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Preface

The last two decades have seen a spectacular increase of interest for inorganic
scintillators. This has been to a large part a consequence of the visibility given
to this field by several large crystal-based detectors in particle physics. To
answer the very challenging requirements for these experiments (huge data
rates, linearity of response over a large dynamic range, harsh radiation envi-
ronment, impressive crystal quantities to be produced in a short time period
and at an affordable cost, etc. . . ) an effort of coordination was needed. Sev-
eral groups of experts working in different aspects of material science have
combined their efforts in international and multidisciplinary collaborations to
better understand the fundamental mechanisms underlying the scintillation
process and its efficiency. Similarly, the stability of the scintillation properties
and the role of color centers has been extensively studied to develop radiation
hard scintillators. Dedicated conferences on inorganic scintillators have seen
an increasing participation from different communities of users outside the
domain of high-energy physics. This includes nuclear physics, astrophysics,
security systems, industrial applications, and medical imaging. This last do-
main in particular is growing very fast since a few years at the point that the
volume of scintillating crystals to be produced for positron emission tomog-
raphy (PET) is going to exceed the one for high-energy physics. As more and
more crystal producers are also attending these conferences, a very fruitful
synergy was progressively built up among scientific experts, technologists,
and end users. This aspect of a multidisciplinary collaboration is essential to
help people design and build detectors of ever-increasing performance through
the choice, optimization or development of the best scintillator, and a thor-
ough investigation of the technologies to produce the crystals of the highest
quality.

The idea for this book was born during one of the conferences of the
SCINT cycle (eight conferences since the first one in Chamonix, France, in
September 1992). It appears that the progress in understanding scintillation
process and in material sciences in general opens new ways to answer the
challenging requirements of an increasing number of customers. Whereas un-
til recently the only possibility was to scan scintillator databases to select,
among the few which are available, the one having reasonable properties,
very often at the price of important compromises, the dream of engineering
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scintillators closely matching the user’s requirements is becoming every day
more realistic. This is why we have deliberately taken the end user’s view-
point. This book does not follow an academic scenario, starting from theo-
retical considerations, describing the different scintillation mechanisms in a
didactic way, and concluding with a few examples. Several authors have al-
ready published excellent monographs of that sort. We have chosen instead a
more pragmatic approach trying to answer practical problems and insisting
on limiting factors which are not only of theoretical nature but also related
to technological difficulties, production yield, and cost.

This book is therefore a practical guide for people, scientists, and engi-
neers who intend to develop a detector using inorganic scintillators for basic
research, medical imaging, or industrial applications. It will also interest stu-
dents and teachers to get an overall picture of a field in rapid expansion. Its
multidisciplinary approach is a good illustration of how modern challenges
are met. It does not address organic and liquid scintillators.

The introduction defines the vocabulary and describes the different classes
of scintillators. Definitions of luminescence, scintillation, and phosphorescence
are given. The main parameters of interest for scintillating materials are
described with a short and comprehensive definition for each of them.

The following chapter reviews the user’s requirements for the different
applications. Starting from the problem to be solved in domains as different
as fundamental physics, medical imaging, security systems, oil well logging,
and other industrial applications, it explains how these requirements influence
the development of new scintillators.

The chapter on scintillation mechanism in inorganic scintillators is treated
in a practical way. The point is to show how to answer high light yield,
short decay time, good energy resolution, etc. . . as requested by users. The
fundamental mechanisms are of course explained, but a particular emphasis is
put on the description of factors limiting these performances in good-quality
crystals.

In the next section the influence of crystal defects and their role in the
degradation of the scintillator performance is thoroughly studied. In particu-
lar, problems of nonlinearity of the scintillator response and radiation damage
are discussed.

At this stage it is important to address the problems of crystal engineer-
ing. This is the subject of the next chapter where the reader will get familiar
with the most frequently used technologies of crystal growth and their lim-
itations. The mechanical processing and different methods to optimize the
light collection are also discussed in this part.

Finally, two examples of recently developed scintillators are given as an
illustration of the approach proposed in this book. The first one describes
the huge effort on Lead Tungstate (PWO) for the largest electromagnetic
calorimeter ever built in high-energy physics. The second one concerns the
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development of the Lutetium Aluminum perovskite (LuAP) for medical imag-
ing devices.

The authors hope through their work to contribute to the development
of this very active domain of material sciences, to help the people interested
in the use of inorganic scintillators, and to promote education in this field.
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1 Scintillation and Inorganic Scintillators

Abstract. This chapter introduces the basic definitions and gives the minimum
necessary information about the phenomenon of scintillation and the mechanisms
which have to be taken into account for the development of scintillation materials.
It starts with an historical brief and describes the sequence of the processes leading
to scintillation in a dielectric medium. Definitions are then given of the parameters
related to the physical process of light production in the medium and not dependent
on the shape, surface state and optical quality of the scintillator block. After a
survey of scintillation mechanisms it is shown that several self activated scintillators
show better scintillation properties when they are doped by appropriate ions. A
description is given of the most important activators with a discussion about the
conditions for the activator to be efficient in a host matrix. As an example the
electron energy level structure of Ce3+ and Pr3+ ions is described. It is shown
that these two ions are good activators with a bright and fast scintillation in many
compounds. Several approaches to classify scintillation materials are discussed. This
chapter is concluded with a list of the scintillation materials developed so far and
of their most important properties.

1.1 The Phenomenon of Scintillation

What is a scintillator?
For a long time the answer to this apparently simple question did not find

a clear and unambiguous formulation.
Scintillators have played a major role in the development of modern

physics. The visual observation of scintillation on a zinc sulfide screen has
allowed E. Rutherford to observe α particles, an event which can be con-
sidered as the starting point of modern nuclear physics. Till the end of the
Second World War, zinc sulfide and calcium tungstate were among the most
popular particle detectors found in nuclear physics laboratories. The inten-
sive development of atomic projects in the postwar period stimulated the
development of new ionizing-radiation – detecting technique, including scin-
tillation counters. With the development of experimental physics, and in par-
ticular with the occurrence of the photoelectric multipliers, it became clear
that scintillating materials are ideal devices to detect elementary particles
and to measure their parameters [1–3]. In a rather short time (1947–51) it
has been discovered that scintillation can be observed in various organic and
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inorganic crystalline media [4–7], as well as in fluids [8–11], gases [12, 13],
and polymeric compounds [14]. At the same time the still most widely used
scintillating crystalline material NaI (Tl) [15] has been discovered.

Kallmann [5] has made an attempt to specify the essential parameters of
scintillation materials. He made, in particular, the distinction between

(a) the physical light output, which corresponds to the fraction of the ab-
sorbed ionizing radiation energy which is transformed into light, and

(b) the technical light output, which is the amount of light actually collected
at the extremity of a scintillation element, taking into account all factors
of light collection and absorption in the medium.

He defined scintillation as flashes of light in phosphorus. In the Physical
Encyclopedia [16], scintillation is defined as “the short light flashes originating
in a scintillator under the effect of ionizing radiation.” Fünfer and Neuert
[17] defined scintillation as “the phenomenon of luminescence in transparent
solids, fluids or gases, originating at the propagation of the ionizing radiation
through them.”

One shall remark that all these definitions of scintillation have some short-
comings. First of all, they are restricted to the phenomenology of light pro-
duction under excitation by ionizing radiation but they do not consider the
mechanism of energy transfer and conversion into light. From this point of
view, Cherenkov radiators [18] could be considered as scintillators, which
is fundamentally incorrect. A second limitation results from the confusion
between scintillation and luminescence, which is at the origin of a seman-
tic imprecision between scintillators and luminophores. Although for the end
user “there is no difference between a scintillator and a fluorescent lamp,”
according to A. Lempicki, there is nevertheless an important difference in the
mode of excitation and energy relaxation.

The mechanism of luminescence, which is exploited in fluorescent lamps
and in lasers, results from the radiative relaxation of an active ion of the
material after the direct excitation between its fundamental state and excited
energy levels by an electrostatic discharge or a pulse of light. On the other
hand the origin of the scintillation is the energy loss of ionizing radiation
through matter.

Electrons and γ quanta lose energy when traversing a medium by the
three fundamental mechanisms of electromagnetic interactions:

(a) photoabsorption,
(b) Compton scattering, and
(c) electron–positron pair formation.

The interaction cross section through each of these mechanisms is energy
dependent [19], photoabsorption and Compton scattering being dominant at
low and medium energy and pair formation at high energy with an onset at
1.02 MeV, the mass energy of an electron–positron pair at rest. Neutral parti-
cles and charged hadrons lose energy mainly through direct interactions with
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nuclei or ionization of atoms for charged particles. Knock-on electrons or γ or
β decay from the relaxation of nuclei excited by neutron or neutrino capture
will then lose energy through the standard electromagnetic interactions de-
scribed above. As long as the energy of particles is high enough for multiple
scattering and electron–positron pair creation, their energy is progressively
distributed to a number of secondary particles of lower energy which form an
electromagnetic shower. Below the threshold of electron–positron pair cre-
ation, electrons will continue to lose energy through Compton scattering. In
the case of an ordered material like a crystal, another mechanism takes place
at this stage. The electrons in the keV range from the shower will start to
couple with the electrons and atoms of the lattice. They will excite the elec-
trons from the occupied electronic states of the material (valence or deeper
bound states) at different levels in the conduction band. At each of these
interactions, an electron–hole pair is created. If the energy of the electron
is high enough to reach the ionization threshold, we have then free carriers
which will move randomly in the crystal until they are trapped by a defect
or recombine on a luminescent center. In the case the ionization threshold is
not reached the electron and hole will cool their energy by coupling to the
lattice vibration modes until they reach the top of the valence band for the
hole and the bottom of the conduction band for the electron. They can also
be bound and form an exciton whose energy is in general slightly smaller
than the bandgap energy. At this stage the probability is maximum for a
coupling to luminescent centers through either an energy or a charge transfer
mechanism.

For a material to be a scintillator it must contain luminescent centers.
They are either extrinsic, generally doping ions, or intrinsic, i.e. molecular
systems of the lattice or of defects of the lattice which possess a radiative
transition between an excited and a lower energy state. Moreover, the energy
levels involved in the radiative transition must be contained in the forbidden
energy band, to avoid reabsorption of the emitted light or photo-ionization
of the center.

In a way, a scintillator can be therefore defined as a wavelength shifter.
It converts the energy (or wavelength) of an incident particle or energetic
photon (UV, X-ray, or gamma-ray) into a number of photons of much lower
energy (or longer wavelength) in the visible or near visible range, which can
be easily detected with current photomultipliers, photodiodes, or avalanche
photodiodes.

In contrast to Cherenkov radiation, scintillation occurs as the result of a
chain of processes which are characterized by different time constants. This
is well described by Vasiliev [20] and will be discussed in details in Chap. 4,
taking into account the existence of thresholds of “hot” electrons and holes
inelastic interactions. Four essential phases are distinguished and listed in
Table 1.1.
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Table 1.1. The sequence of processes leading to scintillation in a medium

Phase Characteristic Time, s

1 Energy conversion: Initial energy release with
formation of “hot” electrons and holes

τ1 = 10−18 − 10−9

2 Thermalization: Inelastic processes of interaction of
“hot” electrons and holes and their thermalization

τ2 = 10−16 − 10−12

3 Transfer to luminescent centers: Formation of
excitonic states and groups of excited luminescent
centers

τ3 = 10−12 − 10−8

4 Light emission: Relaxation of excited luminescent
centers and emission of scintillation light

τ4 > 10−10

The initial energy release in a medium occurs in a wide time range; how-
ever, its duration cannot be smaller than 2R/c, where R ∼10−10 m is the
order of atomic radius and c is the light speed. It also cannot exceed the
transit time of the particle or γ-quantum in the scintillator and, for crys-
talline inorganic compounds, is restricted to a few nanoseconds. It must be
noticed at this stage that the transfer to the detecting medium of at least
a fraction of the energy of a particle does not necessarily require the transit
of that particle through the medium. The transverse electrical field associ-
ated with a relativistic particle traveling close to the surface of a dielectric
inorganic scintillator can in fact penetrate the medium and therefore interact
with the electrostatic field of the crystal. This phenomenon could be exploited
for the monitoring of intense particles beams near a flat surface or through
nanotubes [21].

The “hot” electrons and holes inelastic scattering processes and their
thermalization are rather fast in heavy crystals generally used as scintillating
materials which are characterized by a high density of electronic states.

The formation of excitonic states and the transfer of their excitation to
luminescent centers occur with characteristic time constants which are gen-
erally in the picosecond range.

At the end of the process the relaxation of the excited luminescent cen-
ters and the corresponding light emission is characterized by time constants
distributed in a wide time range which are determined by the quantum wave-
function characteristics of the different levels involved in the transitions.

It must be noticed here that the excitation of the scintillation by a charged
particle does not necessarily require direct impact of the particle with the
electrons and nuclei of the scintillation medium. Energy is transferred from
the particle to the scintillation through the electromagnetic field associated to
the particle. It is therefore possible to excite the luminescence of a scintillator
by a relativistic particle (the transverse extention of the electromagnetic wave
is larger in this case) travelling very close to its surface without penetrating
it.
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Therefore, scintillation is a luminescence induced by ionizing radiation in
transparent, dielectric media.

This complex sequence of phenomena characterizes the scintillation process,
contrary to the photoluminescence which results from the direct excitation
of the luminescent centers.

The kinetics is therefore more complex in many cases, contrary to what
can be observed in gases, condensed gases, fluids, and their vapors. In such
media the atoms of the gas or molecules of organic dyes or anionic complexes
of rare-earth ions can be considered to some extent as free with almost no
interaction with other particles of the medium. The luminescence decay time
is therefore equal to the radiating decay time τr of luminescent centers ex-
cited states. It means that all the light quanta have been emitted after a few
τr. On the other hand, crystalline compounds are characterized by a noncon-
tinuous electronic energy distribution with an energy gap Eg � kT , sepa-
rating a filled valence electronic band from higher energy and generally not
populated levels forming the conduction band. The width of the forbidden
band between the valence and the conduction band determines if the material
is a semiconductor (< 2–3 eV) or an insulator (>3 eV, typically ≥4 eV).

For a given material, a plurality of luminescent centers, whose radiat-
ing levels are localized in the forbidden zone, can coexist and interfere with
each other. Some of these luminescent centers are cations or anionic com-
plexes of the lattice or doping ions such as Ce3+ specifically introduced at
the crystal growth. Some others are generated by the interaction of the ioniz-
ing radiation with the medium. Such induced centers play an important role
in the scintillation as they can sensitize or quench luminescence or act as elec-
tron or hole donors for existing radiating centers via a secondary excitation
process. In practice this secondary excitation is generated not only by direct
Coulomb interaction but also by thermoactivation or electron tunneling from
matrix host defects which trap electrical carriers produced by the incident
particle. The kinetics of primary and secondary excitation processes are dif-
ferent. If we define ωint as the frequency of interaction between primary and
secondary luminescent centers in the medium, we can distinguish different
cases, depending on how the mean time between interactions compares with
the time of formation of primary excited luminescent centers τ3 and with
their radiating decay time τr.

For
1/ωint ∼ τ3 � τr , (1.1)

the kinetics of the direct scintillation will dominate, characterized by a very
fast rise time followed by a single exponential decay, the signature of the
radiative relaxation of the luminescent center.
If on the other hand

1/ωint � τr and 1/ωint � τ3 , (1.2)
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which is frequently the case in real materials, the direct scintillation is ac-
companied by a phosphorescence which results from the delayed decay of
the secondary luminescent centers. The interaction of luminescent centers
between themselves or with charge carriers traps leads to a more complex ki-
netics with generally longer rise time and strong nonexponential decay with
long tails in some cases. As a measure of the contribution of phosphorescence
in scintillation, the afterglow parameter is used. Afterglow is the amplitude
of the luminescence signal, excited by ionizing radiation and measured after
a fixed time, for example 10 · τr.

Scintillation is characterized by several parameters. Some of them depend
on the shape, surface state, and optical quality of the scintillator block. We
list here those which are related to the physical process of light production
in the medium.

1.1.1 Scintillation Yield

Following [22,23] we define the quantum yield or the light yield of scintillation
Y as the amount of light quanta emitted by a scintillator per unit energy
deposited by ionizing radiation in the medium. Thus,

Y =
∏

i

yi , (1.3)

where yi are the yields of the processes given in Table 1.1.
The yields of the first two processes have been analyzed by the

authors [24–29]. The models show approximately the same limiting yields [23]
but their experimental measurement is not easy as it is difficult in practice
to decouple these processes from luminescence quenching in real crystalline
materials. A phenomenological approach leads to the following formulation:

y1 · y2 =
Eγ

β · Eg
,

where β ·Eg is the mean energy necessary for the formation of one thermalized
electron–hole pair in a medium with a forbidden zone of width Eg and Eγ is
the absorbed energy.

The yield of the formation of radiating centers S is defined by the ef-
ficiency of the energy transfer of thermalized pairs to the excited states of
luminescent centers.

Finally we define Q as the quantum yield of the intracenter luminescence.
Hence,

Y =
Eγ

β · Eg
S · Q (1.4)

and the energy efficiency of scintillation Ye is

Ye =
Ef

β · Eg
S · Q , (1.5)
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where Ef is the average energy of scintillation photons. There is therefore a
clear advantage of having a host with a small bandgap. In this case however,
the risk of photo-ionization of the activator increases if its ground or excited
states are too close to the valence or conduction bands respectively. The
density of traps in the forbidden band also increases which generally reduces
the scintillator yield. P. Dorenbos [146] has calculated a maximum theoretical
scintillator yield of 140,000 photons/sec in an ideal Ce3+ doped scintillator
with a small bandgap, just large enough to host the Ce3+ optimal transition.

These expressions become more complex if we take into account additional
mechanisms of energy losses, for instance surface losses in a medium [30,31],
and the structure of the density of states in the valence and in the conduction
bands [20].

1.1.2 Kinetics of Scintillations

The kinetics of scintillation I(t) is defined as the law of the variation in
time of the scintillation light intensity and its magnitude I =

∫
I(t) dt is

proportional to Y . It is related to the time variation of the population of the
excited states of the luminescent centers. For a simple process, with only one
radiating center and no interaction between luminescent centers and traps,
the decay is exponential and characterized by a time constant τsc, the time
after which the amplitude has decreased by a factor e. For two independent
radiating centers the same description with two exponentials is also valid.
But in real cases the situation is very often more complex, involving energy
transfer between centers and quenching mechanisms, and the resulting light
emission is strongly nonexponential. It is nevertheless a common practice to
describe this complex emission curve by a series of exponentials with different
time constants. This has in most of the cases no physical justification but
simplifies the calculations.

1.1.3 Radioluminescence Spectrum

This is the wavelength (or frequency or energy) distribution of the scintil-
lation light when the medium is excited by ionizing radiation. It is gener-
ally composed of a series of emission bands which are each characterized by
their maximum λsc or νsc and half-width ∆λsc(∆νsc) at a given temperature.
Radioluminescence is also called cathodoluminescence in reference to the first
observations of scintillation at the cathode of an electron gun.

1.1.4 Photoluminescence Spectrum

This is the wavelength (or frequency or energy) distribution of the scintil-
lation light when the medium is excited by photons of energy below the
ionization energy of the atoms. This information combined with the struc-
ture of the excitation spectrum, generally up to a few tens of eV, is very
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useful to determine the energy levels involved in the excitation and relax-
ation mechanisms. On the other hand, one has to be very careful not to draw
too rapid conclusions about the properties of the scintillator on the basis of
the photoluminescence spectrum only which does not reflect at all the mech-
anisms of energy transfer and thermalization in the medium. This error is
frequently made and leads to several misinterpretations. In the most dra-
matic case we can find materials with a good photoluminescent yield when
excited in the UV range but with no light emitted under gamma-rays excita-
tion. A typical example is given by the tungstate group which exhibits good
scintillation properties in some host matrices (CaWO4, CdWO4, PbWO4)
and no scintillation at all in some other compounds (BaWO4).

1.2 Survey of Scintillation Mechanisms

As already explained, the mechanisms of excitation of the luminescent centers
in a scintillator as well as their properties are strongly influenced by the
surrounding medium, particularly if this is a solid, and even more in the case
of a crystal with a regular structure. Fundamental aspects of this phenomenon
will be discussed in details in Chap. 4. Here we give a survey of scintillation
mechanisms. The coupling between the lattice and the luminescent center is
essential in the way the energy is transferred between them in both directions.
In particular the conditions of localization and delocalization of excitations
are strongly affected by the positions of the luminescent centers energy levels
relative to the valence and conduction bands formed by the orbitals of the
lattice atoms. This is well illustrated for instance by the modifications of the
luminescent properties of activating ions such as Ce3+ depending on the type
of ligand and on the strength and the symmetry of the crystalline field in
different host materials.

Electrons and holes produced by ionizing radiation have several ways to
be involved in the scintillation process after their thermalization:

1. e + h → h ν,
2. e + h → ex → h ν,
3. e + h + A → ex + A → A * → A + h ν,
4. e + h + A → A1+ + e → A*→ A + h ν,
5. e + h + A → (A1−) * + h → A + h ν,
6. A→ A *→ A + h ν

The simplest emission process (1) is the result of the direct radiative recom-
bination of free thermalized electrons in the conduction band with holes from
the valence band or from deeper electronic shells. Usually the ionizing radia-
tion produces deep holes in the lattice which are progressively converted into
holes of smaller energy through a succession of Auger conversions. Similarly
hot electrons from the first interaction are cooled down to the bottom of the
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conduction band by inelastic interactions. In most of the cases the recombi-
nation takes place when the energy of the electron and hole has sufficiently
decreased so that they bind to each other, creating an exciton with an energy
slightly smaller than the bandgap.

However, for certain configurations of the valence and core atomic electron
bands the Auger conversion cannot take place and the electron recombines
directly with a deep hole, giving rise to a fast UV emission [32–34]. Such kind
of radiating recombination is called cross-luminescence and it is observed in
some wide band gap fluoride and chloride crystals.

Thermalized carriers can also be bound in some places of the lattice, for
instance, in the vicinity of a specific atom or a structural defect (2). They are
called autolocalized excitons (ex ) and their radius, small or large, depends
on the electrostatic field in this configuration. In many inorganic compounds
these excitons have a radiative decay channel [35]. The luminescence of free
excitons or bound excitons is generally absent in complex compounds and
has been observed so far only in simple oxides [36,139].

Under certain conditions in the presence of impurity centers or activat-
ing ions A the exciton luminescence is efficiently quenched, causing thus a
sensitization of the luminescence of the activating ions A(3). In this case the
excitation of radiative centers results from an energy transfer from excited
matrix states.

The process competing to the formation of excitons is the direct capture
of free thermalized carriers, electrons (4) or holes (5) by activating ions A
with the subsequent formation of their excited state A∗. The cross section for
electron or hole capture depends on the nature of the activating ion and on
the structure of the local electrostatic field in its vicinity. In contrast to the
previous case the excitation of radiating centers is now the result of a charge
transfer mechanism from excited matrix states.

Finally the direct excitation of activating centers by ionizing radiation
(6) provides an important contribution to the scintillation in the case of
heavy doped or self-activated scintillators. A typical example is cerium fluo-
ride (CeF3).

Besides these mechanisms, an intrazone luminescence caused by radiating
transitions of hot electrons and holes from the conduction and valence bands
has also been reported [37]. This luminescence is distributed in a wide spectral
region and characterized by a low yield, independent of the temperature, of
typically 10−3–5 × 10−6 eV/eV in NaNO3 and BaMgAl10O17 crystals. The
decay time τsc is very fast, of the order of a few nanoseconds only.

