5 Crystal Engineering

Abstract. In this chapter definitions and methods are given to analyse phase di-
agrams of different complex compounds from the material science viewpoint with
several examples of well known scintillation materials. It is followed by a descrip-
tion of different technologies and equipments for the growth of single crystals. A
special attention is paid to the control of parameters, which are particularly impor-
tant to satisfy some of the user’s requirements, like dimensions and homogeneity
of optical properties, purity of the initial material and activator uniformity distri-
bution, stoichiometric composition and minimum concentration of point and linear
defects. Different techniques to grow single crystalline scintillation materials such
as Bridgeman, Stockbarger, Stoeber, Kyropolos, Czochralski as well as state of the
art and modern trends in the industrial production are reviewed. Different ways to
design the scintillation detector block in such a way to as to maximize the collection
efficiency of the scintillation photons are also discussed.

5.1 Phase Diagrams

A large variety of inorganic compounds have the potential to be a scintillator.
Crystal chemistry shows a lot of opportunities when systems with two, three,
four, and more components are stable because of the strict laws of chemical
and crystallography structure formations. In spite of the fact that the devel-
opment of new crystalline scintillating materials is to a large extent driven
by luminescence research another very important part of the study which
requires even more efforts is related to the synthesis of a predetermined ma-
terial if it is at all possible. An initial step is the study of a phase diagram
to define the conditions in which a given composition occurs.

The theory of phase diagrams is described elsewhere [1]. This chapter will
consider the phase diagrams from the material science point of view and gives
examples for some scintillation materials.

The theory of phase balance is based on thermodynamics and establishes
relationships between composition, temperature, and pressure in equilibrium
systems.

To predict the phase composition of a compound it is necessary to know
the number of phases and the number of independent chemical compo-
nents, from which these phases are formed. The homogeneous part of a
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heterogeneous system is called a phase, and the substances forming phases
of the chemical system are called chemical components.

For heterogeneous systems the direction of the reactions is determined by
the phase rule. According to this rule, the number of degrees of freedom C' in
an heterogeneous system in equilibrium is equal to the number of indepen-
dent components K + 2, minus the number of phases F': C = K +2 — F.
To predict the behavior of the system with the help of the phase rule it is
therefore necessary to know the number of phases and the number of inde-
pendent chemical components. The number of degrees of freedom is defined
by thermodynamic parameters (temperature, pressure, composition), which
can be modified without changing the number of coexisting phases. If this
number is equal to 0, it is impossible to change either the pressure or the
composition and temperature without removing one of the phases. The equi-
librium at C' = 0 is called an invariable one. Equilibrium at C' = 1 is called
a mono-variable one for which a given temperature corresponds to a pre-
cise value of the vapor pressure. At such a balance it is enough to set up
one parameter only, for example a given temperature is sufficient to set the
equilibrium pressure and the composition of phases. Equilibrium at C = 2 is
called bi-variant and it means that an undefined equilibrium pressure corre-
sponds to the given temperature. So, the composition of phases depends both
on temperature and on pressure. Constant temperature does not provide, in
this case, a constant composition. This conclusion is of great importance in
manufacturing crystals, including scintillation materials.

In the case of the phase equilibrium it is convenient to use phase diagrams.
For an unicomponent two-phase system the relationship between temperature
T and pressure P can be represented on a 2D diagram. In a two-component
system the A—B composition is represented by a three-dimensional diagram.
For multicomponent systems the representation is multidimensional and it
is graphically possible to present only special cases (cross-sections) of multi-
variable diagrams.

We will analyze here the most common diagrams: “composition — tem-
perature” for binary systems. Such diagrams are most frequently investigated
and represent the greatest practical interest for crystal growth from melt.

5.1.1 Phase Diagram of Continuous Solid Solutions

If the chemical components A and B have similar electronic shells structure,
ionic radius, or energies of the chemical bonds, they are likely to form a
solid solution (see Fig. 5.1). In this case the liquid phase of the composition
lies above a liquidus line (L). The solid solution area lies below the solidus
line (S). The area of crystallization lies between the solidus and the liquidus
curve.

While cooling the melt with composition X (see Fig. 5.1), crystallization
will begin at the temperature corresponding to point L.; on the liquidus curve.
The composition of the crystallized solid phase at this time corresponds to
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Fig. 5.1. The phase diagram of a binary system with creation of continuous solid
solutions

point S; on the solidus curve. During further cooling the composition of
the crystallized mass will vary along the line S;—S5, and the composition of
the melt will follow the line L;—Ls. Thus, the ratio between crystal and melt
composition is determined by the line lengths Lo—Ss and L1—S;. If the cooling
is very slow the crystal composition will follow the line S'-S2. If on the other
hand the cooling is fast, a mechanical mixture of crystals having different
compositions is formed. This fact is of a very big practical importance for
crystallization procedure development.

5.1.2 Eutectic and Distectic Phase Diagram
Without Solid Solutions

The diagram for a two-component system A-B is represented schematically

in Fig. 5.2. This diagram has two maxima corresponding components’ A and
B, and a minimum corresponding the eutectic point E.
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Fig. 5.2. The eutectic phase diagram of a binary system without creation of a
compound
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This diagram has three domains: the melt area at high temperature, lim-
ited by the liquidus curve (L); the area of solid phases at low temperature
limited by the solidus horizontal line; and the region of mixed liquid and solid
in between.

The crystallization begins when the melt is cooled down to the tempera-
ture T5. Further temperature decrease displaces the composition toward the
eutectic point E where the solidus and liquidus lines meet. At the eutectic
temperature the melt is completely crystallized forming a mechanical mix-
ture of the A and B phases. The eutectic diagram shows that components,
A and B coexist but do not react chemically, and that the melting temper-
ature of the pure components decreases to the eutectic point. This apparent
contradiction is explained by the fact that there is no chemical interaction
in a solid solution. The eutectic diagram shape depends on the difference of
the A and B components’ melting temperatures. If this difference is small,
the eutectic point lies approximately in the middle of the diagram. If the dif-
ference is large enough the eutectic point is displaced to a composition with
lower melting temperature.

This situation is however rather rare in a binary system A-B. The ap-
propriate phase diagram, for example for the compound AsB, is shown in
Fig. 5.3. The so-called distectic point D, which corresponds to the compound,
appears in the phase diagram and divides it into two eutectic phase diagrams
between A—AsB and A;B-B, respectively.
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Fig. 5.3. The distectic phase diagram of a binary system with creation of the
compound AzB

5.1.3 Eutectic Phase Diagram with Areas of Solid Solutions

Quite often a stable compound does not form in a two-component system A-—
B. However, there is generally a high reciprocal solubility of the components
in the liquid and to a lesser extent in the solid. In this case the eutectic
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diagram with areas of solid solutions « and § (Fig. 5.4) can be drawn. The
a and 8 domains correspond to the solid solution enriched with the A and B
components. The areas between L, S, o, and § are L4+« and L+3. When
cooling the melt with a composition X, down to the temperature of the
liquidus, the liquid is enriched with the B component. And then, when the
liquid is displaced to the eutectic point, the crystallization of a mechanical
mixture of o and (8 begins. The composition of each solid solution o and 8
corresponds to the intersection of @ and S and (3 and S curves, respectively.

x —
R e g
Mo
\V ﬁ
a+ 8
* ey B

Y

Fig. 5.4. The eutectic phase diagram of a binary system with solid solutions

5.1.4 Impurity Solubility During the Growth

There is a redistribution of impurities between the crystal and the melt during
crystallization as shown in the diagrams of Fig. 5.5. Thermodynamically the
impurity either decreases melting point (a), or increases it (b).

If the segregation coefficient of the impurity is smaller than 1, the melting
temperature of the basic component A decreases. As seen in diagram (a)
the crystallization at the temperature corresponding to the point L1 on the
liquidus line results in the crystallization of a phase with a smaller impurity
content than the melt. A further reduction of the crystallization temperature
results in an enrichment of the impurity in both the crystal and the melt. On
the other hand, for k£ > 1 the crystal is initially more rich in impurity than
the melt, but the impurity concentration in both decreases when lowering the
temperature (k is the segregation coefficient, i.e. the ratio of the dopant
concentration in the solid state to the dopant concentration in the melt).

