic studies also con-
firmed the existence of two crystalline modifications of Dy,SiO5 — their
absorption spectra are markedly different both in number of Dy lines
and their position.

Recent data [61] indicate that Ln,(Si04)0 orthosilicates, where Ln
can be yttrium, scandium or one of 14 lanthanides, can belong to two
structural types, depending upon the size of the rare-earth element
ion (Table 2.8). Table 2.8 includes data on six compounds that were
not present in Table 2.7.

Let us consider in more detail some features of the crystal struc-
ture of Gd,SiOg (GSO), which is an optimally suited matrix for such
activators as cerium and europium. The diagram of state for the
system Gd,05;—Si0, was presented in [62]. In this system, three com-
pounds exist of the following composition: Gd,05°Si0,, 2Gd,05-3Si0,
and Gd,05°25i0,. The first two (50% SiO, and 60% SiO,) have congru-
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Table 2.7. Structural properties of lanthanide oxyorthosilicates [60]

Com- Structu- Elementary lattice parameters V, A3

pound ral type
a, A b, A c, A B, deg

Gd,Si0s P2,/c 9.6 (2) | 7.09(2) | 6.83(1) | 107.58 (20) | 422.9
(Type I)

Tb,SiO0s I 9.14 (2) | 7,08 (3) | 6.76 (2) | 107.64 (28) | 416.8

Dy,Si0s I 9.11(3) | 7,05(3) | 6.70 (3) | 107.25 (38) | 411.0

Dy,5i05 | B2/b |14.56(2)|10.51 (2)|6.789 (7) | 122.36 (15) | 877.7
(Type 1I)

Ho,Si0 II 14.48 (1) [ 10.47 (1) | 6.761 (4) | 122.23 (7) | 867.9

Er,Si0y II 14.42 (2) | 10.40 (2) | 6.729 (9) | 122.16 (18) | 854.4

Tm,SiOy II 14.41 (2) | 10.37 (2) | 6.721 (7) | 122.12 (13) | 850.5

Yb,SiOs II 14.37 (1) | 10.34 (1) | 6.693 (4) | 122.28 (10) | 840.5

Lu,Si0s II 14.33 (2) | 10.32 (2) | 6.671 (6) | 122.30 (13) | 833.8

Y,Si05 II 14.43 (2) | 10.41 (2) | 6.733 (8) | 122.13 (13) | 856.1

ent melting points, and the third compound (66% Si0,) is formed by
a peritectic reaction. The compound Gd,SiO5 melts at 1900°C and is
stable in a broad temperature range, including room temperature. As
compared with other compounds that are possible in the Gd,05;—Si0,
system, the crystallization temperature of Gd,SiOs is relatively low.

The structure of Gd,Si05 (according to [63]) is shown in Fig.2.14.
It was constructed by superposition of the electron density cross-sec-
tions over the (001) plane.

Gadolinium atoms are located in alternating layers parallel to
the (100) plane. In one of these layers (Gd, in the picture) gadolinium
atoms are surrounded by nine nuclei — eight oxygens from Si-tetra-
hedrons, and one “free” oxygen. In another layer, gadolinium atoms
are in sevenfold coordination (Gd, in the picture). Their coordination
polyhedron is formed by four oxygens from tetrahedrons and three
“free” oxygens. Each oxygen atom in the tetrahedrons is bonded to
silicon and three gadolinium atoms. The “free” oxygen is bonded to
four gadolinium atoms.
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Table 2.8. Crystal structure of yttrium, scandium and rare-earth
element oxyorthosilicates.

Compound Crystal Compound Crystal
structure structure
Sc,(5i0,4)0 B2/b Tb,(5i0,4)0 P2,/c
Y,(5i0,4)0 B2/b Dy, (5i0,4)0 P2,/c
La,(5i0,4)0 P2,/c Dy,(5i04)0 B2/b
Ce,(5i0,4)0 P2,/c Ho,(5i04)0 B2/b
Nd(Si04)0 P2,/c Er,(5i0,)0 B2/b
Sm, (5i0,4)0 P2,/c Tm,(S5i0,4)0 B2/b
Eu,(5i0,4)0 P2,/c Yb,(5i0,4)0 B2/b
Gd,(5i04)0 P2,/c Lu,(Si04)0 B2/b

Fig.2.14. Projection of the electron density cross-sectign onto the (001) plane
of Gd,SiOs. Isolines are drawn with step 50 electrons/A3 for heavy atoms and
10 electrons/ A3 — for light atoms.
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A rather clear relationship between the Si—0 bond length in the
tetrahedrons and the average bond length between the corresponding
oxygen and cations was noted [63]. An increase in the interatomic dis-
tance Gd—O is accompanied by shortening of the corresponding O—Si
distance. This relationship between the distances Gd—0, O—Si allows
one to assume that Gd—O bonds are largely covalent in character, and
decreasing the Gd—O distance increases the O—Si bond order, and vice
versa.

2.2.2. Technological features of Ln,SiO5 single crystal
growth

Czochralski growth of lanthanide oxyorthosilicate crystals was
first reported in the mid-seventies of the 20t century [65,66]. All
the crystals listed in Table 2.7 could be successfully obtained by this
method. The initial charge for single crystal growth was synthesized
by the solid-phase method. Pre-annealed oxides Ln,05 and SiO,, taken
1n stoichiometric ratio 1:1, were powdered in an agate mortar and thor-
oughly mixed, after which the powder was annealed sequentially at
1270 K, 1470 K and 1720 K. Melt crystallization was carried out in an
inert atmosphere (Ar). Because of high melting temperature of Ln25105,
iridium crucibles had to be used. In growing the crystals, iridium wires
or plates cut from already grown samples were used as seeds. Growth
speed was 3—-10 mm/hour, and rotation speed was 20-30 rpm. The
grown crystals were annealed in the same installation for 4—6 hours,
and the temperature was lowered by a programmed decreasing of the
generator power. Using this method, optically uniform single crystals
of (Gd-Lu),0[SiO4] and Y,0[SiO4] could be obtained, 10-15 mm in di-
ameter and up to 100 mm long [65,66].

A single crystal of composition Cej 3;Gd, ¢¢5i05 was grown by
the Czochralski method [67] in a nitrogen atmosphere (growth speed
3 mm/hour, rotation speed 40 rpm, iridium crucibles). No evaporation
or decomposition of the melt was observed. About 80—90% of cerium
initially contained in the melt was introduced into the grown crystal,
showing that the distribution coefficient of Ce was close to 1. Grown
Gd,SiOx:Ce single crystals were uniform all over the crystal volume as
for their composition and scintillation parameters.

As cerium oxide and silicates are unstable, the Czochralski growth
of Gd,Si0x:Ce single crystals normally requires an inert atmosphere.
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However, oxidation medium could also be used [68]. Annealing of
the oxide mixture (1500°C), melting in an iridium crucible (1900°C)
and crystal growth itself were carried out in air. As for reduction of
the activator oxidized to Ce*, it was made by a subsequent thermal
treatment at 1200°C in hydrogen atmosphere. A single crystal sample
obtained by this procedure was characterized by improved scintillation
characteristics; the luminescence decay time did not exceed 30 ns.

In [69,70] some crystallographic features of Gd,SiOx single crystal
growth were noted. These crystals belong to the monoclinic syngony,
which implies not only marked anisotropy of their physical properties,
but also crystallochemical non-equivalence of growth shapes taking
part in the crystal formation in the course of its growth. For GSO
crystal growth, two crystallographic directions are the most important:
[001] (cleavage plane along the growth direction), and [010], when the
cleavage plane is normal to the growth direction.

It has been noted that Gd,SiOg crystals grown along the [001]
direction show much less tendency of block structure formation. This
should be accounted for in choosing the optimum crystallographic
direction of their growing.

In [69], GSO crystals 25-55 mm in diameter and 90—180 mm long were
grown in iridium crucibles by the Czochralski method at pulling speed of
1.3 to 3.5 mm/hour. Thermal conditions were chosen accounting for the
need of substantial overheating. The grown GSO crystals had no inclusions
of other phases, were colorless and showed sufficiently high scintillation
characteristics. The crystals were annealed directly in the crystallization
chamber after separation of the grown crystal from the melt.

The most difficult problem in GSO production is its preservation
after growth. Anisotropy of mechanical strength and the presence of
two cleavage planes cause cracking of the grown crystals at the stages
of thermal and mechanical treatment. This kind of defectness is the
most important for Czochralski-grown GSO single crystals.

In Table 2.9, typical parameters are given for the growth process,
as well as typical dimensions of YSO, GSO and LSO crystals [61].
These crystals were prepared by the Czochralski method in iridium
crucibles from the components Ln,0;, SiO, and CeO, (purity not less
than 99.99%) taken in stoichiometric proportions. The atmosphere
used was either inert (N,) or oxygen-containing (N,+0,).
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Table 2.9. Typical parameters of crystal growth

Parameter YSO GSO LSO
Rotation speed, rpm 6-30 660 20-65
Pulling rate, mm/hour 0.5-2.0 0.5-2.0 0.5-5.0
Maximum diameter, mm 25 62 35
Maximum length, mm 60 300 100

YSO and LSO crystals were grown in different crystallographic
directions, while GSO crystals were oriented in such a way as to
minimize the possibility of fissure formation and cracking along the
cleavage plane.

2.2.3. Main physico-chemical properties and scintillation
characteristics of yttrium, scandium and rare-earth
element silicates

Physico-chemical properties of lanthanide oxyorthosilicates are
presented in Table 2.10.

Ln,SiOg crystals are biaxial and optically positive. They are charac-
terized by high melting temperatures, and most of them — also by their
high density. Crystals with monoclinic lattice P2,/c (Type I) are charac-
terized by their perfect cleavage plane (100) and another clear cleavage
plane (010), while those with monoclinic lattice B2/b (Type II) — by
non-perfect cleavage planes (001) and (011). Especially easily cleaved
along the (100) plane are Gd,SiOg crystals. Gd,SiOg single crystals are
also characterized by high anisotropy of heat conduction: in the [010]
direction, it is 2—3 times higher than in the directions [001] or [100].

Studies of optical properties of Ln,SiOs crystals have shown that
Gd, Yb, Lu and Y orthosilicates are transparent in a broad spectral
range — from 0.2 to 5.0 pm. The character of absorption spectra of
colored Ln,SiOg crystals in the UV, visible and near-IR ranges is de-
termined by absorption due to Tb3*, Dy3*, Ho3*, Er3*, Tm3* ions. In the
5-6 um region, absorption spectra of Ln,SiOx crystals are determined by
combinations of valence vibration frequencies due to [SiO4] tetrahedral
groups, with clearly noted differences in the band structure noted for
crystals of structural types I and II.
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Table 2.10. Physico-chemical properties of lanthanide oxyorthosilicates [60]

Com- Struc- | T,.1 o, Refraction index Opti- | Clea-
pound | tural K glem? n " n cal vage
type g m p sign | plane

GdZSiO5 I 2170 6.77 | 1.910 | 1.884 | 1.871 + (100),
(010)

Tb,SiO; I 2180 | 6.93 | 1.912 | 1.888 | 1.870 + (100),
(010)

Dy,Si0s I 2190 7.20 | 1.908 | 1.885 | 1.869 + (100),
(010)

Dy,Si0s 1I 2190 6.66 | 1.848 | 1.822 | 1.820 + (001),
(011)

Ho,Si0¢ II 2190 6.80 | 1.847 | 1.818 | 1.813 + (001)
Er,SiOg 11 2250 6,96 | 1.838 | 1.812 | 1.809 + (001)
Tm25i05 II 2230 7.07 | 1,836 | 1,812 | 1,809 + (001)
Yb,SiO5 II 2250 | 7.28 | 1.834 | 1.811 | 1.805 + (001),
(011)

Lu,SiOg 1I 2320 7.41 | 1.825 | 1.803 | 1.797 + (001)

Y,Si0s II | 2200 | 445 | 1.811 | 1.784 | 1.780 | + | (001),
(011)

In [61], some data are given on other orthosilicates not mentioned
in [60]. These data are presented in Table 2.11.

Scintillation properties of yttrium, scandium and rare-earth ele-
ment silicate crystals are given in Table 2.12 [58].

X-ray luminescence spectra for these crystals [58] are shown in
Fig.2.15. It should be noted that concentration of Tb in Y,Si05 was
3 at.%, Euin Y,SiOg — 4 at.%, Dy in Gd,SiOs — 104 at.%. Y,Si05 samples
contained cerium (< 10~ mass %).

The relative light output values for crystals studied in [58] , mea-
sured in the pulse mode, is presented in Table 2.12, and those measured
in the current mode — in Table 2.13.

Single crystals Y,SiO5-Tb, TR, as follows from data of Tables 2.12
and 2.13, possess a whole set of scintillation characteristics that allows
us to consider them as promising materials for detection of S-particles,
electron beams and fS-radiation. They have high light yield of - and
~-scintillations, satisfactory energy resolution and scintillation time,
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Table 2.11. Physical properties of some orthosilicates of rare-earth ele-
ments [61]

Compound Melting point, K Density, g/cm3
Sc,(5i0,)0 2220 3,49
La,(5i0,4)0 2220 5,49
Ce,(5i04)0 - 6,11
Nd,(Si0,)0 2250 6,00
Sm,(5i0,)0 2210 6,38
Eu,(Si0,)0 2250 6,51

high thermal stability, etc. In the integral current mode, this material
is also highly efficient for detection of X-ray radiation. It should be
also noted that Y,Si05-Tb and Gd,SiOs-Dy crystals have rather short
scintillation time, and the first of them has rather low a/f ratio equal
to 0.02. Sc,SiOg crystals have very different times of a- and S-scintil-
lations, which allows signal selection from different sources not only
by amplitude, but also by time.