The efficiency of activated scintillators is strongly dependent on the ratio
of the bandgap in the crystal to the energy of the activator radiating state
as well as on the relative position of its ground and excited states to the
top of valence band and to the bottom of the conduction band, respectively.
The first requirement for an activator with an excited state energy Er to be
efficient in a host matrix with a bandgap Eg is
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Eg ≥ Er . (1.6)

This condition prevents the reabsorption of the luminescence in the medium,
at least if the crystal is free from impurities or structural defects having
energy levels in the bandgap.

Another condition to avoid the delocalization of electrons in the conduc-
tion band from the activator excited state is related to the energy gap ∆E
between the radiating level of the doping ion and the bottom of the conduc-
tion band.

Thus,

∆E ≤ 0, the scintillation yield Y = 0 , (1.7)
∆E > 0, the scintillation yield Y ≥ 0 . (1.8)

Moreover, if
∆E � kT or τr � τd , (1.9)

where the delocalization time τd ≈ (1/S) exp(−∆E/kT ), with S is the fre-
quency factor, k is the Boltzman constant, and T is the temperature, the
scintillation yield is not strongly dependent on the temperature. In the re-
verse case, one can anticipate a reduction of the scintillation yield when the
temperature increases (temperature quenching).

The energy gap between the ground state of the activating ion and the
top of the valence band plays also an essential role in the hole capture by the
activator through the mechanism (4). In the case of a ground state localization
in the valence band, the hole remains delocalized and its trapping never
occurs. If on the other hand the activator ground state lies too high above
the valence band, the probability of hole capture by the radiating center is
low, resulting in a poor efficiency of the scintillator.

The characteristic decay time for the direct electron–hole recombination
(1) does not exceed a few nanoseconds if the final state involves a core atomic
band. If on the other hand there is a participation of the valence band
in the direct or excitonic recombination (1,2), the scintillation, as a rule,
is characterized by slowly decaying kinetics due to radiating recombination
process with characteristic time constants in the µs–ms region. The fact that
some self-activated scintillators, like PbWO4 [38], exhibit a fast room tem-
perature scintillation in the nanosecond range is only the consequence of a
luminescence-quenching mechanism competing with the radiative relaxation
of the excitation. In this case the decay is nonexponential, which is a common
signature of temperature-quenched scintillators.

In the case of radiating transitions in the simple model of the dipole
electrical transition the lifetime of the activator luminescence (radiant time)
is defined by the well-known formula:

τr ∼ 1/(ν3〈ΨA |d|Ψ∗
A〉2) (1.10)
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where 〈ΨA |d|Ψ∗
A〉 is the operator of the dipole electrical transition between

the excited and ground states of the activating ion and ν is the frequency of
the transition. The general expression is given in [39]:

τr =
1.5 × 105λ2

f
1
9
(n2 + 2)2 n

, (1.11)

wheref is oscillator strength, λ is averaged wavelength of transition equal to
1/ν, and n is index of refraction of the medium.

When the requirements (1.8) and (1.9) are satisfied and in the absence
of quenching mechanisms the radiating time is close to the radiant time.
Figure 1.1 shows the room temperature radiant (τr) and scintillation (τsc)
time of the interconfiguration 5d → 4f transition of the Ce3+ ion in different
crystals as a function of the frequency ν of the peak of the luminescence. GSO
and YSO have two different coordinations of Ce3+ with different maxima and
kinetics of the luminescence. The luminescence decay time correlates well with
a square-law dependence of the radiating time with the frequency of the peak
of the luminescence band.

On the other hand, the values for the scintillation decay time τsc are in
some cases very different from the intracenter-excited luminescence radiating
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the Ce3+ ion and scintillation decay time τsc versus frequency ν of the luminescence
band maximum at room temperature. Data are taken from [42–48]
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time. This is caused by the time needed to transfer the energy to the radiating
centers through the different mechanisms described in this paragraph. If this
transfer occurs preferentially through the energy transfer mechanism, the
decay time of scintillation is closer to the radiating time of the activator.
This is explained within the Förster–Dexter model [40, 41] describing the
sensitization of activating ions by randomly distributed donors in the crystal.
According to the model the luminescence kinetics in a dipole approximation
is described by the expression

I(t) = I0 exp[−(t/τr) + 4
√

tπ3/2Na(CDA)1/2/3 + w̄t] , (1.12)

whereNa is the concentration of activators,CDA is a parameter of donor–
acceptor dipole–dipole interaction, and ω̄ the rate of migration-restricted
energy transfer. For a large migration rate ω̄ and interaction probability
CDA, the rise time of the scintillation is fast and the scintillation kinetics
approaches the intracenter-excited luminescence kinetics.

For the direct recombination of thermalized electrical carriers as well as
for the excitonic emission according to the processes (1) and (2), the peak
emission of the scintillation correlates with the band-gap value. The set of
possible radiating states is in this case limited to excited levels of metallic ions
of the host matrix, polaronic or excitonic states, or shallow traps. All these
states are located near the bottom of the conduction band. As the relaxation
involves energy levels situated at the top of the valence band, the energy of
the transition is generally close to the bandgap energy. However, the inter-
action of the electrostatic field of the lattice with the radiating center, which
is in practice different for the excited and the ground state, introduces a
modification of the orbital configurations through vibronic interactions [49].
This effect results in a shift of the luminescence band maximum to longer
wavelength (the Stockes shift). Figure 1.2 shows the wavelength of the scin-
tillation band maximum of various undoped scintillation crystals versus their
respective bandgap energy.

In doped crystals the luminescence properties of the doping ions can be
predicted by the effect of the crystalline field for ions of the iron group [50,51]
and for the rare-earth ions in the frame of the model described in [52]. It has
been shown that for a given crystalline matrix the energy difference between
the first excited state 4fn−15d and the ground state configuration 4fn is
given by

∆fd = ∆0
fd − σ2Shost (1.13)

where ∆0
fd is the energy difference between the first excited state 4fn−15d and

the ground state configuration 4fn of a free ion, and Shost is the parameter
defined by the specificity of the matrix host,

σ2 = [〈4fn−15d
∣∣r2

∣∣ 4fn−15d〉 − 〈4fn
∣∣r2

∣∣ 4fn〉]
∑

i

αiZie
2/R6

i , (1.14)
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Fig. 1.2. Luminescence band maxima of various undoped scintillation crystals
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where Zi is the quantity of ligands with polarizability αi and distance Ri

from the doping ion. Using this expression, the authors of reference [53] have
shown that the energy of the first excited state 4fn−15d of any trivalent rare-
earth ion of the Lanthanide family scales with the one of the Ce3+ ion and
is equal to

∆fd(Ln3+) = C∆fd(Ce3+) + B , (1.15)

where B and C are independent of the crystal parameters constants. The
decrease of this energy for a given crystalline compound is about the same
for all rare-earth ions because σ2 is about the same for all lanthanides and
Shost depends only on lattice parameters of the compound.

The surveyed model has found convincing confirmation in the analysis of
spectroscopic parameters of trivalent rare-earth ions in more than 300 various
compounds [54,58,59]. The basic conclusion concerning interconfiguration op-
tical transitions in trivalent rare-earth ions is that the effects of the crystalline
matrix and of the activator ion on the parameters of the optical transition
are independent. Thus, knowing the energy of one allowed interconfiguration
transition of any of the rare-earth ions, for example Ce3+ in a given matrix,
it is possible to calculate similar transitions for another Lanthanide ions in
the same crystalline compound.
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1.3 Scintillation-Radiating Centers

We will consider here the different impurity ions which can activate a scintil-
lator. Several self-activated scintillators show better scintillation properties
when they are doped by appropriate ions. As explained in the previous para-
graph, there are some conditions to be met for the activator to be efficient
in a host matrix. These conditions are related to the position of the acti-
vator energy levels involved in the luminescence relative to the conduction
and valence bands of the matrix. More generally the two basic practical re-
quirements are the stability of the charge states of the luminescent center in
the host and the high-quantum yield of the intracenter luminescence. They
limit the number of centers to be considered and exclude, for instance, point
structure defects associated to the substitution of a host matrix ion by an
activator ion with a different valence state (nonisovalent doping), however,
do not guarantee an efficient scintillation yield through the activation of the
specific centers of a crystal.

1.3.1 Ions of the Iron Group

Radiating transitions in these ions arise between the Stark components of
the 3dn electronic configurations. As the 3dn shell is the outer shell for the
light ions of this group, the effect of the crystalline field is stronger than
the spin–orbit interaction. The peak position of the luminescence band is
therefore rather sensitive to the strength of the crystalline field created by
the coordination of the ligands. The energies of the Stark components of the
terms of the 3dn configurations depend on the strength of the crystalline
field. They are described by the Tanabe–Sugano diagrams [50] and discussed
explicitly in the literature [60].

The lightest ion of the iron group is the titanium. Its trivalent ion Ti3+has
the 3d1 electronic configuration and is localized in an octahedral oxygen coor-
dination. Its wide luminescence band with a maximum of 790 nm is observed
in the garnet Y3Al5O12. In the yttrium perovskite crystal YAlO3 the Ti3+ ion
has a luminescence band with a maximum at 610 nm and a mono-exponential
kinetics with τr = 3 µs. Figure 1.3 compares the radioluminescence spectra of
BGO and YAlO3:Ti3+ (0.2 at. %). The room temperature light yield of Ti3+

doped crystal is 30% higher than that of BGO. Al2O3:Ti3+ crystal codoped
with Ca has also an intense luminescence in the near IR with a maximum
at 780 nm and a decay time τr = 4.3 µs. It has a high scintillation yield [61]
and is optimally combined with semiconductor photo-detectors with high
sensitivity in the IR region [62].

Ion of vanadium V+ (3d4) shows an IR luminescence in narrow band gap
compounds [63]. The oxide compounds doped with vanadium ions of other
valence states V2+ (3d3), V3+(3d2), V4+(3d1) do not show an intense radi-
oluminescence in the visible region at room temperature. Alcali-vanadates,
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where the vanadium ion is in its maximum oxidation state V5+, have an in-
tense cathodoluminescence and are used as luminophore. Double vanadates
also exhibit an intense photoluminescence. The luminescence kinetics of dou-
ble vanadates has a decay time of the order of tens of microseconds at room
temperature.

Another well-known activating ion, Cr3+ (3d3), can exhibit a narrow lu-
minescence band at 694 nm due to the 2E → 4A2 transition, or a wide band in
the near-IR region related to the 4T2 → 4A2 transition [64], depending on the
crystalline field strength in the position of its localization. While crystalline
field is weak, the 2E term is lower than the 4T2 term and causes luminescence
properties of the material like in ruby. In strong crystalline field in oxygen
octahedron, like in emerald, 4T2 level becomes lower showing wide lumines-
cence band. As the 2E → 4A2 transition is a spin-forbidden transition, the
decay kinetics constant is large, of the order of milliseconds. On the other
hand, the wide band decays with a characteristic time constant in the mi-
crosecond range. Cr4+(3d2) ion also emits IR luminescence with a decay time
constant in the microsecond range in some oxygen compounds [65].

Divalent manganese Mn2+(3d5) has a strong green luminescence in many
compounds with long decay times (milliseconds) because of a spin-forbidden
transfer 4T1 → 6A1. For instance, Zn2SiO4:Mn is one of the best known
phosphors [66], which was applied in the first color TVs and is also used in
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modern plasma panels. In this compound the Mn2+ ion has an intense green
luminescence with a maximum near 520 nm and τr of about 25 ms.

The trivalent ion of iron Fe3+(3d5) localized in tetrahedral oxygen coor-
dination is also responsible for a slowly decaying IR luminescence [67]. Its
4T1 → 6A1 luminescence can be either directly excited through intracenter
transitions or due via a charge transfer process: O2− → Fe3+ [68]. Iron-doped
YAG, Y3Al5O12:Fe, has radioluminescence spectrum with a peak at 810 nm
and a scintillation yield of about 1,000 ph MeV−1 at room temperature. The
Ni2+-doped crystals also show an intense IR radioluminescence when excited
by an electron beam at room temperature [69].

A general drawback of the 3dn ions as activating ions in inorganic scintil-
lator is related to their heterovalence which means that they can change their
valence state under ionizing radiation. The localization of their luminescence
in the near IR region and the relatively slow decay time of the lumines-
cence are also limiting factors for several applications. It seems that from
this group only the Ti3+ ion can be considered as a prospective activator if
it is in a rather strong crystalline field environment. Apparently, rare-earth
aluminium perovskite and some hafnium and zirconium compounds are good
host candidates from this point of view.

1.3.2 Ions With s2 Outer Shell (Mercury-Like Ions)

Ions with s2 outer shell form a large class of luminescent centers. They are
easily introduced into various crystalline compounds which find wide appli-
cation as phosphors for fluorescent lamps and various fluorescent transduc-
ers [70,71]. Ga+, Ge2+, Se4+ with 4s2 outer shell; In+, Sn2+, Sb3+, Te4+ with
5s2 shell; Hg, Tl+, Pb2+, Bi3+ with 6s2 are all in this class. These ions have
an intense interconfiguration transition s2 → sp in the vacuum ultraviolet
(VUV) range. However the associated luminescence is not observed due to
quenching by underlying excited terms 1P1, 3P2, 3P1, 3P0 of s2-configuration.
The intraconfiguration luminescence 3P0 → 1S0 is characterized by a large
Stokes shift in many compounds and, hence, has strong temperature quench-
ing [72]. The radiant decay time is of the order of hundreds of microseconds at
low temperatures but is reduced by three orders of magnitudes (hundreds of
nanoseconds) at room temperature by temperature quenching. Moreover the
spin–orbit interaction mixes singlet and triplet excited states, reducing fur-
ther more τr in heavy 6s2 ions as it is observed for Tl+, Pb2+, Bi3+ ions in an
alcali halide and oxide compounds. Ions of s2 type have played a prominent
role in inorganic scintillators development. The discovery of the most widely
applied scintillation crystal NaI (Tl) [15] became possible because of the nu-
merous studies of the luminescent properties of the Tl+ ion in alcali halides.
Moreover the first heavy scintillator, BGO, is also the result of systematic
investigations of the Bi3+ ion in various oxide compounds.
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1.3.3 Ion of Molybdenum

Mo doping ion in crystals of tungsten compounds is considered to be a char-
acteristic luminescent center. The Mo impurity substitutes to the tungsten
ion in the matrix and forms an anionic complex MoO2−

4 , which has a large
cross section for electron capture. The properties of the MoO2−

4 center and its
influence on scintillation parameters of lead tungstate crystal are described
in [73,74].

1.3.4 Uranium Anionic Complexes

Another well-investigated luminescent center is the anionic complex UO2
2+,

which shows a bright green–yellow luminescence in a variety of the crys-
talline compounds grown from saturated solution [75]. There have been sev-
eral mentions in the past of a fast luminescence kinetics (nanoseconds) of
uranium compounds [76]; however, the majority of the observed uranium
doped compounds have a luminescent band with a characteristic decay con-
stant in the microsecond range. Recently it has been shown [77] that the
uranyl ion U4+ in the LiYF4 crystal has a strong interconfiguration lumines-
cence band 6d5f → 5f2 in the 240–360-nm region at room temperature. The
fast component of the decay τr = 15–19 ns dominates in the kinetics. The
luminescent properties of the U4+ ion have some similarities with those of
the Pr3+ ion described below.

1.3.5 Rare-Earth Ions

Rare-earth ions are the most frequently used activating luminescent ions. In-
traconfiguration luminescent transitions 4fn → 4fn of trivalent ions Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb are widely used in fluorescent lamps,
cathode tubes, and lasers [78]. Slow and bright scintillation in the IR region
with τsc = 1.9 ms has been reported in Y3Al5O12 crystal doped with trivalent
ytterbium [79]. The general trend today is to look for fast scintillators. Fast-
decaying scintillation in inorganic compounds can be obtained when they are
activated by rare-earth ions with the transition 4fn−15d → fn. Interconfigu-
ration transitions in trivalent rare-earth ions are allowed both on spin and on
parity. They are therefore fast with a decay time constant of τr = 5–100 ns.
Such trivalent ions are restricted to five rare-earth elements: Ce3+ (4f1), Pr3+

(4f2), Nd3+ (4f3), Er3+ (4f11), and Tm3+ (4f12). However the interconfig-
uration luminescence of Nd3+, Er3+, Tm3+ is localized in the region higher
than 45,000 cm–1 and observed in fluorides only [80]. Moreover, for these
three ions there is a strong quenching of this interconfiguration luminescence
due to a nonradiating transfer on numerous underlying f levels.

Practically, only two ions, Ce3+ and Pr3+, are therefore acceptable ac-
tivators with a bright and fast scintillation in many compounds. However,
the praseodymium ion has, though to a lesser degree, the same problem as
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the neodymium ion – a quenching due to nonradiating transitions on lower
f levels. Let us consider in more detail the energy-level scheme of triva-
lent praseodymium ions in a typical fluoride crystal, LaF3 and in two oxides
namely garnet and oxyorthosilicate. They are compared in Fig. 1.4. Contrary
to the oxide compounds, the 1S0 level of the f configuration lays below the
Stark components of the 5d level in fluorides, causing the complete quenching
of 4f5d → f2 Pr3+ ion luminescence [81,82].
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Fig. 1.4. The position of d and f configuration energy levels of Pr3+ ion in some
crystalline compounds

However, the interconfiguration luminescence is observed as two over-
lapped wide unstructured bands in many oxide compounds at room temper-
ature for which the host matrix ions do not have energy levels in the forbidden
band (for instance, Y, Lu). This is not the case for gadolinium (Gd) where
a nonradiative transfer to the subzones formed by the lower excited states
{6IJ ,6PJ , J = 7/2} of Gd3+ ions quenches the luminescence.

Ce3+ ions have a rather simple structure of energy levels which is shown
in Fig. 1.5 according to the data from [83]. The basic 4f configuration of
the Ce3+ ion consists of two spin–orbit components 2F7/2,5/2, with an energy
difference ∼2,400 cm−1 As the effect of the crystalline field for the f -orbital
of a rare-earth ion is much weaker than the spin–orbit coupling this energy
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Fig. 1.5. Energy-level structure of free Ce3+ ion. Energy levels are given in cm−1

gap between the components 2F7/2,5/2 is approximately the same in many
compounds. In contrast, the 5d-orbital is strongly influenced by the ligands.

The influence of the type of ligand (nepheloxetic effect) appears as a
decrease of the difference between the d and f energy levels from the free
ion value following the sequence of ligands: F−, Cl−, Br−, I−. The average
difference in fluorides is ∼45,000 cm−1, in chlorides ∼37,000 cm−1, in bro-
mides ∼35,000 cm−1, and in iodides ∼31,000 cm−1 [59]. Oxygen compounds
have a mean difference of about 40,000 cm−1; however, one can distinguish
several groups as a function of the type of matrix creating the oxy-anionic
complex [59] as is shown in Table 1.2.

Table 1.2. Mean energy difference between d and f configurations of Ce3+ ion in
oxide compounds in different matrices with an oxy-anionic complex

Anionic Group SO2−
4 CO2−

3 PO3−
4 BO3−

3 SiO4−
4 AlO9−

6 , AlO5−
4

Energy 43,000 42,000 41,500 40,000 39,000 37,000
difference
(cm−1)

The mean luminescence maximum of the 4f05d1 → 4f1 transition de-
creases following the same sequence of ligands: fluorides ∼35,000 cm−1, chlo-
rides ∼28,000 cm−1, bromides ∼26,000 cm−1, oxides ∼24,000 cm−1, and sul-
fides ∼18,000 cm−1 [84]. The next upper 6s configuration is not subject to
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a strong influence of the nepheloxetic effect as the 6d configuration is mixed
with levels of 6s and 6p configurations.

Only the 5d first excited configuration and its Stark components appear
in the forbidden zone in the majority of oxides with the oxy-complexes men-
tioned before. The symmetry of the ligand polyhedron and the coordination
of the Ce3+ ion determine the level of the Stark decomposition of the 5d
configuration. Two sets of bands with maxima at 21,830, 29,400 cm−1 and at
38,300, 44,400, 48,780 cm−1 are observed in absorption and excitation spectra
of Y3Al5O12 where the Ce3+ ion is localized in an eightfold oxygen site with a
local symmetry D2. They correspond to the transitions to the doublet E and
to the triplet 3T1 of the 5d configuration [85–87]. A separation of the doublet
components is also found in LuBO3 with vaterite structure where the Ce3+

ion is localized in a position with point symmetry D2d, and components of
the doublet have maxima near 27,400 and 29,000 cm−1 [88]. In a less visible
way the doublet was also found in phosphates YPO4, LuPO4 [89–91] with
absorption and excitation bands around 31,000 and 40,000 cm−1 have been
measured. The localization of the Ce3+ ion is C1 in rare-earth perovskites
and an inverse disposition of the triplet and the doublet was observed in
absorption and luminescence excitation spectra. For example, the three com-
ponents of the triplet are seen in YAlO3 at 33,300, 34,500, 36,360 cm−1,
and the two components of the doublet have their maximum at 41,900 and
45,500 cm−1, respectively [92,93].

The Ce3+ is localized in the crystalline structure with a ligand coordi-
nation number going from 7 up to 12, leading to a large variation of the
crystalline field. Therefore, the five components of the Ce3+ ion 5d configu-
ration decomposition are observed in various compounds in a wide spectral
interval between 50,000 and 17,000 cm−1. The maximum of the corresponding
luminescence also varies in a wide range from 35,000 up to 15,000 cm−1.

As the averaged energy difference between the ground and first excited
states of Ce3+ exceeds 10,000 cm−1 in the majority of hosts the luminescence
quantum yield for an intracenter excitation is close to 1 at room temperature
and up to rather high temperature. For example, the temperature lumines-
cence quenching starts at 500 K in YAlO3:Ce3+ [94] only.

Besides the trivalent rare-earth ions discussed here, the divalent Eu2+

ion is also subject to a bright interconfiguration luminescence; however, it
has a relatively slow kinetics with τr about 1 µs [95]. The intense 440 nm
4f65d1 → 4f7 luminescence band of the Eu2+ ion is found in crystals with a
structure of the type MAl2O4 (M = Co, Sr) [96]. There is a phosphorescence
due to the decay of electron centers and the subsequent excitation of Eu2+

ion that makes impossible their application as fast scintillators.
The candidates of choice to design fast-doped scintillators within the rare-

earth ions family are therefore the trivalent ions of Ce and Pr.
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1.4 Classification of Inorganic Scintillation Materials

Since the discovery of sodium iodide by Hofstadter in 1949, alcali-halide crys-
tals have been the most widely used scintillators in numerous applications
ranging from detectors for physics research to industrial and medical imag-
ing devices. But the limits of these crystals, especially in experimental high
energy and nuclear physics, became apparent with the development of fast
response photodetectors, electronics and acquisition systems in the beginning
of the eighties. On the other hand, the fast development of crystallographic
production technology as well as the large research effort in the field of laser
media based on oxide and fluoride crystalline materials boosted the devel-
opment of high-temperature production technology of crystals. Luminescent
crystalline oxide and fluoride of high quality became available in large quanti-
ties. This has led to the discovery of a number of new prospective scintillation
materials. With the increase of the number of known inorganic scintillators,
several approaches to classify them have been developed. Here we will discuss
several classifications of the scintillators and give a list of the developed to
date scintillation materials and their properties because many of them will
be quoted in chapters bellow.