5.1.5 Scintillation Crystal Phase Diagrams

Several typical examples of scintillation crystal phase diagrams are discussed
below. The synthesis conditions of the widely used alkali-halide scintillators,
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Fig. 5.5. “Crystal-melt” equilibrium in the presence of impurities

Nal and Csl, were studied in the middle of the 1970s [2]. It was shown that
these crystals when doped with sodium and thallium ions form an eutectic
diagram. The phase diagram of the CsI-Nal system (Fig. 5.6) results from
differential thermal analysis data [3,4] as well as from mathematical simula-
tions [1]. Na ions solubility in the CsI lattice is limited. This limit defines the
optimal level of Na doping (about 0.02%).

U T W W AR T

a0t as Y
Csl Nal

Fig. 5.6. The eutectic phase diagram for the CsI-Nal system [2—4]

The phase diagram of the PbO-WOj3 system was investigated in detail [5]
and in particular on the side of a small WOj3 concentration. The study of the
area enriched in tungstate anhydride is rather complicated because of the
high WO3 melting temperature and the interaction of WO3 with the crucible
material at temperatures higher than 1,100°C. Nevertheless, it is established
that there is an eutectic E; (Fig. 5.7) between PbWO, and WO3 with 66.5%
WOj3, fusing at 930°C. There are two stable phases PbWO, and PboWOs5 in
this system. The other two eutectics E; and E3 have melting temperatures
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Fig. 5.7. The phase diagram of the PbO-WO3 system

893°C and 720°C, respectively. The PbWOQO, melts congruently, i.e. without
decomposition of the compound, at 1,123°C. The analysis of this phase di-
agram helps us define some practical parameters for the PbWOQ, crystals
grown by the Czochralski method. First of all, the melting temperature re-
stricts the choice of the crucibles to metals with higher melting points such as
platinum, iridium, and their various alloys. It is also important that such cru-
cibles do not interact with melts of similar oxides such as PbMoOy, CaMoOy,
and ZnWOQy, which are impurities likely to be present in the raw material.
Secondly, the possibility of using not only the stoichiometric composition of
the raw material but also some excess of either WO3 or PbO is of great im-
portance, if it is necessary for a better tuning of the scintillation properties
of the crystal. This is especially important when the properties of the grown
crystals depend critically on the melt stoichiometry or when a strong dif-
ferential evaporation of the different components of the melt occurs during
the growth process. An initial deviation from the perfect stoichiometry can
therefore be applied for the compensation of nonstoichiometry defects. The
phase diagram does not provide any restriction to the relationship between
the weight of the grown crystal and the weight of the initial melt in the cru-
cible. The size of the pulled crystal is only determined by some technological
constraints of the equipment such as the size of the crucible and the optimal
growth technology. Some restrictions can appear because of the segregation
process of additional doping ions which have segregation coefficients >1, La
for instance. This doping will be pumped from the melt to the initial part of
the crystal if the diameter of the pulled crystal is close to the diameter of the
crucible. There is no necessity to create fast heat flow through the growing
crystal or supercooling at the crystallization interface which essentially re-
duces the stability of the process and increases inner stresses in the crystal.
A large industrial production of PbWO, by the Czochralski method [6] has
been set up for the needs of the CMS experiment at CERN (see Chap. 7).
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Another example of a complex phase diagram is the lutetium aluminate
perovskite crystal. There are two stable phases LugAl;O15 and LuyAloOg and
a metastable phase of LuAlOg in the system. LuyAlyOg is formed from oxides
at temperature higher than 1,650°C and melts incongruently at 2,000°C; the
most stable phase LugAl;O1s is formed below 1,500°C and melts congruently
at 2,060°C. In the LuAlOj3 phase diagram there is also a metastable phase in a
narrow temperature range of 40°C with an incongruent melt. The low system
stability is explained by the aspiration of lutetium (the lanthanide with the
smallest ionic radius) into the garnet structure. From the phase diagram
study one can infer that very small variations of the melt composition or
temperature at the crystallization point can introduce a transition from the
perovskite to the garnet phase. Therefore the size of the perovskite crystal
will be severely limited if the composition of the melt and the temperature
gradient are not perfectly under control at the crystallization point.

Another approach to grow this crystal is to set up the growth conditions at
a high temperature gradient and a fast cooling of the crystal. The gradient
provides the supercooling of the melt and maintains the composition in a
metastable molten situation. This method prevents the decomposition of the
solidified phase. It is experimentally confirmed that the perovskite phase
LuAlOj3 can be obtained only by quick crystallization of the stoichiometric
melt. It allows us to assume that there is a metastable variant of the phase
diagram of the system in which this phase melts congruently at 1,910°C as
shown in the inset of Fig. 5.8. The practical implementation of this approach
to the growth of a LuAP crystal is a rather complex but manageable process.

Growing LuAP on a seeding crystal (having the same composition as the
ingot) is practically impossible, as it decomposes at the contact with the melt
and even a strong cooling of the seed does not give a positive result. Growing
on an iridium wire is a possibility but the spontaneous crystallization is a very
complex technological problem difficult to control for a consistent production.
A high temperature gradient also generates important maintenance problems.
The garnet phase formation at the seeding stage and during crystal growth
is therefore a difficult problem for the optimization of the crystallization
process. It should be noted that the first LuAlO3 samples had a lot of garnet
inclusions which strongly affected the scintillation performance [7].

One way to increase the domain of stability of the phase diagram is to
introduce some quantity of yttrium in the lattice. The modified crystal of
Lu;_,Y,AlOj3:Ce in which the Lu ions are replaced with Y ions have prac-
tically the same or even better scintillation performance [8,9] as LuAlOg
but with a smaller density below 8.34gcm™> and therefore a lower photo-
fraction. On the other hand, this composition is much more stable than the
pure lutetium perovskite and its melting temperature is slightly lower. More-
over for the crystal growth of such composition it is possible to use a more
stable seeding procedure with YAlOj3 crystals [10].
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Fig. 5.8. The phase diagram of the Lu2O3—Al203 system. The inset shows the
details in the region of the 1:1 (LuAlOs) compound

5.2 Single Crystal Growth

Although most of the applications require their use in a single-crystalline
form, inorganic scintillators are used in a large variety of types and shapes.
This fact requires a special attention to methods, technologies, and equip-
ment for the single crystal growth. It is worth mentioning that the physics
and technology of crystal growth do not depend on their subsequent applica-
tion. But the specific character of the applications imposes quite often some
requirements on the growth process, namely, for dimensions and homogene-
ity of optical properties, purity of the initial material and activator unifor-
mity distribution, composition stoichiometric, and minimum concentration
of point and linear defects.

5.2.1 General Considerations on the Crystallization Process

In general, crystallization is viewed as the formation of a new solid phase in
melts, solutions, solid substances, and gases. The formation of a new solid
phase can occur both inside the initial phase and on the phase surface. The
causes of the new phase formation are critical supersaturating, critical over-
cooling, or nucleation. A stable nucleus is characterized by a critical size and
it takes a definite form defined by the minimum surface energy that can be
reached for a given volume. From the theory [11] one can calculate the critical
nucleus size and its formation energy, define the relation between the critical
supersaturation and the heat of the melt, and consider the effects of diffusion
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and heat transfer processes, i.e. describe the kinetics of phases interaction.
This allows us to optimize the crystallization process and to grow good qual-
ity crystals even at rather high rate of mass production. For the growth of
single crystals there must be a unique nucleus; otherwise a multiple nucle-
ation will produce a polycrystal. Various techniques and methods are used
to allow the growth of one nucleus only or to select a single nucleus from
several ones during the crystallization process. The simplest method is the
crystal growth from a previously prepared seed. The seed crystal is usually
cut from the same crystal, but it is sometimes possible to use a single crystal
of different composition.

Several papers and books describe the basic theoretical principles of single
crystal nucleation, growth and growth principles and procedures [2,11-13].
That is why we shall consider here only a few important aspects of the scin-
tillation single crystal growth.

5.2.2 Basic Methods for Scintillation Crystal Growth

The core of almost all crystal growth methods is the principle of oriented
crystallization. Its basic feature is the balance of two different processes:
heat transfer and crystal interface transfer.

The methods of crystal growth are usually classified according to the
following conditions:

e phase status and composition of the initial phase;

e type of the process driving force (temperature gradient or concentration,
or pressure).

e Starting from the first point it is possible to grow single crystals:

e from melts;

e from solutions;

e from gas phase;

e by phase transformations in solid phase.