Y,SiOg crystals that are simultaneously doped by terbium and
cerium are the most efficient cathodo- and radioluminophores in this
class of materials [71]. Analysis of the luminescence kinetics carried
out in [71] shows that, in the case of pulse cathodoluminescence, at
the initial stages (up to 15 ns) only bands due to Tb3* ions are observed
in the luminescence spectra. The luminescence band due to Ce3*
(~405 nm) appears only in 15-20 ns after the appearance of terbium
bands. Both Tb3* and Ce3* bands reach their maximum intensity after
50 ns. These bands are also visible at the decay stage, up to 150 ns. A
peculiar feature of the cathodoluminescence spectra of Y,SiO5-Tb,Ce
crystals (as distinct from the known spectra for the case of stationary
excitation) is that Ce3* and Tb3* bands, which are ideally overlapping
in the 380-480 nm region, are much more intense than for Y,SiOg
doped just by Tb or Ce. It can be assumed that under pulse excitation
of Y,5i05-Tb,Ce crystals efficient channels are opened for exchange
energy transfer Th3* < Ce3*, resulting in the increased cathodolu-
minescence yield. This can also explain high scintillation efficiency
of Y,5i05-Tb,Ce crystals in the nanosecond range as compared with
monoactivated samples.
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Fig.2.15. X-ray luminescence spectra
at 300 K: 1 — 5¢,Si05; 2 — Y,Si0g; 3
— Y,5i05-Tb, XTR; 4 — Y,Si05-Tb; 5
— Gd,Si05-Dy; 6 — Y,Si05-Eu [3].

Table 2.13. Relative scintillation
light output of crystals (scintillation
block operation in the current mode)

Crystal Light output
(current mode)

Y,5i05-Tb, ZTR 100
Y,Si05-Eu 3.8
Y,Si05 5.6
Gd,Si05-Dy 10.1
S¢,Si0g 25.8
Y,Si05-Tb 70.5
CsI(TL) 182

Thus, yttrium, scandium
and rare-earth element silicates
are a promising class of fast, ef-
ficient, thermally and chemically
stable scintillators.

Main scintillation properties
of single crystals Y,(Si0,)0:Ce
(YSO) and Lu,(Si04)0:Ce (LSO),
as well as of Gd, (Si04)0:Ce (GSO),
which will be considered in detail,
are presented in Figs.2.16-2.19
according to data given in [61].

Luminescence spectra of
YSO and LSO are largely similar,
as they have the same monoclinic
crystal lattice B2/b and similar

location of the activator. As for GSO, its luminescence peak is in the more
long-wave region, according to its monoclinic crystal lattice P2,/c.

Among lanthanide oxyorthosilicates, the most important is
Gd,(5i0,4)0:Ce, which is widely used as fast scintillator for detection
of gamma-quanta and for positron emission tomography [54].

Trivalent cerium is an efficient scintillation center, which is pri-
marily due to fast electron transitions 4f— 5d. The most efficient matrix
for Ce from the standpoint of high quantum yield is Gd,SiOx [72].
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Fig.2.16. Absorption spectra of Ce-
doped crystals YSO (1), GSO (2),
LSO (3).
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Fig.2.18. Luminescence spectra of
Ce-doped crystals YSO (1), GSO (2),
LSO (3).
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Fig.2.17. Excitation spectra of Ce-
doped crystals YSO (1), GSO (2),
LSO (3).
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Fig.2.19. Decay times of Ce-doped
single crystals crystals YSO (1), GSO
(2), LSO (3) under y-irradiation.
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Single crystals of gadolinium oxyorthosilicate Gd,(Si04)0:Ce, as
for combination of their qualities, are superior to all other known
scintillation materials for uses in positron computer tomography
and certain fields of nuclear physics. In particular, as compared with
another promising and already popular bismuth germanate, it has
slightly lower density and effective atomic number, but its decay
time is 5 times shorter, light output is more than two times higher,
and energy resolution is better. This allows sufficient improvement
of fastness and sensitivity of scontillation detectors using gadolinium
oxyorthosilicate. Among drawbacks of this material, one could note
high cost of gadolinium oxide as raw material and the use of iridium
crucibles for crystal growth. Development of the production technology
of GSO single crystals meets with many problems because of high
melting point of Gd,SiOg and difficulties of mechanical treatment due
to the presence of cleavage planes.

Main physico-chemical properties and scintillation characteris-
tics of Gd,SiO5:Ce single crystals are presented in Table 2.14. GSO,
as a promising material with short decay time, has been extensively
studied [61, 75-77].

Undoped Gd,SiOg single crystals, though they show scintillation
properties, have very low light output. In [78], the optimum concentra-
tion of cerium, which ensured the highest light output with decay time
of 60 ns, was indicated as 0.5 mol.%. With larger cerium concentra-
tions, crystals become brownish in color. The light output of undoped
Gd,SiOg crystals is only 5% of the light output of Gd,SiOg doped with
optimum amount of cerium. As compared with Bi,Ge;0,, crystals, the
main advantage of Gd,SiOs:Ce is their fastness, which, in combina-
tion with high effective atomic number and absence of hygroscopicity,
makes this material an optimum choice for positron tomography, ex-
periments in nuclear physics, geology. The emission peak of Gd,SiOs:
Ce is observed at 440 nm, 1.e., in the range of maximum sensitivity of
many commonly used PMT.

In Fig.2.20, transmission spectra in the 380-550 nm region are
presented for Gd,SiOs:Ce crystals with different cerium content. X-ray
luminescence spectra for the same samples are shown in Fig.2.21. They
appear as unstructured bands with maximums around 440 nm.

Similarly to the absorption band edge, the short-wave part of
the luminescence band is also shifted depending upon the activator
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Table 2.14. Principal physico-chemical properties and scintillation character-
istics of cerium-doped Gd,SiOg scintillators [73].

Characteristics Value
Density, g/em? 6.71
Effective atomic number 59
Radiation length, cm 1.38
Mohs’ hardness 6
Hygroscopicity no
Emission maximum wavelength, nm 440
Emission band edge, nm 395
Refraction index at the emission maximum 1.85
Absorption coefficient in the emission maxium, cm™! 0.005-0.008
Photoelectron yield for y-radiation (% with respect to Nal(TLl)) 15-25
Decay time, ns 30-60
Light yield (photons/MeV) for y-radiation (8-10)-103

concentration. It should be noted that the peak emission intensity
is the highest for Ce concentration of 0.8 mol.%. At liquid nitrogen
temperatures, the absorption band edge (Fig.2.20, curve 4) is shifted
to the short-wave spectral region by ~10 nm, and the emission band
(Fig.2.21, curve 4) — to higher wavelengths.

In [78], the optimum concentration of cerium, which ensured
the highest light output with decay time of 60 ns, was indicated
as 0.5 mol.%. With larger cerium concentrations, crystals become
brownish in color. The light output of undoped Gd,SiOs crystals is
only 5% of the light output of Gd,Si05 doped with optimum amount
of cerium. As compared with Bi,Ge;0,, crystals, the main advantage
of Gd,Si0s:Ce is their fastness, which, in combination with high
effective atomic number and absence of hygroscopicity, makes this
material an optimum choice for positron tomography, experiments
in nuclear physics, geology. The emission peak of Gd,SiOs:Ce is
observed at 440 nm, i.e., in the range of maximum sensitivity of
many commonly used PMT.

In Fig.2.20, transmission spectra in the 380—550 nm region are
presented for Gd,SiOs:Ce crystals with different cerium content. X-ray
luminescence spectra for the same samples are shown in Fig.2.21. They
appear as unstructured bands with maximums around 440 nm.
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Similarly to the absorption
band edge, the short-wave part of
the emission band is also shifted
depending on the activator con-
centration. It should be noted
that emission in the maximum
acquires the largest values for
samples with Ce concentration of
0.8 mol.%. At liquid nitrogen tem-
peratures, the absorption band
edge (Fig.2.20, curve 4) is shifted
by ~10 nm to the short-wave spec-
tral region, and the emission band
(Fig.2.21, curve 4) — towards
larger wavelengths.

The results obtained show

80 -

Bt iielolalali
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450
Wavelength, nm
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Fig.2.20. Transmission spectra of
Gd,Si05:Ce crystals with different ac-
tivator concentration: 1 — 0.8 mol.%
(300 K), 2 — 1.3 mol.% (300 K), 3 —
1.45 mol.% (300 K), 4 — 0.8 mol.%

that increased Ce content in
Gd,SiOg crystals results in a shift
of the 3.62 eV absorption band
edge towards longer wavelengths
due to its broadening related with

(80 K). , !
higher Ce concentration. As the

short-wave side of the emission
band is located at close energies, this results in self-absorption of the
emitted light, which becomes more significant with higher Ce content
in the crystal. Moreover, transparence of Gd,SiOs crystals in the emis-
sion range worsens at higher Ce concentrations. Both these factors
directly affect the light output values of the crystals. The highest light
output is observed for crystals with Ce content of ~0.8 mol.%, which
is related with reaching the conditions for the best optical quality of
the scintillator. The light output of tomographic elements based on
Ce-activated Gd,SiOg crystals under excitation by 662 keV ~-quanta
(137Cs) was 21-26% with respect to Nal(Tl) crystals, depending upon
shape and size. The energy resolution at optimum cerium concentra-
tions was 10—-12%, and the decay time — 50-60 ns.
To study possible effects of excitation intensity upon luminescence
of Gd,SiOx:Ce crystals, luminescence spectra were measured at differ-
ent excitation levels [67]. Two spectra measured after excitation of
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the third harmonics (energy of s
the quanta — 3.494 eV) and the
fourth harmonics (4.569 eV) of a 40 +
Nd laser are shown in Fig.2.22.
The only difference between these
spectra was a slight broadening
(by 15 MeV) of the band under
excitation by the fourth harmon-
ics. Actually, these differences
appear to be more significant if
one accounts for re-absorption.
Fig.2.23 shows the lumi-
nescence spectrum of Gd,SiOs:
Ce crystals at 4.2 K. No signifi-
cant differences were noted in
comparison with similar spectra

Intensity, a.u.

0 1 L 1 L |

400 450 500 550

Wavelength, nm

recorded at room temperature.
The only distinction is that in
the low-temperature spectra the
structure in the band maximum
region is more clearly defined,

Fig.2.21. X-ray luminescence spectra
of Gd,Si0s:Ce crystals with different
activator concentration: 1 — 0.8 mol.%
(300 K), 2 — 1.3 mol.% (300 K), 3 —
1.45 mol.% (300 K), 4 — 0.8 mol.%

while the total band width is only (80 K).

slightly reduced. This can be pos-
sibly explained by narrowing of the band components.

The experiments carried out have shown that the broad lumines-
cence band peaked at 2.85-2.92 eV is predominant in the emission
spectrum in a wide range of excitation intensities. The observed invari-
ance of the spectrum shape under temperature changes indicates that
two strongly overlapping components of the total band are observed
as a result of optical transitions from one excited level to two different
levels. Such explanation is in good agreement with the energy structure
of Ce3* jon and is confirmed by luminescence studies with time resolu-
tion, as well as by luminescence excitation spectra [79].

As for their radiation stability, Gd,SiOg:Ce crystals are superior
to all other oxide scintillators [83]. They can function at least up to
the doses of 108 rad. However, it should be noted that Gd,SiO5:Ce
crystals are a very expensive material. Its cost is twice as high as
that of BGO [80].
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Fig.2.22. Luminescence spectra of
Gd,SiOs:Ce single crystals: 1 — excita-
tion by 3.494 eV quanta; 2 — excitation
by 4.659 eV quanta.

0,8
B
< 06
=
[2]
C
[
€ 04
0,2
0.0 1 . 1 .
2,4 2,8 32
Energy, eV

Fig.2.23. Luminescence spectrum of
Gd,Si0s:Ce single crystals at 4.2 K.

Scintillation properties of
Eu-activated gadolinium silicate
were reported in [81,82]. Prop-
erty modeling for these crystals
was carried out using pressure-
compacted powder-like products
of solid-phase synthesis. As dop-
ants for europium silicate, oxides
of Gd, Yb, Lu, Er and Nd were also
used (0.5 mol.%).

Samples of Eu,Si0g, both
nominally pure and doped with
0.5% Ln,05, are monophasic. For
these samples, a characteristic
band series is observed in X-ray
luminescence spectra (Fig.2.24),
with the highest intensity at
613.5 nm, which i1s related to
5DO - 7D2 transition of the Eu3*
ion. Maximums of the Eu,SiOg
luminescence spectra retain their
locations under doping with lan-
thanides, which is an evidence of
similar symmetry of the Eu3* jon
position in the crystal structure.
The height of the main bands of
the X-ray luminescence spectra of
Eu,SiOg is decreased in the pres-
ence of other lanthanides in the
order Gd>Yb>Lu>Er>Nd.

The light output concen-
tration dependence for poly-
crystalline samples of the
Gd,Si05—Eu,Si0g system is
shown in Fig.2.25. Increases in
the Gd,05°Si0, content above
0.05 mole up to composition
0.2Gd,05°5i0,:0.8Eu,05Si0,
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Fig.2.24. X-ray luminescence spectra of polycrystalline Eu,SiOs: pure (1) and
containing 0.5 mol.% Gd,0; (2), Y,05 (3), Lu,05 (4), Er,05 (5) and Nd,0; (6).

resulted in lowering of the luminescence intensity. Further enrich-
ment of the material with gadolinium oxide is accompanied with the
light output rising, with its maximum value (20.2% with respect to
CsI(Tl)) obtained for the composition 0.9Gd,04°5i0,:0.1Eu,05Si0,.
Colorless Gd,SiOg crystals containing 0.5 mol.% Eu,03, 100 mm long
and 40 mm in diameter, were obtained in [81,82]. A practically uni-
form europium distribution over the single crystal volume ensured
their optical and scintillation uniformity. The light output in single
crystalline samples was 13+0.5%, which is two times higher than the
light output values for polycrystalline samples of the same composi-
tion. Luminescence spectra of these single crystals and polycrys-
talline samples are presented in Fig.2.26. It can be seen that Eu3*
luminescence spectra are different in these two cases. Formation
of the crystalline field symmetry by the nearest neighbors of Eu3*
ions depends upon preparation conditions of the Gd,5i0s:Eu phase.
Decay times of Gd,SiOg:Eu single crystals do not exceed 15 ns. Their
absorption band edge is in the region of 440+3 nm.
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Thus, due to their opti-
cal and scintillation uni-
formity, satisfactory light
output, short decay times
in the red-orange spectral
region, the Gd,SiOg—Eu,SiOg
solid solutions can find their
applications as scintillators.
The most efficient X-ray lu-
minescence has been noted for
single crystals containing 10%
of Eu,Si0g in Gd,SiOs.

ol o In the recent years, much

Gd,SiO. 20 40 60 80 Eu,SiO, attention was paid to a new

Concentration, mol. % scintillation material — LSO

single crystals [84—88], which

Fig.2.25. Concentration dependence of g4y promising for their ap-

the light yield for polycrystalline samples
Gd,Si0s—Eu,SiOs.