1.4.1 Classification Based on the User’s Requirements

Such a classification would help the end user to quickly identify the best
scintillating material for a given application. In this case the parameters of
choice are the density, the photo-fraction, the light yield, the decay time, and
more generally the scintillation performance in the low – (E < 10 MeV) or in
the high – (E > 10 MeV) energy domain. Physicochemical and engineering
parameters are also important as well as the conditions of the production as
they have a direct impact on the price.

1.4.2 Classification Based on Scintillation Mechanisms

Lempicki [23] has suggested to divide scintillators into two categories: extrin-
sic and stoichiometric. As the cross-luminescence can be observed in crystals,
irrespective of the presence of impurities and stoichiometric composition, it
is more comprehensive to introduce three classes, namely, activated scintilla-
tors on the basis of crystalline compounds doped with activating ions; self-
activated scintillators where radiating centers are ions, anionic complexes,
and various excitonic states from the matrix itself; and cross-luminescent
scintillators.

Some authors have suggested a classification based on the different types
of excitons [97]. However, such an approach mixes in one-class materials very
different from each other, like NaI (Tl) and YAlO3:Ce, BGO and CsI.
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1.4.3 Classification Based on Structural Types of Crystals

Such a classification involves only the crystallographic structure of the scin-
tillator. This approach has allowed to predict and to produce a number of
new scintillation crystals, for example, scintillators with garnet, perovskite,
oxyorthosilicate, pirosilicate structure doped with cerium and praseodymium
ions. Such classification is rather convenient for material scientists but of
little interest for end users.

1.4.4 Classification Based on Specific Features of Materials

It has been frequently reported [29] that compounds with wide bandgap can
be considered good candidates for scintillation. This is related to the develop-
ment of Ce3+-doped scintillation materials. On the other hand, the presence
of a wide bandgap is not a necessary condition for scintillation occurrence. It
increases only the potential spectral domain of the scintillation as it makes
the material transparent in a wider spectral rage.

1.4.5 Combined Classification

We would like to propose here a combined classification taking into ac-
count the physicochemical properties of a material, for example, a specific
anion of the matrix, with the different mechanisms of scintillation. Follow-
ing this approach, we can distinguish the two important classes of halides
(F, Cl, Br, I) and oxydes. Additional classes of compounds are also related
to anions sulfur S, phosphorus P, and selenium Se. Each class is divided into
groups which involve different mechanisms of scintillation. A further partition
inside each group is based on the structural peculiarities of the compounds
and of the different types of luminescent centers.

The proposed classification is oriented on one hand to the user and al-
lows without specific knowledge to spot the potential of a class or group on
the basis of given operational parameters. On the other hand, it allows the
researchers to identify a set of compounds for future development on the
basis of the mechanisms of scintillation. This attempt for a classification of
scintillation inorganic crystalline compounds known to the present time and
some of their physical and scintillation parameters are shown in Table 1.3.
To scintillation parameters we insert in the table density ρ, effective charge
Zeff , and absorption length X0 of the crystalline compounds.

Among the crystals listed in the table fluorides have the largest band-
gap Eg > 7 eV. This is a condition for a possible observation of cross-
luminescence. The best known representative of fluoride cross-luminescent
scintillators is BaF2, with a reasonable light yield. Another interesting cross-
luminescent material is CsF with a decay time τsc ∼ 2−4 ns, and a lumi-
nescence peak at 390 nm. Among the self-activated fluorides CeF3 has been
considered as a good candidate for electromagnetic calorimetry at colliders.
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Table 1.3. Inorganic scintillation compounds and their essential properties

Scintillator ρ Zeff/photo Y τsc λmax Reference
(g cm−3) absorp. coeff., phMeV−1 (ns) (nm)

511 keV, cm−1/
X0, cm

Fluorides

Cross-luminescent materials
LiBaF3 5.2 49.3/0.079/2.11 1,400 0.8 190,

230
98

KMgF3 3.2 14.3/0.0007/8.38 1,400 1.3 140–
190

98

KCaF3 3 16.7/0.001/7.65 1,400 2 140–
190

98

KYF4 3.6 30.2/0.011/4.55 1,000 1.9 170 98
BaLu2F8 6.94 63/0.22/1.25 870 1+slow 313 99,

102
BaF2 4.88 52.7/0.085/2.03 1,430

9,950
0.6
620

220
310

100

CsF 4.64 53.2/0.086/2.69 1,900 2-4 390 103
RbF 3.6 34.6/0.016/3.6 1,700 1.3 203,

234
98

Self -activated materials
CeF3 6.16 53.3/0.11/1.77 4,500 30 330 104,

128
Activated
BaY2F8:Ce 4.97 44/0.04/2.5 980 45+slow 329 99,

102
BaLu2F8:Ce 6.94 63/0.22/1.35 400 35+slow 330 99,

102
CaF2:Eu 3.18 16.4/0.045/3.72 21,500 940 435 101
LaF3:Ce 5.9 50.8/0.09/1.69 2,200 26.5 290,

340
130

LuF3:Ce 8.3 61.1/0.31/1.1 8,000 23+slow 310 130

Chlorides
Cross-luminescent materials
CsCaCl3 2.9 43.6/0.03/4.1 1,400 1 250,

305
98

Self -activated materials
Cs2LiYCl6 3.31 44.5/0.04/5.85 6,535 6,600 305 134

(1 µs)
22,420
(10 µs)

Cs2NaCeCl6 3,25 50.1/0.047/3.22 11,000 1,000 376 99

Activated materials
Li3YCl6:Ce 2.45 27.4/0.027/8.17 3,305 250 360, 134

(1 µs) 2,300 385
6,185
(10 µs)

(continue)



24 1 Scintillation and Inorganic Scintillators

Table 1.3. Cont.

Scintillator ρ Zeff/photo Y τsc λmax Reference
(g cm−3) absorp. coeff., phMeV1 (ns) (nm)

511 keV, cm−1/
X0, cm

LaCl3:Ce 3.86 17,000 20,330, 337, 130,
(0.5 µs) 2,200 358 133
40,000
(10 µs)

CeCl3:Ce 3.9 48.4/0.06/2.02 28,000 23 360 122,
133

LuCl3:Ce 4. 61/0.12/1.98 1,300 50, 250– 374, 130
(0.5 µs) 350, 4,000 400 135
5700 133

(10 µs)

K2LaCl5:Ce 2.89 44.1/0.025/4.5 25,000 1,000 348 99
RbGd2Cl7:Ce 3.74 53.9/0.069/2.75 43,000 1,000 370 99
Cs2LiYCl6:Ce 3.31 44.5/0.04/5.85 9,565 600 372, 134

(1 µs) 6,000 400
18,400
(10 µs)

Cs2NaLaCl6:Ce 3.2 49.7/0.045/3.3 5,400 1,000 368 99
Cs2NaLuCl6:Ce 3.71 56.5/0.079/2.61 5,200 1,000 373 99
Cs3LuCl6:Ce 3.79 56.7/0.083/2.27 4,400 1,000 375 99
Cs3Lu2Cl9:Ce 4.01 58.6/0.097/2.46 650 100,000 409 99

Bromides
Cross-luminescent materials have not be found
Self -activated materials have not be found
Activated materials
LaBr3:Ce 5.29 46.9/0.065/1.64 61,000 17-35 145
LuBr3:Ce 5.17 63/0.17/1.29 10,000 32,450– 408, 130

(0.5 µs) 550, 408 133
24,000 5,000

(10 MKS)
RbGd2Br7:Ce 4.8 50.6/0.070/2.03 54,700 66 420 99
Cs2LiYBr6:Ce 4.15 45.2/0.046/2.15 25,000 72+slow 388 145
K2LaBr5:Ce 3.9 42.8/0.035/2.3 40,000 100 359 145
RbLu2Br7:Ce 4.8 53.6/0.099/1.92 30,000 80+slow 420 130

Iodides
Cross-luminescent materials have not be found
Self -activated materials
CsI 4.51 54/0.09/2.43 16,800 10 310 101
CaI2 3.96 51.1/0.065/2.29 86,000 550 410 105
HgI2 6.38 68.8/0.27/1.13 6,000 2,100 580 106

Activated materials
NaI:Tl 3.67 50.8/0.058/2.56 43,000 230 415 107
CsI:Tl 4.51 54/0.09/2.43 51,800 1,000 560 101
CsI:Na 4.51 54/0.09/2.43 38,500 630 420 101
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Table 1.3. Cont.

Scintillator ρ Zeff/photo Y τsc λmax Reference
(g cm−3) absorp. coeff., ph MeV1 (ns) (nm)

511 keV, cm−1/
X0, cm

LaI3:Ce 5.6 54.2/0.12/1.52 200–300 1–2 452, 140
502

LuI3:Ce 5.6 60.4/0.17/1.35 50,000 31(69%) 475, 141
400(15%) 520
3,000(16%)
+ slow

K2LaI5:Ce 4.4 52.5/0.084/1.91 57,000 24 401 145
CaI2:Eu 50.6/0.065/2.29 86,000 790 470 105
LiI:Eu 4.08 40.8/0.073/2.73 12,900 1,400 470 101

Sulfides

Cross-luminescent materials have not be found
Self -activated materials have not be found
Activated materials
CdS:Te 4.8 48/0.051/2.15 17,000 270+slow 640

580
108

Gd2O2S:Pr,Ce,F 7.34 61.1/0.214/1.13 40,000 2,100 580 109
Lu2S3:Ce 6.2 66.7/0.241/1.25 28,000 32 592 110
PbSO4 6.1- 70.4/0.34/1.3 5,500 1.8, 340, 142

6.4 19 380 143
95

Oxides
Cross-luminescent materials have not be found
Self -activated materials
BeO 2.86 8.1/0.0003/7.3 6,500 18 250 123, 125
Y2O3 5.04 36/0.019/3.02 15,480 28 370 125
Y3Al5O12 4.55 30.1/0.014/3.6 11,610 100 260 125
YAlO3 5.35 32/0.02/4.1 9,000 2, 60,2000 308 55, 127
LuAlO3 8.34 64.9/0.29/1.1 13,000 2, 70, 2500 310
(Y0.3-
Lu0.7)AlO3

7.1 60/0.21/1.3 13,000 2, 70, 3000 310

Sc2SiO5 3.2 16.8/0.0007/10.98 10,600 15 320 124
NaZrSiO5 4.3 30/0.013/3.72 5,600 110, 580 290, 520 124
Lu3(Al-
Sc)5O12

6.7 62.9/0.2/1.41 22,500 610 270 112

CaMoO4: La,
Nb

35.2/0.02/1.97 7,500 18,000 530 This
book

CdWO4 7.9 64.2/0.262/1.21 19 700 2,000 495 111
ZnWO4 7.87 62.5/0.266/1.19 21,500 22,000 480 121
CaWO4 6.1 63.8/0.221/1.50 6,000 6,00 430 122
PbWO4 8.28 75.6/0.485/0.89 100 6 420 129
Bi3Si4O12 7.12 74.4/1.15 1,200 100 480 124
Bi3Ge4O12 7.13 75.2/0.336/1.12 8,200 300 505 111

Activated materials
LiLuSiO4: Ce 5.61 63.4/0.178/1.68 23,000 41+slow 405 99
Rb3Lu(PO4)2:Ce 4.7 49.6/0.077/2.4 30,000 34+slow 420 110

K3Lu(PO4)2:Ce 4 51/0.072/3.13 50,000 37+slow 410 110
Gd3Sc2Al3O12:Ce5.56 55.5/0.11/1.93 1,100 108 550 99
Y3Al5O12:Ce 4.55 32.6/0.017/3.28 11,000 70 550 122

(continue)
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Table 1.3. Cont.

Scintillator ρ Zeff/photo Y τsc λmax Reference
(g cm−3) absorp. coeff., phMeV1 (ns) (nm)

511 keV, cm−1/
X0, cm

Y3Al5O12:Pr 4.55 32.6/0.017/3.28 9,250 23.4 310, 380 119
Lu3Al5O12:Ce 6.7 62.9/0.205/1.41 14,000 100 520 131
Lu3(Al-
Sc)3O12:Pr

6.7 10,000 610 320, 370 112

YAlO3:Ce 5.35 32/0.019/2.2 16,200 30 347 114
YAlO3:Pr 5.35 32//0.019/2.2 7,050 13.3 260, 295 113
(Y0.3-Lu0.7)
AlO3:Ce

7.1 60/0.21/1.3 13,000 18/80/450 375 118

GdAlO3:Ce 7.15 56.2/0.17/1.34 9,000 4/180 335, 358 116,
117

LuAlO3:Ce 8.34 64.9/0.29/1.1 11,400 16/80/520 375 115
Y2SiO5:Ce 4.45 35/0.014/3.23 9,200 42 420 126
Y2SiO5:Pr 4.45 35/0.014/3.23 4,580 6.5, 33 270, 305 119
Lu2Si2O7:Pr 6.23 64.4/0.21/1.39 6,000 15 260, 144

300
Gd2SiO5:Ce 6.71 59.4/0.175/1.36 12,500 60, 600 430 107, 120
Lu2SiO5:Ce 7.4 66/0.28/1.1 27,000 40 420 126
Lu2Si2O7:Ce 6.23 64.4/0.21/1.39 30,000 30 380 132
La2Be2O5:Ce 51.5/0.14/1.62 4,300 65 470 124
LuBO3:Ce 7.4 64.5/0.28/1.32 26,000 39 410 110
Li6Gd(BO3)3:Ce 3.5 47.9/0.051/4.13 17,000 390 110

Remark. The properties of the scintillating materials listed in the table are at room
temperature.

However, its relatively small radiation length Xo ia a major drawback for
very large detectors which need to be as compact as possible (see the next
chapter). Among the rare-earth ion-doped crystals, CaF2:Eu and to some ex-
tent LuF3:Ce have a high-light yield, comparable to oxyde crystals. But only
LuF3:Ce has a fast component of the scintillation. Till now, no more effective
scintillation cross-luminescent materials have been found among fluorides. A
limiting property of fluorides, with the exception of LuF3 and BaLu2F8, is
their rather low density which restricts their application to low-energy par-
ticles and γ-quanta detection.

Chlorides and bromides are characterized by a smaller value of the
band-gap Eg and no cross-luminescence at the exception of CsCaCl3 [136].
On the other hand, several high-light yield scintillators have been found
in these classes of materials such as RbGd2Cl7:Ce, LaCl3:Ce, LuBr3:Ce,
RbGd2Br7:Ce [137]. Similar to fluorides, chlorides and bromides have a rela-
tively low density.

Iodides of alkali elements are till now the most frequently used scintil-
lation materials. They are rather light, but are among the brightest known
scintillators when doped with Thallium for iodides or in the case of isovalent
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substitution of Cs by Na. Their decay time is in the range of hundreds of
nanoseconds. Undoped CsI has about the same radiation length as BaF2 and
its scintillation is rather fast. It is therefore a good candidate for high-flux
particle physics when a very high density is not mandatory. LiI compound is
also a promising scintillation material to detect neutrons.

Sulfides, besides their historical role with ZnS being the first scintillator
used for the discovery of α particles, are again at the center of brisk discus-
sions, because of the nice properties of fast and bright red scintillation of
Lu2S3 doped with Ce3+ ions.

Scintillators based on oxide compounds have several advantages. First
of all, in an oxygen environment, they are much more stable than halides
and particularly fluoride crystals. Thus the majority of oxide single crystals
which are potentially applicable as scintillators are rugged, not hygroscopic
and chemically inert. Oxygen compounds can have a very high density of
7–10 g cm−3 and open new perspectives for detection systems for high-energy
γ-quanta.
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2 How User’s Requirements Influence
the Development of a Scintillator

Abstract. In this chapter we discuss practical scintillation parameters which are
relevant from a user’s point of view for the pragmatic choice of an existing or the
development of a new scintillator. They are density, operation speed, light yield,
identification of particles, production capability, stability under ionizing radiation,
durability of operational parameters. We describe five main domains of applica-
tions, each of them with its own list of requirements. Firstly, we consider high-
energy physics (HEP) and particle detectors because last two decades have seen a
new generation of HEP experiments emerging as a driving force for the develop-
ment of new scintillators. Further, the spectrometry of low energy γ-quanta and
nonlinearity of the scintillator response are described. The different medical imag-
ing modalities and applications of scintillation materials in medical diagnostics are
then considered. Finally, areas of scintillator applications in security systems as well
as in space research and γ-ray astrophysics are discussed.

For a long time the choice of a scintillator has been limited to only a few
which were used in a large range of applications. NaI(Tl) is the best example
of a material, which, because of its exceptionally high light yield, has been
considered as an acceptable compromise for the majority of applications in
spite of its low density. However, through important progress in the under-
standing of fundamental mechanisms underlying scintillation properties as
well as in the production technology, the large amount of materials available
now and the possibility to tune some important properties give a larger flexi-
bility and allow tailoring, to some extent, the performance of a scintillator to
the specific requirements of different end users. Inorganic scintillation crys-
tals are among the most popular ionizing radiation detectors. We consider
here the most important inorganic scintillator parameters, which are relevant
from a user’s point of view for the choice of an existing or the development
of a new scintillator.

1. High density. Scintillation inorganic materials, especially synthetic crys-
talline compounds, can reach a density ρ > 8 g cm−3 and even more for
lead tungstate crystal (8.28 g cm−3 and for lutetium aluminum perovskite
(8.34 g cm−3). Moreover, high density reduces the material size of showers
for high-energy γ-quanta and electrons as well as the range of Compton scat-
tered photons for lower energy γ-rays. This allows a high segmentation of
the detector and leads to a better spatial resolution. Finally high-density
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materials have generally heavy ions in the lattice, which significantly in-
creases the photo-fraction (∼Z4). This point is particularly important for
some applications such as positron emission tomography [1]. This is also im-
portant to have a high stopping power for the electromagnetic component of
the ionizing radiation in order to have a compact detector [2].

2. High operating speed. Crystalline scintillation materials cover a wide
spectrum of scintillation decay times from a hundreds of picosecond as, for
example BaF2, up to millisecond or more such as Yb3+ and Tb3+ doped
materials. The fastest ones can be used for high counting rates of γ-quanta
and in systems where good time resolution is required. The precision of time
measurement with a scintillation detector is proportional to

√
τsc. Short scin-

tillation decay time is therefore especially important for the measurement of
short time intervals and for the operation in fast coincidence circuits.

The combination of high density and fast response of the scintillation
detector gives a unique opportunity to detect rare events in particle physics
particularly at high luminosity accelerators.

The very severe requirements imposed by high-energy physics detectors
have been since a long time a driving force in the development of new heavy
and fast scintillators.

3. Light yield. Inorganic crystalline scintillators can have a very high light
yield Y as compared to other scintillation materials. Moreover, the room tem-
perature specific light yield Sττ = Y/τsc (number of photons emitted in unit
time) of some of them is even greater than the one of liquid xenon. As pre-
cision of timing measurements with scintillation detector is proportional to
1/
√

Sτ and the energy resolution measured in the given time interval is pro-
portional to

√
Y , a high light yield scintillator allows to achieve the best com-

bination of energy and time resolution in a wide γ-quanta energy range. The
search for scintillation material with a combination of high stopping power,
fast time response, and good photo-absorption peak resolution was strongly
motivated by the development of new express methods in well-logging.

4. Particles identification. A good feature of inorganic scintillators is that
the scintillation detector response is proportional to the particle energy de-
posited in the material in a large energy range. However, the slope is different
for charged particles, ions, and γ-quanta [3]. Therefore inorganic crystalline
scintillators might be applied to identify particles and γ-quanta in fluxes of
mixed interaction products.

5. Volume. The worldwide capacity of modern crystalline scintillator grow-
ing facilities allows production volume of up to several cubic meters in a
relatively short time. It makes possible to build huge detectors and to study
rare events resulting from interaction of the accelerated particles or from
space origin. In comparison with Cherenkov and liquefied gas detectors, inor-
ganic scintillators have incomparably greater values of specific light yield per
unit volume of the material, which makes them rather attractive for space
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experiments applications. On the other side, the same property allows, for
example, to build very compact detectors for medical devices like intravenous
and peroperative probes.

6. Parameters stability under ionizing radiation. Scintillation inor-
ganic crystalline materials have in general a good stability of their para-
meters even in the presence of intense ionizing radiation environment. This
property is crucially important for the measuring systems used in a space,
well-logging, and high-energy physics experiments at high-luminosity acceler-
ators. The high stability of the scintillation properties of inorganic materials
under ionizing radiation is related to a high level of production technology,
which guarantees the production of single crystals with a very low level of
uncontrollable structural defects.

7. Durability of operational parameters. Similar to other crystalline ma-
terials having a high structural quality, scintillation crystals maintain their
physical–chemical parameters for a long time. Although not addressed fre-
quently, this point is of key importance for experiments having a long life-
time. This is caused by a high degree of internal symmetry in the material,
which results in their high energetic stability. For this reason, several planned
experiments in high-energy physics which have a duration from the design
phase up to the data analysis of 10–15 years are using crystalline inorganic
scintillators for their electromagnetic calorimeter.

However, it is generally impossible, in practice, to find a scintillator, which
combines all these attractive properties. The choice of a material currently ex-
isting or to be developed will be therefore tailored to the user’s requirements
as a function of the priority given between the above-mentioned parameters.
A large fraction of the scintillator market is driven by X-rays and γ-rays
spectroscopy for a wide range of applications. The authors expect the reader
to be introduced to general spectroscopy methods and techniques, which are
anyway well described in many books. We consider here five main domains
of applications, each of them with its own list of requirements:

• high-energy physics and particle detectors;
• spectrometry of low-energy γ-quanta;
• application in medical imaging;
• safety systems; and
• space application.

High-Energy Physics is a driving force in the development of new scintilla-
tion materials, because of the very challenging requirements of modern ex-
periments as well as the large volumes of scintillators needed. As a recent ex-
ample, the design and construction of new experiments to be installed at the
Large Hadron Collider (LHC) at CERN have required a new detector compo-
nent able to maintain a high stability of optical parameters under long-term
exposure to ionizing radiation. In fact, at the beginning of the 1990s, the LHC
programme initiated a variety of research and development projects to make
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possible the design and construction of detectors with unprecedented perfor-
mance. The lead tungstate PbWO4 scintillator is the result of one of these
successful projects. It is a good example of scintillator material engineering
by a multidisciplinary community of material and technology scientists and
high-energy physicists. Within 5 years, the crystal production technology has
evolved from the production of a few samples to the mass production of more
than 1 thousand of crystals with specified parameters per month. Currently,
PWO crystal is used to build the Electromagnetic CALorimeter (ECAL) and
the Photon Detector of the CMS and ALICE experiments at CERN, respec-
tively. Recently, PWO scintillator has been selected as the basic material to
build the ECAL of the proposed BTeV experiment at the Fermi National
Accelerator Laboratory. It is also the most attractive candidate to build or
upgrade several small setups for the intermediate energy region, where fast
response and good energy resolution are required.

2.1 User’s Requirements for High Energy Physics

2.1.1 Introduction

The discovery of α particles by Rutherford in 1899 was made possible be-
cause of the invention by Crookes a few years before of a device, called
spinthariscope which made use of the scintillating properties of Lead Sul-
fide. Indeed, scintillators were already involved in what can be considered as
the first High Energy Physics experiment, and that was the beginning of a
long common story.

When Hofstadter [4] introduced in 1948 thallium-doped sodium iodide,
NaI(Tl), he probably did not realize that it was going to be the most popular
scintillator for the next 35 years. The best example of the high discovery
potential of scintillators in High Energy Physics was first given by the NaI(Tl)
Crystal Ball experiment at SLAC [5], which allowed to reconstruct the precise
spectroscopy of charmonium particles (Fig. 2.1).