The classification of the methods within these groups is carried out ac-
cording to the second point. The temperature gradient is mainly used as the
driving force of crystallization. Several methods are used which differ in the
way the heat transfer and the hydrodynamic conditions are applied. They
are

e creation of temperature gradient between the crystal and the melt by heat
transfer from the seed;

e creation of temperature gradient between the crystal and the melt by
heat transfer from the seed and pulling up the grown crystal from the
melt (Czochralski and Kyropoulos’s methods);

e floating temperature gradient through the melt (Bridgeman and Stock-
barger’s methods), etc.
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Fig. 5.9. A classification of crystal growth methods

The methods of crystallization are often classified according to such cri-
terion as the presence or absence of a melting pot (crucible). Figure 5.9
illustrates a typical combined classification. Various technical solutions are
available to grow single crystals. The implementation of a growing method is
characterized by technological features, equipment design, and phase diagram
peculiarities.

Finally, one more pragmatic selection criterion of the single crystal growth
method concerns the single crystal nucleation and the shaping of the ingot.
Through the combination of all these criteria all the methods can be divided
into two groups:

e single crystal growth in ampoules such as Bridgeman, Stockbarger, Stoe-
ber [14,15] and

e single crystal pulling from melt such as Kyropolos, Czochralski, etc. [16,
17].

Below we describe the basic principles of these methods.

5.2.3 Bridgeman and Stockbarger Methods

The external form of the crystals grown in ampoules is strictly set by the
geometry of the ampoule (as a rule, it is cylindrical, although, sometimes
rectangular ampoules are also used). The growth of complex shape crystals
is limited by the necessity of crystal extraction from the ampoule which
can be complicated by the adhesion of the crystal material to the ampoule
material. (It should be noted that, for this reason, the crystals are subject to
deformation during the cooling which induces intrinsic stress in them.)
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Fig. 5.10. Ampoulous shape for single nucleus selection and single crystal growth

2]

One of the most complex problems of this group of methods is the spon-
taneous crystallization on the ampoule surface. As a result, the orientation
of the crystal is difficult to control. For example, scintillation single crystals
of NaI(T1) have the spontaneous orientation (110) [2], when grown by the
Stockbarger method in quartz ampoules, regardless of the speed of growth
and of the ampoules shape. Figure 5.10 illustrates the typical shapes of am-
poules for the oriented single crystals growth. The single crystal growth is
achieved by setting the conditions for the preferred growth orientation or by
the use of a well-oriented seed.

A good control of the heat transfer process is a fundamental aspect of sin-
gle crystal growth technology. The temperature gradient or the homogeneity
of the thermal field (radial or axial in relation to the growth of a single crystal)
is the driving force of the crystal growth process. Consequently, all the crys-
tal growing furnace elements (heaters, screens, gaseous medium, etc.) act as
the main control elements of the crystallization process. Figure 5.11 b shows

a b

Fig. 5.11. Stockbarger method scheme (a) and temperature distribution along the
furnace (b)
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the diagram of the temperature field axial distribution for the Stockbarger
method. Figure 5.11a illustrates the corresponding layout for this growing
method.

Initially, the raw material is placed in the higher temperatures area (where
it melts). The crucible (ampoule) is moved through the thermal gradient zone,
where the temperature is lowered below the melting point. This is the area
where the crystallization takes place. The volume of the melt will therefore de-
crease continuously and the growing crystal starts substituting for the melt.
It follows that the temperature field parameters change during the crystal
growth. The amplitude of these changes is determined by both the configura-
tion of the initial thermal field and the changes in the crystallization process.
The system has a nonconservative character because there are losses at the
melt-gaseous medium interface besides mass transfer at the melt—crystal in-
terface. As a general rule, when developing a single crystal growth technology
it is good to bear in mind that the system is open and is nonconservative in
the sense that the losses of separate components are irreversible. The basic
principles of crystallization processes in totally open systems are explained
in [2]. As the thermal field in the growing crystal system is continuously
changing the main problem for all the crystal growth technologies is to find
a method to adapt the conditions of heat and mass transfer, which is usually
done empirically by a trial and error approach.

A long practice and experience has been accumulated over the years and
halide scintillators, for example, Nal (T1), CsI (T1), CsI (Na), are success-
fully grown by the Stockbarger method. This method is also widely used
for growing oxide scintillation crystals [18]. The simplicity and relatively low
production cost of this method make it very practical for search and synthe-
sis of new scintillation crystals. The principle and basic components of the
crystal growing furnace remained almost unchanged since the invention of
this method. It comprises two chambers with self-contained top and bottom
heaters. The sharp thermal gradient is produced by a diaphragm. The influ-
ence of the water-chilled support of the ampoule on the temperature gradient
is negligible. The temperature gradient in the furnace exceeds 10°C cm™!.
As a rule, the rate of the ampoule transfer does not exceed 1 mm h~".

If the simplicity and reliability of the Bridgeman and Stockbarger designs
make them particularly attractive for many applications these methods are
however rather inconvenient for a good homogeneity especially for doped
single crystals. A high gradient of the doping impurities is observed in these
crystals. The consequence is to reduce the production yield as only a fraction
of the ingot can be generally used.

5.2.4 Czochralski and Kyropolos Growth Techniques

When pulling a seeded single crystal from the melt the crucible shape and
size do not have a direct influence on those of the crystal. The crystal shape
instead is determined only by the parameters of the growth process (mass and
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heat transfer, above all). A seed crystal is a prerequisite of these methods. Its
crystallographic orientation is transferred to the crystal and is a determining
factor for the whole ingot size and quality.

There are two fundamental methods to grow crystals from the melt.

In the classical Kyropolos method [16] the entire crystallization process
starts with the seeding and propagates through the melt as a result of a con-
tinuous temperature decrease applied during the process. There is no relative
movement of the seed and the crucible.

In the Czochralski method [17] the crystal is pulled from the melt. This
method is the most widely used for growing oxide scintillators (since virtually
all known oxides are produced by this method) as well as for many other
scintillators.

The Czochralski growth method is an example of heterogeneous crystal-
lization which takes place at the crystal-melt interface. The crystallization
practically starts from the seed crystal. Contrary to the Kiropoulos method
the crystal is continuously pulled from the melt and rotates during the growth
which helps maintain a good mixing of the melt (Fig. 5.12). The driving
force of the process is the temperature gradient at the phase boundary. The
temperature gradient determines all the main characteristics of the growth
process: crystallization rate, crystal size, and crystallization interface shape.
For a constant temperature gradient the pulling rate and crystallization rate
should coincide. If the pulling rate is less than the growth rate the crystal
increases in diameter and vice versa. This provides the technological means
to control the shape of the crystal.

Seed crystal \l Crystal Ingot

Melt‘\ ¢ /’ Crucible
N [

Heater

3

i LQ\

Fig. 5.12. The Czochralski growth method

Crystal pulling and gradient control should be carried out rather smoothly
in order to maintain the stability of the process. A sharp increase of the
pulling rate can result in the separation of the crystal from the melt and in the
discontinuation of the crystallization process. In contrast, a sharp decrease
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Fig. 5.13. The form of the melt meniscus in the Czochralski method

of the pulling rate will result in the increase of the crystal diameter with
an increased risk of polycrystal growth. To provide a stable crystal growth
process it is necessary to fix the crystallization interface and the shape of
the meniscus of the melt (Fig. 5.13). The meniscus shape is defined by the
balance between the surface tension and the weight of the column of the melt
lifted to the altitude H:

1 1
— 4+ — | = pgH 5.1
7 (5 + ) =t (5.1

where o is the surface tension coefficient; Ry is the radius of the meniscus
curvature in one direction, Rs is the radius of the meniscus curvature in the
perpendicular direction; p; is the melt density, and ¢ is the gravity coefficient.

For crystals of diameters much bigger than the height of the meniscus the
altitude of the column Hy at which the growth with a constant diameter can

occur is given by
[ 2
Hy=4/—. 5.2
Py (5:2)

If the crystallization interface is higher than the point Hy the crystal
diameter will be smaller (Fig. 5.13b) and vice versa if it is lower than Hj
(Fig. 5.13c). In practice, however, the operator does not adjust the critical
position of the crystallization interface as a function of the meniscus shape.
It is in fact easier to adjust and control the temperature and the tempera-
ture gradients of the system. It is easy to understand this approach by the
analysis of the thermal balance equation at the crystallization interface. First
of all there is a heat transfer between the hot liquid and the crystal which
is cooler but also the emission of the latent crystallization heat through the
crystallization interface. In the first approximation (regardless of the crystal
thermal conductivity anisotropy, thermal field asymmetry, and so on) the
equation of thermal balance is given by
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d d
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where pg is the density of a crystal, V is the crystallization rate, @ is the latent
crystallization heat, A; and A; are the thermal conductivities of solid and
liquid phases, respectively, and (d7'/dX), and (d7/dX), are the temperature
gradients in solid and liquid phases at the phase boundary, respectively.