20

Intensity, a.u.

plication in positron emission
tomography. The crystal struc-
ture of Lu,(5i04)0 contains
two trivalent cation sites that can be occupied by Ce3*, forming the
luminescence centers.

In Table 2.15, some physical characteristics are presented for
cerium-doped lutetium orthosilicate crystals in comparison with prop-
erties of well-known scintillators Nal(Tl) and BGO.

LSO crystals have rather good detection efficiency to gamma-
radiation due to their high density and rather high effective atomic
number. The radiation path in LSO is only slightly longer than in
BGO. The refractivity index of LSO is somewhat smaller as compared
with other materials listed in the Table. The absence of hygroscop-
icity and relative mechanical strength of LSO crystals makes their
mechanical treatment relatively simple.

Fig.2.27 shows emission spectra of LSO crystals under gamma-
excitation in comparison with Nal(Tl) and BGO. The intensity of LSO
luminescence is about 5 times higher as compared with BGO and
1s ~75% of the Nal(Tl) values. The decay time data for LSO under
gamma-excitation can be presented as a sum of two exponential
contributions with time constants of 12 ns and 42 ns [84].
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It has been shown [87]
that the light output of LSO:
Ce crystals depends upon the
dopant concentration in the
melt. Ce concentration in LSO
crystals was shown to be pro-
portional to its concentration
in the melt.

The data presented above
show both advantages and
drawbacks of LSO crystals
as compared with Nal(Tl) and
BGO. Main advantages of
LSO crystals are their rather

500 700 500 700

Wavelength, nm

a) b)

Fig.2.26. X-ray luminescence spectra of
Gd,SiO5 (0.5 mol.% Eu,05) for a single
crystalline sample (a) and a polycrys-
talline sample prepared by solid-phase

high emission intensity and synthesis (b).

short decay time. Moreover,

LSO crystals show no after-

glow, they are non-hygroscopic, of sufficient mechanical strength,
and show radiation stability up to 106 rad. These crystals can be
relatively easily grown by the Czochralski method. Their drawbacks
include the following points. LSO crystals are temperature-sensi-
tive. As for emission intensity variation with temperature, they are
in an intermediate position between Nal(Tl) and BGO. A negative
moment is also the presence of a radioactive isotope 7'Lu-176 (2.6%)
in the raw material for the growth charge, which remains in the
grown crystals [85,86]. One more drawback of LSO is rather low
energy resolution (7.9%). And one should remember the high cost
of the raw material Lu,05.

Table 2.15. Main characteristics of crystals Nal(Tl), BGO and LSO [84]

Characteristics Nal(TLl) BGO LSO
Density, g/em? 3.67 7.13 7.41
Effective atomic number 51 75 66
Radiation length, cm 2.56 1.12 1.14
Refraction index 1.85 2.15 1.82
Hygroscopicity Yes No No
Mechanical strength Bad Good Good
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2.3. Tungstates

10k Scintilation properties of

A tungstates of the general formula
{ AWO4, where A— Ca, Cd, Zn, Pb,
! Mo, Co, have been known for a
long time. However, because of
long delay time (characteristic
for many of them) and difficulties
in preparation of high quality
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crystals, they were not widely
02 used. In recent times, there
has been renewed interest in
0,0 tungstate scintillators caused

00 460 =00 600 700 by requirements of high-energy
Wavelength, nm physics and computer tomog-

Fig.2.27. Emission spectra of crystals raphy [89-98]. Adyantaggs of
NaI(Tl) (1)7 1L.SO (2)7 BGO (3) [84] tl}ngstate.s are their relatlvgly
high atomic number and density,

which ensures good detection ef-

ficiency with small-sized crystals, and their low afterglow, which is

Table 2.16. Physical properties and main scintillation characteristics of crys-
tals LSO:Ce, LSO:Pr and GSO:Ce [85]

Characteristics LSO:Ce LSO:Pr GSO:Ce

Density, g/em? 7.4 7.4 6.7
Melting point, °C 2150 2150 1950
Hygroscopicity No No No
Phase uniformity Good Good Good
Cleavage tendency No No No
Structure C2/c C2/c P2,/c
Emission maximum wavelength, nm 420 280/315 430
Decay time, ns 12/40 ~10 60
Light output, % with respect to Nal(Tl) 75 20
Light yield, photons/MeV, 662 keV 23,000 9,300
Light yield, photons/MeV, X-rays 15,000

Energy resolution (%) at 662 keV 7.9 7.8
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comparable to BGO. If loads are not high, tungstates are successfully
used for spectrometry of ~-radiation with pulse formation time of
12—20 us [102]. The most common scintillator crystals of this group
are PbWO, (PWO), CdWO, (CWO), ZnWO, and CaWO,,.

2.8.1. Crystal structure of tungstates

Tungstates belong to two structural types. CdAWO, and ZnWO,
are characterized by monoclinic syngony (spatial group P2/c) — the
wolframite structural type, while PbWO, and CaWO, are of tetragonal
syngony (spatial group 14;/a — the scheelite structural type). It has
been shown that when the radius of the bivalent cation r < 10710 m,
the wolframite structure is formed, and the scheelite structure appears
at r> 10710 m. In Table 2.17, data are given on the crystal structure
and lattice parameters of some AWO, compounds [99].

New type fast oxide scintillators described in [85] and full reveiew
[86]. The quest for inorganic scintillator for future represented in [87].
At last very promising Scintillator on base LaCl with energy resolution
3.2% (662 keV) represented in [88].

The wolframite elementary lattice includes two formula units.
Fig.2.28 shows an image of the elementary lattice of CdWO, [100].
Each atom of cadmium and tungsten is surrounded by a distorted
octahedron of oxygen atoms. The degree of this distortion is different
for different AWO, compounds.

Table 2.17. Crystal structure and lattice parameters of tungstates.

Cation | Bivalent | Spatial Lattice parameters Volume
cation group . . . per
radius, a, A b, A ¢ A B oxygen
1010 m atom,

x10710 m

Cu 0.72 P - - - -

Co 0.72 P2/c 4.66 5.69 4.98 90°00’ 16,5
Fe 0.74 P2/c 4.70 5.69 4.93 90°00’ 16.5
n 0.74 P2/c 4.68 5.73 4.95 89°30' 16.6
Cd 0.97 P2/c 5.02 5.85 5.07 91°29’ 18.7
Ca 0.99 14,/a | 5.242 11.372 19.5
Pb 1.20 14,/a 5,462 12.046 23.7
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Fig.2.28. Elementary lattice of CdAWO, crystal.

The structure of CAWO,
and ZnWO, can be present-
ed as a somewhat deformed
hexagonal packing of oxy-
gen atoms, where Cd, Zn
and W atoms fill a half of oc-
tahedron vacancies. Similar
cations are located in planes
parallel to (100). Oxygen
anions, located between
these planes, do not lie in
one plane, but rather form
a layer of 0.2:10710 m. Such
structure type creates open
channels along direction C.
Thus, wolframite structure

can be described as a system of zig-zag-like chains of octahedrons, with
each chain (consisting of octahedrons of only one sort of metals) directed

along C axis.

In Fig.2.29, a characteristic zig-zag-like structure is shown,
formed by octahedrons around Zn atoms in ZnWO, lattice [101]. It
was noted that oxygen octahedrons in the ZnWO, structure are more
isometric than octahedrons around Cd atoms in CdWO,. Each octahe-
dron of W is connected by two edges with two W octahedrons, and by

four angles — with four Cd or Zn
octahedrons belonging to different
chains.

It can be seen from Table 2.17
that, if the cell volume per one oxy-
gen atom is larger than 19.5:10~10
m, “loosening” of the densest anion
packing upon increasing cation
radius leads to a change of the
structural type — instead of wol-
framite, the scheelite structure
is observed in PbWO, and CaWO,.
The crystal structure of CaWO, is
shown in Fig.2.30. The scheelite

<« 472A —>

<«— 495A —>

&
<

Fig.2.29. A zig-zag structure formed
by Zn octahedrons in ZnWOQ,.
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Fig.2.30. Structure of CAWO, crystal.

structure is based on a three-dimensional frame formed by infinite
zig-zag-like chains of metal Me!! polyhedrons. Ca or Pb eight-vertex
structures are connected by their side edges into spirals around
quadruple helix axes parallel to [001]. Between polyhedron pairs,
singular (not connected to each other) WO, orthotetrahedrons are
located. It was noted [99] that the wolframite-scheelite structural
transformation is not clearly marked; the wolframite structure can
be considered as a kind of distorted scheelite. The presence of iso-
lated WO, complexes is the most important feature of the scheelite
structure as compared with wolframite, where WO, complexes form
continuous chains. It should be noted that the bond between Me'
cation and WO42’ anion is ionic, and bonds W—0 within the WO,
complex in scheelites are largely covalent. The WO42* complex in
CaWO, persists up to the melting temperature and even higher,
i.e., WO, polyhedrons in the scheelite structure can be considered
as stable molecular complexes. Probably the WO, complexes in the
wolframite structure should have similar properties.
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2.8.2. Technological preparation features of tungstate single
crystals

For preparation of tungstate crystals of AWO, type, many different
growth methods have been tested: growth from the melt, Stockbarger,
Verneuil, hydrothermal, preparation from gas phase, etc. Analysis of
these methods [99] has shown that none of these methods, though yield-
ing crystals of relatively high quality, can solve the problem of producing
large-sized tungstate crystals with high scintillation parameters.

Technological recommendations on growing tungstate crystals
of sufficiently large sizes using the Czochralski method were given
in works by M.V.Pashkovsky and his team (see, e.g., [99]). The main
points related to the tungstate preparation technology could be noted
as follows.

An essential moment in preparation of structurally perfect AWO, crys-
tals is the choice of the container material. The best suited for tungstate
melts are crucibles made of platinum, platinum-rhodium alloy or iridium,
characterized by high stability towards oxidation and low vapor pressure.
Anecessary condition for AWO, crystal growth is large temperature gradi-
ent in the vertical direction. Using high-frequency heating of the crucible
with charge and choosing an optimum growth regime for each of the AWO 4
compounds, one can obtain tungstate single crystals that are optically
uniform and structurally perfect. Their size is limited, in principle, only
by the crucible size and the design of the lifting mechanism used.

For preparation of ZnWO, and CdWO, crystals with low dislocation
density (~102 cm™2), it is desirable to have the following conditions
fulfilled [99]:

1. Vacuum melting of the charge;

2. Low growth speed at high rotation rates for maximum possible
removal of gas inclusions, thus avoiding low optical quality and
high dislocation density;

3. Single crystal growth in the direction [100]; the cleavage plane (010)
is oriented parallel to the growth direction, which in most cases
excludes twinning.

4. Crystal growth in isothermal conditions to decrease the radial tem-
perature gradient, thus weakening thermal stresses and prevents
cracking of crystals, which is especially important for large-sized
crystals.
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5. The temperature gradient in the vertical direction should be suf-
ficiently large.

6. Seeds with orientation [100] should be used for crystal growth, free
from small-angle boundaries, with low dislocation density.

7. Careful synthesis of raw material to be used as charge for crystal
growth.

Experiments on ZnWO, growth under conditions of stoichiometry
violation (extra ZnO or WO5) have shown that coloring acquired by the
crystal in the course of growth is due to the presence of admixtures.
Even higher requirements are made to raw material for high quality
CdWO, crystals, as volatility of CdO is another problem for growing
crystals of stoichiometric composition.

In [103], CdWO, crystals were grown from cadmium tungstate
charge of the strictly stoichiometric composition or with specified excess
quantities of cadmium oxide. The charge preparation process is based
on solid-phase synthesis by reaction between cadmium and tungsten
oxides. The charge was prepared from specially purified raw material
with concentration of the iron group elements not higher than 2:1074%
(mass), and of alkali metal elements — not more than 510~ %. Growth
of CdWO, and ZnWO, of diameter up to 30 mm was carried out by the
Czochralski method in a platinum crucible using high-frequency heat-
ing [103]. For studies of the defect formation in CdWO, crystals, charge
with different admixture content and different K (K is the quantity of
CdO to quantity of WO5 ratio) was used. At K< 1.0022, the presence
of WO; phase in a non-uniform part of the crystal was found by X-ray
structure studies. At K> 1.01, precipitation of CdO phase is observed.
The optimum charge composition is at intermediate values — K=1.009,
when no precipitation of either CdO or W03 should occur. At such K
values, deviations from stoichiometry will be minimized. One should
note that K is not equal to unity because of predominant evaporation
of CdO in the course of growth process.