But in the last two decades, a new generation of HEP experiments has be-
come a driving force for the development of new scintillators. This has started
with bismuth germanate (BGO) for L3 [2] and cesium iodide (CsI either thal-
lium doped or pure) for CleoII [6], Crystal Barrel [7], KTeV [8], Belle [9], and
BaBar [10], which were already known but in small sizes and small quan-
tities only. It became even more evident with barium fluoride (BaF2) for
TAPS [11] and GEM [12], cerium fluoride (CeF3) as a candidate for CMS [13]
and L3P [14], and finally lead tungstate (PbWO4) for CMS [13] and Alice [15]
at the CERN large hadron collider (LHC), which were essentially developed
for HEP experiments. This chapter will describe how the difficult physics con-
straints and harsh experimental conditions impose very tight specifications
to modern detectors. The size of the experiments and the high quantitative
demand allowed organizing the R&D effort on a large scale. This has been
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Fig. 2.1. Charmonium Spectroscopy with the Crystal Ball at SLAC [5]

particularly illustrated by the work of the Crystal Clear Collaboration [16],
which was able to create a multidisciplinary effort to make the best use of
cross-fertilization between different fields of expertise and industry to develop
suitable scintillators at an industrial scale.

A better understanding of some basic mechanisms of energy relaxation,
scintillation process, radiation damage is progressively being built through
this common effort. The immediate consequence is to allow a much faster
and much more efficient development of scintillators for other detectors in
High Energy Physics, but also for other applications and particularly for
industrial and medical imaging devices.

2.1.2 Physics Requirements for High Energy Physics Experiments

One of the main motivations for the construction of the CERN new proton–
proton collider LHC is the study of the symmetry breaking mechanism, which
is supposed to be responsible for the generation of the masses of the particles
in the electroweak theory. One or several scalar bosons (the Higgs bosons)
are involved in this mechanism and can be detected through their leptonic
and γγ-decay modes. The main argument, generally used to stress the high
level of performance required for the detectors, is the detection of 2γ resulting
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from the decay of the Standard Model Higgs boson, for which the measured
width is completely dominated by the instrumental resolution below Higgs
masses of ≈200 GeV c−2. As this signal is associated with a very high back-
ground, generated by a combination of π◦ also decaying in 2γ, and the direct
production of photons via the quark–quark, gluon–gluon, and higher order di-
agrams, the signal-to-noise ratio is dominated by the photon detector energy
resolution.

Usually electron and photon energies are measured in detectors called
calorimeters, where they are stopped, producing a shower of secondary par-
ticles. In sampling calorimeters, the photon energy is converted into high-
density absorber plates, and a small fraction of the energy is measured in
a sensitive medium interleaved with the absorption medium. In a homoge-
neous detector, on the other hand, the electron or photon showers are fully
contained in the sensitive medium. The energy is then revealed by scintil-
lation or Cherenkov light, both collected in highly transparent media or by
ionization in conductive liquids, where charges are collected.

The mass resolution of a particle, which is detected through the two-
photon decay channel, depends on the energy resolution and angular diver-
gence θ [radian] of two quanta with energies Eγ1, Eγ2 [GeV] as

δM

M
=

1
2

[
δEγ1

Eγ1

⊕ δEγ2

Eγ2

⊕ δθ

tan (θ/2)

]
(2.1)

Homogeneous detectors are well known to give an excellent energy reso-
lution, which is usually parameterized in the following way:

δEγ/Eγ = a/
√

E ⊕ b ⊕ c/E (2.2)

where a is the statistical term (sampling or fluctuations of all sorts), b is the
constant term, and c is the energy noise equivalent term.

High-precision calorimetry at the future proton–proton machines requires
an energy resolution of the order of 0.5% for 100 GeV photons.

A homogeneous calorimeter is not limited by sampling fluctuations and
an energy-dependent term of the resolution a as small as 2% has been cur-
rently achieved on several large size calorimeters. It is much more difficult
to achieve a constant term b of ≈ 0.5%. On large systems such as the L3
BGO calorimeter at CERN, one recognizes usually three contributions to the
constant term:

b2 = b2
L ⊕ b2

F ⊕ b2
C

The bLterm represents the fluctuations due to the energy leakage. The front
leakage due to backscattered particles has a negligible contribution above a
few GeV. Having sufficient material for full longitudinal energy containment
can easily control the rear leakage. For the photon energies up to 100 GeV, at
least 25 radiation lengths are necessary to maintain the leakage term within
reasonable limits (one radiation length is the mean distance over which a
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high-energy electron loses all but 1/e of its energy). The side leakage is more
difficult to control. It is determined by the number of cells one has to sum
up to reconstruct the energy with sufficient precision. On the other hand,
this number is limited by the electronic noise and chiefly by the multiple
event pileup at LHC if the shower spreads too much laterally. Low-noise
electronics and high-density material will, of course, limit this contribution.
A particular attention must be paid to all gaps, walls, and dead material in
front, which may have an important contribution to the leakage term. All
leakage contributions can be well reproduced by Monte-Carlo and a bL term
of ≈0.3% can be achieved with a crystal calorimeter.

The bF term is associated to nonuniformity. They can result from non-
homogenous active material, such as variation of doping concentration in
nonintrinsic scintillators. Temperature gradient can be the dominant factor
of nonuniformity when there is a strong dependence of the light yield with the
temperature (lead tungstate, for instance, has a large temperature coefficient
of −1.9%/◦C). Crystals such as cerium fluoride (CeF3), with a temperature
coefficient as small as 0.1%/◦C near room temperature, will be insensitive to
this effect. Other sources of nonuniformity are associated to the light collec-
tion. Pointing geometry implies cells of pyramidal shape. The light-focusing
effect in these cells, particularly if the refraction index of the medium is high,
induces a strong nonuniformity; CeF3, with an index of 1.6, is here again
much better than BGO (n = 2.15) or PWO (n = 2.3). Finally, much atten-
tion should be paid to avoid large absorption of the light in the medium.
This is perhaps the most important problem for crystals with an emission
spectrum in the UV like BaF2 and other cross-luminescent crystals, as well
as for low-density materials because of the long path length of the photons
to reach the photo-detector. For dense crystals with an emission spectrum in
the visible, a bF term as small as 0.25% can be obtained.

The last contribution bC corresponds to the intercalibration errors. Fre-
quent calibrations with an efficient monitoring system are necessary to main-
tain this contribution below 0.3%. The L3 BGO has proven that a well-
designed fiber-monitoring system can maintain the intercalibration within
0.3% for long periods of time and more than 10,000 crystals. The high lu-
minosity pp machines will also provide excellent means for a continuous cal-
ibration of the detector. At LHC, a rate of 10 Hz is expected for electron
pairs from Z ◦ decays in the central region, which should allow a weekly
calibration with about 100 electrons per channel. If there is a good inner
tracker, individual e+ or e− can be used (E/p matching) at a rate, which
could be as high as 100 per channel and per day. Finally, one should be able
to take advantage of the copious number of minimum ionizing particles for
an almost continuous intercalibration control of all the channels. The CMS
PWO calorimeter is aiming at a precision of 0.2% for the determination of
intercalibration constants.
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Fig. 2.2. Energy resolution of several HEP calorimeters (Courtesy of P. Denes,
LBL)

Taking all these contributions together, it seems that a constant term b =
0.5%, although difficult, is not out of reach for a well-designed homogeneous
calorimeter. Figure 2.2 shows the energy resolution in the required energy
range for several already-existing or proposed detectors.

2.1.3 Scintillator Requirements
for High-Energy Physics Experiments

The criteria for the choice of the scintillator are based on the density, the
scintillation properties, and the radiation hardness. The cost is also an im-
portant issue taking into consideration the very large volumes of several cubic
meters considered for such detectors.

2.1.3.1 Density

The compactness of the calorimeter is essential to reduce the detector volume
and cost. This is achieved by using high stopping power materials resulting
in a small radiation length X0. A high-density material (ρ > 5 g cm−3) is
therefore needed, but not necessarily with very high Z components as it is
often quoted. The density should be preferably based on a high compactness
of the crystal lattice (a large number of atoms per unit volume), keeping the
atomic number of the components not too large to reduce the lateral shower
size (Moliere radius: RM ≈ X0 (Z + 1.2)/37.74). A small Moliere radius will



2.1 User’s Requirements for High Energy Physics 43

limit the contamination of the energy measurement by other particles from
the same or other events (pileup) and help for the position reconstruction as
well as for the π0 rejection, which will be the dominant background at LHC.
Finally, a compact material will reduce the lateral spread of the shower in a
high-magnetic field.

2.1.3.2 Scintillation Properties

The pileup will impose severe constraints to the readout, particularly at LHC.
It is, therefore, essential to collect as much signal as possible within one
bunch crossing (25 ns), to keep a good signal-to-noise ratio in the electron-
ics chain, and to reduce the fluctuations due to the timing jitter. Decay
times of the order of the bunch crossing time or even less are necessary.
Only optically allowed (interconfiguration) transitions (such as the transition
5d → 4f for Ce3+), cross-luminescence, which is intrinsically fast and tem-
perature independent, and strongly quenched intrinsic luminescence can give
rise to fast scintillations.

As the electromagnetic calorimeter is usually installed in a magnetic
field, read out by photodiodes or avalanche photodiodes is desired. These
photodetectors have a gain which is either 1 for PIN diodes or of a few hun-
dreds in the case of avalanche photodiodes, which is significantly lower than
photomultipliers. This implies a sufficient light yield (a few 100 pe− MeV−1

of deposited energy), and an emission wavelength above 250 to 300 nm, where
the quantum efficiency of the photodiodes becomes high. A light emission in
the visible spectrum will also ease the problems of light collection in long
crystals.

The energy resolution of the calorimeter will strongly depend on all possi-
ble sources of nonuniformity. The light collection in a pointing geometry will
introduce nonuniformity due to the focusing effect, which depends on the
refractive index of the crystal. Fluoride crystals and glasses, with refractive
index around 1.5, will limit this effect to a much smaller value (and therefore
make it much easier to correct) than for the BGO (index 2.15) or PWO (index
2.3). The material can be intrinsically luminescent if it holds luminescent ions,
or doped with a scintillating impurity. Intrinsic scintillators are generally pre-
ferred, as it is easier to control the light yield uniformity in long crystals. On
the other hand, a controlled distribution of the doping could help correcting
for the nonuniformity caused by the light collection in a pointing geometry. In
addition, the scintillation yield should be as independent as possible from the
temperature. Large temperature coefficients increase the complexity of the
detector and of the software corrections, and temperature gradients between
the front and back face of the crystals introduce nonuniformity affecting the
constant term of the resolution.
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2.1.3.3 Radiation Hardness

It is now well established that the most significant damage in the majority of
inorganic scintillators results from the formation of color centers in the bulk
of the material, which absorb part of the scintillation light on its path to
the photo-detector [17]. More details are given in Chap. 5. A short radiation
length will, therefore, reduce the total attenuation for a given damage. In
addition, as most of the color centers absorb mostly in the UV (more precisely
they involve traps which are in the vicinity of the fundamental absorption
edge), large bandgap crystals emitting light in the visible are likely to be less
severely damaged. Some surface effect may also occur but it is generally very
small and saturates quickly with the dose.

The formation of color centers results from the trapping of electric charges
by crystal structural defects or impurities and is therefore directly correlated
with the quality of the raw material. A large effort should be made to purify
the raw materials to the best quality. However, in some cases, a specific
doping of the crystal has proved to be an efficient and economical way of
significantly increasing the radiation hardness [18].

2.1.4 Cost Considerations

The factors building up the price of crystals must be identified and carefully
analyzed. In some cases, the raw material of the desired purity can represent
a substantial fraction of the cost. For this reason, crystals based on the rare
lutetium have been discarded up to now for applications were tons of crystals
are needed, although some of them are very fast cross-luminescent materi-
als (BaLu2F8) or very efficient scintillators (LSO:Ce). Cerium is much more
favorable, as it is the most common of the rare-earth components. The pu-
rification of cerium against the other rare-earth components may be difficult
and expensive, but our first studies show that this is not a critical parameter.
The growing technique and the crucible material are dominant parameters
and crystals, which can be grown, for instance, by using the relatively cheap
Bridgeman method in graphite crucibles, have obvious advantages. The cost
of the energy plays also an important role, as a combination of the melting
temperature and the pulling rate. From this point of view, the high melting
point of GSO (>1900◦C) and the high cleavage susceptibility of this matrix
implying a low pulling rate (1 to 2 mm h−1) may put some limits to the
minimum obtainable price for such a crystal. On the other hand, the low
melting point of PbF2 (822◦C) and PbWO4 (1123◦C) and the abundance
of the raw material make them potentially low-cost materials. A high crys-
tal density, directly limiting the total volume for a calorimeter, but also the
crystal dimensions and consequently the furnace and crucible sizes will be
a major parameter of the total cost for a crystal-based detector. Finally,
the very good mechanical properties of PbWO4 for instance, allow a high
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Table 2.1. Scintillators used in HEP calorimeters (Courtesy of P. Denes)

production yield of the mechanical processing, which will also reduce the
final cost.

2.1.5 Crystal Calorimeters in the World

The continuous increase of the energy obtained in particle accelerators puts
more and more emphasis on calorimetry as a tool to analyze the products
of the collisions. As at the same time the proportion of interesting events
is becoming smaller and smaller, the demand for high precision homoge-
neous calorimeters is continuously increasing. This is why, the last 20 years
have seen a dramatic boost in the development of scintillators and associated
readout techniques, directly related to a dozen of projects of impressive di-
mensions. The properties of the crystals used in these calorimeters are listed
in Table 2.1, where some qualitative figures of merit are also indicated.

2.2 Spectrometry of Low-Energy γ-Quanta

2.2.1 Nonlinearity of Scintillator Response

The majority of scintillation materials combining at least two from a list of
properties which make an “ideal scintillator,” including high light yield, high
density, fast response, and low price, can be used to detect low-energy ion-
izing radiation. This wide branch of detector applications includes devices
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for research and medical diagnostics, geological and geophysical investiga-
tion, ecological monitoring, as well as devices of monitoring for technological
processes and safety monitoring.

The linearity of the scintillation detector response with energy and a high
resolution are crucial features for precision spectrometry. The proportionality
between scintillator light yield and energy of ionizing radiation is based on
the fundamental principle of electronic excitation multiplication in the scin-
tillation crystal [19]. The first studies of scintillator properties [20, 21] have
shown that their response is dependent on the type of ionizing radiation. Only
for electrons they have shown a good linearity with energy up to 10 MeV.
The linearity of the response of different scintillators to γ-quanta and elec-
trons has been confirmed in many measurements performed in the region up
to 100 GeV [3]. However, more detailed studies have shown a variation of
the proportionality between light yield and energy for soft γ-quanta in the
energy range below 1 MeV and especially near the K, L edges absorption of
the heavy ions of the scintillator host matrix [22,23].

The classical approximation of scintillator efficiency given in Chap. 2 does
not imply an evident dependence of the scintillation yield on the absorbed
electron or photon energy. However, this phenomenon is well known since
the discovery of scintillation materials. The most commonly used scintillator
NaI(Tl) was described in 1948 [4], 1 year later [24] it was observed that the
light output of this material is not proportional to the energy released in the
crystal for photon energies less than 1 MeV. This phenomenon is still under
extensive investigation in many scintillators [22, 24–31].

The dependence of the scintillation efficiency on the electron energy is
measured using the Compton coincidence technique [29] (the scintillator is
excited by a monochromatic γ-source). A detailed description of the electron
energy resolution measurement using the Compton coincidence technique is
given in reference [30].

This nonlinearity has been observed in many halide and oxide scintilla-
tors [28]. Typical figure of signal response as a function of electron energy
is shown in Fig. 2.3. The trends in alkali halides and oxides are opposite.
In spite of the obvious influence of different matrix host elements on the
low-energy response of both classes of scintillators, the opposite trends are
still not clarified yet.

It was found that the nonlinearity curve is practically the same in similar
compounds: silicates—YSO:Ce and LSO:Ce; garnets—YAG:Ce and LuAG:Ce
[31]. Authors of reference [29] showed that for CsI(Tl) and CsI(Na) crystals
the results are the same. On the other hand, the energy dependence of the
response curve does not depend on the activator if its concentration is rela-
tively small. It is obvious from these results that the crystal structure is the
most important factor determining the response nonlinearity.

The nonlinearity of the light yield with the energy of the detected γ-
quanta or electrons has a strong impact on the energy resolution. This
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Fig. 2.3. Electron energy response (relative light output normalized to the value
at 662 keV as a function of electron energy) for various scintillators [28]

intrinsic light yield nonproportionality (sometimes referred to as nonlinear-
ity) is particularly effective at low energies. The best energy resolution in
a scintillator can be achieved only when there is a combination of high ab-
solute light yield, good matching of the scintillator emission spectrum with
the photo-receiver sensitivity, and good proportionality to the energy of γ-
quanta or electrons deposited in a crystal. The nonproportionality manifests
itself as discontinuities of the light yield around the K- or L-edge of heavy
atoms in most inorganic scintillators [30].

It is presently impossible to predict the response linearity of a given mater-
ial, although it is certainly related to some nonradiative relaxation or quench-
ing effects in the case of high ionization density. So far only YAlO3: Ce(YAP),
and to some extent ZnSe:Te [32], have a good energy resolution down to a
few KeV.
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There have been several studies to simulate the electron energy distrib-
ution produced in a scintillator by the interactions from incident photons.
On the basis of Monte Carlo simulation results, electron energies were deter-
mined by considering Compton scattering, photoelectric absorption, and pair
production interactions separately [29]. These simulations have shown good
agreement with experiment at least for several materials such as NaI(Tl),
CaF2(Eu), and LSO. The comparison of these simulations with experimen-
tal data for electrons and photons interacting with LSO:Ce is shown in
Fig. 2.4. The good match of the simulation and experimental data allows
considering optimistically the theoretical prediction of nonproportionality in
new materials.

Fig. 2.4. (a) LSO:Ce electron response with low- and high-energy extrapolations.
(b) Calculated photon response along with measured data for same crystal that
was used to measure electron response in [30]
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This effect has no practical implication for high-energy physics detectors
but it is, on the other hand, of prime importance for high precision spec-
trometry in the medium energy range. The LSO:Ce crystal, which is a very
successful material for medical imaging applications, has its advantage of
a high light yield severely balanced by a poor linearity for energies below
1 MeV.

2.2.2 Spectrometric Properties of YAP:Ce Crystals

The YAP:Ce crystal is exceptionally linear in the low-energy range. This
scintillation material has been discovered in the 1970s, however, large scale
applications started a few years later with the development of the production
technology of crystals with high light yield [33–42]. The comparison of scin-
tillation and some physicochemical performances of YAlO3:Ce and NaI(Tl)
is shown in Table 2.2. The dependence of the linear attenuation factor L with
energy and amplitude spectra of some soft γ-quanta is shown in Figs. 2.5 and
2.6. The unique detecting properties of YAP:Ce scintillator makes possible
its wide use in Mössbauer spectroscopy which is one of the most powerful
structural–analytical research techniques of condensed matter.

Table 2.2. The basic performances of crystal YAP:Ce in comparison with NaI(Tl)

Material ρ(g cm−3) Zeff. Y (%) Refraction λem τsc Y temp. Hardness
Index (n) (nm) (ns) coeff at (Moos)

(% per ◦C)

NaI(Tl) 3.67 50 100 1.85 410 230 0.2–0.95 2

YAlO3:Ce 5.55 36 40 1.94 347 28± 2 0.39 8.5

The efficiency of the transmittance Mössbauer spectroscopy is propor-
tional to the count rate of the detector [43]. The fast scintillation time of
YAP:Ce gives therefore a significant advantage on NaI(Tl) or even on cooled
semi–conductors in spite of a worse energy resolution. YAP:Ce-based detector
crystal of 0.35-mm thickness has allowed to increase by one order of mag-
nitude the efficiency of measurements with a 57Co (Rh) source of 2 GBq
activity.

A distinctive feature of YAlO3:Ce scintillator is the weak dependence
of the light yield with temperature (Fig. 2.6). It makes possible its use in
extreme temperature conditions, for example, in systems of continuous check
of steel band, well-logging, space, etc.

Besides spectrometry in the 1–100 keV range, YAP:Ce crystals have very
good energy resolution near half of a MeV. An energy resolution of 4.38%
FWHM has been measured at 661.6 keV (137Cs), [44], better than the 6.6–
6.8% energy resolution gained with reference scintillation NaI(Tl) crystal.
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Fig. 2.5. Dependence of the linear attenuation factor L on energy of γ-quanta in
YAlO3:Ce single crystal

This apparent paradox for a crystal having a light yield of only 40% of NaI(Tl)
is a direct consequence of a much better low-energy linearity of YAP:Ce than
NaI(Tl). A similar situation is illustrated by the LuAP:Ce crystal, which has
at least the same energy resolution as LSO:Ce in spite of a light yield a factor
2 to 3 smaller.

Another important application of YAlO3:Ce crystals is the detection of
α-particles. The mean free path of α-particles in YAP is 8–28 µm in the
energy range 4–8 MeV. The light yield ratio γ/α is 3.8. The minimization of
the γ-quanta contribution to the noise is achieved by the use of thin crystals.
YAP:Ce crystals with a thickness of less than 100 µm are easily produced now.
Figure 2.6 shows the 226Ra source amplitude spectrum measured with a ∅ 25×
0.1 mm YAP:Ce crystal collimated by a 1.5-mm diameter hole in a 2-mm
thick aluminum foil. This is a good setup for low background spectrometry
of α-particle emitting isotopes.

The spectrometric performance of other scintillators is also widely de-
scribed in the literature [45]. Alcali halide scintillators are still the most used
for routine measurements in the range up to 10 MeV, mostly because of their
well-developed production technology and low cost. However, this situation is
changed in favor of oxide materials when the combination, of at least a high
light yield, fast response and high stopping power is required. We can easily
predict that scintillators based on complex structure oxides will dominate in
the next 5–10 years.
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Fig. 2.6. 241Am isotope amplitude spectrum (a), NaI(Tl) ∅ 25 × 1 mm (dots);
YAlO3:Ce ∅ 25 × 0.35 mm (continuous line), (b) an spectrum of 55Fe measured
with the same YAP:Ce, T = 300 K

2.3 User’s Requirements for Medical Imaging

2.3.1 Introduction and Historical Background

At the same time Rutherford was studying α particles on a zinc sulfide scin-
tillating screen, and Wilhelm C. Roentgen, also using a similar device, was
able to record the first X-ray picture of his wife’s hand. That was probably
the first example of technology transfer between particle physics and medical
imaging, and the beginning of a long common history.

The interest for thallium-doped sodium iodide, NaI(Tl), introduced in
1948 by Hofstadter [4] was suddenly boosted by the invention in 1958 of the
Anger camera concept [46], where a large NaI(Tl) slab is read out by several
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Fig. 2.7. YAlO3:Ce scintillator light yield dependence versus temperature
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Fig. 2.8. Energy distribution of α-particles emitted by 226Ra source

photomultipliers (PMT), allowing a relatively precise determination of the
γ conversion point. This invention offered unprecedented perspectives in the
field of nuclear medicine imaging and noninvasive clinical investigations. Sev-
eral imaging devices have been built with a large number of NaI(Tl) crystals
arranged on a sphere (hair drier) or on a circle (hair shrinker) around the
head of a patient. But in spite of its very high light output, sodium iodide
suffers from a relatively low density (3.67 g cm−3), which limits the spatial
resolution and the image quality.