From the equation it appears that the maximum crystallization rate is
obtained for a minimal gradient in the melt (for example, due to good mixing)
and a maximum gradient in the crystal. It is obvious that substances of
high thermal conductivity can grow faster than substances of low thermal
conductivity. So metals are grown at higher speeds than ionic (dielectric)
crystals. More detailed studies of the thermal balance at the phase boundary
requires the consideration of many parameters [2,19,20]. This may include
the heat transfer due to IR emission. It is particularly important for crystals
of high melting point because radiative loss is proportional to the fourth
degree of the temperature. The form of crystallization interface (flat, convex
in melt or concave in the crystal) also influences the result of the analytical
solution of the thermal balance equation [2].

5.2.5 Modern Trends in Scintillation Crystal Manufacturing

The last decade has seen new developments of great interest in the under-
standing of scintillation physics and in the engineering of scintillators. This
has been triggered in particular by the increasing demand for HEP and nu-
clear medicine. The scale of scintillation single crystal production is nearly
two orders of magnitude smaller than the scale of semiconductors (such
as silicon) manufacturing, but the requirements for crystal dimensions for
gamma-ray detection is extremely high [21]. For instance, a full-size crystal
for SPECT system reaches 600 x 500mm? (see Fig. 5.14). Not even men-
tioning the issue of homogeneity of the scintillation parameters on such a
large surface, it is clear that crystals of this size cannot be produced by the
above-mentioned methods. All of them are limited regarding the crystal di-
mensions both geometrically (for example, ampoules in the Stockbarger and
Bridgeman methods) and technologically (due to the difficulties in creating
the thermal field to ensure a sustainable crystal growth).

5.2.5.1 Large-Size Alkali-Halide Scintillation Crystal Growth

Since the middle of the 1980s a large R&D effort has been spent for large-size
crystal pulling methods. The progress in this field has open new possibilities
for nuclear medicine cameras.

A major attention has been paid to methods of continuous growth to pro-
duce large-size scintillation crystals. It should be mentioned that at the same
time a number of projects have emerged for developing continuous pulling
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Fig. 5.14. Scintillator for the conventional SPECT system

methods for semiconductors (silicon; for instance see [22,23]). The case of
scintillators, however, has proven to be more complicated. The main reason
is the need to provide a regular distribution of the activator impurity along
the whole crystal length.

In the practice of homogenous scintillation growth this effort has led to
the implementation of the modified Czochralski-Kyropoulos techniques. The
essence of the concept is based on a continuous feeding of the melt to com-
pensate its reduction during the single crystal pulling process. The balance
between the crystal and the melt is maintained by feeding new raw material
in powder or already prepared in the liquid phase.

Figure 5.15 shows the scheme of an installation for continuous large-size
alkali-halide single crystal growth with powder feeding [24]. The crucible has
a special shape for allowing a continuous and gradual powder feeding. Once
molten the additional raw material is transferred to a quite large crucible and
rapidly homogenizes due to melt convection.

This technique is not too difficult to operate. In the simplest case the
task is simply to maintain a steady crystallization rate (that is to maintain
a uniform cross-section and axial growth rate).

dl/S
G 0, (5.4)
dSs
dat
where Vg is the axial growth rate and Sg is the crystal cross-section.
In the case for which mass transfer is conducted through the crystal melt
interface, it means that

dm;  dms
. dt
where mg, m; are the masses of the crystal and melt, respectively.

(5.5)



192 5 Crystal Engineering

Fesding

Fig. 5.15. Scheme of a continuous growth technique with the powder feeding sys-
tem

From (5.4)—(5.5),

(5.6)

a sw T Va) T e

d%ms B ( dv ds) B d%my
= pe =
where py is the crystal density.
To pull a crystal at Vg, Sy = const it is necessary to monitor several
parameters with the following equipment:

i s = N 3 1)
(i) Vi = const: crystal length gauge, melt level control
(ii) Ss = const: crystal diameter control,
iii) 97 — const: the melt weight control, the melt level control,
dt
(

dmg

iv) € = const: crystal weight control.

Figure 5.16 shows the regulation of the continuous crystal pulling process
based on melt level monitoring. For this purpose the oven is equipped with
an electric contact sensor responding to the interruption of a circuit when the
melt level decreases in the crucible. The accuracy of such a sensor is limited
by the meniscus height generated at the sensor’s edge. The sensor signal is
coupled to the feeding block, which restores the melt level by adding new raw
material into the crucible.

One of the most important aspects of the raw material feeding method
is to provide a continuous control of the growth process. Any crystallization
speed jump (regardless of the initial causes, including temperature jump,
melt level jump, etc.) leads to an instantaneous crystallization speed change.
Depending on the amplitude of the perturbation this will lead to the cre-
ation of intrinsic crystal structure defects as well as activator distribution
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Pt-Probe

Fig. 5.16. Melt level control scheme with electric contact Pt probe

nonuniformity in the crystal, inclusion of impurities, and capture of the gases
dissolved in the melt. It is therefore essential to keep the feeding process as
continuous as possible. This procedure is described in detail in [13].

As a first approximation (steady-state process) the crystal diameter is

given by the expression
1
m 2
d=2 5.7
(Wpsvp> (57)

where pg is the crystal density, m is the feeding rate, and V}, is the pulling
rate.

As a second approximation [2], additional factors should be taken into
account, for example, single crystal creation and evolution under the melt
surface, and material loss due to evaporation from the free surface area of
the melt. In general, every such detail makes the control algorithm more
complex, but does not affect the system control stability.

The method of automated crystal growth with a melt feeding system
is also well known [2, 13,24, 25]. This method is based on crystal and raw
material weight balance equations, but possesses a number of specific features.
The essence of this method is the process of pulling the crystal from a small
conical crucible (which reduces the evaporation of the initial substance and
the activator). Molten raw material is continuously fed from a special toroidal
crucible. Figure 5.17 illustrates the main features of this technique.

The concept of the method is presented in Fig. 5.18. The initial stage of
radial growth starts in the lowest part of a conical crucible where the melt
surface diameter is comparable to the seed crystal diameter. At the radial
growth stage a crystal is being pulled at the speed V;,. Simultaneously, the
melt level is elevated at a rate V] by feeding the raw material at the dm/d¢
mass rate, so that V, > Vj. This is the phase of the continuous diameter
increase of the ingot to produce a nice conical shape from the seed to the
required diameter ingot (stages b—d, in Fig. 5.18). The melt temperature is
adjusted so that the linear speed of the radial growth is essentially equal to
that of the melt surface diameter increase. Thus the radial growth from the
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Fig. 5.17. Continuous growth technique with the melt feeding system and RAP
(reactive atmosphere processing) capability [25]
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Fig. 5.18. Crystal growth from the conical crucible with the melt level control

seed diameter to the final value of the single crystal ingot is performed by
minimizing the free melt surface. It is very important to prevent evaporation
of the activator (T1ions for Nal or CsI crystals) and to maintain a permanent
Tl concentration in the melt.

These techniques allow us to combine a lot of specific features which are

important for the optimization of scintillation single crystal growth:

1.
2.

continuous growth of large-size single crystals;

fixed “crystal-melt” interface, i.e. constant growth conditions on the so-
lidifying interface;

possibility of raw material and activator feeding;

bulky crucibles that allow us to provide a good melt convection (and
homogenization);

simple control method based on electro-contact probe;

possibility of rotating both the crystal and the crucible loaded with melt,
allowing a good melt homogenization and maintaining a perfect symme-
try of the thermal fields in the growing crystal;
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7. extraraw material purification (such as RAP (reactive atmosphere proces-
sing) atmosphere treatment);
8. melt feeding, i.e. doping with activated melt.

A number of algorithms of large-size crystal production and technically
modified systems for this production are presented in [2]. A typical single
crystal ingot is shown in Fig. 5.19. Equipment and alkali-halide single crystal
growth techniques are described in detail in [2]. At present these methods
are commercially applied for producing NaI(T1), CsI(Na), CsI(Tl), CsI(pure)
single crystal up to 600 mm in diameter and up to 750 mm in height. The
total weight of such ingots reaches 400-500 kg.