In numerous experiments on CdAWO, growth, it was established that
formation of pores in the crystals is favored both by strong deviation
of the K value of the charge used from the optimum values and by the
presence of uncontrolled admixtures in the charge. Another reason for
pore formation are temperature instabilities, which lead to overheating
and decomposition of the melt in the vicinity of crucible walls.
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Formation of structure defects in CdWO, crystals grown by the
Czochralski method was studied in [104]. It was shown that the most
efficient way to avoid visible defects, block structure and scattering
centers in CdWO, crystals is to prevent supercooling of the melt at the
initial stage of growth. As a matter of fact, the defect formation mecha-
nism is chiefly related to the lack of correspondence between growth
shapes and internal symmetry of the melt that had been supercooled.
Removing the melt supercooling allows one to avoid macroinclusions,
suppress block structure features down to disorientation angles not
larger than 5 minutes, as well as substantially reduce the number of
scattering centers. At the same time, “blue-gray” color centers can ap-
pear in CdWO, crystals. It can be seen from the transmission spectra
(Fig.2.31) that such color centers give rise to a non-selective absorption
band in the 400-700 nm range, with absorption coefficient reaching
2-3 cm~! at 700 nm. The presence of color centers substantially wors-
ens functional characteristics of scintillators. It has been established
[104] that color center formation mechanism is primarily related to the
oxygen deficiency and formation of anion vacancies. Predominant role
of oxygen in the formation of color centers is proved by the fact that
color centers are removed under thermal treatment in oxygen-contain-
ing atmosphere (Fig.2.31, curve 3’). From the other side, anisotropy of
the crystal structure of CdAWO, leads to non-uniform oxygen diffusion
in the course of thermal treatment of the crystals. In CdWO,,, diffusion
is slower in the directions [010] and [100]. Therefore, crystals grown
in the [001] direction are “closed” to diffusion, which makes removal
of color centers by thermal treatment substantially more difficult. On
the basis of studies carried out in [104] and the results presented in
[26, 105], thermal conditions and growth regimes have been chosen
that ensure preparation of structurally perfect CdAWO, single crystals
up to 55 mm in diameter and 200 mm long.

The use of PbWO, as detectors of total absorption in electromag-
netic calorimeters started after large-sized (diameter — 34 mm,
height — 200 mm) optically transparent PbWO, single crystals and
scintillation elements on their base had been produced, for the first
time in the world, at the Institute for Single Crystals. Problems of
PbWO, crystal preparation are related to many technological difficul-
ties, starting from the stage of charge synthesis and finishing with
thermal treatment of ready scintillators.
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The diagram of state
of the PbO—WO; system
indicates at the existence 80 L r f 800
of two congruently melting <« 2
compounds: lead oxytung- ’
state Pb,WOg (T,,=935°C)
and lead tungstate PbWO,
(T,,=1123°C) [106]. Both
compounds can undergo
polymorphic transitions. I —
The high-temperature 20 - 200
modification B-PbWO, is
transformed into a low- ) . . )
temperature monoclinic 400 500 600 700

-modification at 887°C. It
has been shown that forma-
tion of the low-temperature Fig.2.31. X-ray luminescence spectra I(d)
phase is possible only when (1-3) and transmission spectra T(A) (1'-3")
a special cooling regime is of CleOltz 1 —”uncolored, 2 — “blue-gray”,
applied, in which the melt 3 — “blue-gray” after thermal treatment.
1s being kept in the super-
cooled state for a long time. In such melt, structural transformations
occur, which are accompanied by increasing coordination of tungsten
and formation of its octahedral complexes, making the melt structurally
similar to the monoclinic -PbWO4. Accounting for peculiar features of
the PbO-WO; system, it can be assumed that light scattering centers in
PbWOQ, crystals are due primarily to capturing of the compound Pb, WOy
when optimum growth conditions are violated. This is a serious problem
that hinders preparation of optically uniform and structurally perfect
PbWO, single crystals. Problems also emerge as a result of a certain
stoichiometry violation in the overheated melt due to evaporation of
crystal-forming components with high partial pressure. Account of
factors affecting thermal stability of the melt lays down severe require-
ments to the growth thermal condition ensuring preparation of PoWO,
crystals with minimum concentration of scattering centers. To develop
an optimum technology of PboWO, crystal growth, the region of thermal
stability of the melt should be determined, in the same way as it had
been done for Bi,Ge;0,, crystals [35].
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Basing on the knowledge
on this important tempera-
ture region, a crystallizator
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tions that the melt tempera-
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ensured preparation of uni-
form colorless transparent
PbWO, single crystals, up to
34 mm in diameter and 300 mm long [144].

Another important point is the influence of the gas medium upon
structure-sensitive properties of PbWO, single crystals. It has been es-
tablished that the shorter is the time of post-growth thermal treatment
in an oxygen-containing atmosphere, the higher is the light output.
Such crystals are characterized by their less pronounced coloring and
absence of absorption in the region of 430 nm. For those PbWO, crystals
which showed the absorption bands in the 430 nm region a green-yel-
low coloring was observed, due to surplus oxygen content. Controlling
the composition and pressure of the gas medium at the stages of charge
melting, crystal growth and annealing, it is possible to obtain PbWO,
crystals with 75-80% transparence at 50 mm thickness in the 500-600
nm region. Comparison of the transparence values of PbWO, crystals
grown in different media (sample size 20X20X160 mm) can be made
from data shown in Fig.2.32 [107]. Much higher transparence and bet-
ter uniformity was obtained when the crystals were grown in an inert
medium (Ar, N,). Depending upon the oxygen content in the gas medium,
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with other conditions equal at the stages of growth and annealing, three
groups of PbWO, crystals can be obtained: colorless, gray and yellow-
green, which are distinguished by their transmission spectra and the
luminescence maximum wavelength.

The preferable direction along which a PbWO, crystal should be
grown 1s [001]. It is the best suited to the actual distribution of tem-
perature fields in a crystallizer typical for the Czochralski method.
However, the presence of a cleavage plane (001) impedes preparation
of large-sized scintillators from the whole ingots, because the grown
ingots tend to be cracked along the cleavage plane during mechanical
treatment. When PbWO, crystals are grown along the [100] direction,
it is possible to minimize the risk of their damage at the stages of post-
growth thermal and mechanical treatment.

2.8.3. Main physico-chemical properties and scintillation
characteristics of tungstates

Cadmium tungstate CdAWO, and zinc tungstate ZnWO,. Lumi-
nescence of CdWO, crystals was described for the first time in 1948
[108], and their application as scintillators — in 1950. Since then,
scintillation, optical and mechanical properties of CdWO, have been
extensively studied [109-114]. Main physico-chemical properties and
scintillation characteristics of CdWO, are presented in Table 2.18.
The most important advantages of CdAWO, scintillators are their high
light output (up to 40% with respect to Nal(Tl) in measurements with
sufficient time for signal formation or in the current mode), as well as
high radiation stability.

The emission spectrum has its intensity maximum in the region
from 480 nm to 540 nm (Fig.2.33), which allows the use of CdWO,
both with PMT and photodiodes. The value of 540 nm is related to
measurements on thick samples with low transparence to the intrinsic
radiation, as self-absorption shifts the emission maximum towards
longer wavelengths.

A possibility of obtaining satisfactory resolution, high detection
efficiency, stability towards climatic and mechanical factors allows the
use of CdWO, scintillator crystals in geophysics and geology. A unique
property of CdWO, as scintillation material is that its light output is
nearly independent on temperature in a broad temperature range
(Fig.2.34, a, b) [102]. It follows from Fig.2.35 that the light yield of BGO
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Table 2.18. Main physico-chemical properties and scintillation characteristics

of tungstates
Characteristics CdwO, PbWO, ZnWO, CawoO,
Density, g/cm? 7.9[152] | 8.28 [151] | 7.87 [153] | 6.06 [153]
7.99 [151]
Effective atomic number | 66 [151] 73 [151] 61 [153] 62 [153]
Radiation length, cm 1.06 [151] | 0.85 [151] 1.19 [1]
Mohs’ hardness 6 [151] 6 [151] 4,5-5 [1]
Hygroscopicity No [151] No [151] No [153] No [153]
Luminescence 490 [151] | 420 [121] | 480 [152] | 430 [153]
maximum, nm 540 [152] | 430-520 | 490 [153]
[151]
370-500
[119]
Refraction index at the | 2.25 [151] | 2.20 [151] 2.20 [1] 1.94 [1]
emission maximum 2.30 [1]
Melting temperature, °C| 1325 [1] | 1123 [106] | 1200 [1] 1576 [1]
Chemical activity Inert Inert Inert Inert
Light output, % with 35-40 1[151] 28 [153] 32-50
respect to Nal(Tl) [151] [153]
Decay time, ns 5000 [151] | 2/10/30 | 21.8[153] | 3,8 [153]
10.5 and [151] 20000 25/500/
19.5 us [1] | <10 [121] [152] | 1100/3200
5-10 [1] 20/3.3/ [1]
~0.1ps [1]
Energy resolution 7.97 [152] 7.97 [152] 12.0-
at 662 keV, % 8.0 [150] 15-18 [1] 20.0 [1]
12.0 [1] 13 [118]
Scintillation 3.8 [152] 4.3 [152]
efficiency, %
Light yield, 12220 70 [90] 9300 [152] | 1400 [118]
photons/MeV [152]
Phosphorescence, 0.1 [152] <0.05 [152]
%/3 ms
Afterglow after 3 ms and | (<0.02) (0.23) [153] | 1-5[153]

20 ms (in parentheses)
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crystals falls by 10 times in the
temperature range 200-373 K. : CdWo,
At 273 K, the light yield of Nal(Tl) o8 L
crystals is reduced by more than '
50% as compared with its value

at 300 K. For CdWO, crystals, 3 06
this decrease is not more than by £
15-20% [150]. Fig.2.34, b shows & ,, |

the decay time of CdWOQ, scintil-
lators as function of temperature.
According to Fig.2.34, these crys- 02
tals are especially suited for tem-
peratures just below 70°C, when 00 . ] , |
light yield changes are still small, ’ 400 500 600
and the decay time is significantly Wavelength, nm
decreased; this allows detection of
large radiation fluxes.

Detection efficiency of CAWO,
1s practically the same as that of
bismuth germanate. Therefore, when there are no high loads, CdWO,
crystals can successfully compete with bismuth germanate. One more
important property of these scintillation crystals is their low afterglow.
It is less than 0.02% in 20 ms after irradiation. Low afterglow and a
possibility of functioning in combination with photodiodes make CdWO,
a very promising material for application in tomography.

The light output of CdWO, is proportional to the energy of gamma-
radiation [115], and, provided its transparence to the intrinsic radiation
is high, its intrinsic resolution can be very small as compared with
intrinsic resolution of the photoreceiver used, making it possible to
use CdWO, crystals for spectrometry of gamma-radiation. The energy
resolution of detectors with CdWO, crystals and PMT is 8-12% (137Cs
~-radiation); the best value — 7.9% — was obtained for a crystal of
10x10%20 mm size [102].

In [150], spectrometric characteristics (energy resolution R and
light output C) are presented for detectors based on CdWO, crystals of
different size (Table 2.19).

As for its spectrometric characteristics, detectors based on CdWO,
crystals are comparable to doped Csl crystals and are only slightly

Fig.2.33. Emission spectrum of CAWO,
single crystals.
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Fig.2.34. Light output (a) and decay time (b) of CdAWO4 single crystals as func-
tion of temperature.

worse than Nal(Tl). Due to high effective atomic number and density
of CdWOQ,, detectors on their base ensure high detection efficiency in
small volumes.

Spectrograms obtained using Nal(Tl)- and CWO-based detectors
under excitation by 137Cs ~-quanta are shown in Fig.2.36. It can be
seen that peak efficiency of y-quanta detection is practically the same
for Nal(Tl) detectors (scintillator size 60x60 mm) and CWO detectors
(40x40 mm). For CWO detectors, the efficiency peak of gamma-quanta
in the energy range 0.5—1 MeV is 2—2.5 times higher, and in the energy
range 1.4-3 MeV — about 3 times higher as compared with Nal(Tl).
CWO detectors, like Nal(Tl) detectors, have nearly linear energy de-
pendence in the 0.06—4.4 MeV range.

Among the drawbacks of CdWO,, one should note its high decay
time — 5—7 us, which sets limits to those applications of this scintilla-
tors that require high counting rates. However, this drawback is not
important for such application fields as measurement of low levels of
radioactive contamination in environment objects or monitoring of ore
pits. It has been noted [109] that CdAWO, has very low level of radioac-
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are needed that would pre-
serve good energy resolution
obtained with small samples
[145]. High light output of Fig.2.35. Light output of oxide scintillators
cadmium tungstate Crystals as function of temperature.
makes it possible in prin-
ciple to achieve resolution values close to characteristics of Nal(TL).
The following possible reasons for worsening of the energy resolu-
tion of CAWO, crystals upon increasing their size have been noted [109]:
self-absorption, and crystal defects causing formation of scattering cen-
ters (optical non-uniformities). The main reasons for formation of these
defects are: deviations of the charge composition from the optimum;
the presence of uncontrolled admixtures in the charge; temperature
instabilities emerging in the course of growth. Such CdWO, crystals
have insufficient transparence, are of yellowish color and contain
certain amounts of CdO or WO extra phase [103].

200 250 300 350 400 450
Temperature K

Table 2.19. Spectrometric characteristics of CdWO,

D, mm | H, mm C, % R (% for y-quanta)
137¢s 22Na 377h
(662 KaB) (1.275 MeV) (2.61 MeV)
40 30 45 8.0 6.1 5.0
40 40 36 9.0 6.8 5.3
40 50 32 10.0 7.3 6.0
40 70 21.9 11.5 8.8 7.8
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Fig.2.36. Spectrograms of Nal(Tl) (1) and CdWO, (2) scintillators ('37Cs,
E, =662 keV).