This is why, the discovery of attractive scintillation properties in Bis-
muth Germanate (BGO) by Weber & Monchamp in 1973 was immediately
recognized for its potential for γ cameras, because of its very high density
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(7.12 g cm−3). But systematic use of BGO in medical imaging could be made
possible only through the large effort of the L3 collaboration at the CERN
LEP collider, to develop with several companies low-cost mass production
technology for BGO, in particular with the help of the Shanghai Institute of
Ceramics in China. Today BGO still represents a very large fraction of the
γ-ray medical imaging market.

The need for high-density but much faster scintillators for the new gener-
ation of hadron colliders triggered a large R&D effort worldwide in which the
Crystal Clear collaboration at CERN [16] has played a major role since 1989.
New crystals have been developed, like lead tungstate (PWO), which will be
the basic element of the largest crystal calorimeter ever, built for the CMS
experiment at LHC, with nearly 100 tons of crystals. Moreover, systematic
study of the physics underlying the fundamental scintillation mechanisms has
led to a much better prediction capability in the search for new scintillating
materials. New ultra dense, very fast, and efficient scintillators are being stud-
ied and are now in the phase of the mass production technology development.
Several of them have a high potential for medical imaging devices.

2.3.2 The Different Medical Imaging Modalities

The field of medical imaging is in rapid evolution and is based on five
different modalities: X-rays radiology, emission tomography, ultrasonic to-
mography, magnetic resonance imaging (MRI), and electrophysiology with
electro- and magnetoencephalography (EEG and MEG). More recently, di-
rect optical techniques such as bioluminescence and infrared transmission are
also emerging as powerful imaging tools for non-too deep organs. Only X-rays
radiology and emission tomography are using scintillators and are described
here in more details. Total volume of scintillators for medical application
exceed few hundred tons [47].

2.3.2.1 X-Rays Radiology

This is the most popular technique, which comprises X-ray radiography, com-
puted tomography (CT), and tomo-densitometry (DXA). The general trend
is to progressively replace the film by digital devices, as already used for CT.
Besides direct conversion detectors such as amorphous Silicon or CdZnTe,
scintillation materials are widely developed for this application. For small
scintillation screen thickness (0.1 to 0.2 mm), which is well adapted to the
lowest x-ray energies (for instance, about 20 keV for x-ray mammography),
ceramics are well adapted. On the other hand, for dental x-ray diagnostics
(about 60 keV) and full-body x-ray computed tomography (about 150 keV)
the required stopping power would need much thicker screens. This would
induce too much light yield loss when classical ceramics screens are used.
A large R&D effort is under way by several companies to replace them by
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detector arrays made of CsI(Tl) needles or small crystals (for example, cal-
cium tungstate CaWO or YAP) directly coupled to photodiode arrays or
segmented photomultipliers.

2.3.2.2 Scintillators for CT Applications

Single Crystalline Materials

One of the most widespread scintillator applications in medical diagnostics
is CT imaging (X-ray computed tomography). The principle of CT is based
on the detection of X-ray attenuation profiles from different irradiation di-
rections. This technique allows a three-dimensional (3D) reconstruction of
attenuation density within the human body. These density profiles can then
be viewed from different directions and analyzed in a succession of slices
allowing a full 3D reconstruction of the anatomical image.

The X-ray detector is typically built up by using a scintillation mater-
ial coupled to a photosensitive array of Si-diodes. There are several specific
sensor properties requirements (such as high X-ray absorption, spectral cor-
respondence of scintillator emission and photo-receiver efficiency, hard radia-
tion stability, and low afterglow level [48]) that define the limits for the search
of new CT scintillation materials [48, 49].

Among them, the material stability under X-radiation, light output tem-
perature stability, and a minimum level of afterglow are certainly the most
critical in comparison with any other applications [48, 50]. Modern X-ray CT
system is producing about 1,000 projections (subject slices) per second. This
imposes severe constrains on both the decay time and afterglow. Afterglow
is known to produce ghost images through a “memory effect” which deterio-
rates the quality of the images. The main parameters of scintillators used for
CT systems are listed in Table 2.3.

Historically, the first material for this application was CsI(Tl) with a
high light output green emission matching well the maximum sensitivity of
Si photodiodes. However, the scanning speed increase resulted in high, rigid
demand to suppress the afterglow, and even the best CsI(Tl) samples could
not satisfy the requirements for the new scanner generation. The mechanism
of afterglow will be described in detail in Chap. 5. This is why, CsI(Tl)
has been progressively replaced by CdWO4 (CWO), which is now the basic
component of all modern CT devices.

For CWO detectors the conversion factor is about 0.01 electrons/eV [50].
A high detector conversion factor and good crystal uniformity are mandatory
for a high-contrast resolution over a wide range of X-ray attenuation. But
the main motivation to use a new material was the possibility to reduce the
afterglow at a level of 0.005% in 3 m after the irradiation. So far, this result
remains unsurpassed.

Another important parameter for such applications is the light yield sta-
bility under temperature changes or irradiation.
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Table 2.3. Scintillators characteristics for CT [51–53]

CsI–Tl BGO CWO (Y,Gd)2O3:
Eu

Gd2O2S:Pr,
Ce,F

Type Single
crystal

Single
crystal

Single
crystal

Ceramic Ceramic

Density (g/cm−3) 4.52 7.13 7.99 5.9 7.34
Thickness to
absorb 99%

6.1(2.2) 2.8(1.2) 2.6(1.1) 5.8(2.2) 2.9(1.1)

Emission band
Light output(%)

550
85

480
9

495(580),
38

610
34

520
51

Conversion factor, 45 450 100 — —
Decay time (µs) 1 0.3 2, 15 1000 ∼ 2.4
Afterglow, 0.5–5(6) 0.005(3) 0.005(3) 0.1(100) 0.01(3)
Temp. stability
(%/◦C) at 25◦C

0.02 −0.15 −0.30 < |0.04| −0.6

Rad. damage (%) +13.5(450) — −1.8(775) −1.0(450) —

Temperature Dependence of Detector Gain

The temperature dependence of the luminescence yield I(T ) under excitation
at 300◦K is explained in terms of the probability of nonradiative transitions
by Mott’s equation I(T ) ≈ (1+w0 exp(−ε/kT))−1 [51] with frequency factor
w0 = 4.25 × 106 and thermal activation energy ε = 0.49 eV. As was shown
in [50], this theoretical curve coincides well with the temperature dependence
of the CWO crystal and the CT detector response. This value is not the best
among CT scintillators, but satisfies current engineering demands.

Radiation Damage

In medical CT, the maintenance of the system imposes a continuous exposure
to radiation and the crystals accumulate a certain level of radiation damage.
This could result in variation of sensitivity and deterioration of the accuracy
of the system. The typical exposure rate of a CT scanner is about 1 rad.s−1.
However, because of a strong absorption in the scintillator entrance face, the
dose rate could exceed ∼50 rad.s−1 in this part of the crystal that may lead
both to detector gain drift and spectral sensitivity loss, and finally to the
crystal deterioration. The main part of the scintillation efficiency degrada-
tion is recoverable after 1 h of relaxation. It means that the CWO exploitation
has to take into account the balance between the accumulation and recovery
of radiation damage. There are several channels of radiation-induced scintil-
lation losses such as decrease of crystal transparency [53] and variations of
luminescence yield due to modifications of the emitting centers [49]. Radi-
ation damage effects are related to internal crystal defects, deviation from
stoichiometry, and traces of impurities. These phenomena and potential CT
scintillator improvements will be discussed in Chap. 5.
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Ceramics Materials

In spite of their wide use, CWO crystals are not the ideal choice for CT
application due to their brittleness and the toxicity of cadmium. This has
been an argument for the search of a new generation of CT scintillators. This
search was initiated by General Electric and Siemens in the mid of 1980s
when they introduced the first polycrystalline ceramic scintillators. The host
materials were Y2O3 and Gd2O3 and their mixtures [54], after doping by Pr
and Tb, demonstrated reasonable properties. Nevertheless, their transmission
was rather low, ceramics being more translucent than transparent. The Eu3+

activator efficiently traps electrons to form a transient Eu2+ state, allowing
holes to form Pr4+ and Tb4+ and, therefore, competes with the intrinsic
traps responsible for afterglow. This energy trapped on the Pr and Tb sites
decays nonradiatively in presence of the Eu ions reducing therefore the level
of afterglow [54].

Three mol% of Eu2O3 doping to (Y,Gd)2O3 allows to reach 65% of CsI(Tl)
efficiency with emission at 610 nm. The relatively long decay time (∼1 ms)
can be accepted because of the low afterglow level.

Gd2O2S:Pr,Ce,F ceramics has a shorter decay time, a higher light output,
a low afterglow, but the emission peak is at 511 nm, which is less convenient
for Si photodiodes.

These two types of ceramics known as UFC and Hilight are widely used
in off-the-shelf CT scanners. However, the search for more efficient ceramics
continues. Gd3Ga5O12:Ce,Cr [48] is considered to be a good candidate. Dur-
ing the last years Lu2O3:Eu, Tb were investigated also. But, at this stage, the
afterglow level is relatively high and will be a major limitation if no solution
is found to suppress it.

SrHfO3:Ce3+ and BaHfO3:Ce3+ ceramics are other candidates for both
CT and probably PET devices [48]. Both of them are high-density mate-
rials and have a short decay time and reasonable light yield (up to 20,000
photon/MeV). Moreover, their afterglow level is small.

These examples show that new materials investigation and research re-
main highly actual and that the potentialities resulting, for example, and
from the impressive progress in nanotechnologies to produce new transpar-
ent ceramics will offer new perspectives for CT scanners.

Detector Engineering

The demand for a better spatial resolution for X-ray CT scanners and the
progress in photodetectors PSPMT (positive sensitive photo multipliers) and
Si-photodiodes matrixes have triggered a strong development effort for pixel-
based arrays and matrixes design. The main applications for such devices are
X-ray CT and industrial and security systems.

Linear scintillation arrays are widely used in CT systems with two main
designs: ladder type scintillators and medical CT linear arrays.
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The first type of arrays coupled to Si-photodiodes is based on pixels of
1–2 mm in cross section and up to 2 mm in thickness. The typical number
of pixels varies from 8 to 16, 32, or even 64 in such arrays. They are mainly
based on CdWO4 and CsI(Tl), although some ceramic scintillators are also
available now.

The second type requires thicker pixels. Typical sizes are (1–2)×(20–30)×
(2–3) mm3. It reflects the necessity of multislice image reconstruction for
medical analysis.

Two-dimensional arrays for medical applications were designed over 30
years ago. The first prototypes were based on NaI(Tl) crystal that required
hygroscopic protection and had a big gap between elements due to MgO
powder used as light collector and for optical separation of pixels. Impor-
tant progress of two-dimensional (2D) matrix design was correlated with the
development of advanced photodiode matrixes in the last 10 years. Such
“sandwiches” have a better spatial resolution and real-time, visualization po-
tential.

Last years’ engineering efforts showed that multilayered assemblies [55]
initially developed for astrophysics detectors can be efficiently used for med-
ical applications.

State-of-the-art array design is based on minimization of the two main
parameters: pixel size and gap between pixels. These issues are critical to
reach the best spatial resolution and to minimize losses inside the gap between
pixels.

Pixel Size

The choice of the scintillating material is, of course, the key for a higher seg-
mentation of a new generation of CT scanners. The choice of the material is
also important because the pixel size is determined by mechanical properties
of the crystal-like hardness, cleavage, machining ability, etc. Thus, the mini-
mal pixel size is now slightly different for various materials, namely, 0.3 mm
for CsI(Tl), CWO, and BGO; 0.5 mm for CaF2:Eu and LSO.

It should be noted that so small pixel size will lead to a considerable
increase in the number of channels to an increased complexity of the acqui-
sition system. As a result, important electronics upgrades will be necessary.
Last decade trends led to specific technology for matrixes manufacturing.
So-called columnar structure screens were developed [56, 57]. Strong efforts
to develop a solid-state dynamic X-ray sensor with digital readout have been
carried out. The current design is based on large a-Si photodiodes (substrate)
coupled to a CsI(Tl) layer. The scintillator layer growth is nucleated on the
pattern substrate and transferred to a columnar system separated with grain
boundaries as seen in Fig. 2.6. Each CsI(Tl) column is not only a scintillation
pixel but also a light guide. This guide prevents or at least strongly suppresses
the radial light spread and might be the way to obtain very high spatial reso-
lution. Columnar structure growth technique allows to get 3–5-µm diameter
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Fig. 2.9. Column structure of vapor deposited CsI(Tl)

columns and the pixel size is defined by the Si pad size as seen from Fig. 2.9.
Currently, flat panel detector size of up to 40 × 40 cm2 is available to image
the human chest.

The example of flat panel development shows that matrix detectors and
flat screens could be developed from two different production technologies of
the same scintillator. Other materials could follow the same route. A typical
example is the ceramic material Gd2O3S:Tb for X-ray intensifying screens [58,
59]. The emission at 545 nm is very convenient for coupling to photodiodes
with a sensitivity peak in the green–red range of the spectrum. Recently, Agfa
introduced a 43 × 43 cm2 flat panel on the basis of this material deposited on
a matrix a-Si:H photodiodes (pixel size 160 × 160 µm2). This is practically
the same size as was achieved for CsI(Tl) screens.

BaFBr:Eu [60] is the typical inorganic stimulated phosphor for digital ra-
diography. A more detailed review of these materials is available in references
[47, 48, 58].

It should be noted that it is possible to use nonpixilated screens for the
low-energy X-rays. If X-rays are absorbed in a very thin crystal layer, the
angle of the emitted light is small (for the thin film) and the cross talk
to the neighbor photo receiver is negligible maintaining therefore a good
spatial resolution. The search for materials for such applications is of very
high importance now.

Separator Size and Thickness

Separators are put into the gap between crystal pixels to prevent the pho-
ton leakage from pixel to pixel. It is obvious that this material should be as
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thin as possible and possess good reflectivity and low transparency. Practi-
cally used materials are white powder (TiO2, MgO, more than 1 mm thick,
reflectivity 100%), Teflon, TyvekTM sheets (0.5–0.15 mm thick and 98% re-
flectivity), and aluminized composites (VM2000 type, about 0.1 mm thick
and 95% reflectivity).

Each pixel geometry and matrix design depends, in general, on the array
specification. Modern specifications require less than 2–4% cross talk (leak-
age) between neighbor channels. A powder reflector as well as thin films (like
Teflon, Tetratex, BHA films) possesses the best reflectivity, but they are not
suitable for the bonding process. They need also to be relatively thick to have
good properties. White paints and/or epoxy covering is suitable for relatively
large-sized pixel designs. Metals (lead, tungsten, or tantalum) prevent optical
leakage between matrix elements, but do not allow reaching a good reflectiv-
ity. At the same time, the metal separator can absorb the radiation incident
to the separator surface before it strikes the light sensor. These metallized
films (such as VM2000) are the most appropriate materials due to the best
balance of reasonable reflectivity, thickness, and cross talk.

Total light collection in a matrix element (linear array) depends on sep-
arator type and reflectivity as well as on crystal surface conditions. These
conditions are important not only for the best light output, but also for
the best uniformity and minimal spread of the data from pixel to pixel.
The nonuniformity of the best matrixes should not exceed 2–5%. Such rigid
specifications require good and very uniform crystal surface treatment. The
large quantity of elements in 2D matrix does not allow checking each element.
Good surface quality should be obtained from a minimum number of mechan-
ical operations. Crystal damage, subsurface intrinsic stresses, and material
recrystallization at the production stage may deteriorate the performance of
some pixels. The light output spread for the same CsI(Tl) elements might
reach 15% when the surfaces are treated in a slightly different way.

The matrix uniformity is based on high accuracy and low cross dimen-
sions tolerances. For hard materials (BGO, CWO, GSO), these tolerances
should not exceed ± 0.01–0.02 mm and could even reach the level of about
50 microns. For the soft scintillators (such as CsI), this value is always higher.

2.3.2.3 Emission Tomography

The working principle of emission tomography is to image γ-rays emitted
by radiotracers injected to the patient. Contrary to X-ray CT and nuclear
magnetic resonance, which provide very precise images of the anatomy of
organs, nuclear imaging modalities give in vivo access to the functioning of
these organs.

SPECT Tomography

In single photon emission computed tomography (SPECT), a molecule in-
volved in the metabolism of the patient is labelled by a single photon emitter
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(usually 99Tc emitting one 140 keV γ-ray). After injection it concentrates in
some organs or tumours and allows the imaging of them by the reconstruc-
tion of the γ-ray emitting points. The most popular technique is based on the
“Anger logic” [46], where γ-rays are directed through a multihole collimator
to a large slab of NaI or CsI scintillator (Fig. 2.10).

Fig. 2.10. Principle of the Anger camera

The coordinates of the interaction point are then determined by compar-
ing the signals from a set of PMTs coupled to the crystal, by the center of
gravity method. This technique is still largely used in many hospitals and
medical imaging laboratories, but suffers from a relatively poor space resolu-
tion, of the order of a few centimetres. A modern approach uses the direct co-
ordinate determination with Position-Sensitive PMTs (PSPMTs) coupled to
scintillation multicrystal array based on CsI or YAP crystals. Several devices
have been developed, such as HIRESPECT, a YAP mammography camera
in Italy with a resolution of 0.7 mm, as well as peroperative probes.

The Anger logic proved to be quite effective (the same principle was earlier
applied for astrophysical telescope design [61]) with a good price–performance
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ratio. Indeed a detector for whole-body screening (i.e., with a cross section up
to 600× 500 mm) may be completed with 35–40 PMT. (The practice shows
that the replacement of 3′′ PMT by 2′′ PMT, the use of hexagonal, and square
PMTs does not significantly improve the resolution of the whole system.)
The above engineering solution has therefore remained almost unchanged
up to now and SPECT diagnostics is still the most largely used method
of nuclear medicine. There is today no real alternative to NaI(Tl) crystals.
Only scintillators with a significantly better energy resolution (approximately
3–4%) could make a step forward. The recently discovered family of rare
earth halide scintillators, with in particular LaCl3:Ce, LaBr3:Ce [62, 63] and
LuI3:Ce [87] open new perspectives with light yields in the range of 50000
to 100,000 photons/MeV and energy resolution as good as 3% with a 137Cs
source. However, their application is still limited by the cost of these materials
and the difficulty to produce them in large size.

A more realistic alternative is CsI(Na) halide scintillators in large
monoblocks and CsI(Tl) pixilated (matrix) detectors, which are used, in
portable cameras. Continuous CsI(Na) crystals 50× 50× 4.6 mm with white
entrance and black edge reflecting was used for a flat-panel-based mini gamma
camera for lymph nodes studies [64]. The intrinsic resolution level of this sys-
tem is better than 1.5 mm. This system is therefore competitive with more
complex pixilated designs [65]. Some investigations [66,67] confirmed the abil-
ity to reach almost the same system efficiency when using pixilated, partly
pixilated, and continuous detectors, and demonstrated the flexibility of the
detector design to optimize its performance.

A CsI(Tl) crystal coupled to a photodiode allows to significantly reduc-
ing the size of the detector while maintaining a good sensitivity. Such a
design includes 4,096 scintillation pixels. The DIGIRAD imager (pixilated
detector size of 214× 21 cm) has been evaluated during a clinical myocardial
study [68]. This detector is smaller in size than a conventional gamma cam-
era detector, and can be used as portable gamma cameras complementing
the whole-body systems.

Such functional system designs may compete with direct converters based
on semiconductors (CdTe, CdZnTe, etc.). These systems have a better energy
resolution, but their use is presently limited by a low production yield and
the technical problems to produce high-grade semiconducting crystals with
good uniformity.

It must be noted that some attempts a few years ago to use two SPECT
cameras in coincidence in order to obtain a pseudo PET system (of rather
limited performance) has led to the development of 25-mm thick NaI(Tl)
plates able to record with a reasonable sensitivity 511 keV γ-quanta [69–73].

Positron Emission Tomography

Positron emission tomography (PET) makes also use of molecules involved in
different metabolic functions of the human body, allowing therefore precise
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Fig. 2.11. PET detector module design

functional imaging. They are labelled here with β+ emitter isotopes, which
are generally produced in a cyclotron. These PET tracers, injected into a
patient, simulate natural sugars, proteins, water, and oxygen presence in hu-
man body. The PET measures the uptake of the tracer in different organs or
tumors and generates an image of cellular biological activities. These PET im-
ages can be used to quantitatively measure many processes, including sugar
metabolism, blood flow and perfusion, oxygen consumption, etc. Recently,
the need for specialized PET scanners designed for experimental small animal
studies (mouse, rat, rabbit) was recognized as a powerful tool for fundamental
research of disease models, new therapeutic approaches, and pharmacological
developments. The most commonly used isotopes are 18F with a lifetime of
109.8 min, 11C (20.4 min), 13N (10 min), and 15O (2.1 min), which are all
among the basic building blocks of organic systems and can therefore easily
be chemically introduced in molecules involved in metabolic or pharmaceuti-
cal reactions. A typical example is FDG (fluorodeoxyglucose), which allows
monitoring the energetic consumption of the cells in different parts of the
body. Once fixed in some organs or tumours, the molecule emits positrons
decaying in 2 back-to-back γ-rays, which are detected in coincidence in rings
of scintillators (Fig. 2.12). Until recently, as a result of compromise between
performance and cost, PET scanners were using partially segmented BGO
crystals readout by groups of 4 PMTs, allowing a reconstruction precision
of the order of 4 to 5 mm (Fig. 2.11). Modern machines are going progres-
sively to higher segmentation of the crystals and of the readout to achieve
higher spatial resolution. Resolutions of the order of 1 mm are considered
to be within reach. Another important parameter is the sensitivity, which
relates the number of useful detected events to reconstruct an image to the
dose injected to the patient.

It must be noticed that PET scanners allow localizing radiotracers up-
takes in the human body but do not deliver precise anatomical images, such
as MRI or X-ray CT, for instance. A new generation of scanners combines
the very high sensitivity of PET for metabolic imaging to the high spatial
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Fig. 2.12. Working principle of a PET scanner

Fig. 2.13. Primary lung cancer imaged with the SMART scanner. A large lung
tumor, which appears on CT as a uniformly attenuating hypodense mass, has a
rim of FDG activity and a necrotic center revealed by PET. Photo: courtesy of D.
Townsend, University of Tennessee

resolution anatomic information delivered by X-ray CT or another anatom-
ical modality. They provide impressive images giving the very precise local-
ization, of active areas of organs and tumors (Fig. 2.13). PET scanners are
very powerful tools for basic research in cognitive sciences, clinical oncology,
and kinetic pharmaceutical studies.

Requirements for an Optimal Scintillator

The first important requirement for a scintillator to be used in medical imag-
ing devices is the stopping power for the given energy range of X- and γ-rays
to be considered, and more precisely the conversion efficiency. Clearly mate-
rials with high Z and high density are favored but the position of the K-edge
is also important as can be seen on Fig. 2.14. For low-energy X-ray imaging
(below 63 keV), the attenuation coefficient of yttrium, cesium, and iodine are
quite high and crystals such as YAP and CsI are good candidates. Above the
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K-edge of Lu (63 keV) and Bismuth (90 keV), the situation is quite differ-
ent and BGO- and Lutetium-based crystals will be clearly favored for 99Tc
(90 keV) SPECT and PET scanners (511 keV). Heavy scintillators are also
useful to reduce their thickness and the parallax error in ring imagers.

A short absorption length is important not only to increase the number
of detected X- or γ-rays for a given detector thickness but also to maintain a
good spatial resolution over the whole field of view. A short crystal will reduce
the effect of the radial elongation as shown in Fig. 2.15. Another approach is
to use a combination of two or more crystals mounted on top of each others
(phoswich configuration) with different emission wavelength or decay time so
that the depth of interaction (DOI) determination is made possible through
the correct identification of the crystal hit.