Fig. 5.19. Large-size halide scintillation single crystal ingot (Courtesy of Amcrys-
H, Ltd)

5.2.5.2 Oxide Scintillator Single Crystal Growth

Oxide crystals have in general a tendency toward faceting the interface surface
due to the different growth kinetics in various crystallography orientations
[26]. As a result the interface can be either round or faceted depending on the
growth conditions. Two opposite approaches are used to grow crystals such as
BiyGe3012 (BGO), CAWO, (CWO), and so on. The conventional Czochralski
method (CZ) [29] is based on high temperature gradients to suppress the
facets formation. The final ingot is round in shape. An alternative way is the
low temperature gradient CZ growth technology [27]. In this case the interface
shape is fully faceted [28]. The essential features of this technique are shown in
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Fig. 5.20. Low gradient Czochralski technique [27]

Fig. 5.20. A special platinum crucible inside the multizone heater allows us to
sustain and control axial and radial gradients to about 0.05-1.0°C cm™". The
technique includes the weight control system and is fully automated growth
procedure as the visual control is impossible [27]. The quality of the crystal
depends on the orientation of the growth direction ({211} plates family or
[100]/[111] directions for BGO, for example [27,28]). As a result, large-size
oxide scintillators of diameter up to 180 mm and length up to 350 mm have
been grown with this technique.

The reliability and stability of the crystal growth process are essential
to maintain a good homogeneity of the scintillator parameters. This aspect
has been the focus of all the development efforts on the growth technology
of PbWO, (PWO) for the Large Hadron Collider (LHC) at CERN. In this
particular case the technology of conventional large gradient CZ growth has
been chosen. Since this is one of the most vivid examples of a large world-
wide technological effort on a scintillator we will use PWO to illustrate some
aspects of the choice and tuning of the technology to satisfy the end user’s re-
quirements. The main challenge in this case was not so much to grow crystals
of the right dimensions, but to guarantee a good radial and longitudinal ho-
mogeneity within the boules and to ensure a high reproducibility from ingot
to ingot.

The result of this unprecedented R&D effort in the field of scintillators
is that several tens of thousands single PWO crystals have been grown with
a length of 290-310 mm (including the growing cone) and a cross-section of
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36—40 mm. Moreover excellent quality ingots up to a diameter of 100 mm can
be grown. It is supposed that crystals are annealed in air during industrial
production. The detailed description of the crystal growth process is given
in [6].

The most important requirements for the PWO crystal growth are as
follows:

e The use of a stoichiometric mixture of tungsten oxide WO3 and Pb3Oy.
The main reason for this choice is to create an excess of oxygen in the
melt while growing the crystals in an atmosphere depleted in oxygen.

e Growing in gas atmosphere depleted in oxygen in order to prevent the
oxidization of some of the lead ions in the trivalent state. It is now well
established that PWO single crystals grown in air in composition contain
trivalent lead ions which cause yellow coloration of the crystal.

e Orientation of the seed along the crystallographic axis “a.” This allows us
to reduce the radial stress in the ingot which results in a better mechanical
stability and considerably simplifies the process of mechanical machining.

To increase the efficiency of raw material conversion into the crystalline
mass, it is necessary to proceed to several sequential crystallizations from one
crucible by means of raw material refilling after each growth process. The
possibility of reprocessing rejected crystals as well as waste from mechanical
processing is also an important aspect of the economy of the production. Such
an approach allows us to bring the coefficient of raw material effective use up
to 85%. However, the increasing number of crystallizations in crystals results
in a progressive increase of defect concentration. It has been demonstrated
that up to 15 successive crystallizations can be made with crystals of 40 mm
diameter with a good reproducibility of their parameters if a proper tuning
of the stoichiometric composition is made at each refill.

Raw Material Purity

The purity and preparation of the raw material plays a considerable role too,
particularly if one wants to have radiation hard crystals. The amount of some
impurities such as Li, Be, B, F, Mg, Cl, Mn, Ni, Co, As, Zr, Sr, Rb, Ge, Ga
must not exceed 0.05 ppm, the amount of Na, Al, S, Zn should be less than
0.5 ppm, and the amount of P, Ti, V, Cr, Cu should be less than 0.1 ppm.

Crucible Filling

The filling of a crucible with raw materials presents a number of difficulties.
The density of the powder being much smaller than the density of the melt,
one has to proceed in several steps which results in lengthening the crystal
growth cycle and in increasing the danger of raw material contamination
with impurities. There are several methods of raw material densification.
The easiest and the most commonly used one is tabletting. The raw material
is mixed with filling agents (for example, alcohol) and pressed in the form of
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tablets matching the size of the crucible. The tablets are then calcinated at
a temperature ensuring a maximal mechanical strength and elimination of
residues or even traces of the binder. In many cases the density of the tablets
may reach up to 70% of the crystal density.

Another approach is the granulation technique. The liquified raw material
is exposed to a cold air stream. This method makes it possible to bring the
raw material density up to 85-90% of the crystal density.

There is also a possibility of filling the crucible by means of special load-
ing devices. This technique may be realized on separate installations or use
specific devices built into the growth installations. An example of such an
approach is illustrated in Fig. 5.21. The raw material is spilled into the plat-
inum crucible, and then heated until melting, after which the melt is poured
out into a platinum mold. In the process of melt crystallization one can ob-
tain tablets with a density up to 8, close to the PWO single crystal density
(8.28), and a diameter 56 mm smaller than the inner diameter of the growth

crucible.
,v.
=]

Crucible

Pt crucible
el

Heating

Pellets (lableis)

Pawder Rowmatanal

Fig. 5.21. Raw material preparation scheme

The Choice of the Crucible Material

It is an extremely important task to select the optimal crucible for crystal
growth because the use of semiprecious metals such as platinum or iridium
has a strong impact on the crystal price. The crucible cost reaches 20-50%
of the crystal cost and can be even higher for crystals with a higher melting
temperature.

The main requirements for the choice of the crucible material are

e metal resistance to the interaction with melt;

e metal cost and availability;

e thermal stability of crucibles and resistance to deformation under thermo-
cycling;

e immunity to atmosphere conditions;
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e lifetime and reprocessing capability.

Various kinds of crucibles are used for the Czochralski single crystal
growth process. As a general rule, for crystals with melting point below
1,500-1600°C platinum crucibles are used while iridium crucibles are applied
for crystals of higher melting points.

In the case of the PWO industrial crystal production optimization, the
tuning of the crucible design has allowed an increase of its lifetime up to
8,000 h, i.e. about 1.5 years. Besides, there is a need for an optimization of
the form, dimensions, and constructions methods of the crucibles to answer
the technical and economic mass production challenges. Two ways have been
explored to solve these problems. The first one was to make as thin as possible
the side wall of a conventional welded crucible. The second one was to develop
a combined platinum—ceramic crucible. A platinum crucible (the inside of
which is in contact with the melt) has no joints. It is produced from a 0.6
mm platinum sheet by deep drawing method. The outside of a combined
crucible is made of a 2-3 mm aluminum-based ceramics protective coating
which is applied over the platinum base by plasma spraying. This construction
reduces the platinum loss during the crystal growth process.

For LuAP, LuYAP, LSO, and LYSO scintillation crystals the choice of
the crucible is very critical since the melt is characterized by high values
of density, melting point, activity, and fluidity. High temperature gradients
result in overheating the crucible. The local overheating of the crucible may
damage it and result in leaking of the melt. This is one of the main difficulties
for growing LuAP and LSO as well as other crystals with a high temperature
melting point.

5.2.6 State-of-the-Art for Crystal Growth

In spite of a high automation of the crystal growth process these technologies
still remain sometimes more art than science. The state-of-the-art of these
technologies determines both the efficiency of the production and the quality
of the scintillators. Figure 5.22 shows PWO crystals of different dimensions
grown by the Czochralski method with platinum crucible of 130 to 150 mm
diameter.