Analysis of the absorption coefficient changes upon concentration
of cation admixtures from groups I-V shows that isovalent dopants
Ca, Ba, Zn do not significantly affect the transparency of CdWO,
crystals, even if their concentration in the melt is as high as 0.1%.
Dopants with non-compensated charges (Bi3*, Y3*, Gd3* and especially
Fe3*) substantially worsen the crystal transparence even at concen-
trations of 1072 % and less. Their influence decreases when a charge
compensator is introduced. The best transparence (K=0.02 cm™1) is
observed in nominally pure CdWO, crystals of the stoichiometric com-
position. When extra Cd content in the charge increases up to 0.2%,
transparence is worsened by 2 times (K=0.04 cm™1). In Table 2.20,
comparative results are shown for transparence of CdWO, crystals
and their light output C (with respect to Nal(Tl)) and reduced resolu-
tion R at 137Cs ~-line [116].

The light output and afterglow values for CdAWO, with different
degree of deviation from the stoichiometric composition in cadmium
concentration are shown in Tabl.2.21 [103].
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Table 2.20. Characteristics of CdWO, single crystals of different transparence
(D =40-50 mm; H=40-70 mm).

K, cm™? HID ratio
1 2 0.5
C, % R, % C, % R, % C, % R, %
0.02 21.6 10.0 17.8 11.5 25.7 9.8
0.03 18.5 11.2 14.0 12.8 21.3 10.7
0.05 14.8 16.5 10.6 21.8 19.0 18.2

Table 2.21. Light output and afterglow of CdWO, with different deviations
from stoichiometry

Deviation of cadmium Light output with re- Afterglow after 5 ms,
concentration from spect to Csl(Tl), % %
stoichiometry, mol.%
Stoichiometry 50 <0.0005
0.05 50 <0,0005
0.10 47 0.0010
0.25 42 0.0015
0.50 37 0.0050

It can be seen that deviations larger than 0.05% decrease the light
output and increase the afterglow. The presence of admixtures does also
affect main characteristics of CdAWO, scintillators (Table 2.22) [103].

Doping the crystals with iron induces the largest effects not
only upon the light output of CdWO, crystals, but also upon their
color — absorption in the 470-800 nm range substantially increases
with increased Fe concentration. In the most transparent crystals,
Fe content does not exceed 2:1074 %, and concentration of other ad-
mixtures (Ni, Co, Cr) is less than 10~ %. The absorption coefficient
within the intrinsic luminescence band (~500 nm) is ~0.05 cm™! for
such crystals. When Fe concentration is >5-10~% %, CdWO, crystals
acquire a yellowish color, and at ~5-103 % Fe they become reddish-
brown. With higher coloring intensity, the light yield is decreasing
— due both to passive absorption and non-radiative de-activation of
electrons captured on Fe3* (or due to resonance energy transfer by
the iron ions activated by luminescence centers. In the lattice crystal
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Table 2.22. Effects of admixtures upon light output and afterglow of CdWO,
crystals.

Admixture Concentration, Light output Afterglow after
mass % with respect to 5 ms, %
CsI(TL), %
Pb 1.5:104 50 <0.0005
Pb 21074 49 <0.0005
Pb 6-10~4 40 <0.0005
Pb 31073 32 0.005
Na 21074 50 <0.0005
Na 21074 50 <0.0005
Na 1073 48 <0.0005
Na 4-10-3 45 0.001
Ni 31075 50 <0.0005
Ni 21074 49 <0.0005
Ni 103 30 <0.0005
Fe 2104 50 <0.0005
Fe 21074 41 <0.0005
Fe 3.5:107% 23 <0.0005

field, Fe3* ions have several closely located levels over which non-
radiative transitions to the basic levels are proceeding.

Thus, a large discrepancy in the light yield and energy resolution
values that is observed experimentally for CdWO, crystals is related to
the presence of defects (which cause coloring) and scattering centers.
High quality CdWO, crystals with high light output can be obtained only
if charge with optimum ratio of tungsten and cadmium oxides is used,
with concentration of Fe and other admixtures less than 1074 % [115].

Effects of dopant and structure defects upon optical and scintilla-
tion properties of CAWO, crystals have been comprehensively studied
in the Institute for Single Crystals. Basing on the results obtained,
procedures have been developed for production of large-sized optically
uniform CdWO, crystals (50 mm in diameter and 100-120 mm long).
These crystals showed sufficiently high transparence in the intrinsic
luminescence region (K = 0.02—-0.03 cm™1) [150].

Zinc tungstate (ZnWO04) single crystals, like CAWO4, have relatively
high light output (Table 2.18), which is 28% with respect to Nal(Tl), and
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long decay time, which is due to a combination of three components
(T1=20 ps, 75 = 3.3 us, 73 = 0.1 ps). The amplitude ratio for the first
two components is 0.25, and the third component covers about 5% of
all scintillations. The luminescence spectrum of ZnWO, has maximum
at 490 nm, which allows its use both with PMT or photodiodes.

ZnWO, single crystals display high radiation stability. According
to [117], after ZnWO, crystals of dimensions 1.5x1.5x1.5 mm had been
submitted to ¢0Co ~-irradiation (5:103 Gy), their parameters practically
did not change. After ~-irradiation (1 MeV) by an accelerator, the light
yield fell by 40%; however, in several months it was restored to 90%
of the initial value.

Scintillation properties of 13x13x6 mm ZnWO, crystals, which were
covered with a MgO light reflector and had an optical contact to a PMT
with a quartz window, were reported in [118]. Their energy resolution
was 13% for EN =662 keV, photoelectron yield — 1400 MeV—1. 5% of the
emitted light had the decay time constant 100 ns, and 95% — 25 ps.
Time resolution of the scintillator was 960 ns.

Lead tungstate PbWO, and calcium tungstate CaWO,. PbWO,
crystals have been studied since 1948 [108], being considered at first
as just a luminescent material with a very low light output at room
temperature — about 1% with respect to Csl(Tl). Their applications
are thus mostly limited to the field of high energy physics. They have
the shortest radiation length (x, = 0.85 cm) and the smallest Moliere
radius (R,, = 2.19 cm) among the known scintillators. Lead tungstate
is a heavy (p = 8.28 g/cm3, Z = 73) and fast (T4 = 3-5 ns) scintillation
material. Main physico-chemical properties and scintillation charac-
teristics of PbWO, are presented in Table 2.18.

Studies of PbWO, luminescent properties, which were analyzed
in [92], show substantial inconsistencies in interpretation of the
experimental results. This could reflect high sensitivity of PbWO,
luminescence characteristics to specific conditions of the crystal prepa-
ration. Even minor differences in the growth technology may lead to
substantial differences in absorption and emission spectra of PbWO,
crystals. Under v-excitation, PbWO, luminescence spectrum is a broad
and complex emission band from 370 nm to 500 nm, the shape of which
1s strongly dependent upon W concentration in the melt. This fact is
explained [92] by considering the observed emission as superposition of



Chapter 2 117

Intensity, a.u.

400 600 800
Wavelength, nm

Fig.2.37. Excitation and luminescence spectra of PboWO, at 300 K. Excitation:
1—1;=420nm; 2 —A;, =500 nm; 3 —A;=650 nm. Luminescence: 4 — A, =
275 nm; 5 — A, =308 nm; 6 — A, . =325 nm; 7T—A, . =350 nm.

several luminescence bands, with their relative contribution depending
upon the ratio of stoichiometric defects in the crystal.

Intensity and shape of the luminescence bands were found to be
different for the upper and lower part of a single crystalline ingot of
PbWO, [120]. This was attributed to stoichiometry variation along the
crystal length, leading to non-uniform distribution of the emission
centers. Luminescence spectra of PbWO, crystals are shown in Fig.2.37
(according to [92]).

It has been also noted [121] that optical, scintillation and kinetic
characteristics of PbWO, are strongly dependent upon crystallization
conditions, purity and stoichiometric composition of the crystals.
Especially important are the defects formed both in anionic and cat-
ionic sublattice. Nominally pure PbWO, crystals of the stoichiometric
composition are characterized by their luminescence spectrum with
maximum at 420 nm. The decay time constant (85% of the intensity)
is less than 10 ns.

Detailed studies of transparence for PbWO, crystals of differ-
ent length allowed making a correlation between their spectral
characteristics and growth conditions (Fig.2.38) [94]. The crystals
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Fig.2.38. Transmission spectra of PbWO, crystals: a — crystals of different
length: 1 — 180 mm, 2 — 180 mm, 3 — 180 mm, 4 — 220 mm; b — crystals
with different defects: 1 — stoichiometric crystal; 2 — stoichiometric crystal
grown from a recycled melt; 3 — crystal with excess Pb; 4 — crystal grown in
a controlled oxygen-containing atmosphere.

prepared in oxygen-containing media (with exception of yellow-col-
ored crystals) were distinguished by their high transparence above
400 nm. Yellow-colored PbWO,, crystals have an absorption band at
430 nm. As a rule, yellow-colored crystals are obtained when grown
from the recurrently used (recycled) melt. Growing the crystals in
a medium with controlled (reduced) oxygen concentration results
in an increased transparence, especially in UV spectral region. The
crystal transparence is also strongly affected by stoichiometric and
dopant defects, especially heterovalent admixtures.

In [122], two broad absorption bands were reported for PboWO,
crystals, peaked at 350 nm and 420 nm. They affected substantially
the scintillation properties of large-sized crystal elements, decreas-
ing the light output and worsening its uniformity over the crystal
length.

Worsening of PbWO, scintillation properties is also caused by ad-
mixtures of Mo, Fe and some other trivalent and bivalent admixtures
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Fig.2.39. Transmission spectra of
PbWO, samples (20%20x160 mm): 1 —
crystal grown in an inert atmosphere
with composition close to stoichiom-
etry; 2 — crystal with excess oxygen
in the anion sublattice, grown in an
inert atmosphere; 3 — crystal grown
in oxygen-depleted atmosphere;
4 — crystal grown on air.

single crystals and their scintilla-
tion characteristics can be sum-
marized as follows.

1. Crystals grown in an inert
atmosphere have higher transpar-
ence, both in UV region (close to
the absorption edge) and in the
intrinsic emission region, than
those grown in an oxygen-contain-
ing atmosphere (Fig.2.39). In such

PbWO, crystals, no absorption
band at 430 nm is observed and, correspondingly, the yellow color-
ing does not appear. In the visible range, the best transparence is
observed for PbWO, crystals grown in an inert medium (Fig.2.39,
curve 1).

. Crystals grown in an inert atmosphere have higher uniformity

over the ingot length. Absorption coefficient values in the intrinsic
emission region for best PbWO, crystals are scattered no more than
within 3—4% (Fig.2.40). This is also in agreement with light output
data measured for six different crystals over their length (Fig.2.41)
[121].

. Crystals grown in conditions that ensure their composition to be close

to stoichiometry have their integral emission plot with maximum
in the 2.9 eV region (Fig.2.42, curve 1). When defects are formed
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in the anionic sublattice, this
maximum is shifted to longer
wavelengths (2.5-2.61 eV,
Fig.2.42, curve 2).

Light output of PbWO, scintil-
lators is rather strongly depen-
dent on temperature, which 1is
related to the nature of lumines-
cence centers and temperature
quenching [123]. The temperature
dependence of PbWO, light output
in the —193°C — +50°C range is
shown in Fig.2.43.

The calculated value of the
light output temperature coeffi-
cient at 20°C is 1.98% /K. A typi-
cal picture of scintillation decay
in undoped PbWO4 is shown in
Fig.2.44. More than 90% of light
is emitted less than in 100 ns.
For Nb-doped PbWO, crystals,
which show only blue and green
emission, the scintillation decay
is shorter and is well described
by two exponents with time con-
stants of 3 ns and 14 ns, contrib-
uting 55% and 45%, respectively.
The temperature dependence of
the average decay time for PboWO,
in the —193°C — +50°C range is
shown in Fig.2.45.

An interesting fact has been

%

Transmission,

500 600

400

Wavelength, nm

Fig.2.40. Spectral distribution of
PbWO4 transmission over crystal
length: 1 — crystal grown in an in-
ert atmosphere; 2 — crystal grown
on air.
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Fig.2.41. Light output variation over
PbWO, crystal length.

noted, related to the effects of anisotropy of PbWO, crystal structure
upon its luminescence characteristics. In [96], the maximum lumi-
nescence yield was observed when the crystal surface was irradiated
in directions “[001]” or “[104]”. The difference in the light output
values for different orientations of the crystal was more marked at
lower excitation energies. At the excitation energy of ~30 keV, this
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Fig.2.42. X-ray luminescence spectra
of PbWO, crystals: 1 — crystals close to
stoichiometry; 2 — crystals with defects
in the anion sublattice.
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Fig.2.43. Light output of PoOWO, crystals
as function of temperature.

difference was 40% larger. This
can be explained by different
density of luminescence centers
in different crystallographic
directions.

The radiation stability of
PbWO, crystals is sufficiently
high. Irreversible radiation
damages appear at doses above
10° Gy. Under irradiation,
PbWO, crystals grown in differ-
ent conditions show worsening
of their transparence. Usually
an additional absorption band
appears at 620 nm [30] (or
600 nm [92]), which 1s due to
Pb3*-type defects. Therefore,
niobium-doped PbWO, crystals
(0.1% Nb) have higher radiation
stability because of compensa-
tion of Pb3* defects. Doping of
PbWO, with niobium, alongside
with improvement of radiation
stability, favors also better
uniformity of the material
along the crystal ingot. Fig.2.46
shows non-uniformities of ra-
diation damage caused by
induced absorption at 420 nm
along the crystal length of Nb-
doped and undoped PbWO,.

Negative effects of radia-
tion can be seen also in an in-
crease in afterglow. Parameters
of this afterglow in each specific
case are related to certain col-
oring centers emerging under
irradiation [122].



122 B.Grynyov, V.Ryzhikov, Jong Kyung Kim, Moosung Jae

4

a.u.

3

1 L 1 L 1 L 1

0

|
8
B
- ]
2 KB
8
E
0 3

0 60 90 120
Time, ns

Fig.2.44. A typical scintillation decay plot for undoped PbWO,.
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Fig.2.45. Average decay time for PbWO, as function of temperature.