A high light yield is also mandatory to improve the energy resolution,
which is essentially limited by the photo statistics and the electronic noise at
these energies. A better energy resolution allows a higher rejection of Comp-
ton events and improves therefore the spatial resolution and the sensitivity.
The sensitivity is a very critical parameter of nuclear medical imaging as it
reflects the number of useful events per unit of injected dose to the patient.
A higher sensitivity means a smaller injected dose or a better image contrast.

A short scintillation decay time allows to reduce the dead time and there-
fore to increase the limiting counting rate. Moreover, by reducing the coin-
cidence gate, the signal-to-background ratio is improved which has a direct
impact on the image quality. Here again the sensitivity and image contrast
are increased for a given patient dose, or the dose can be reduced. It must
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Fig. 2.15. Radial elongation distortion in a PET scanner

be noticed that very fast scintillators can open the way to scanners using
the time of flight information, which will help reducing the background by
selecting a narrow region of interest along the coincidence line.

Sodium iodide (NaI) and, more recently, caesium iodide (CsI) have been
for a long time the most common scintillators used in nuclear medical imag-
ing devices, mostly because of their very high light yield and relatively easy
and cheap production methods. But their low density and slow decay time
considerably limits the performance of these devices. The large effort made by
the L3 collaboration at CERN to develop cheap mass production technology
of BGO crystals has introduced this material in the field of medical imaging,
mostly because of its very high density and conversion efficiency. Most of
the PET scanners produced in the last decade were built with BGO crys-
tals. Unfortunately a much smaller light yield than NaI and a decay time of
300 ns are still limiting factors.

There is a need for a crystal having the light yield of NaI, the density
of BGO, but at least 10 times faster than BGO. What matters in fact is
the largest possible number of photons emitted in a short gate of typically
a few tens of nanoseconds. This crystal has been developed for about 15
years. This is the lutetium orthosilicate LSO:Ce and its variation LYSO:Ce
with a few percentage of yttrium substituting to lutetium ions. LSO and
LYSO are progressively replacing BGO in modern PET scanners. During
the last decade the crystal clear collaboration at CERN has been deeply
involved in the development of another attractive crystal in this category, the
lutetium aluminum perovskite LuAP:Ce, also with the yttrium heavily doped
compound LuYAP:Ce [74], which is described in Chap. 7. This crystal has a
much better linearity at low energy than LSO, which results in an even better
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energy resolution in spite of a light yield about a factor 2 smaller. Moreover,
its properties perfectly match the one of LSO, which makes the combination
LSO–LuAP the ideal phoswich for depth of interaction determination.

There are a number of other possible candidates for PET applications
that are being studied by different groups. They are listed in Table 2.4.

Table 2.4. Properties of scintillation materials with high photoabsorption coeffi-
cient

Material ρ Zeff/photo-abs. Y τsc λsc, St 1/τscu

(g cm−3) Coeff.at (phMe (ns) (nm) (ph (MHz)
511 keV V−1) Mev−1 ns−1)
(cm−1)

BaLu2F8 6.94 63/0.22 870 1+slow 313 870 1,000
BaLu2F8:Ce 6.94 63/0.22 400 35+slow 11 30
LuF3:Ce 8.3 61.1/0.31 8,000 23+slow 310 347 43
Gd2O2S: 7.34 61.1/0.31 40,000 2100 580 19 0.4

Pr,Ce,F

Lu2s3:Ce 6.2 66.7/0.24 28,000 32 592 875 31
CdWO4 7.9 64.2/0.26 19,700 2000 495 9.85 0.5
ZnWO4 7.87 62.5/0.27 21,500 22000 480 0.97 0.05
CaWO4 6.1 63.8/0.22 6,000 600 430 10 107
PbWO4 8.28 75.6/0.48 100 6 420 17 170
(PWO)
Bi3Ge4O12 7.13 75.2/0.37 8,200 300 505 27 3.3
(BGO)
Lu3AI5O12:Sc 6.7 62.9/0.21 22,500 610 270 37 1.6
LuAIO3:Ce 8.34 64.9/0.29 11,400 17+slow 365 670 58
(LuAP)
Lu2SiO5:Ce 7.4 66/0.28 27,000 40 420 675 25
(LSO)
Lu2Si2O7:Ce 6.23 64.4/0.21 30,000 30 380 1,000 13
(LPS)
LuBO3:Ce 7.4 67.5/0.28 26,000 39 410 660 26

If we restrict this list to crystels having a light yield of more than
104 Ph MeV−1 and a decay time of less than τsc = 100 ns, the number of good
candidates is restricted to 6 only: LuF3, Lu2S3, LuAlO3, Lu2SiO5, Lu2Si2O7,
LuBO3 from which four are complex oxide compounds.

2.4 Safety Systems

There are three main areas of safety detector equipments making use of scin-
tillators: express control of luggage and passengers, search for explosive ma-
terials, and remote detection of fissile materials.

The technical solutions for the first application are very similar to single
photon γ-camera and X-ray CT scanners, which are developed for medical
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applications. The point is to rapidly identify a suspect luggage in a few cubic
meters large container moving across the inspection device. An important
requirement for such a scanner is the highest possible throughput. The spatial
resolution is related to the need to localize and possibly to identify the suspect
object in a large container. Two other applications have attracted more and
more attention in the last 10 years.

For the remote detection of explosives, methods of nuclear radiation de-
tection look very promising. These methods are based on the detection of
either natural or induced characteristic neutron and γ-rays. Actually, the
most useful element-sensitive approaches are based on activation by a neutron
source, either fast neutrons from the 252Cf radioisotope or fast-thermal neu-
trons from a pulsed electronic neutron generator. The neutron-based methods
are grouped in three categories: thermal neutron analysis TNA, fast neutron
analysis FNA, and pulsed fast neutron analysis PFNA. In these methods,
neutron-induced reactions such as elastic scattering, (n, γ), (n, p), (n, n′),
and neutron activation are used [75]. Neutrons initiate fast nuclear reactions
on some elements, some of them producing characteristic γ-rays. By allow-
ing the fast neutrons to be thermalized between pulses, a large number of
elements such as N, Cl, S, Ca, or their ratio in mixtures can be identified
through the following (n,γ) reactions:

Element Reaction Cross Section (mb) Eγ (MeV)
C (n, n′γ) 200 4.44
O (n, n′γ) 750 6.13
N (n, γ) 75 10.83
Cl (n, γ) 4,300 6.11
S (n, γ) 520 5.42

One can see that the majority of nuclei, which are important for explosives
identification, emit γ-quanta in the energy range Eγ ≥ 4 MeV. Detection
methods based on scintillation crystals have significant advantages over other
methods in this energy domain where the creation of pairs under ionizing
radiation in the scintillation material already dominates.

The requirements for the scintillation material are therefore similar as for
low-energy calorimetry. For such applications, the most important scintilla-
tion crystal parameters are the following: high stopping power which deter-
mines the detector sensitivity; high light yield which determines the detector
energy selectivity; fast decay time of scintillation because of the possible use
of two important registration regimes: (1) with pulsed fast neutron analysis
the registration is gated for better signal-to-noise ratio and (2) with reliable
time of flight (TOF) information which is also applied for background rejec-
tion and useful identification of the source along the γ-ray path; stability of
the scintillator parameters under ionizing and neutron irradiation, as stable
and slow recovering defects can appear in the scintillation material modifying
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their detecting properties and, as a consequence, decreasing their sensitiv-
ity. This negative effect can be cumulative with the dose, inducing a global
worsening of the scintillation detector parameters properties. Moreover, an
additional low sensitivity to neutrons is required. Currently, multidetector
systems based on conventional BGO, CdWO4, CsI (Na), or NaI(Tl) scintil-
lation crystals are used for this application.

Fissile materials undergo spontaneous fission, or α-decay with the pro-
duction of radionuclides and γ-rays, which provide a good signature of their
presence. These radionuclides are (1) nuclei of the main isotope, (2) nuclei
from isotopes of the same chemical element, and (3) isotopes related to the
technology of the fissile materials production and enrichment.

The method of fissile materials remote detection and warheads inspection
based on n-radiation detection was applied in practice in the framework of
the Nunn–Lugar program for the control of dissemination of nuclear weapons.
In this frame, the γ-channel of detection was not allowed, as it would have
given too easy an access to secret characteristics of the nuclear device. Now,
the detection through the γ-channel is permitted and opens new possibilities
to distinguish the radiation of nuclear explosive devices (NED) based on
both enriched uranium and weapon plutonium, from the radiation of separate
fissile materials or radioactive substances, which can also be illegally imported
or exported. The characteristic integrated yield of γ-radiation from NED in
the energy range up to 10 MeV can reach 105γ-quanta per second and is
comparable with the yield of neutron radiation. The most useful energy range
to detect fissile material is Eγ ≥ 3 MeV because of (1) the absence in this
range of natural radioactive sources, allowing therefore an acceptable signal-
to-background ratio, and (2) the high penetration power of these energetic
γ-quanta for the case of deliberate concealment of the self-radiation of NED.

However, convenient registration techniques of γ-quanta with NaI(Tl) or
CsI(Na) scintillation crystals allow detecting masked fissile materials in a
relatively short acquisition time at a distance not exceeding a few tens of me-
ters. Moreover, the introduction in the detecting system of convenient charge
particle shielding does not result in a significant increase of the detection
distance. The detecting distance is strongly dependent on γ-quanta registra-
tion efficiency. A simple increase of the detector area increases the signal but
also the noise level and does not allow a precise detection at larger distances.
A high efficiency for the γ-quanta detection is achieved by the use of heavy
scintillation materials. Moreover, a phoswich geometry based on two different
crystals on top of each other, coupled to PMT, is an attractive solution. The
requirements to the scintillators of the phoswich are listed in Table 2.5.

The relatively thin forward scintillator in the phoswich is used to measure
the background whereas the relatively long main scintillator will operate in
the 3–10 MeV range. Playing with different decay times and scintillation
luminescence spectra allows a more precise and fast measurement of the signal
and the background allowing an increase of the detecting distance. A good
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Table 2.5. Technical requirements for a scintillator-based phoswich detector for
fissile materials control

Requirement Main Scintillator Forward Scintillator

Density (g cm−3) ≥7 ≥7
Decay time (ns) ≤20 ns ≤1,000 ns
Scintillation spectrum (nm) 350–450 450–550

combination of the two scintillators of the phoswich can be obtained from
the scintillators listed in Table 2.4 excluding Lu-based materials, because of
the natural radioactivity of the 2.5% abundant 176Lu isotope.

2.5 Astrophysics

Space physics is making use of scintillators in two different locations: the low
orbit satellites and space or interplanetary missions. The low-orbit satellites
are shielded by the earth magnetic field, relaxing therefore the requirement
for radiation hardness of the scintillation material. Most of the scintillation
materials can be used depending on the energy range of the detected γ-
radiation. However, the payload is limiting the size of such detectors and not
two dense materials are sometimes selected to reduce the weight.

In the interplanetary space, the sun wind from charged particles strongly
influences the detecting properties of the scintillation materials. For these
missions, high radiation hardness to ionizing radiation and low level of in-
duced radioactivity are required. The same applies to detectors, which are
transported to the planets. Although the studies in this domain are still not
systematic, one can state that relatively light, fast, and bright scintillators
are the most prospective ones for space missions in the future and that LaBr3,
YAP, and (Lu–Y)AP are likely to become the scintillators of choice.

The list of the main projects performed in gamma astrophysics from the
beginning of the 1990 is given in Fig. 2.16. Most of the current data on cosmic
γ-sources have been accumulated from different gamma telescope measure-
ments. The main peculiarity of these measurements was based on the design
of position-sensitive telescopes, which is not a simple task. Two classes of
position-sensitive devices were developed in the last decades. These designs
are using continuous scintillation crystal or pixilated detector geometries [76].

Scintillation detectors with continuous crystal are generally based on
Anger camera logics as for nuclear medicine gamma cameras (SPECT sys-
tem, see Sect. 2.3). An example of such gamma camera is the SIGMA mission
on GRANT where a 12.5-mm thick NaI(Tl) crystal is viewed by 61 hexagonal
PMT through a 12.5-mm thick glass. This glass encapsulates the hygroscopic
crystal and plays the role of a light guide for the light sharing between the
PMTs. An energy resolution of about 10% FWHM is achieved at 120 keV
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Fig. 2.16. List of the main projects for gamma astrophysics from the beginning of
1990 [84]

with a position resolution of 4 mm at this energy. The detector is surrounded
by an active CsI(Tl) veto shield to limit the entrance aperture to about one
steradian.

The use of an array of small discrete detectors offers an alternative to con-
tinuous crystal detector. This design uses the same reconstruction principle
as HEP calorimeters (see Sect. 2.1) or some medical cameras. An example
of gamma telescope based on pixilated detector is the imager of the INTE-
GRAL detector [77, 78]. INTEGRAL is made of 3 layers hexagonal CsI(Tl)
scintillation bars. There are three planes with 2,880 scintillation elements
each coupled to silicone photodiodes. This arrangement provides good imag-
ing and sensitivity in the 50 keV–10 MeV range. BGO scintillators are used as
veto shields as in several other detectors. This includes 38 bars with dimen-
sions 20× 90× (310−345) mm. Because of special light collection conditions,
the constraints on light attenuation are very high (more than 3 m at the
wavelength of emission of BGO: 480 nm). Moreover, these conditions must
be maintained under the harsh radiation conditions in space.

The investigations of the high-energy component of cosmic γ-radiation
are of crucial importance to understand the emission mechanisms of galactic
sources. This is the goal of several experiments such as the one of the GILDA
mission [79].
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The high-energy γ-ray astrophysics greatly developed in the beginning of
1990 following the results of the EGRET experiment [80]. The satellite obser-
vations have brought more detailed data about the well-known γ-ray sources,
but has also led to the discovered new ones, both galactic and extragalactic,
especially active galactic nuclei and gamma bursts.

The most serious problem affecting the EGRET telescope is the decrease
of detection efficiency at high energies, because of the use of anticoincidence
counters placed around the detector.

The objective of the Energetic Gamma Ray Experiment Telescope
(EGRET) is to make a major advance in high-energy (20 MeV to about
30 GeV) γ-ray astrophysics, using a γ-ray telescope with more than an order
of magnitude greater sensitivity and better angular and energy resolution
than previous instruments. The study of the γ-ray sky reveals the sites of
the most energetic interactions occurring in astrophysics. Because these in-
teractions are generally associated with dynamic, nonthermal processes in
nature, γ-ray astrophysics provides an excellent opportunity to learn about
the evolution of the universe. In addition, since high-energy γ-rays have a
low-interaction cross section, they have a very high penetration power and
can reach the Earth from essentially any part of the Galaxy or universe.

EGRET detected γ-rays in the 20 MeV–30 GeV range. It had a very
large field of view, approximately 80◦ in diameter, although the instrument
point-spread function and the effective area degrade significantly beyond 30◦

off-axis. The effective area on-axis was more than 1,000 cm2 between 100 MeV
and 3 GeV. The angular resolution was strongly energy dependent, with a
67% confinement angle of 5.5◦ at 100 MeV, falling to 0.5◦ at 5 GeV on axis;
bright γ-ray sources can be localized with approximately 10′ accuracy. The
energy resolution of EGRET was 20–25% over most of its range of sensitivity.
The arrival times of photons were recorded with approximately 50-µs accu-
racy. The instrument uses a multilevel thin-plate spark chamber system to
detect γ-rays by the electron–positron pair production process. A calorime-
ter using NaI(Tl) is placed beneath the instrument to provide good-energy
resolution over a wide dynamic range. The energy of the γ-ray is determined
in large part from measurements made in an eight radiation-length thick,
76 cm × 76 cm square NaI(Tl) scintillator crystal below the lower time-of-
flight scintillator plane. The NaI(Tl) detector is covered by a plastic scintilla-
tor anticoincidence dome to prevent triggering on events not associated with
γ-rays.

The first scintillators for gamma telescopes were relatively simple and did
not trigger large developments on scintillators. But this situation was pro-
gressively modified by the higher requirements for space physics experiments
and investigations for a new generation of scintillators for space started with
the GLAST project (Global Large Area Space Telescope) [81,82].
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The GLAST Mission is part of NASA’s Office of Space and Science Strate-
gic Plan, with launch foreseen in 2006. GLAST is a new generation high-
energy γ-ray observatory designed to study celestial γ-ray sources in the
energy band extending from 10 MeV to more than 100 GeV. It is a follow-
up of the CGRO-EGERT program, which was operational between 1991 and
1999.

GLAST has more advanced missions and has to cover several important
directions in astrophysics:

1. Understand the mechanisms of particle acceleration in pulsars and other
space sources.

2. Create a precise map of γ-ray source in the sky: unidentified sources and
diffuse emission.

3. Determine the high-energy behavior of γ-ray bursts and transients.
4. Probe dark matter and early universe.

The observation of γ-ray pulsars is an important tool to understand super-
massive black holes through jet formation and evolution studies, and to set
constraints on the star formation rate through photon–photon absorption
over extragalactic distances. There is also a possibility to observe monoener-
getic γ-ray “lines” above 30 GeV from supersymmetric dark matter interac-
tions, to detect decays of relics from the very early universe, such as cosmic
strings or evaporating primordial black holes; or even to use γ-ray bursts to
detect quantum gravity effects.

The GLAST (Global Large Area Telescope) has a field of view about
twice as wide (more than 2.5 steradians), and sensitivity about 50 times that
of EGRET at 100 MeV and even more at higher energies. Its 2-year limit
for source detection in an all-sky survey is 1.6 × 10−9 photons cm−2 s−1(at
energies greater than 100 MeV). It will be able to localize sources with a
position accuracy of 30 arc seconds to 5 arc minutes. Yet, it is a relatively
small and inexpensive mission, which will be launched by a simple Delta II
rocket.

The calorimeter of GLAST measures the energy of the cosmic γ-rays.
CsI(Tl) bars, arranged in 16 flat towers, give both the longitudinal and trans-
verse information about the energy deposition pattern. Once a γ-ray pene-
trates through the anticoincidence shield, the silicon-strip tracker and the lead
converter planes, it is then absorbed in the cesium-iodide calorimeters. This
produces scintillation in the cesium-iodide crystal, and the resultant light
flash is photoelectrically converted to a voltage pulse. This voltage signal is
then digitized, recorded, and relayed to earth by the spacecraft’s onboard
computer and telemetry antenna. Cesium-iodide blocks are arranged in two
perpendicular directions, to provide additional positional information about
the shower [82].

The GLAST project was at the first time requiring an engineering study
on the scintillation material. It was necessary to develop a position-sensitive
detection capability from unique long scintillation crystals.
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Long scintillator crystals used in HEP projects require a light output as
uniform as possible along the scintillator. The light yield uniformization was
used in many experiments using different techniques (painting the BGO crys-
tals for the L3 experiment, depolishing one lateral face for the CMS PWO
crystals, etc.). In the case of the 6624 CsI(Tl) scintillators of the electro-
magnetic calorimeter BELLE (KEK) [83], a light nonuniformity of less than
7% along the 300-mm length of the crystal was achieved. Such an approach
was also used for the BaBar CsI(Tl) scintillator treatment to unify the light
output to 6% [84].

Contrary to the HEP case, a surface treatment can be applied on long
crystals to induce on purpose a nonuniform distribution of the light output
[85]. Figure 2.17 describes schematically the principle of position sensitivity
of long length scintillator and conditions to be fulfilled to achieve such a
property. This approach works particularly well for a large aspect ratio (small
cross section as compared to the length).

Such a light output distribution can be easily tested in the same way as it
is for systematic quality control of HEP crystals. For 20mm×20mm×400mm
CsI(Tl) crystals with unpolished side surfaces, Fig. 2.18 shows characteris-
tic pulse height spectrum with a 22Na collimated source placed at different
positions along the crystal.

Fig. 2.17. Principle of position determination on a long scintillation crystal. The
side surface of the detector is depolished to induce a strong light collection depen-
dence on the emission point position. The accuracy of the position determination
δz is defined by light yield c, the pulse height resolution R, and the slope of the
curve at the point of interaction
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Fig. 2.18. Light yield distribution in scintillators of different lengths. Reflective
properties of the detector surface, its coating, and parameters of signal amplification
are kept unchanged, so comparison can be made. If detector shortens, average light
yield becomes higher, the curve levels [85]

The position resolution values for detectors of different length have been
calculated according to (2.3). The position of the collimated source of ionizing
particles z can be determined by the measured value of the light yield c. The
accuracy δz of the source position determination is defined by the value of the
pulse height resolution (PHR) of the detector R and the slope α of function
c(z) at the point of measurement:

tgα = lim
∆z→0

c

z
, (2.3)

δz = c
R

tgα
.

To achieve a better position sensitivity, one needs to improve the light yield
and energy resolution of the detector and to keep the c(z)distribution as steep
as possible. These requirements are somewhat contradictory. In practice, a
good determination of the position of the γ conversion point in a crystal
results from a compromise between these parameters as a function of the
state of the art for the light collection procedure.

The dependence of the position resolution on the detector length and
position of the collimated source is shown in Fig. 2.19.

It is seen that the position resolution remains more or less constant over
the whole volume of the detector when its length varies in the range 200 to
380 mm. Equation (2.3) can be rewritten in a form giving more physical sense
to this phenomenon:

δz =
R

ln c z
(2.4)
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Fig. 2.19. Position resolution of detectors of different lengths from (2.3)

Fig. 2.20. CsI(Tl) crystal light output distribution for the GLAST gamma tele-
scope assembly. Oblique curves show the typical light output distribution along the
scintillator as seen from each end. The horizontal curve shows a good uniformity of
the mean value within 5%
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It was shown [89] that the optimal cross section/length ratio is 1:10 or less.
But the total size of the detector is restricted by the attenuation factor K of
the light propagating along the crystal. In the example given, exp(−l ·K) =
0.82. As the scintillator becomes longer the need for a higher transparency
increases.

The position resolution can be improved by combining signals from two
photo-detectors coupled to opposite ends of the crystal. Figure 2.20 shows the
light output distributions for the GLAST type position-sensitive detector [86].

Two position-dependent curves are obtained from the light distribution
measurements from opposite ends of the crystal. The mean value is uniform
within 5%.

There are more and more examples of crystal detectors used for astro-
physics experiments and this trend should continue with the growing interest
in γ-ray astrophysics.
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3 Scintillation Mechanisms
in Inorganic Scintillators

Abstract. Details of energy transfer phenomena and scintillation mechanisms in
luminescent media excited by ionizing radiation are discussed in this chapter. The
sequence of relaxation of electronic excitations is described: creation of electron-
hole pairs, energy transfer to emitting centers of interest and quantum efficiency of
these luminescent centers. The theoretical limit of the light yield is usually much
higher than the experimental one. The limiting factors at each step of relaxation
are considered in self-activated, doped and cross-luminescent scintillation materi-
als. The final stage of luminescent center excitation mechanism in scintillators has
a strong influence on the scintillation parameters. It is discussed in detail here.
Finally, different examples are given of charge transfer and non-radiative relaxation
processes of the scintillating centers through their coupling with the crystal lattice.

3.1 Introduction: How to Answer High Light Yield,
Short Decay Time, and Good Energy Resolution

The demand for new and better scintillating materials is very strong for many
kinds of applications. Of course, there is no unique best scintillator. Depend-
ing on the particular requirements of the application considered, different
scintillators would be preferred.

Among the desirable properties of a good scintillator, high efficiency, fast
scintillation, and good energy resolution are of most importance in a number
of cases.