One of the examples of this symbiosis between art and science is the
growth of highly transparent single crystals which requires not only a good
knowledge of fundamental principles but also a long trial and error experi-
ence. It is evident that crystal properties are to a large extent related to the
level of impurities which are introduced in the crystal from the melt. These
impurities can be either uncontrolled or introduced on purpose in the crystal
during the process. But in both cases it is necessary to consider the heat
transfer and the diffusion process together. When growing a crystal with a
speed different from zero, the concentration of impurities in the melt is a
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Fig. 5.22. PWO single crystal grown by the Czochralski method

dynamic process. The corresponding inhomogeneity of the impurity distrib-
ution is determined by the diffusion speed and by the limited efficiency of
hydrodynamic mixing. Figure 5.23 illustrates the effect of overcooling by ex-
cess of impurity concentration. The temperature of crystallization depends
on the impurity concentration. The balanced liquidus temperature (crystal-
lization temperature) 7} and the actual temperature gradient (determined
by the equipment) can be rather different. If the actual temperature gradient
crosses the solidification temperatures line (gradient I in Fig. 5.23), the melt
on the crystallization front appears to be overcooled. It creates the conditions
for multicrystallization and polycrystal growing centers appear. This is called
the effect of “concentration overcooling.” The crystallization front loses its
stability.

To avoid the negative influence of concentration overcooling the temper-
ature gradient d7'/dX must lie higher than the liquidus temperature curve,
ie. dT/dX > (dT/dX)x—o. This defines the following condition:

Overcooling zone

Fig. 5.23. The distribution of impurity C) and temperature 77 at the crystallization
front for the case ko < 1
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dr _ V(1 - ko)

ax =" kD (58)

where kg is the segregation coefficient, D is the diffusion coefficient, and m
is the coefficient of melting temperature decrease as a function of impurity
concentration (linear approximation).

The typical signature of such instabilities (concentration overcooling) is

e a cellular growth, i.e. the phenomenon when the smooth surface of the
crystallization front is broken into separate fragments and
e the probability of impurity trapping, forming a striation structure.

Figure 5.24 shows an example of such a kind of micro striation, visualized
by the scattering of light by the entrapped particles.

Fig. 5.24. Striation picture in grown crystals [30]

Naturally such kinds of artifacts influence the light propagation inside the
crystal and at the end reduces the scintillation efficiency of the material.

There are very few descriptions of the state-of-the-art recipes for scintil-
lation crystal growth. A few reviews related to the industrial approaches for
LSO growth are for example given in [31,32].

5.3 Activator Distribution in a Single Crystal

As was mentioned in previous chapters the scintillation mechanism in several
scintillating crystals involves activator ions which are introduced as doping
ions in the lattice. To manage an optimal activator concentration in the
crystal the understanding of the impurity distribution process in the crystal
ingot is therefore important.
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Even small changes in the conditions of crystallization can induce large
doping concentration variations in the crystal and result in nonuniform scin-
tillation characteristics of the material. This problem is typical for all acti-
vated scintillators growth techniques and impose a great care on impurity
selection, crystal doping conditions, and concentration control methods.

In the case of Czochralski growth, for one doping ion with a segregation
coefficient kg < 1, a low evaporation rate, no pollution problems and with a
diffusion rate in the liquid phase much higher than the crystallization rate,
the impurity distribution is adequately represented by the Pfann (5.9) [14].
For a simple crystallization model without continuous feeding of the dopant
the concentration profile is shown in Fig. 5.25.

- koCo
1—(1—rko)g’

where ¢ is the crystallized melt share, Cy is the impurity concentration in the
melt at some point, Cj is the initial impurity concentration in the melt, and
ko is the segregation coeflicient.

If the technical requirements impose a limit on the impurity nonuniformity
along the length of a crystal,

Cs (5.9)

Chottom

<a, (5.10)

Ctop

provided that the crystallization interface is flat and that the weight of the
initial cone weight is small as compared to the weight of the cylindrical part
of the ingot, the optimum crystal dimensions are

4 My

Tps

L.d? = (1— *o/a), (5.11)

Fig. 5.25. Impurity distribution along the length of a crystal ingot
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Fig. 5.26. Impurity distribution along the crystal cross-section

where L. is the length of the crystal cylindrical part, d is the diameter of the
crystal cylindrical part, My is the weight of the initial melt, ps is the crystal
density.

However, as shown in Fig. 5.26, impurity segregation occurs not only along
the length, but also along the cross-section of the crystal. If the crystallization
interface is not flat the concentration profile along the crystal cross-section
will depend on its curvature as well as on the crystal length and diameter.

If the technical requirements impose a limit on the impurity nonuniformity
across the crystal,

Coutside <3, (5.12)
Ccenter

In this case the ratio of the optimum crystal length, diameter and height

of the crystallization interface convexity will be as follows:

AM, 1 2
L= —H(—————Z2) . 5.13
mpsd? (1 — /B 3) (5.13)

The best solution to obtain a uniform activator distribution is therefore
activator feeding during the growth process. Continuous growth allows us to
control the impurity content in the melt thereby giving an opportunity to
obtain scintillators with a uniform activator distribution in the whole ingot.
The T1 distribution uniformity in grown CsI(Tl) crystals does not exceed
+ 6% [2]. This is also a good way to compensate the evaporation from the melt
in the case it is important, as it is for T1 in NaI(T1) and CsI(T1) crystals [2].

With this procedure of continuous growth with feeding it is possible to
obtain single crystals of very large size with a good uniformity of the scintil-
lation parameters.
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5.4 Raw Material Preparation
for Scintillator Crystal Growth

As was mentioned in Sect. 5.2.5 the quality and the preparation of the raw
material play a very important role for the growth of oxide crystals for scintil-
lator applications. This is even more important for alkali-halide scintillators.
Many factors need to be considered to define the specifications and the con-
ditions of scintillation single crystals growth. Using the example of the alkali-
halide materials technology we discuss here the main factors influencing the
crystal quality.

5.4.1 Raw Material Purity

As a rule, the criteria on the raw material purity are the first being discussed
at the initial stage of the scintillator production technique development. Un-
doubtedly, the striving for the best purity of the initial components is impor-
tant, but it does not necessarily guarantee, however, the final material quality.
The raw material cost should also be taken into account. An improvement in
purity by a factor of 10 (99.999% to 99.9999% for instance) corresponds to
an increase in the cost by one order of magnitude.

As was shown in Chap. 5 some impurities and imperfections present in a
crystal at the level of a few ppm may influence the optical quality, decrease
the radiation hardness, and increase the afterglow. Therefore, the criteria
for uncontrolled impurities and for an appropriate raw material specification
have to be considered for each crystal specifically. The initial raw material
requirements for optimal PWO crystals growth are mentioned in Sect. 5.2.5.

5.4.2 Raw Material Treatment and Preparation
for the Crystal Growth

Interesting examples of raw material preparation methods concern fluoride
scintillation crystals. Such materials are not only influenced by the initial
component purity but also by the possible occurrence of salt hydrolysis during
the storage, the preparation for crystal growth and single crystal growth
itself. It is therefore necessary to purify the raw material and to control the
atmosphere at the pregrowing and growing stages.

The fluoride hydrolysis of alkaline and alkali-metal (M) elements under
the influence of atmosphere and adsorbed moisture can be described by the
reaction

2MeF + Hy0O — Me,O + 2HF |
MeFs + H,O — MeO + 2HF .
The resulting oxides are not isomorphic with the basic material and their

traces in the crystal generally decrease its transparency and increase its sensi-
tivity to radiation. Moreover they are often a source of strong afterglow [33].
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Another example is the family of the most commonly used halide scintil-
lators based on alkali-metal iodides. This material is highly hygroscopic and
is subject to different reactions with atmosphere components. At least 17
chemical reactions describing different interactions with water, oxygen, car-
bonates, etc. have been analyzed so far [2]. Some examples of such reaction
were referred in Chap. 5.

The products of these reactions lead to the contamination of the scin-
tillation crystals both at the initial raw material synthesis stage and during
the single crystal growth process. Therefore the methods of preparing the
raw materials play a very important role and constitute a large part of the
producer’s “know-how.”

5.4.3 Special Atmosphere for the Crystal Growth

Pregrowth raw material treatment is however not a sufficient condition to
guarantee the optimal scintillator performance. Therefore these crystals are
always grown in very specific atmospheric conditions. The atmosphere in-
cludes various fluorinating agents providing different recovery reactions, for
example,

MeO + 2HF — MeF5 + H,O
2MeO + CoF4 — 2MeF5 4 2CO ,
2MeO + CF4 — 2MeF; + COs ,
2MeO + 2F5 — 2MeF5 + Oo
MeO + CF4 — MeFs + CO + Fo
MeO + Fo + CO — MeF3 + CO5 .

As a result, oxides are partly decomposed, and the remaining gas compo-
nents are removed from the growing furnace by pump-out.