In [146], a substantial improvement of PbWO, scintillation charac-
teristics was achieved by its doping with lanthanum. This improvement
involved optical transparence in the short-wave region between 320 nm
and 450 nm, decay time and radiation stability. Under ~-irradiation of
the doped crystals, the absorption coefficient remained as low as for the
non-irradiated material up to the doses of 108 rad.

The mechanical strength of PbWO, single crystals can be substan-
tially improved. To achieve this, fissure formation after growth and
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annealing should be prevented. At
% ‘}\‘ present, brittleness of these crys-
4k }% tals results in less than 70% yield
§ of good products after mechanical
treatment [122].

S {' Among alkali earth metal
‘E tungstates, the highest light output
is observed for calcium tungstate
} CaWO, (see Table 2.18). It reaches
' > 50% with respect to Nal(Tl). The
1 | emission maximum is at 430 nm,
n ' making it possible to use CaWO,
, . for spectrometry of ~-radiation.
0 5 10 15 20 For CaWO, detectors of dimen-
Length, cm sions ©10X10 mm in combination
with PMT, resolution of 13.6%
diation damage along large PbWO, was obtalne(z)d for 13.7CS "-radiation,
crystals without dopants (1) and and of _12‘54 — with a Hgl.z-be}sed
doped with Nb (2). photodiode. However, applications
of this crystal are substantially

limited by its slow response (decay time of 0.5—20 pus) [102].

The main application field of CaWO, single crystals is computer
tomography.

The luminescence kinetics of Zn\WO, and CdWO, crystals has been
studied in detail by V.D.Ryzhikov, G.Tamulaitis e.a. [89], and of PbWO,
crystals — in [90,143].

In [143], luminescence kinetics was studied for PbWO, crystals
excited by synchrotron radiation and selective photoexcitation of the
intrinsic luminescence. The excitation dynamics is treated in terms
of thermally activated depletion of the emission centers and their re-
newed occupation from the adhesion centers, which gives rise to slow
components of the luminescence decay. The relative intensities of the
blue and green luminescence were found to be strongly dependent on
temperature. Changes in the luminescence spectra with increasing
temperature are shown in Fig.2.47. It can be seen that blue lumines-
cence is quenched quicker than the green.

The luminescence kinetics of PbOWO, crystals at 3.02 eV (the blue
luminescence band maximum) is illustrated in Fig.2.48 for different
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Fig.2.46. Non-uniformity of ra-
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Fig.2.47. Evolution of the luminescence spectrum of PbWO, crystals with
temperature: 250 K (1), 200 K (2), 175 K (3), 150 K (4).

temperatures. Detailed studies of PbOWO, luminescence kinetics in the
200-295 K would be interesting, according to [143], from the standpoint
of promising applications of this scintillation material.

In [57], the luminescence decay time was presented as sum of three
exponents with different decay time constants and weight factors. This
approximation has physical meaning if the complex character of decay
at a specified wavelength results from superposition of three different
bands that are subject to exponential decay with different speeds. In
fact, the luminescence decay in PboWO, is even more complex than just
superposition of three exponentially decaying luminescence bands.

In [89], luminescence and photoexcitation spectra of ZnWO, and
CdWO, crystals of wolframite structure were studied in a broad tem-
perature range (from 4.2 to 300 K). Decay kinetics in different spectral
ranges was determined, and for the first time bands of red luminescence
and of fastly decaying violet luminescence were reported.

2.8.4. The nature of luminescence centers in tungstates and
their energy diagrams

Questions on the nature of luminescent centers in tungstates
and their relationship with crystal structure defects of specified
types have not yet been fully cleared up, and discussions on these
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Fig.2.48. Luminescence decay time in PbWO, at 3.02 eV and different tempera-
tures: 200 K (1), 225 K (2), 247 K (3), 270 K (4), 295 K (5) [143].

points are still under way. Several different models of luminescence
centers have been used for interpretation of luminescent properties
of tungstates. The most commonly used is the model that relates the
emission to transitions inside the WO66_ complex for wolframites,
and WO46’ complex — for scheelites [124—126]. Proceeding from the
crystal structure features of tungstates described in Chapter 2.3.1,
these complexes can be considered as multi-atom molecules or com-
plex oxyanions.

Most authors [125,127,128] attribute the luminescence to transi-
tions 5dW — 2p0 inside a WO66’ or WO46’ complex; however, there
were also assumptions [129] that only violated isolated complexes
do luminesce. This conclusion can be reached if one considers effects
of raw material composition and growth conditions upon the lumi-
nescence intensity of tungstates. An assumption was also made that
luminescence due to ideal WO46_ complexes could be observed only at
low temperatures (<10 K).

According to another model of luminescence centers in tungstates,
in particular, in PbWO,, luminescence can be due to the Pb3+—WO43_
complex, i.e., complex composed of an electron localized on the oxy-
anion and a hole on the nearest cation [130]. The complex pattern of
the luminescence center levels 1s explained in this paper by tetragonal
distortion of WO,, spin-orbital interaction and the presence of differ-
ent isotopes in the lattice: 297Pb with nuclear spin I = 1/2 and 204Pb,
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206pp, 208ph with I = 0. This picture is considered as adequate for the
yellow-green luminescence [130].

A substantially different luminescence center model was proposed
in [131], which assumes that tungsten can exist in a partially reduced
state, i.e. in the form of W* (and not W8*). The absorption and lumi-
nescence spectra can then be described as d-d transitions in W>*, the
energy of which depends upon distortions of the tetrahedral oxygen
complex. However, large intensity of the UV absorption bands and
large breadth of the distorted luminescence bands raise doubts that
these bands can be ascribed to the d-d transitions.

In [129,133,134], the authors proposed a luminescence center
model, which satisfactorily described the experimental results. The
model considers an isolated WO, complex, the existence of which in the
wolframite structure is ensured by a break in the WO66_—WO chain
of complexes along the C axis, i.e., by defects of Oyg42~ and V, * type.
Concentration of such centers in CdWO, and ZnWOQO, is ~10 8 em3.
However, the estimate of the number of luminescence centers made in
[126] from an intensity characteristic under powerful excitation, gives
2.6% of the total number of particles. The presence of defects in such
a great number is highly improbable. Moreover, no intensity increase
was reported for the main luminescence band after annealing the crys-
tals in vacuum, which led to an increase in number of these defects.
On the contrary, an opposite effect was observed — the light output
increased after annealing in an oxygen atmosphere [103], which could
lead only to curing of the oxygen sublattice defects, i.e., to decrease in
V2" concentration.

As the highest occupied and the lowest vacant state in tungstates
are formed by molecular orbitals of WO66_ and WO42_, knowledge of the
energy structure of such clusters is necessary for understanding of the
processes related to luminescence and absorption in these crystals.

An energy pattern of luminescence centers in cadmium and zinc
tungstate was proposed in [111,135,136]. Potential functions of W066_
complex are shown in Fig.2.49 according to data of [136]. The transition
energy values (for CdWO,) are shown by arrows. Slight differences in
the band maximums are noted for CAWO, and ZnWO,: 2.50 eV —2.55 eV,
2.17eV —2.14 eV, 3.40 eV — 3.49 eV, 3.84 eV — 3.90 €V, respectively.
These differences reflect changes in position of terms of the W066_ com-
plexes due to changes in the crystal field.
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, Most experimental data evidence
that luminescence in CdWO, and
/ ZnWO, crystals is intrinsic in character

and is determined by W066_ complexes.
The luminescence spectrum consists of
N\ / broad, nearly symmetrical structure-
I less bands E; = 2.50 eV (CdWO,) and
2.55 eV (ZnWO0,), 2.17 eV (CdWO,) and
2.14 eV (ZnWO,). This implies that
radiative transitions originate from
the lowest relaxated vibrational states
of the W066_ complexes. These states
& \ can be considered as autolocalized ex-
4 s citons [137]. The autolocalized excitons
R model was applied to luminescence of
ABO, crystals with scheelite structure
Fig.2.49. A diagram of potential (CdWO, and ZnWO,) in [127]. At low
curves for WO(®~ complex [136]. temperatures (4.2-10 K) the 2.14 eV
luminescence band is readily excited
in ZnWO,, while the 2.55 eV band is practically not excited (as well as
2.50 eV and 2.17 eV bands in CdWO,). This implies that autolocaliza-
tion to state ¢, in ZnWO4 encounters no barrier, while that to state
ty, in CAWO4 — a barrier of 810~ eV.

In [136], it was assumed that the structure of luminescence cen-
ters in CdWO, and ZnWOQ, is determined by crystal defects related to
deviations of the composition from stoichiometry. These defects take
part in formation of the luminescence and capture centers, determin-
ing main spectral and kinetic properties. The greatest role in shaping
the spectra is played by cadmium, zinc and oxygen defects. Lumi-
nescence and photoexcitation spectra, crystal structure features, as
well as theoretical calculations of the electron structure indicate that
luminescence and absorption spectra of tungstates are determined
by transitions in WO66_-involving complexes [103]. A detailed picture
of the luminescence centers can be obtained from effects of different
kinds of thermal treatment upon spectral-kinetic characteristics of
CdWO, and ZnWO, crystals. Absorption bands E,=3.40 eV; 2.80 eV for
CdWO, and E,=3.49 eV; 2.90 eV for ZnWO, are related to the complex
of W066_ plus zinc (cadmium) vacancy. The presence of two bands
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Fig.2.50. A model of configuration plots for WO66* complex (a), and autolocal-
ized exciton (b) in ZnWO, and CdWO, crystals of wolframite structure [89].

determined by one type of defects can be related, firstly, to different
charge states of cadmium (zinc) vacancies, and secondly, with two dif-
ferent positions of cadmium (zinc) in the elementary cell with respect
to tungsten, causing formation of non-equivalent cadmium (zinc) va-
cancies. The luminescence bands E;=2.17 eV (CdWO,) and E;=2.14 eV
(ZnWO,) are also related with the said complex. Thus, the luminescence
center appears to be a complex of composite structure, comprising three
coordination spheres, which at the same time is also a capture center.
The absorption band E,=2.48eV and the slow emission band E;=1.8 eV,
which is related to it, are both due to defects in the oxygen sublattice.
The emission within this band is of recombination nature.

Similarity in emission characteristics noted in [89] for CdAWO, and
ZnWO, has allowed explaining luminescence in these crystals of wol-
framite structure using configuration plot models for a self-activated
emission center and autolocalized exciton (Fig.2.50).

For CaWO, crystals of scheelite structure, structural defects do
also substantially affect their spectral-kinetic characteristics [138].
Luminescence of CaWO, is generally related to radiative surexcitation of
the W042_ anionic complex. This model is confirmed by calculations of
the excited states of WO42_ complex, which are in good agreement with
experimental results. For emission of such luminophores, it is charac-
teristic that the influence of the central ion of the anionic complex is
predominant, and practically no effects related to the cation are noted.
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Luminescence in CaWQ, is created not by all WO42_ anions, but only
a part of them located in irregular lattice cells, i.e., in distorted parts
of the anionic sublattice; however, peculiar features of the distortions
have not yet been fully cleared up. According to one of the hypotheses
forwarded, such distortions can be created by distortions of the crystal
field around separate WO42’ complexes caused by point defects and
dislocations [139]. According to another model, distortions in CaWO,
are related to lowering of the valence of some fraction of tungsten ions
(~2.10~% g-atom/mol) [132]. In [138], a fast weak UV band was noted
in CaWO, spectra at 225 nm. Low emission intensity and low duration
(T < 25 ns) suggest a relationship between this luminescence and the
luminescence due to autolocalized excitons that had been observed in
CaWO, [52]. Still another model of UV-emission in CaWO, is possible,
related to “hot” luminescence of WO42’ complexes [140].

Relationship between luminescence bands in PbWO, and possible
luminescence centers in these crystals has been comprehensively ana-
lyzed in [141], accounting for practically all known publications on this
subject. Comparison of experimental data from [141] and those obtained
by other authors for PoWO, crystals grown in different conditions have
shown that the blue luminescence band at 420 nm is always present in
all tungstates. This observation confirms that these bands are related to
the emission of regular WO42’ centers in these scintillation materials. It
was noted [142] that, alongside with the “blue” luminescence, there exist
at least two “green” and one “red” emission band. Studies carried out on
samples cut from different parts of one and the same crystal have estab-
lished relationship of the green and red luminescence to point defects of
different nature. Two green luminescence bands in PbWO, are ascribed
to (WO5 + F) centers. These centers are based on anion vacancies in the
first coordination sphere of the WO®" ion and are similar in structure to
admixture centers. They are of high radiation stability, and stable in
time. On the contrary, the red luminescence is related to a set of defects
emerging as a result of tungsten deficiency in the crystal. These centers
are not stable under irradiation, which makes them a potential source of
radiation damage in these crystals.

Summing up the above described, it can be concluded that scin-
tillations in PbWO, are related to WO42_ and (WO; + F) luminescence
centers through Pb2* ions. A diagram showing energy transitions in
PbWO, according to data from [141] is presented in Fig.2.51. It fol-
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lows from this diagram that there N
exists a limitation for obtaining o TP -~
very high light output in PbWO,. Dy ~
All the emitting centers show large
Stokes’ shift and strong thermal
quenching of the luminescence.
The main part of the absorbed
energy is transferred from PbZ*
ions to regular WO42_ centers. 10 b
This cannot ensure substantial
contributions to the light output
because of overlapping of wave
functions, which leads to migration
of excitations and quenching of the Fig.2.51. A diagram of energy tran-
luminescence. Though (WO; + F) itions in PbWO, scintillator.
centers compete with W042_ com-

plexes in the energy transfer from

lead ions and contribute to the scintillation significantly, they can-
not substantially contribute to the light output because of their low
concentration in the crystal. Their influence is counter-balanced by
the presence of uncontrolled admixtures, which can compete with
(WO3 + F) centers in transferring the energy from PbZ* jons. An
important conclusion follows: the use of materials of higher purity
can lead to more efficient energy transfer to WO42_ and (WO;3 + F)
luminescence centers. Optimization of PbWO, crystal growth tech-
nology makes it possible to achieve higher light output of scintilla-
tors on their base, improves their radiation stability and ensures
uniformity of scintillator parameters. In [141], improvement of
PbWO, scintillation characteristics was achieved by introduction
of Nb dopant, which prevented formation of Pb3*-type defects. Nb3*
ions replace the W8* jons and compensate for the W ions deficiency.
In these crystals no red luminescence is observed, which is related
to Pb3*-type defects.