As it will be demonstrated in the next paragraphs, the light yield depends
on many parameters that play a role in the three stages of relaxation of elec-
tronic excitations: creation of electron–hole pairs, energy transfer to emitting
centers of interest, and quantum efficiency of these centers. The theoretical
limit of the light yield is usually much higher than the experimental one. The
optimization of scintillators in terms of light efficiency will consist to play
with these parameters, which strongly influence the scintillation process.

The scintillation kinetics depends essentially on the energy transfer and
the nature of the luminescence centers. In doped materials, the choice for
the dopant ion determines the range of time response of the scintillator. For
nanosecond time scale response, only few ions are of interest, those exhibiting
parity-allowed emission transitions like 5d–4f transitions of rare-earth ions.
Intrinsic fluorescence centers can also exhibit fast fluorescence.
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The energy resolution R is the ability for a scintillator to distinguish
radiations of slightly different energies. It is usually described as a function
of different contributions:

R2 = R2
np + R2

inh + R2
tr + R2

lim

Rnp is a factor of nonproportionality, which accounts to the fact that in
some scintillators, the number of emitted photons is not proportional to the
incident energy. Then, secondary electronic excitations of various energies
lead to a distribution of light yields, which increases the energy resolution.
Rinh is related to the inhomogeneity of the crystal, inducing local variations
of the light efficiency. Rtr is related to the efficiency of the light collection by
the detector (usually a photomultiplier PM). Rlim is the intrinsic resolution
of the detector, described by the well-known Poisson law.

Rlim = 2.35

√
1 + v (PM)

Nphe
,

where v(PM) is the variance of the photomultiplier gain and Nphe is the
number of photoelectrons emitted by the PM.

For an ideal scintillator, the first three contributions are negligible and
Rlim gives the energy resolution. The light yield being proportional to Nphe,
a good energy resolution, requires a high light yield.

In many cases, the energy resolution R is actually larger than the theo-
retical limit Rlim. The inhomogeneity of the crystal can be reduced and often
cancelled by improving the crystal growth conditions and the light collec-
tion can be improved as well. On the other hand, the nonproportionality is a
puzzling problem, much more difficult to solve because its origin is not well
understood yet. For example, while known scintillators such as cerium-doped
orthoaluminates or lanthanum halides compounds exhibit a weak nonpro-
portionality, cerium-doped silicates are strongly “nonproportional.” It seems
that the structure more than the composition of the crystal may influence
the nonproportional behavior.

3.2 Relaxation of Electronic Excitations

Relaxation of electronic excitations involves complex mechanisms. A descrip-
tion of multiplication and thermalization processes has been proposed by dif-
ferent authors using various models (see recent reviews [1–3] and references
therein). The purpose here is not to go into the details of phenomenological
models, nor to discuss their merit but rather to use simple schemes of relax-
ation of electronic excitations deduced from simulations and which account
qualitatively for the energy distribution and space correlation of excitations.
These schemes, first proposed by Vasil’ev, use the band structure of the mate-
rial. They provide a pedagogical description of the various steps of relaxation
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Fig. 3.1. General scheme of relaxation of electronic excitations in an insulator
with two channels of relaxation. e for electrons, h for holes, ph for phonons, hν for
photons, Vk for self-trapped holes, cn

i for ionic centers with charge n

from the primary high-energy excitation to final process of light emission by
luminescent centers.

A general scheme is represented in Fig. 3.1. For simplicity, only one core
band is represented with top energy Ec and bandwidth ∆Ec. The valence
band (top energy Ev = 0 and bandwidth ∆Ev) and the conduction band
(bottom energy Eg) are separated by the forbidden band of the insulator
(band gap width Eg). Five main stages can be considered.

The first one starts with the production of primary excitations by inter-
action of ionizing particles with the material. For very high incident particle
energy, the excitations are essentially deep holes h created in inner-core bands
and hot electrons e in the conduction band. Then, in a very short time scale
(10−16 − 10−14s), a large number of secondary electronic excitations are pro-
duced through inelastic electron–electron scattering and Auger processes with
creation of electrons in the conduction band and holes in core and valence
bands. At the end of this stage, the multiplication of excitations is stopped.
All electrons in the conduction band have an energy smaller than 2Eg (e–e
scattering threshold) and all holes occupy the valence band if there is no core
band lying above the Auger process threshold (general case).

The second stage is thermalization of electronic excitations with produc-
tion of phonons, leading to low kinetic energy electrons in the bottom of the
conduction band and of holes in the top of the valence band.

The next stage is characterized by the localization of the excitations
through their interaction with stable defects and impurities of the mater-
ial. For example, electrons and holes can be captured by different traps or
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self-trapped in the crystal lattice. Excitons, self-trapped excitons, and self-
trapped holes (VK centers) can be formed with emission of phonons. Lo-
calization of excitations can be sometimes accompanied by displacements of
atoms (defect creation, photostimulated desorption).

The two last steps are related with migration of relaxed excitations and
radiative and/or nonradiative recombination. It is important to consider the
interaction between excitations themselves, which can result in the decrease
of the number of excitations. This point, which will be discussed later in
the next paragraph, is responsible for density effects, nonproportionality of
energy response of scintillator, and nonexponential decay kinetics. The very
last stage describes the luminescence of emitting centers excited by the fi-
nal electronic excitations (correlated electron–hole pairs, excitons, separated
electrons, holes, etc.) through sequential capture of charge carriers or various
energy transfers.

The general scheme of Fig. 3.1 describes the scintillation mechanisms in
the case of ionic crystals with simple energy structure. However, important
groups of scintillators exhibit a more complicated band structure.

It is, in particular, the case of crystals containing rare earth. For example,
in cerium-based or cerium-doped compounds, cerium 4f and 5d levels fall
within the forbidden energy band gap. They must be involved in the scheme of
relaxation of electronic excitations because they may play an important role
in the scintillation processes (Fig. 3.2). Indeed, rare-earth ions (RE) can be
directly excited through impact excitation provided that their concentration
is large (it is particularly true for fully concentrated rare-earth compounds).
But this excitation is efficient only by electrons with kinetic energies above

Fig. 3.2. Scheme of relaxation of electronic excitations in rare earth containing
crystals
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the threshold of e–RE scattering and below the threshold of e–e scattering. In
this case, the production of electron–hole pairs with holes in the valence band
is not possible. When this process occurs, it is strongly dominant since the
density of states in the valence band is much higher than that in rare-earth
bands.

This additional pathway of excitation for rare-earth luminescent ions is
not detrimental to the creation of electron–hole pairs since it involves elec-
trons with kinetic energy lower than the threshold of e–e scattering and which
cannot produce more electronic excitations. Therefore, it would be expected
a high light yield for rare-earth crystal scintillators.

Actually, it is not so simple because other factors must be taken into
account which can limit the scintillation efficiency and which will be analyzed
later.

Cross-luminescent materials belong to another class of scintillators. The
mechanisms will be described in more details in the next paragraph. In the
scheme of the relaxation of electronic excitations of cross-luminescent systems
for which core-valence transition is responsible for a fast subnanosecond lumi-
nescence (archetype: BaF2 with 5pBa as outermost core band), the outermost
core band, lying less than 2Eg below the bottom of the conduction band,
must be taken into account in the representation of the electronic structure
(Fig. 3.3). In the first stage is represented the threshold of e–e scattering with
production of outermost core band holes ch, at higher energy than that of
e–e scattering with production of valence band holes h and anion excitons.
At the end of this stage coexist two types of holes since ch cannot relax into
the valence band through Auger effect, which is energetically forbidden. Af-
ter thermalization, localization and eventually interaction of excitations, ch

Fig. 3.3. Scheme of relaxation of electronic excitations in cross-luminescent crystals
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and h, and self-trapped anion exciton STE can coexist during a relatively
long period. In the last stage, only core band holes ch are responsible for
cross-luminescence.

3.3 Limiting Factors at Each Step
of the Energy Relaxation

The formula for light yield Y mentioned in Chap. 2 also may be expressed as
the product of three factors [1, 4]:

Y = NehSQ (3.1)

Neh is the conversion efficiency expressed as a number of electron–hole pairs
or excitons, S is the probability of transfer to emitting centers, and Q is the
luminescence quantum yield.

These three processes can be considered as successive events, which can be
related to the different stages of relaxation of electronic excitations previously
described in Sect. 3.2. Let us consider the factors, which limit the scintillator
light, yield at each of these three processes.

3.3.1 Creation of Electronic Excitations

Electronic excitations, which are potentially available in the scintillator as
donors in the transfer process to luminescence centers, are produced during
the first two stages described in Figs. 3.1–3.3: multiplication and thermaliza-
tion stages.

Neh is usually expressed via the average energy Eeh required for the cre-
ation of a thermalized e–h pair. Considering Einc as the energy deposited by
an ionizing particle, we have

Neh =
Einc

Eeh
(3.2)

The first estimations of Eeh around (2–3)Eg, Eg being the forbidden energy
band gap, were made quite some time ago [5,6]. It is therefore obvious that the
parameter, which limits the production of electron–hole pairs and excitons,
is Eg; the larger it is, the lower is Neh.

It should be noted that Neh is a relevant factor only in the case of a sim-
ple insulator such as that described in Fig. 3.1. But in crystals with more
complicated electronic structure, additional types of excitations can be cre-
ated, or/and all the electron–hole pairs and excitons are not useful excitations
leading to scintillation. For these systems, the light yield η predicted by for-
mula (3.1) deduced from empirical models is usually much larger than the
experimentally observed scintillation yield.
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Fig. 3.4. Simplified scheme of coexistence of two types of excitons in cerium fluoride

3.3.1.1 Case of Cerium Compounds

CeF3 is a model system for analyzing the scintillation mechanisms in ionic
crystals and many studies have been devoted to this scintillator (see, for
example, [3, 7–22]).

In cerium compounds, cerium 4f levels fall within the forbidden band-gap.
As a result, two types of excitons can be formed: Ce Frenkel excitons and
anion Wannier exciton. A simplified scheme (Fig. 3.4) shows that rare-earth
ion excitation is not efficient through energy transfer from anion exciton as
well as through sequential capture of holes and electrons by Ce3+ ions as
demonstrated later in Subsect. 3.3.2.1.

“Useful” excitations can be produced only through impact excitation and
only by electrons with kinetic energies in a narrow band between the two
thresholds of e–e scattering and of e-RE scattering (Fig. 3.2). For such sys-
tem, it is clear that the number of scintillation-active excitations cannot be
estimated by expression (3.1). In fact, the number of useful excitations is
reduced by a factor of around 5 in CeF3. This fact partially explains the
relatively low yield of CeF3.

3.3.1.2 Case of Scintillators with Core-Valence Transitions

Systems with high-lying outermost core bands can give rise to so-called cross-
luminescence involving core-valence transitions [23]. For example, in the case
of BaF2, a Ba2+ 5p core hole can decay only radiatively and not via an
Auger process. Cross-luminescence is very sensitive to track effects [24–27].
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Therefore, the scintillation efficiency can be calculated using expression (3.1)
only if the conversion efficiency is expressed as the number of Ba2+ 2p core
holes rather than as the total number of excitations [22].

3.3.2 Transfer to Luminescence Centers

This process involves the third and fourth stages of relaxation of electronic
excitations described previously in Figs. 3.1–3.3. It is a very critical part
of the scintillation mechanism since electron–hole pairs or excitons can be
affected by many events during their migration and before they interact with
luminescence centers, and can result in nonradiative recombination. This can
limit the number of effective donors in the energy transfer processes to the
acceptors and substantially change as well as the time dependence of the
scintillation.

3.3.2.1 Limitation in Charge Carriers Capture Probability

When donors are electron–hole pairs, the usual channel of excitation for ac-
ceptors is a charge transfer process with a sequential capture of charge carri-
ers. For scintillators with high light yield, the capture efficiency must be high.
It is, for example, the case of Na- and Tl-doped CsI crystals for which the
scintillation emission originates from perturbed or impurity-trapped exciton
centers, which are efficiently excited because of the enhanced cross section
for electron, capture at Tl+ and Na+ impurities [28, 29]. In Ce3+-doped or
based-crystals, the hole is first captured and its capture probability strongly
depends on the position of the Ce 4f level in the forbidden band gap. In
cerium-doped oxides and halides, Ce 4f level is usually lying very low in the
gap close to the top of the valence band [16], and these systems can lead
to very efficient scintillation (LSO, LuAP, LaCl3, etc.). On the other hand,
Ce3+-doped fluoride crystals cannot exhibit very high light yield because Ce
4f is lying around 3–4 eV above the valence band [16] and the hole capture
probability is low. It should be noted that in CeF3, the Auger cascade over
Ce core levels is terminated by the transfer of the hole to the fluoride valence
band because the probability of the forbidden Auger transition Ce 4p–Ce 4f
is very low [3]. It was shown before that the main channel of Ce excitation
is through impact by electrons. Excitons can transfer their energy to lumi-
nescence centers as well. The dominant process is then nonradiative energy
transfer.

3.3.2.2 Specific Killer Ions

The presence of specific ions with active luminescent centers is sometimes
undesirable and incompatible with the emission of intense scintillation. These
ions can exist as impurities or be constituent of the material. In the case of
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impurities, their nature and concentration depend on the purity of starting
materials and/or the techniques used for the crystal elaboration. They can
compete with active ions for the capture of charge carriers and/or interact
with them, and induce severe limitations in scintillation efficiency.

For example, in cerium-doped or cerium-based crystals, in general, the
presence of ions with two or more stable valences is harmful. It is due to
the fact that cerium itself has two stable valence states Ce3+ and Ce4+

and can exchange electrons through a metal–metal charge resulting to mu-
tual quenching transfer process. Ce-doped tungstates and vanadates do not
exhibit cerium scintillation because of Ce-W and Ce-V interaction of this
type [30].

It is known that simultaneous presence of Yb and Ce leads to their mutual
fluorescence quenching [31, 32]. Ce3+ is a good hole trap and Yb3+ a good
electron trap. It is a consequence of a particular stability of empty Ce4+ 4f
shell and of totally filled Yb2+ 4f shell. In the presence of electron–hole pairs,
the initial state (Ce3+ Yb3+), after capture of holes by Ce3+ and electrons by
Yb3+ pass by an intermediate (Ce4+ Yb2+) excited state and after relaxation
and tunnel electron exchange, returns nonradiatively to the initial state.

Quenching of the same type can occur for other couples such as Ce3+ +
Eu 3+, Ce3+ + nitrate, and Ce3+ + carboxylate ( [33] and references therein).

Recently, a new very promising scintillator was discovered: cerium-doped
lutetium pyrosilicate crystal (LPS) Lu2Si2O7:Ce [34]. This material exhibits a
very high light yield when it is grown by the melting zone technique, while its
scintillation is absent or very weak when it is elaborated by the Czochralski
method. From EPR measurement, it was shown that the quenching of Ce
fluorescence is due to the presence of Ir4+ impurity ions introduced by the
crucible [35]. The mechanisms of quenching have not been elucidated yet, but
it could be related to a charge transfer process between Ce3+ and Ir4+ ions.

In cerium-doped systems, Ce3+ and Ce4+ centers can coexist. Ce4+ has no
electron in the 4f shell, but can be excited through a charge transfer process
after capture of an electron from the valence band. The charge transfer state
(Ce3+ +hv) relaxes nonradiatively to the ground state. The presence of Ce4+

nonradiative recombination centers must be avoided in Ce-doped scintillators.
In the case of fluorides, crystal growth under vacuum in reducing atmosphere
is a solution to eliminate Ce4+ ions. In oxides, when it is possible, annealing
in reducing atmosphere can be used. Co-doping with 4+ ions can give good
results as well.

3.3.2.3 Self-Trapping, Trapping, Creation of Defects

Self-trapping is a very frequent process in insulating materials. For exam-
ple, self-trapping holes, so-called VK centers, can be formed, leading to a
decorrelation of electrons and holes. Recombination of electrons with mobile
VK centers [VK + e−] close to luminescent centers can excite them. Self-
trapped excitons (STE) can be formed as well directly from electron–hole
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pairs or by trapping electrons in the VK centers. STE can exhibit lumi-
nescence and transfer its energy to luminescent centers. Self-trapping is an
intrinsic property of materials. It can strongly influence the efficiency and
the time dependence of the scintillation. To interpret the scintillation prop-
erties of cerium-doped LaCl3, LuBr3, and LuCl3, O. Guillot-Noël et al. [36]
proposed a model involving three different mechanisms which correspond to
three different energy transfer processes and which appear at different time
ranges: very fast energy transfer by direct correlated electron–hole capture
on Ce3+, fast energy transfer by binary electron–hole recombination ([VK +
e−] on Ce3+) and slower energy transfer by diffusion of STE. They were able
to evaluate the relative contribution of the mechanisms through the analysis
of the scintillation decay profiles and of the X-ray–induced emission spectra.
Their model works well in the case of Ce-doped LaF3. For the other sys-
tems, the temperature dependence of the total yield cannot be explained at
low temperature where it is observed a strong quenching. This quenching is
probably due to trapping effect, which was not taken into account in their
model.

Indeed, some of the electrons and holes can be trapped at more or less
deep trapping levels and cannot excite directly luminescent centers through
sequential capture but eventually indirectly after releasing from the traps.
As a result, a strong luminescent quenching and very long components in the
fluorescence decays can be observed in the temperature region of glow peaks.
It has been demonstrated that this quenching phenomenon occurs for the X-
ray–excited charge transfer luminescence of ytterbium containing aluminum
garnets [37,38].

3.3.2.4 Interaction of Excitations

It was shown through the study of a number of crystals excited by photons of
high energy (VUV and X-excitations) using synchrotron radiation that the
relaxation of primary electron and hole in a crystal leads in general to the
formation of nanometric scale regions containing several electronic excita-
tions separated by short distances. The interaction between closely spaced
electronic excitations may lead to luminescence quenching so-called local
density–induced quenching [12,24,39,40].

Examples of interactions between closely spaced electronic excitations in
an insulator are illustrated in Fig. 3.5. They all produce emission of phonons.
An exciton may disappear after interaction with a close low-energy electron
e or hole h (processes 1 and 2), a core hole c may interact with a low-energy
electron through dipole–dipole or Fano process and low-energy electron and
hole are formed (mechanisms 3 and 4), interaction of a core hole with a
valence band hole may lead to two valence band holes (mechanism 5). If two
excitons interact, one may disappear and the other one may gain energy and
reach a higher excited state or disintegrate into an electron–hole pair. Finally,
the electron–hole pair can be bound into an exciton again or the components
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Fig. 3.5. Possible interactions between closely spaced electronic excitations in an
insulator. Arrows pointing toward each other show recombination processes, in
opposite direction: creation of electronic excitations, in the same direction: increase
in the electronic excitation energy. Thin curves denote the interaction, and dotted
arrows: electronic excitation thermalization

can decay independently. It should be noted that interaction can be not only
of dipole–dipole type, but of other types such as exchange, tunneling, Fano,
etc., which strongly depend on the excitations distance and are controlled by
the overlap of wave functions of the interacting particles. For dipole–dipole
interaction, the interaction radius is 1 to 5 nm; for other types of interaction,
it is less than 1 nm.

For electronic excitations created in different events of photon absorp-
tion, the probability to be created at such short distances is very low for
nonlaser densities of excitation. On the contrary, secondary electronic exci-
tations created by inelastic scattering of photoelectrons or Auger decay of
core holes can be quite closely spaced. The process is illustrated in Fig. 3.6.
The hot electron relaxes through inelastic electron–electron scattering with
creation of secondary excitations. The spatial distribution of such excitations
is governed by the diffusion length, which depends on the hot electron energy
according to a nonmonotonous function. It is therefore possible to obtain a
nonuniform spatial distribution of electronic excitations. The core holes re-
lax according to the Auger mechanism, but in this case, the excited regions
are much smaller because the mobility of holes is much smaller in insulat-
ing materials. Figure 3.6 shows regions of different sizes (typically 1–5 nm)
containing several (4–7) electronic excitations. In these clusters of high local
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Fig. 3.6. Spatial distribution of electronic excitations created by the absorption
of a high-energy photon. The notations are similar to the ones used in Fig. 3.5.
Solid circles are electrons; open circles are holes after thermalization. Energy, tem-
poral, and spatial scale characteristics for the process are presented, as well as the
composition and dimension of clusters of excitations

e and h density, the interaction between excitations can modify their local-
ization and can even create defects in crystals. In addition, these clusters
can excite close luminescent centers, and their interaction is responsible for
the acceleration of the fluorescence kinetics and total or partial luminescence
quenching. The first evidence of such effect was observed in CeF3 [41].
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Peculiar fast intrinsic luminescence observed in alkali halides, and in par-
ticular in CsI, was shown to be the result of interaction of several electron–
hole pairs at the initial stage of relaxation [42, 43]. The probability of the
effects of correlated relaxation of electronic excitations with the creation of
an emission center depends on the crystal and can be quite high. It is clear
that the estimation of the light output of scintillators such as CeF3 or CsI
must take into account the role played by regions of high densities of excita-
tion. For example, in the case of CeF3, interaction of excitations is estimated
to reduce the light output by a factor of 2 to 5.

3.3.3 Emission of Luminescent Centers

This process occurs after excitation of the emitting centers. It is the very last
stage of relaxation of electronic excitations. The emission mechanisms depend
on the electronic structure of both luminescent ions and crystal lattice in
which they are imbedded, and on their mutual interaction.

At this stage, there are many processes, which may limit the luminescence
efficiency. Some are related with nonradiative transitions, others with energy
transfer. Most of them are well known and it is of interest here to list the
main ones, which will be analyzed in more detail in next paragraphs.

3.3.3.1 Electron–Phonon Coupling

Ions in a host lattice interact with the vibrations of the lattice, inducing non-
radiative transitions. Whatever the strength of the coupling, there is always
a competition between radiative and nonradiative transitions. The quantum
efficiency, defined as the ratio of the number of emitted quanta to the number
of absorbed quanta, is 1 in the absence of competing radiation less transi-
tions. It is usually the case for luminescent ions in efficient scintillators. In
case of intermediate and strong coupling strength, the Stokes shift can in-
duce thermal quenching. In case of weak coupling strength, for which the
Stokes shift is absent, nonradiative process can occur through multiphonon
emission. In any case, the presence of intermediate excited states between
the emitting level and the ground state is harmful because it is a source of
nonradiative relaxation. As a matter of fact, Tl+, Bi3+, or Ce3+ ions, which
exhibit large free gap below their 6p or 5d emitting levels, are much more
efficient luminescence centers than, for example, 5d → 4f luminescence Pr3+

ions where many 4f levels are lying between 5d and the ground state.

3.3.3.2 Photoionization and Charge Transfer Quenching

When the emitting level of the luminescent centers is degenerated in the
conduction band, autoionization or photoionization usually occurs, resulting
to a delocalization of the electron.
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It may be free in the conduction band and recombine radiatively or
nonradiatively through different processes and/or can be trapped in lattice
defects. This process decreases the quantum efficiency of the luminescent ions
and modifies the fluorescence kinetics giving rise, for example, to afterglow.

But the electron after ionization can be still bounded to the luminescent
center, forming an exciton where the hole is located at the center. This ex-
citon, known as impurity-bound exciton, can recombine radiatively and give
rise to another kind of luminescence. This process can completely quench the
luminescence of interest.

Some luminescent ions, namely rare-earth ions, when embedded in some
crystals, may exhibit charge transfer transitions in the same energy range
as transitions between localized states. After capture of an electron of the
valence band, a charge transfer state can be formed which can partly or
totally quench the luminescence, depending on its energy related to the one
of the emitting level (see the case of Eu3+-doped oxysulfides in Subchap. 3.6).