Recently, this problem has been highlighted by the growing interest for
complex fluoride compounds such as LiBaF3:Ce, LiCaAlFg:Ce, LiYF,:Ce.
Water and air components are the main contaminants for all these crystals
[34]. Oxygen is commonly produced from OH ions and is an impurity. When
such impurities are present, they can form oxy-complex such as Me(OH),
[35]. Practical recommendations to eliminate or to at least minimize these
impurities include for instance the raw material treatment for several hours
in CF, atmosphere [36]:

CF4 + 2H20 — 4HF + COQ .

The use of CF4 atmosphere has a double effect on the purification. First,
this is the way to eliminate the moisture even in trace quantities. Second,
the slight enrichment in HF allows the reaction with M(OH~) and (MO?~)
complexes present in the melt.
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In the case of industrial large-size crystal growth, reactive atmosphere
treatment is possible at the stage of preliminary melt preparation (see [17]).
Then the melt is supplied to a conical crucible located directly in the growth
chamber, where the ingress of oxygen-containing components into the growing
crystal is minimized by the choice of the gas atmosphere.

5.4.4 Additional Melt Purification

It must be noted that the melt treatment can also be efficient for single crystal
purification. For example, PbFs doping is used for the CaFs single crystal
growth. In this case, during lead fluoride smelting (temperature 1,097 K which
is lower than the temperature of calcium fluoride smelting 1,673 K), its melt
reacts with calcium oxide:

PbF; 4+ CaO — CaFy +PbO 1

resulting in volatile lead oxide formation. Thus it is possible by this way to
improve the optical transparency of the material, widely used for transparent
UV windows.

5.4.5 Nonstoichiometry

Another group of structure imperfections radically influencing the single crys-
tal scintillation characteristics is connected to the presence of nonstoichiomet-
ric defects in the crystal. This is typical for halide and oxide multicomponent
scintillators.

The difference in the vapor pressure of the various components leads to
a progressive deviation of the stoichiometry of the melt during the growth
process. A compensation for the more volatile substance needs therefore to be
applied for such crystals. For the LiYF,:Ce crystal for instance the initial ratio
has to be 50.5% LiF : 49.5% YF3 [37]; for LiBaF3:Ce this ratio needs to be
even higher 57% LiF : 43% BaF'; [38]. In typical oxide scintillators, BisSizO12
for example, an extra 1-5% of Biz O3 is usually used [29,39]. Nonstoichiometry
is the main reason for the radiation damage level increase. It is not so easy
in practice to check the crystal stoichiometry. That is why this is usually
done indirectly through the measurement of the radiation hardness as it is
illustrated for BGO in [39].

5.5 Light Collection

Once a scintillating crystal with properties satisfying the user’s requirements
has been grown, there is still a problem of designing the detector itself in such
a way as to ensure the detection of the maximum number of photons. In most
applications the fraction of the photons produced in the crystal converting in
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the photodetector (photomultiplier, PIN diode, avalanche photodiode) can be
as low as 25-30%. The light collection optimization is therefore an important
part of the scintillator detector optimization.

The number of photons extracted from a scintillator is given by

n=aY (5.14)

where « is the light collection coefficient and Y is the yield of scintillation.

Once the crystal has been optimized with the best optical transparency
in the spectral range of the scintillation light the light collection efficiency
is mainly determined by the number of internal reflections of the photons
inside the crystal and by the coupling interface between the crystal and the
photodetector. The important parameters are

the form and dimensions of the scintillation crystal,
the specific features of the crystal surface treatment,
the reflecting materials, and

the adhesive bond “scintillator—photoreceiver.”

Since the number of different types of material and surface treatment is
very large it is impossible to determine a priori the optimal combination of
parameters.

The theory and practice of scintillation detector engineering show that
the light collection optimization is very user dependent and has to be made
on a case by case basis.

Ultimately a good light collection scheme should answer two problems:

e maximize the number of photons extracted from the scintillator and
e keep a good linearity of the response as a function of the incident energy
deposited in the scintillator wherever the conversion took place.

In fact the problem of light collection was already formulated long time ago
[40,41]. Tt was initially solved by the use of integrating spheres [40].

5.5.1 Simulations

The peculiarity of the light collection is the fact that the multiple reflections
on the crystal surfaces influence the angular distribution of the reflected light
as a function of the surface treatment (mainly its roughness). If in general
the profile of reflection (indicatrix) has, as a rule, a pronounced maximum
for a reflection angle equal to the angle of the light incidence, the features
of this profile are determined by the material and by its surface treatment.
The efficiency of the transfer as a function of the incident angle is also very
complex. However, some approximation can be made. In particular in [40,42,
43] the calculation of light transfer with a diffuse reflector was carried out
in the so-called cosine approximation. In this case the reflection indicatrix is
described by the equation
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T(0) =n"cosh. (5.15)

There are also some other known approximations and algorithms for light
collection simulation by analytical methods.

In the recent years calculations of light collection and light propagation by
statistical methods (Monte Carlo technique) [42-45] have become more and
more reliable. The trajectories of all the photons produced in the scintillator
bulk are calculated. Monte Carlo techniques consider the random character of
the light diffusion process and in particular the differences in crystal surface
treatment and in the specificity of the reflecting coating.

However, statistical methods are not free from some drawbacks, such as
the poor modelization of certain surface states leading to a rather wide spread
of some results and the difficulty to introduce the specific structure of the light
diffusion indicatrix to simplify the algorithm and to minimize the calculation
time which is still very long. However, computer development and increased
calculation speed allow Monte Carlo techniques to gradually take over other
approaches for light collection calculations. Moreover, the existing standard
programs of DETEC type convert a scientific problem into a purely technical
task [46].

In practice the critical point of these methods lies on the accuracy to sim-
ulate the behavior of the reflecting surface. In general two extreme cases are
considered. In the first one the light collection is considered for a scintillator
with mirror-like reflecting surfaces. This is also the simplest type of surface
treatment and it is easily reproducible. In the case of scintillators with a
regular geometrical form and without considering the light absorption in the
crystal bulk, the value « is determined by the relationship [40]

1 1 3
Qa0 = 5(1 —cosf) = 3 <1 — — n;) , (5.16)

where n is the refraction index of the crystal.

As follows from the equation a fraction of the light cannot escape the
detector [43,47,48] which obviously limits the light collection efficiency. In
order to improve this situation the geometry of the detector or the surface
state must be modified.

Calculations have been made [42,49] demsonstrating the importance of
the shape (for BGO crystals). They show that crystals with a right-angle
prism shape capture more than half of the photons.

Different ways have been considered to increase the light output from
a scintillator: (a) the use of a photomultiplier tube (PMT) with a window
refractive index matching as closely as possible the one of the crystal, (b)
the production of scattering centers inside the crystal (for example, small gas
bubbles), (c¢) the modification of the crystal shape and, finally, the coating of
the crystal with diffusion reflector [43].
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The use of diffusing materials at the surfaces allows us to significantly
increase the light collection on small-size detectors with an aspect ratio close
to 1. Moreover, the absence of predominant directions in the light propagation
helps uniformize the light output within the whole scintillator bulk.

On the other hand, numerous calculations and several applications have
shown that the mirror-reflecting surfaces are more efficient for long detectors
with a bad aspect ratio or when the scintillator is in the shape of a plate with
the receiver mounted on a side surface.

In the recent years a lot of experimental data have been accumulated
which helped better tune the simulation programs. The discordances between
calculations and experiments for “standard”-shaped detectors are now mini-
mal [44,45]. Tt gives some hope to make good predictions for new and more
difficult shapes of crystals.

High energy physics has spent a large effort in light collection modeling in
scintillators of various shapes [45] as shown in Fig. 5.27. These calculations
were verified by the experimental data in CsI(T1) scintillators for the BELLE
and BaBar [50,51] experiments.

e P
-

Fig. 5.27. Different shapes for HEP detectors simulated in [45]

The optimization of the light output in the 23 cm long PWO crystals for
the CMS calorimeter was considered in [52]. It was shown that better light
yield uniformity is achieved when one of the crystal surfaces is grinded with
a specified roughness.

Scintillators for PET systems, although much smaller in size, require a
precise optimization of the light collection and have been the subject of math-
ematical modeling [48]. Calculation by Monte Carlo technique showed that a
better homogeneity of the light output can be obtained by the use of diffu-
sion reflector with a high index of refraction and by matting the crystal face
opposite to the light receiver.