In [90], two types of centers were noted and described, which
appeared responsible for short-wave emission in PbWO, crystals of
scheelite structure. Centers of the first type can be presented as
regular WO42_-complexes, while those of the second type can be de-
scribed within the autolocalized exciton model. In Fig.2.52, a model
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Fig.2.52. A model of configuration plots in PboWO, for: a — W042_ complex;
b — autolocalized exciton. The arrows in Fig. b indicate: 1 — absorption of
excitons in the free state; 2 — recombination of thermalized autolocalized ex-
citons; 3 — direct excitation of autolocalized excitons; 4 — “hot” luminescence
due to autolocalized excitons [90].

configuration of plots for POWOQ, is given according to data of [90] for
the WO 42_ complex and the autolocalized exciton. Results of this work
indicate also that excitation transfer between different centers plays
an important role.
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CHAPTER 3

SCINTILLATORS ON THE BASIS OF
SEMICONDUCTOR COMPOUNDS

Development of semiconductor scintillators (SCS) on the basis of
ABV! compounds has bridged the gap in a series of “scintillator-pho-
todiode” detectors used in modern multi-channel low-energy devices
for visualization of hidden images (tomographs, introscopes). In ac-
cordance with the requirements of eventual applications, such SCS
materials as ZnSe(Te), CdS(Te) show the best matching of intrinsic
radiation spectra to photosensitivity spectra of silicon photodiodes (PD)
among the materials of similar kind. They are characterized by high
radiation and thermal stability of their output parameters, as well as
by high conversion efficiency. In this chapter, a thermodynamic model
is described for interaction of isovalent dopants (IVD) with intrinsic
point defects of A'BY! semiconductor structures at different ratios of
their charges, a decisive role of IVD is shown in formation of the lumi-
nescence centers, kinetics of solid-phase reactions and the role of a gas
medium are considered under real preparation conditions of ZnSe(Te)
and CdS(Te) scintillation crystals, and luminescence mechanisms in
IVD-doped SCS are discussed.

3.1. Peculiar features of defect formation

in semiconductor scintillators with isovalent dopants.

It has been generally accepted that parameters of AIIBV! crystals
are largely determined by the ensemble of intrinsic point defects (IPD)
of the crystal lattice. Numerous fundamental studies related to this
problem (among which classic works of Watkins, Taguchi and Ray,
Fistul’ and Bazhenov, etc. can be noted [1-3], as well as works of the
authors of the present book [4—6]) have substantially contributed to our
understanding of IPD effects upon principal characteristics of binary
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semiconductor crystals. It has been shown that, alongside with tradi-
tional methods of introducing IPD into the crystal lattice by controlled
stoichiometry violation and radiation damaging, a powerful way to form
IVD is doping semiconductor compounds with isovalent admixtures.

IVD, which has the same formal valence as the substituted lattice
atom, has different ionization energy, electric negativity, degree of
ionic/covalent bond with atoms of the neighboring sublattice, values of
ionic and covalent radius. Bond energies of charge carriers with IVD
are by an order of magnitude lower than with a donor (D) or accep-
tor (A) dopant; at the same time, charge localization on IVD is much
stronger. Combination of these features results in a possibility that
introduction of IVD would give rise to singular local states with their
energy levels playing the role of quenching centers (QC) inside the
band gap (IVD of the 15t kind), or it would lead to changes in the zone
spectrum of the valence and conductivity bands (IVD of the 274 kind).
The discriminating factor allowing formation of local levels inside the
band gap is the difference between potential energies of the IVD atom
and the substituted atom:

OE, |y AV
AU =Upyp —Uqc = AE, my v 3.1

where AEg = Eg l =0 — Eg | .= for compound A; A" B(AB,_B'), AV/Vis
the relative change of the elementary cell volume from x = 0 to x = 1.

In the approximation of the atom pseudopotentials model, one should
expect new local levels inside the band gap for crystals CdS(Te), CdSe(Te),
ZnSe(Te), ZnTe(Cd) and some others according to the condition

(2AUIEy) >> 1, 3.2)

where Ey,is the valence band width.

In general, the following factors should be accounted for in de-
termination of the localized energy value due to IVD introduction: 1)
contribution from ionic admixture potential due to different electric
negativity of the IVD and the substituted atom; 2) electron polarization,
which leads to shielding of the difference in atomic pseudopotentials;
3) local lattice distortions, as well as elastic and electron-phonon in-
teractions; 4) spin-orbital interaction.

Accounting for all these factors requires using a multi-zone theory
that has not yet been developed. Even calculations in the Koster-Slater
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one-zone one-site model, accounting just for ionic admixture potential
effects, meet with substantial difficulties because of multi-factor char-
acter of the interactions.

Calculations carried out by Thomas e.a. [7-9] for semiconductor
compounds of A''BY group (GaAs, GaP) upon their P and N isovalent
doping predicted formation of efficient radiative recombination centers,
in a good agreement with experiment.

The same authors made attempts to extrapolate this calculation
method to A'BY! compounds — ZnSe(Te) u CdS(Te). However, broad
smeared emission bands in these crystals do not agree with the pro-
posed mechanism of exciton emission. There are also other inconsisten-
cies that appear in comparison of theory and experiment.

Alongside with isovalent doping, IPD in the crystal lattice can be
due to radiation damage and stoichiometry violations occurring when
the crystals are prepared in atmosphere containing some excess of one
of the components. Experiments of Kulp and Detweiler on bombard-
ment of cadmium sulfide and zinc selenide by fast electrons [10,11]
are generally considered as classic examples of inducing radiation
damage.

ESR and ODMR (optically detected magnetic resonance) experi-
ments of Lee, Cavennett, Watkins e.a. [12—14] have shown that in zinc
selenide under bombardment defects are formed only in the cation
sublattice. Thus, the luminescence band L-730 could be related to the
double-charged zinc vacancy V;,, and L-640 — to the [V, D,] complex.
The donor nature could not be established by direct observations; the
most known early interpretation was [VZ'nCu;'] [15], though more recent
studies proved its inconsistency [16-18].

Introduction of defects into crystals (e.g., cadmium sulfide) by
means of annealing stimulates formation of V4 and S; after an-
nealing in sulfur, V5 and Cd; after annealing in cadmium. Results
of these experiments, which were first carried out by Vlasenko,
Vitrikhovski e.a. [19] and later — by Susa, Watanabe and Wada
[20], are in agreement with experiments on radiation damaging of
these crystals.

Main parameters of the emission bands L-600, L-730 (first observed
by Thomas and Cuthbert in CdS(Te) crystals) are in an obvious relation-
ship with the emission due to intrinsic defects in undoped cadmium
sulfide crystals. However, luminescence in CdS(Te) was generally
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described as exciton emission due to isoelectron traps, similar to that
observed in GaN(P), GaAs(N). This interpretation had been generally
accepted until the works of Ryzhikov e.a. [21-23].

We were the first to note a correlation between emission fea-
tures of isovalently doped cadmium sulfide crystals and the ef-
fects of radiation damage and structure non-stoichiometry. We had
predicted that in CdS(Te) crystals, prepared using an appropriate
technology, an infrared emission band L-1020 should be observed.
It has also been postulated that on the basis of AlBY! crystals one
can obtain sintillators of high efficiency with predictable emission
spectrum, provided conditions are met of substantial difference
of ionic radius and electric negativity values of IVD and the sub-
stituted atom. Taking into account that parameters of emission
centers in crystals with IVD are determined by the predominant
type of crystal lattice IPD, in accordance with theoretical predic-
tions a new scintillator CdS(Hg) was obtained with its luminescence
spectrum similar to that of CdS(Te), but with somewhat different
kinetics [4,16-18, 21-23].

In ZnSe(Te) crystals, directly after growth (from raw material of
stoichiometric composition) lumines-
cence 1in IR-bands is observed, and
after annealing in zinc — emission
with maximum at 640 nm (I.-640), or
at even shorter wavelengths (depend-
ing on thermal treatment conditions
[24]). A similar evolution is observed
in crystals with radiation damage
or in non-stoichiometric crystals [6].
The regularities in SCS luminescence
spectra changes, as shown below for
ZnSe(Te) taken as an example, are
caused by re-structuring of the defect
structure of crystals.

Introduction of tellurium IVD
into zinc selenide, due to substan-
tial differences in atomic and ionic  gjg 3.1, Displacement of Zn atom
radii of Se and Te, is accompanied in ZnSe structure under isovalent
by local deformation of the lattice doping.

<111>
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and localization of the hole in a vicinity of the substituted atom due
to interactions [1, 18, 25] described by Coulomb potential of the point
charges [26] w1th effective charges of the corresponding bonds of MX
ions eZnSe u eZnTe’ as well as by deformation forces.

Interaction of the first type results in shifting the metal atom
towards Te atom in the direction (111) by the distance A (Fig.3.1).

From the equilibrium condition for Zn atom written down in
the form

*

(e )2 ) 3(eznse )

2
Earl

2 ‘/§+\/§A]
4 a

9 3/2

3.3

1

4 a 6

one can estimate the displacement of A if e* is known. The effective
charge is defined in [28] by the expression

+ NX*-(8-N)
= (3.4)
1+3?

where N is the valence, X\ = 1 — exp{-0.25(x, — x,,)} is the degree of
density. Using the electronegat1v1ty values x7, = 1,5; X7, = 2,1; X5 =
2,4 [25], we obtain the ratio eZnTe/eZnSe 0,973, which makes A equal
t0 0,24 A. When two or three chalcogen atoms are substituted, causing
the metal atom to be shifted in the direction (001) [27], similar consid-
erations give, respectively, A0l =0.61 A and A1 =0.12 A.

If elastic interactions are accounted for, interaction of atoms is
described by the Born-Maier repulsion potential [26]

U, = Aexp[—g] ) (3.5)

r

where A and p are interaction potential constants. When one selenium atom
1s substituted by tellurium, the equilibrium condition has the form

aUZnTe _3 aUZnSe

sina=0. (3.6)
or or
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Solution of this equation, accounting for the interaction radius p ex-
pressed in terms of first ionization potentials of the lattice components
[27, 29]: pf1 = 0,54(«/Im +41, ), leads to the following expression:

Uzpse(r) = 1.34:10%exp(—0.298/r) (3.7

Uzy7e(r) = 1.55:10%exp(~0.301/r) (3.8)

Substituting these into (3.6), we obtain the zalue for non-oequilib-
rium distance between Zn and Te equal to 1,46 A, 1.e. A=1,0 A.

As in the elastic model the shift of Zn atom towards Te (1 A) 1s
larger than in the Coulomb model (0,24 A), for our estimates we can
assume that A is in the range 0,24 A<a< 1,0 A.

An important result of these calculations is the very fact that the
atom is shifted from the tetrahedron center irrespective of the interac-
tion potential form.

From considerations of the crystal electric neutrality, we can
write down

ni\JrnB n, *n +nB , (3.9)

eAB

where n} A’ ”B is the number of interstitial atoms of types A and B, re-
spectively; nY x> nB is the corresponding number of vacancies; n,, is the
number of isovalent atoms in the anion sublattice. As moblhty of the
interstitial metal atoms is much higher than the mobility of its Vacan-
cies [30], we have nlg << nX Accounting for the condition n} = ng Y that
is valid for interstitial anions [31], from (3.9) we get the expression

- 1—ef}—c]nc . (3.10)

This relationship, under assumption of e’;\B > eZC, shows that
isoelectron doping results in formation of additional vacancies in the
metal sublattice, with their concentration proportional to the concen-
tration of IVD [18].

The main conclusions from these considerations are the following.
Doping by IVD-Te of ZnSe crystals (Cy, = 0,015-0,005) results in local
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distortions of the lattice due to shifting of the metal atom from the tetra-
hedron center, and is accompanied by generation of vacancies in the cation
sublattice CZln 2:1075, which exceeds by several orders of magnitude the
equilibrium concentration of nB in undoped ZnSe crystals [18, 23].