The public version of the DETEC program [46] offers four different options
for scintillation light collection modeling. In the METAL model, the surface
is assumed to be smooth and covered by metalized coating. The PAINT
model simulates diffuse reflecting surface. The POLISH and GROUND mod-
els represent surfaces that can be optically matched with other material.
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Such relatively simple and available software allows us to simulate the light
collection peculiarities for new scintillator configurations.

Several other simulation programs have been developed and tuned on real
cases. The most complete overview of up-to-date calculation methods for light
collection and typical examples of light collection simulations in scintillation
detectors are presented in [44].

5.5.2 Detector Shaping

In the previous examples each crystal was considered as a single pixel which
defines the coordinates of the incoming particle or y-ray to be detected. For
some applications large-size crystals are used and shaped in such a way as to
provide a good uniformity of the response as well as a determination of the
coordinates of the conversion point.

The idea of shaping the surface to influence the light output distribution
was born 30 years ago [53]. The scheme of this light collection method is
shown in Fig. 5.28.
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Fig. 5.28. Light collection in a slotted scintillator

The surface of the crystal is machined with slots in order to modify the
conditions of light reflection at the surface. The geometry of the slots (the
depth, spacing, slot filling material, etc.) is defined in order to optimize the
performances for every specific application.

In [54] one-dimensional slots were cut into the entrance side of a 1”
Nal(Tl) detector and the measurements demonstrated an improved spatial
resolution. The study described in [55] showed that slots in the surface near
the edge of the crystal resulted in a narrow light spread function and im-
proved the resolution near the detector edge, thus increasing the useful area
of the NalI(T1) detector.
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Fig. 5.29. Two surface slotting for light collection modification [57]. The bottom
figures show light response functions for different scintillation flash positions

This idea found a very good application at the end of the 1990s in nuclear
medicine in dual mode (SPECT-PET) systems. The StarBrite™ detector
from Saint Gobain with slots on the exit surface was able to produce the same
light distribution in the whole energy range of the incoming vy-rays from 80 to
511keV. Moreover, this light distribution is the same as for the conventional
SPECT detectors of 9.5 mm thickness. The same readout technique as for
conventional SPECT cameras is therefore directly applicable to the thick
(25 mm) scintillator used for the dual mode cameras.

Figure 5.29 illustrates the influence of the slots depth and position on
the light output distribution. It is interesting to notice that the slots not
only collimate the light produced in the scintillator in the direction of the
photomultipliers but, as a consequence of this collimation, also increase the
amount of light extracted from the crystal.

Several variations of this technique have been applied. For instance, in [56]
the slots were machined at the entrance surface of the scintillator. In [57] (see
Fig. 5.30) the slots network was machined on both surfaces in order to give
an additional information on the depth of interaction in the crystal.

The idea of the light output modification by means of surface slots has
also been widely used in PET systems. The initial design based on direct
coupling of the matrix detector with a PMT [58] was gradually modified by
the introduction of a slotted light guide, the so-called light sharing scheme
[59,60] (see Fig. 5.30), being used in several PET systems. The individual
elements have 5.8 x 2.8 mm? cross section and 0.5 mm gap filled with reflective
material.

Another example of shaping the scintillator surface for regulating the light
output and improving the spatial resolution of the detector is the use of a
retro-reflector. This technique can make use of a specific coating [61] or be
applied directly on the crystal surface [62]. In these cases the surface of the
crystal or reflector is machined to form small pyramids as in a catadioptr
(therefore such type of light collection is called “retro-reflecting” [61]). The
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2 Transaxial

Fig. 5.30. Matrix and pseudo-discrete BGO PET block detector [59]

interest of this method is to significantly improve the light yield without
decreasing the spatial resolution as would be the case with the use of a
standard reflector on the back surface of the crystal (see Fig. 5.29). Such
detector design allows us to reduce the influence of edge effects and to broaden
the gamma camera useful field of view [62].
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Fig. 5.31. Reflections and profiles of the light output intensity at the interface of
PMT and crystal plate [61]

These examples show that the light collection optimization is one of the
most important problems for scintillation detector engineering. There is a
large variety of methods which have been developed for different applications
on a case by case basis as the efficiency of the method is always a compromise
between the choice of the scintillator material, its shape, and the technology
applied for the light collection.

5.5.3 Optical Guide

The light collection optimization requires sometimes the use of a transition
material between the scintillating crystal and the photodetector. In some
cases the detector design does not allow us to optimally match the geometry
of the scintillator with the entrances window of the photodetector. There are
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in practice frequent situations of square scintillation assemblies with round
cross-section PMT registration. In this case light guides are used to collect
the maximum of light from the crystal and to guide it to the photodetector
entrance window. Optical quartz windows are usually used as light guides
particularly for near UV emitting scintillators.

Another motivation for the use of light guides is to move away the pho-
todetector from the scintillating crystal array for position-sensitive devices.
This is mandatory in the case of PMT readout in a magnetic field, or to allow
a more compact design of the detection head and suppress the dead space
introduced by the packaging of the photodetector.

5.5.4 Wavelength Shifters

Once the maximum number of scintillation photons have been guided to the
photodetector, they still need to be converted into electrons to produce an
electric signal to be processed by the readout electronics. This is the last
stage of the scintillation detector optimization. In particular, the spectral
sensitivity of a photodetector needs to be adjusted to the spectral range of
the scintillation light. There is a large variety of PMT with different spectral
sensitivities; however, a perfect matching is not always possible particularly
for fast UV emitting scintillators.

One possible technique to overcome this problem is the use of wavelength
shifters. It has been used to optimize the light collection in pure CsI [63].
The luminescence spectrum of such crystals is in the UV region (300-310
nm), where the sensitivity of PMT and photodiodes is very low. Usually such
photodetectors have a maximum quantum efficiency in the blue or in the red
spectral range. The shifters convert the UV scintillation from the crystal into
visible light by the use of organic dyes (1520 um thick films) deposited on
the crystal surface or on the photodetector entrance window. The role of the
shifter is to absorb the light in the short wavelength region and to sponta-
neously re-emit it at a longer wavelength. The quantum efficiency of such a
process may reach 90% or even more. The decay time of organic media can
be very short, of the order of 1ns, not compromising the timing performance
of the scintillator. The efficiency loss resulting from this transformation can
therefore be negligible as compared to the much higher losses induced by
the spectral mismatch of the scintillator and the photodetector. As a result
the conversion of UV luminescence into blue light can increase the overall
efficiency of the detector. In [63], 10 types of scintillation dopants for poly-
methylphenylsioxane resins are presented to shift emissions in the 305-410 nm
spectral range to the 360-550 nm range.

Figure 5.32 shows the luminescence spectrum of a Csl sample before and
after coating with a wavelength shifter. Curve 3 represents the transmission
of the film itself. The fast UV intrinsic luminescence of Csl (see curve 1) is
absorbed by the film and shifted by about 100 nm to the region of 400 nm.
Such experiments with at least five different types of wavelength shifters
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Fig. 5.32. Radioluminescence spectra of 5mm thick, 30 mm diameter Csl sample
before (1) and after (2) shifter. (3) Transmission spectrum of the film itself [63]

demonstrated a light output increase by a factor 1.7 to 1.8. At the same time
an increase of the fast component contribution of the light from 0.6-0.7 up
to 0.8-0.85 was obtained.

Such techniques are also efficient for more standard material such as
CsI(T1), in spite of, it would seem, quite well coincidence of luminescence
spectrum and spectral sensitivity Si-photodiodes. The luminescence of CsI(T1)
consists of two main bands: the first one is complex and consists of several
overlapped bands at 400440 nm related to vacancy-based luminescence [65]).
The main band (more intense) is at 560 nm and is caused by the exciton lo-
calization near T1* ions [64]. The ratio between these bands depends on the
concentration of T1* ions (the blue emission more intense for a low TI* con-
tents). The use of “blue-green” shifter film (as is shown in Fig. 5.33) allows
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Fig. 5.33. Radioluminescence spectra of 5 mm thick, 30 mm diameter CsI sample
before (1) and after (2) coating with shifter. (&) Transmission spectrum of the film
itself. The content of TI is 0.04 mass%



References 215

us to convert the blue emission into the green one and to increase the total
light yield up to 35-40%. Such shifting is efficient for long scintillators due
to a better transparency in the green than in the blue and particularly when
small-size photodetectors (such as photodiodes) are used.
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