Contributions from other admixtures affect the behavior of the
IPD ensemble in SCS with IVD, which can be described by the model
representation method of the thermodynamic state of the system using
perturbing potentials [32—35]. This leads to analytical expressions for
concentrations of IPD of different types, accounting for electrochemical
constants of the materials and calculated values of parameters that
determine the predominant defect formation type in A'BV! compounds
[18]. In this case, variation of the free energy AF of the crystal volume
unit upon introduction of IVD is

AF =n) E} +niE\ +ny EY +nkEs +n,W-TAS, (3.11)

where nY¥, ABY nA g) are numbers of vacancies and interstitial atoms in
the respectlve sublattices; n, is the number of IVD atoms; EY A(B) EA( B)
are formation energies of vacancies and interstitial atoms in the catlon
(A) and anion (B) sublattices; W is the elastic energy of an IVD atom
substitution for a lattice atom; T'is the temperature; AS is the entropy
change of the crystal (only the configurational entropy is accounted
for, neglecting its changes due to lattice distortions emerging because
atoms of the main substance and the dopant are different). Now we
write down the free energy extremum conditions of the doped crystals,
which involve indefinite Lagrange factors X\;, X\, [36] and correspond
to the thermodynamic state of the system:

OAF OAF OAF OAF OAF
ony  onk  ony  onf  Ong

: : * 3.12
ng —onk —ng +on +8 n, =0, (3.12)

NA—nY +nb)— 1 +~)n, =0,
i 1% 2 % 1 *
AF = AF + X\ (ny —ony —ng +ong +0 n.)+

+Xg {“{(1an +nf) - +w)nc}

’
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X\1» Ny are indefinite Lagrange factors, 3* =1 — ei\c/ei\B). From here,
we can see that the increase in the equilibrium concentrations of
cation vacancies and interstitial anions is proportional to the IVD
concentration:

CX /Cro =B"C,/CXy s CL/Cho = 18" C./CKo (3.13)

The physical meaning of expressions (3.13) is in agreement
with conclusions made in [37] for solid solutions AB—AC formed by
the anion substitution type. In Table 3.1, calculation results are
presented under conditions of (3.12) for defect formation in Al'BV!
compounds with IVD (anion and cation doping). Hence it is clear
that:

1) both anion and cation isovalent doping lead to re-distribution
of equilibrium point defects in the doped crystal as compared with
the undoped state. Depending upon the ratio of effective charges of
the crystal matrix atom and the dopant atom, both cation and anion
IVD can lead to predominance of one and the same type of defects in
the doped crystal. Thus, doping with mercury and tellurium results
in additional generation of cation vacancies and interstitial anions,
while doping with Cd and O — to cation interstitials (/,) in the anion
sublattice (Vp);

2) one and the same IVD introduced to different crystals can,
depending of the ratio of effective charges, shift the equilibrium
concentration of point defects either to their excess (I, u I) or
(Vy, Ip); e.g., doping of cadmium and mercury compounds with Zn
(cationic substitution); at the same time, doping with sulfur and
selenium (anionic substitution) leads to different character of the
point defect ensemble even for compounds with one and the same
metal (Zn,Cd,Hg);

3) multi-component doping (i.e., more than one dopant) allows
purposeful control of the point defect composition in the crystal.

Let us consider this point in more detail. Let C, be the concentra-
tion of the [-th isovalent dopant introduced to the anion sublattice,
wherel=1,2 ..., eZCl is the effective charge of its bond with the crystal
matrix cation. Similarly, for the j-th component of the cation doping
we introduce CD and eD g- Then concentrations of intrinsic defects in
such multi- doped IVD crystal are
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&Y (1 - ech / ens )Ccl + Z (1 - eI;lB / ers )CDl
: ! (3.14)

CG=f Z(l - ff’:\cl /eZB)CCl + 2(1 - eSlB/e:\B)CDl @
I j Chro

Here it is taken into account that simultaneous generation of Fren-
kel pair defects, e.g., V), — I,, does not lead to formation of a stable
defect. Hence it follows that simultaneous IVD doping with effective
charges larger and smaller than effective charges of the crystal bonds
can lead to compensation of the effective charges [3], and additional
defect formation due to differences in effective charges will be ther-
modynamically not favorable. Differences in crystallochemical size
between IVD and the substituted lattice atom become a predominant
factor in the defect generation.

As an example, we consider zinc selenide doped with oxygen and
tellurium. Their respective concentrations and effective charges are
Co e’in-re and Cy, e?no. Then it follows from (3.14) that

C% = (1 - e;nTe /e;nSe)CTe + (1 - e;no /e;nSe)CO , (3.15)

and additional generation of zinc vacancies is observed (as shown
in Table 3.1, doping with Te results in generation of zinc vacancies,
while doping with oxygen favors formation of interstitial Zn) upon
conditions:

Co << — 1- eZ*nTe/e*ZnSe (3.16)
Cre 1700/ €znse

Using the Pauling’s definition of the degree of ionicity and the
expression (3.16), we obtain

C exp(—0,25AXZ2nSe ) - exp(—0,25AXz2nTe)
0 . .
Cre exp(—0,25AX§no ) - eXp(—0,25AX%nSe)

(3.17)

Then from data of Table 3.1 and (3.17) we obtain Cy/Cy, << 0,21,
1.e. oxygen concentration in ZnSe(Te) crystals of about one-fifth of the
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Table 3.2. Effects of thermal treatment upon activation energy of evaporation
of ZnSe(Te) crystal components.

Thermal treatment Temperature Activation energy of
regine interval, K evaporation process, eV
Medium | T, ., | toun Zn Se, Te
P,Pa K hours
6es TO 873-1073 1,14+0,34
873-1173 0,97+0,29
973-1173 0,60+0,18
P,,=105] 1273 | 24 858-938  [1,10+0,33(2,41+0,72
938-1053 0,78+0,23 | 0,85+0,26
Pr,=105| 1273 | 46 823-898  |0,78+0,23
898-1023 |0,565+0,17
873-923 2,41+0,72
923-1053 0,85+0,26
Pp,=10° 46 823-1073 | 0,88+,26
1273 873-923 2,41+0,72
P, =105 24 923-923 0,85+0,26
858-938 1,10+0,33
938-1053 0,78+0,23
P~10"1 | 1273 24 923-973 2,41+0,72
973-1053 2,41+0,26

tellurium concentration prevents generation of additional vacancies in
the zinc sublattice; consequently, V + Te complexes are not formed.

These theoretical considerations have been confirmed experimen-
tally (with tellurium-doped zinc selenide taken as an example) by our
studies of thermodesorption kinetics [23]. These studies have also
provided further information on specific features of the dopant intro-
duction into the crystal lattice and effects of the dopant upon defect
formation processs in ZnSe(Te) crystals.

Evaporation of ZnSe(Te) crystals was studied using a MCX—4 mass-
spectrometer. Before the measurements, the samples were annealed
in different conditions (sample characteristics and results obtained
are presented in Table 3.2 and Figs. 3.2-3.4).

Zinc selenide crystals belong to congruently evaporating sub-
stances with dissociative character of evaporation (dissociation
degree o= 1):
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Fig.3.2. Logarithm of zinc thermode-
sorption peak intensity as function of
inverse temperature. Plot numbers
correspond to crystal numbers in
Table 3.2.
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Fig.3.3. Thermodesorption peak in-
tensity for selenium and tellurium.
Plot numbers correspond to crystal
numbers in Table 3.2.

Zinc (1)

In(Intesityl), a.u.

21
Selenium (2,4,5)

0 . \
| \
Selenium (1)

Zinc (2,4,5)

0,8 09 1,0

1.1

10°/ Temperature, K'

Fig.3.4. Thermodesorption peak intensity for selenium and tellurium. Numbers
in parentheses correspond to crystal numbers in Table 3.2.
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Analysis of thermodesorption peaks (TDP) shows that at one and
the same temperature TDP amplitudes for the initial crystals are much
higher (both for zinc and selenium) then TDP amplitudes for the same
crystal elements after annealing. E.g., at 973 K IZIn /IZ'II;A =10, ISIe/IS'gA =
11, and these ratios are the same for crystals thermally treated in
vacuum, zinc vapor or tellurium vapor (II, ITA is the TDP intensity for
the initial and thermally treated crystal, respectively).

Due to the congruent character of evaporation, the ratio I7./Is,
should be of the order of 1, which is confirmed in our experiments at
T> 973 K. At lower temperatures this ratio is shifted towards excess
of zinc, reaching the values of 1,4-1,6 at 7'< 873 K. Annealing condi-
tions (7, atmosphere) mostly affect I, and less significantly — I..
After thermal treatment in Te atmosphere TDP I is observed at T'<
773 K, while under other conditions of thermal treatment — only at
T > 873 K. Higher stability of selenium sublattice as compared with
the zinc sublattice implies lower defect formation energy in the latter
(and, consequently, larger defect formation probability in the zinc sub-
lattice). This conclusion is in agreement with known interpretation of
data on the radiation damage. Predominant evaporation of zinc, which
is due to higher Zn mobility, results in increased concentration of the
defects of V5, type; this process is the most obvious in crystals doped
by tellurium or thermally treated in tellurium atmosphere, which can
be explained by formation of stable associates V5, Tes.Zn;. This result is
in essential agreement with the concept of vacancy generation in the
neighboring sublattice upon introduction of an atom that has much
higher ionic radius than the substituted atom.

Thus, studies of the evaporation process of zinc selenide have
shown that: 1) thermodynamics of the process depends upon degree
of crystal defectness; 2) introduction of Te IVD favors generation of
additional vacancies in the cationic sublattice and shifts the stoichi-
ometry towards zinc deficiency; 3) upon introduction of Te IVD, stable
associates V5, + Te of low mobility are formed.

An important consequence of generation of additional defects un-
der isovalent doping is an increase in radiation stability of the doped
crystals as compared with undoped ones. It has been shown [38] that
the following condition is necessary and sufficient for high radiation
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stability of non-metal crystals: the free path length of a dynamic crow-
dion (Z;Lkl) should be less than the instability zone radius (r(’}kl) in any
given crystallographic direction: /%! < ré’kl.

In crystals of sphalerite type (to which zinc selenide also belongs)
[38, 39], symmetric triangular lenses were observed around the [111]
direction (Fig.3.1), which cause additional focusing of an atom knocked
out of the site along this direction and its driving outside the instabil-
ity zone with formation of a stable radiation defect. This result was
observed in numerous experiments on different crystals of sphalerite
structure (see, e.g., [40]).

At the same time, radiation stability of ZnSe crystals in comparison
with Ge (lattice of diamond — “monoatomic” sphalerite) and GaAs under
influence of different types of ionizing radiation (electrons, neutrons,
~-quanta) was noted in [41]. Irradiation by ~-quanta (6°Co, I 3800 R/s)
at 7= 300 K at doses up to 108 rad and fast electrons (E = 1 MeV) does
not lead to changes in IR absorption spectra for all substances studied.
Irradiation by fast neutrons substantially increases IR absorption of
Ge and GaAs. Thermal treatment does not lead to restoration of the
optical properties of germanium, which is related by the authors to
formation of disordered regions as a result of irradiation.

Irradiation of zinc selenide results in transmittance changes only
in the visible spectral range. The authors of [41] conclude that ZnSe
has the highest radiation stability among the materials studied.

Pulse irradiation of zinc selenide by electrons (E =5 MeV, Toulse =
2,3 us) gives rise to short-living optical absorption in the 450-1000 nm
region, which is quickly removed by annealing (50% of the radiation-
induced absorption in 50—60 us) already at 473 K. The 465 nm band is
related to formation of unstable pairs zinc vacancy (V) — interstitial
zinc atom (Zn;). Above 1000 nm, no absorption is observed [41].

In [42, 43], cathodoluminescence spectra (CL) spectra of zinc sel-
enide were studied under pulse irradiation by electrons (£ = 6 MeV,
Toulse = 10 ns, I=10 A). The 580 nm emission center was related to an
unstable Frenkel pair (V;,— Zn;) absorbing at 465 nm; also observed
were CL bands at 630, 680, 720, 780, 820 nm. The 630 nm band was
related with admixture of copper, and the 830 nm band, according to
[43] — with selenium vacancies.

Thus, a whole set of experimental results is available demonstrat-
ing relatively high radiation stability of zinc selenide.
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Higher radiation stability of ZnSe as compared with GaAs and Ge
described in [41] can be related to a significant difference in atomic
mass values of the lattice components of ZnSe (mg.:my,= 1,21; myg:
Mg, = 1,08; mgaimge = 1,00), which lowers the energy transmitted in
collisions of the knocked-out atoms [26], thus decreasing the dynamic
crowdion free path length I2% a as well as to substantial difference of
dielectric permittivities of these crystals (g7,50 = 5,9; £¢ a’ﬁ =10,9; SGe =
16,2 [44]), which, with other conditions equal, (as rhkl 12 144)), gives
larger size of instability zone in zinc selenide: r&nse > rG""As > rGe.

Therefore, ZnSe has shorter free path length of the knocked-out
atom, and also larger size of instability zone. This, according to the
structural criterion of [33] should result in higher radiation stability
of physical properties of this material as compared with germanium
and gallium arsenide.

As shown above, IVD introduction leads to redistribution of the
equilibrium concentration of point defects; in particular (see Tabl. 3.1),
doping of zinc selenide by tellurium results in formation of equilibrium
zinc vacancies:

*
_ €InTe
*

Cy =1 Cr

e’

€ZnSe

i.e., isovalent doping leads to formation of additional (as compared with
pure crystal) vacancies in the metal sublattice, with their concentration
comparable to the concentration of the introduced dopant.

According to data of [38], additional vacancies exert de-focusing
influence upon atoms knocked out from their sites: primarily, because
the vacancies are located in the [111] direction and shorten the free path
length of the knocked-out zinc atom [18], and, secondly, they destroy
the focusing lenses for knocked-out chalcogene atoms in this direction,
1.e., dynamic crowdions are scattered on these defects.

Thus, accounting for numerous data indicating that the emission
character of isovalently doped A"BY! crystals [4-6, 21—-23] is correlated
with luminescence of non-stoichiometric or radiation-damaged struc-
tures. [12—14, 19, 20], and basing upon thermodynamic analysis of the
system state using the method of disturbing potentials and the concept
of efficient atom charge, it has been established that on the basis of
ABV! crystals, provided the conditions are met of difference in ionic
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radius and electronegativity values of IVD and substituted atoms,
it is possible to obtain highly efficient scintillators with predictable
luminescence spectrum. This is due to the fact that parameters of
luminescence centers that include complexes of [V, Teg] type in IVD-
doped crystals are determined by the predominant type of IPD of the
crystal lattice [16-18, 21-23], defining optoelectronic, radiation and
thermal characteristics of a specified semiconductor crystal. For many
practically important cases, purposeful forming of IPD ensembles in
IVD-doped SCS is considered in Chapter 3.3.

3.2. Kinetics of formation processes of semiconductor
scintillator crystals with isovalent dopants
accounting for effects of gas media

Crystals of AIBV! compounds are prepared by two principal methods
— from the melt and from the gas phase, and each of them has several
modifications [4, 45, 46].

When crystals are grown from a solution in melt, crystallizati