3.3.3.3 Concentration Quenching

Interaction between luminescent centers increases with their concentration in
materials. Energy migration through nonradiative energy transfer can take
place if the concentration is high enough. The excitation energy can travel
over a long distance in the solid and reach a quenching site where it is lost
nonradiatively. This phenomenon is called concentration quenching, and be-
comes effective for concentrations of few atomic percent of dopant ions. A
very good example is given by CeF3, which has a modest light yield in spite
of a very high concentration of Ce3+ ions.

However, fully concentrated crystals can exhibit efficient luminescence. It
is the case of very pure samples, which contain a very low concentration of
killer centers. It is also the case of systems in which the luminescent ions
show an emission with a large Stokes shift. As a result, the relaxed excited
state is out of resonance with the neighboring ions and the energy migration
cannot occur. Concentrated systems, which exhibit efficient scintillation, are,
for example, Bi4Ge3O12 (BGO) and CeF3.

3.3.3.4 Reabsorption

The light emitted by luminescent centers comes out from the solid after a
more or less long path over many lattice constants. It depends on the size
and on the shape of the solid-state scintillator and on the configuration in
which it is placed in the device using integrated techniques.

The luminescence traveling through the scintillator can be reabsorbed
either by an identical or by different luminescent centers.
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In the first case, the reabsorption is also called radiative energy transfer.
This phenomenon leads to a lengthening of the fluorescence decay, but, in
principle, does not affect the emission efficiency.

In the second case, the luminescence can be strongly quenched and the
light yield of the scintillator substantially reduced. In large-size scintillators,
reabsorption can be really an important limiting factor, and much care must
be taken to grow transparent crystals in the wavelength region of lumines-
cence. Many kinds of absorption centers can be present in crystals such as
lattice distortions, point defects, color centers, etc. Using very pure starting
materials, improvement of crystal growth, special annealing, etc., can reduce
their number. It is often a big challenge to maintain a high light yield for
large crystals of several tens of centimeters in length.

3.4 Creation and Quenching of Radiating Centers

In this paragraph, we will address a problem which has not received as much
attention as the relaxation of the hot carriers and their thermalization but
which has a strong impact on the parameters of scintillation; we discuss here
the final stage of luminescent center excitation mechanism in scintillators
under ionizing radiation. The final stages of the different scintillation mech-
anisms in inorganic compounds have been discussed briefly in Sect. 2.2. Here
we focus our attention on oxide crystals doped with Ce3+ because the Ce3+

ion interconfiguration luminescence presumes the simultaneous presence of
different excitation mechanisms [44]. The charge transfer excitation mecha-
nism of the doping ion luminescence naturally appears from the fact that het-
erovalent Ce ions have a high cross section for capturing holes. Valbis [45] pro-
posed this mechanism of scintillation for YAlO3:Ce3+. Another mechanism
of scintillation, which we defined as energy transfer excitation mechanism,
arises in oxide crystals where intrinsic luminescence centers exist. The bright
scintillation through sensitizing of the Ce3+ luminescence occurs in complex
structure oxide crystals, (1) which, when undoped, have an intrinsic excitonic
luminescence from relaxed excited states; and (2) which, when Ce3+ doped,
have a reasonable overlapping of the intrinsic matrix luminescence band and
the activator absorption interconfiguration bands [46]. This mechanism had
been recognized in Gd-based crystals [47, 48] and then in many other oxide
compounds. A good evidence of the contribution of this mechanism in the
scintillation of Ce3+-doped Y and Lu-based crystals came up from experi-
mental data. Table 3.1 shows the maxima of the intrinsic luminescence in
several complex structure oxide crystalline compounds. Some of them, espe-
cially Y and Lu-based crystals, the technology of which is being extensively
developed, have two characteristic intrinsic luminescence bands. These bands
with maxima near 40,000 and 32,000 cm−1 (5 eV and 4 eV) are the common
features of Al, Si, B, Be complex structure crystalline compounds. The short
wavelength self-trapped exciton (STE) intrinsic luminescence band appears
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Table 3.1. Peak maximum of intrinsic luminescence bands in some complex struc-
ture oxide crystals

High-Energy Band Low-Energy Band
Crystal Maximum (cm−1) Maximum (cm−1) Reference

Y3Al5O12 39,200 33,600 13, 14
YAlO3 44,800 33,600 7
Y2SiO5 33,200 15
Lu2Al5O12 33,300 16
Lu2SiO5 39,060 31,750 9
LuAlO3 31,350 1
Sc2SiO5 31,250 17
Y3Ga5O12 32,800 18
Na2ZrSiO5 34,480–31,250 19
K2ZrSiO5 33,300 19
K2ZrSi2O7 33,300 19
Cs2ZrSi2O7 33,300–31,250 19
Al2Be3Si6O18 33,600 28,000 20
Al2BeO4 34,000 28,400 20
Be2SiO4 33,600 27,600 20
LiB3O5 32,800 21
Li2B4O7 31,000 22

because of an interband transition a1g(σ) → t1u(π) and the long wavelength
one is caused by radiative recombination of self-trapped holes STH [49]. The
STE and STH luminescence intensity variations with temperature are oppo-
site [50], so the thermodissociation of STE is an additional source of STH.
A detailed examination of complex oxide compounds structure as well as
results of EPR measurements [51] show that hole and excitons self-trapping
occurs in oxygen sites of regular and slightly distorted oxygen polyhedra. The
stabilization of O−-type centers and excitons near a vacancy in the heaviest
cation site in complex compounds is considered as an alternative interpre-
tation. However, it is inconsistent with the crystal growth peculiarities in
the Y2O3–Al2O3 system. A strong aluminum oxide leakage from the melt is
observed for perovskite crystal growth inducing Al vacancies in the crystal.
The situation is even more dramatic in the case of LuAlO3 where even a
very small deficiency of Lu in the melt favors the growth of the garnet phase
instead of the perovskite.

The combined luminescence of STE and STH gives a high light yield po-
tential at room temperature in many complex structure crystals especially in
oxides. For instance, both undoped YAlO3 and LuAlO3 show a wide lumines-
cence band with maxima near 320 nm at room temperature, which is a super-
position of the STE and STH luminescence. The total light yield of the scintil-
lation exceeds 11,000 ph/MeV, while when the crystals is doped with cerium
with concentration ∼1017cm−3 or more, the STE and STH luminescence is
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completely quenched in perovskites. It is a relatively rare situation when both
intrinsic bands are quenched. In Ce-doped Lu2Al5O12 and Y2Al5O12 garnets,
the quenching of STE luminescence arises only when the STH recombination
and the Ce3+ interconfiguration emission have been observed simultaneously
under ionizing radiation. Figure 3.7 shows excitation spectra of the Ce3+ lu-
minescence in lutetium perovskite indicating sensitization of the Ce3+ lumi-
nescence by STE and STH. Besides Ce3+interconfiguration f → d transitions
in the range 200–320 nm, two peaks near 154 and 162 nm have been observed
in luminescence excitation spectra. These bands are assigned, respectively, to
the direct excitation of STE and STH in the crystal.

Besides STE and STH luminescence quenching, the Ce3+ impurity ion
changes the conditions of holes self-trapping in the crystal. It is observed
through excitation spectra in Ce-doped lutetium perovskite that the 162- nm
(STH) excitation band is detected at near liquid helium temperature in in-
tegral excitation spectra, measured as a weak shoulder of the 154- nm band
in low-temperature instantaneous spectra and disappears at room temper-
ature. It is obvious that hole self-trapping in Ce-doped crystals is strongly
suppressed because of the capture of the holes by the trivalent cerium ions.

Moreover, lutetium perovskite shows 75–84 nm excitation bands, which
are due to transition from filled 4f14 shell of Lu3+ ion to the conduction
band [53]. They are observed in instantaneous and integral measurement
regimes, indicating that Ce3+ ions capture not only trapped but also “hot”
holes from conduction band. Thus, the capture of the holes by Ce3+ plays a
more significant role in the scintillation creation in lutetium than in yttrium-
based crystals. This difference is also seen from the scintillation kinetics.

The scintillation kinetics is a single exponential in YAP:Ce and the decay
constant of scintillation kinetics τsc is about the double of the radiation time
of the luminescence kinetics under intracenter excitation τr. This is due to the
slow STE and STH diffusion in a majority of complex structure oxide crystals
based on light elements similar to Y [44]. On the contrary, Lu perovskite has
a nonexponential scintillation kinetics that is rather well approximated with
three exponents as seen in Fig. 3.8. The longest component is due to specific
trap center in Lu perovskite. The shortest one is close to τr. The difference
between τr and τsc of the initial part of the scintillation kinetics is a reasonable
parameter to suggest this excitation mechanism of the radiating centers. A
progressive change of the dominating excitation mechanism is observed in the
YAlO3–LuAlO3 solid solution system when the Lu fraction is increased in the
crystal. Figure 3.9 shows this variation of the fast scintillation component as
a function of the substitution of Y by Lu in the crystal.

When the energy transfer excitation mechanism dominates [44], the light
yield dependence on activator concentration is maximum. The maximum is
determined by the STE diffusion rate and shifted to the higher concentra-
tion region for a slower diffusion. Such dependence is well recognized for
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Fig. 3.7. Luminescence excitation spectra of Ce3+ luminescence (λlum = 350 nm)
in LuAlO3:Ce in the ranges 325–100 (1) and 100–60 (2) nm at 9◦K. Solid lines
represent spectra measured in integral regime and dashed lines are for spectra
measured within 16 ns after excitation
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Fig. 3.9. Fast component of scintillation versus Y substitution by Lu in (Y1−x–
Lux)AlO3:Ce, T = 300 K

YAlO3 and Gd2SiO5 doped with Ce3+. Figure 3.10 shows the variation of
the YALO3:Ce light yield with the activator concentration.

In case of charge transfer excitation mechanism, the light yield depen-
dence versus concentration has no maximum and reaches the saturation
at relatively high activator concentration. It indicates that the scintillation
light yield, where excitation charge transfer mechanism is prevailing, can be
increased by an increase in the activator concentration. Figure 3.11 shows
the variation of the (Lu0.5–Y0.5)AlO3:Ce light yield with the absorption co-
efficient of the maximum of the first allowed Ce3+ interconfiguration absorp-
tion band, which is proportional to the activator concentration. A similar
dependence was seen in (Y–Lu)AlO3 and LuAlO3 crystals [54].

Both mechanisms of excitation show light yield temperature dependence
strongly related to the presence of additional electron traps in the crystal.
Figure 3.12 shows simulation results [44] of light yield temperature depen-
dence for a perfect YAlO3:Ce crystal (the temperature change of diffusion
coefficient is taken into account) and for a crystal which has a shallow
trap with a thermoactivation energy ETA = 0.2 eV and a frequency factor
s ∼ 1 · 1012 s−1. In fact, shallow traps, at the relaxation stage, are additional
sources of STE. Similar light yield temperature dependence is measured in
different perovskite scintillation crystals [44, 55] (Fig. 3.13). A shift of the
curve slope to the high-temperature region occurs because of an increase of
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Fig. 3.10. Room temperature YALO3:Ce light yield versus activator concentration
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Fig. 3.13. Light yield temperature dependence in YAlO3, (Y0.5–Lu0.5)AlO3,
(Y0.3–Lu0.7)AlO3, LuAlO3 crystals doped with Ce



3.5 Thermal Quenching 103

the thermoactivation energy of the characteristic electronic center with an
increase of the Lu fraction in the crystal. One can conclude that the varia-
tion of the electron trap centers concentration in YAP–LuAP crystals is an
efficient way to control the crystal LY temperature dependence.

The determination of the radiating centers excitation mechanism is rel-
atively obvious in crystals when the luminescence quantum yield is close to
1. However, in reality, synthetic crystals have specific defects and uncon-
trolled impurities, which very frequently introduce an additional quenching
of the luminescence, and distort or even suppress the effective mechanisms of
the radiating centers excitation. These quenching processes have to be min-
imized to achieve a high scintillation light yield. Not only the quenching of
the intracenter Ce3+ luminescence has to be avoided but also the quenching
of the STE by impurities and nonradiative STH relaxation has also to be
suppressed.

3.5 Thermal Quenching

The luminescence thermal quenching phenomenon observed in luminescent
centers embedded in a solid is always related to electron–phonon interaction
and radiationless processes [3, 56].

To represent the electronic energy-level diagrams of the active ion by
taking into account its interaction with the vibrating host lattice, the simplest
model is the single-configurational coordinate (SCC) model.

This model considers only one vibration mode, a symmetrical stretching
mode so-called breathing mode, described in the harmonic oscillator approx-
imation. The configuration coordinate Q describes the vibration and repre-
sents the distance between the luminescent ion and the ligands. For more
details, the reader can refer to the early work of Struck and Fonger [57] or to
a review paper by Blasse [30].

This model is very convenient to describe thermostimulated processes
leading to nonradiative recombination and thermal quenching of the lumi-
nescence.

3.5.1 Nonradiative Relaxation to the Ground State

A typical SCC diagram is represented in Fig. 3.14.
The energy E is plotted versus the coordinate Q. Potential curves of the

ground state g and of one excited state e are represented by parabolas. The
horizontal lines represent the vibration levels. The vertical lines indicate the
optical transitions for which the probability is maximum (Franck Condon
approximation). The equilibrium distance Qg between the luminescent ion
and the ligands, when the system is in its ground state, does not change
during the absorption transition (Born-Oppenheimer approximation), but
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Fig. 3.14. The configurational coordinate diagram. The energy E is plotted versus
the coordinate Q. The ground state g and one excited state e only are represented by
potential curves with offset ∆Q. Absorption and emission transitions are indicated

changes into Qe after relaxation of the excited state. The ion–ligand distance
is, in general, larger in the excited state inducing parabolas offset. As a result,
the emission transition from the relaxed excited state is shifted toward lower
energy than the absorption transition (Stokes shift).

The Stokes shift is a measure of the interaction between the emitting
center and the vibrating lattice. The larger is the Stokes shift the stronger is
the electron–phonon coupling.

For weak coupling, the parabolas are not significantly shifted and the
emission spectra show narrow lines (case of f–f transitions of rare-earth ions).
In the case of intermediate coupling for which the parabolas are weakly
shifted, vibronic spectra of broad emission lines are observed reflecting the
progression in stretching vibration of the luminescent ion (case of uranyl
pseudomolecules in oxides, such as UO2+

2 ). Strong coupling leads to broad
emission bands (case of mercury-like ions Tl+, Pb2+, Bi3+, 5d → 4f tran-
sitions of rare-earth ions, self-trapped excitons, molecular groups such as
(WO4)2−, charge transfer transitions, etc.).

In the case of intermediate or strong coupling (Fig. 3.15a), the relaxed ex-
cited state may emit luminescence through radiative transition to the ground
state. It may relax nonradiatively to the ground state if the temperature is
high enough to allow the excitation to reach the crossing of the two parabolas.

This model accounts, therefore, for the thermal quenching of lumines-
cence, and even for the total absence of luminescence at a given temperature
when the Stokes shift is strong enough.
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Fig. 3.15. Configurational coordinate diagrams illustrating (a) the case of interme-
diate/strong electron–phonon couplings and (b) the case of weak electron–phonon
coupling

Many applications require use of scintillators at room temperature, and
efficient scintillators must obviously contain luminescent centers with a quan-
tum yield as close to 1 as possible without thermal quenching. It is, for
example, the case of most Tl+ or Ce3+-doped scintillation crystals.

However, a particular case is the well-known BGO (Bi4Ge3O12) scintil-
lator for which the relatively low light output is essentially due to a room
temperature quantum efficiency of only 0.13 because of thermal quenching [4].

There are cases where the thermal quenching may not have a harmful
consequence. For example, PbWO4 is a fast scintillator because of thermal
quenching. Of course, its light yield is very weak as well, but it is nevertheless
a good fast scintillator for some applications in high-energy physics for which
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its interest is more related to the rapidity of the scintillation than to its
efficiency.

Another interesting case is the Ce4+ center. Ce4+ is a full shell ion. No 4f–
4f electronic transitions can occur because of empty 4f level. Nevertheless,
charge transfer absorption transitions can be observed in the UV region but
usually no radiative emission transitions due to a very large Franck Condon
offset and a consequent crossover. Ce4+ is not a luminescent center. It of-
ten coexists with Ce3+ luminescent centers in cerium containing scintillating
materials, and is a very harmful nonradiative recombination center.

Applications may require scintillators with high light output at temper-
ature greater than room temperature. It is the case of oil well logging in
which scintillation detectors are used to measure the natural or induced
radioactivity of rocks. One of the most important requirements for bore-
hole γ-ray detectors is the temperature response because of variable and
relatively high borehole temperatures. Good candidates for such applica-
tion are cerium-doped lutetium ortho-aluminates such as LuAlO3 (LuAP)
or Lu1−XYxAlO3 (LuYAP), and a new inorganic scintillator: cerium-doped
lutetium pyro-silicate Ce3+:Lu2Si2O7 (LPS) [58] which all display a high light
yield above room temperature.

In the case of very weak coupling (4f levels of rare-earth ions), the parabo-
las are not significantly shifted (Fig. 3.15b). That does not mean that non-
radiative relaxation to the ground state is impossible. It can occur through a
so-called multiphonon nonradiative emission process. This process was first
studied by Weber [59–61] and then by many other authors in a number of
different rare-earth doped crystalline materials. It was demonstrated that
spontaneous multiphonon emission rates strongly depend on the energy gap
to the next-lower level (exponential energy gap dependence) and therefore
on the number of phonons required to conserve energy (host dependence via
phonon frequency spectrum). Nonradiative contribution to relaxation is sig-
nificant even for large transitions corresponding to the simultaneous emission
of 5–6 phonons.

In Fig. 3.16 is shown a schematic energy-level scheme of few rare-earth
ions, where are indicated the emitting levels and which reflects the nonradia-
tive relaxation rules previously described.

Blocks indicate higher energy configuration such as 4fn−1 5d and charge
transfer (CT). The energy of these levels strongly depends on the host lattice
contrary to 4f levels. As a result, the emission from some 4f levels depends
on the energy of lowest 5d or CT levels. For example, in the case of Pr3+, the
high-energy 4f 1SO level can emit fluorescence only when the 5d levels are
located at higher energy. Reversely, 5d emission can be obtained only if the
lowest 5d level is below 1SO. Indeed, Pr3+-doped crystals may exhibit fast
scintillation when Pr3+ ions are in the presence of a strong crystal field, which
lowers the lowest 5d level. A large energy gap exists between the ground state
and the 5d and CT lowest excited states of Ce3+ and Yb3+, respectively. In
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Fig. 3.16. Energy-level diagrams of some rare-earth trivalent ions. Circles indicate
emitting levels. Blocks indicate levels of 4fn−15d and charge transfer (CT) higher
energy configurations

principle, an efficient luminescence is expected if the Stokes shift is not too
large.

3.5.2 Thermostimulated Photoionization and Trapping Effects

Photoionization of dopant ions in crystals can occur at relatively low energy
when their localized ground and excited states are close or degenerated to/in
the conduction band. This phenomenon may be of importance in luminescent
and scintillating insulators because it may be the source of significant change
in light efficiency and excited states dynamics. However, their importance was
often underestimated in the past. It will be described in the next subchapter.

We will give here a few examples of thermostimulated photoionization.
Ce-doped Lu2SiO5 (LSO) is a well-known efficient scintillator at room

temperature. Photoconductivity spectra obtained through direct photocon-
ductivity measurements [62] and using the resonant microwave cavity tech-
nique [63–65] allow to estimate the energy difference between the bottom of
the conduction band and the localized Ce3+ 5d emitting level. It is around a
few tenths of eV, which still enable to observe significant photoconductivity
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Fig. 3.17. Energy-level scheme of Ce3+ 4f and 5d levels in an ionic crystal. VB:
valence band; CB: conduction band. The lowest 5d emitting level is lying in the for-
bidden gap close to the bottom of the conduction band, allowing thermostimulated
photoionization

signal at room temperature through thermal activation. Figure 3.17 shows a
simple energy-level scheme describing the process.

Similar results were obtained in the case of Y3Al5O12:Ce. For using such
scintillators at room temperature, it is therefore important to carefully con-
trol the temperature, because the light yield and the fluorescence decays are
strongly temperature dependent. The efficiency drops down quickly and af-
terglow appears for temperatures slightly above room temperature.

The thermal quenching of scintillation of LaI3:Ce crystal is explained by
thermostimulated photoionization as well [66]. In this case, the lowest 5d
state of Ce3+ is still closer (0.1 eV) to the bottom of the conduction band.
As a result, this compound is a poor scintillator at room temperature but
presents good scintillation properties for temperatures below 100◦K.

Strong thermal quenching of scintillation may be the result of efficient
trapping. This kind of quenching is observed only under excitation of the host
lattice by ionizing radiations, and not under direct excitation of luminescent
centers. It is due to the fact that high-energy excitation produces charge car-
riers, which may be trapped and cannot therefore excite luminescent centers,
or only after a delay depending on the escape probability of trapped elec-
trons which itself depends on temperature. In the temperature range where
glow peaks are detected, revealing the presence of traps, a quenching of the
scintillation is therefore expected and, as a consequence, a modification of
the scintillation decay profiles.

Such trapping effects have been clearly identified in a number of scintilla-
tors. For example, ytterbium-containing YAG crystals exhibit X-ray–excited
charge transfer luminescence. Its intensity drops drastically and its decay
shows a very strong slow component at temperature below 120 K where ther-
moluminescence peaks are detected (Fig. 3.18) [37, 38]. The strong thermal
quenching of X-ray induced emission of LuBr3:Ce and LuCl3:Ce observed
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Fig. 3.18. Temperature dependence of the 333- nm integrated charge transfer emis-
sion band intensity (a), and thermoluminescence of YAG:Yb(50%) (b)

below 250 K is not understood by authors of [36] in the frame of their energy
transfer model. It could be, however, interpreted by trapping effects as well.

3.6 Charge Exchange Processes Photoionization
and Charge Transfer

To fully understand the electronic properties of a luminescent ion-crystal
system, it is of importance to pay attention not only to localized transitions
of the dopant ion, but also to charge exchange processes between the ion and
the host crystal. In semiconductors, these exchange processes are the major
phenomena while they are, in principle, of less importance in wide band-gap
ionic crystals. However, their importance was underestimated too long, and
it was demonstrated that they often occur in many transition metal and rare-
earth ions activated compositions. When it is the case, these phenomena may
lead to luminescence quenching of the dopant ion and may give rise to charge
transfer luminescence. It is, therefore, of most interest to analyze them in
doped scintillator crystals.

Photoionization and charge transfer of impurity ions in crystals are both
dealing with electron transfer. They are, respectively, electron donor and
electron acceptor transitions of the impurity. These processes were described
using very simple phenomenological models. Jorgensen’s formulation [67–69]
later improved by Nakazava [70] was able to elucidate the systematic vari-
ation of the energies of CT transitions through the 4fn–series of rare-earth
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ions. McClure and C. Pedrini used a simple electrostatic model to interpret
the variation of the photoionization threshold of rare-earth impurity ions
in crystals [71–73]. More recently, Thiel et al. [74] used photoemission spec-
troscopy for locating the energy of localized rare-earth impurity levels relative
to host band structure in optical materials, and proposed an empirical model
to describe the systematic trends of 4f binding energies.

3.6.1 Charge Transfer

Charge transfer can play a role in the luminescence process when the charge
transfer states (CTS) are lying at relatively low energies close to the emitting
levels of dopant ions (UV–visible region).

Energies of lowest charge transfer absorption transitions can be estimated
by the empirical Jorgensen model:

σ = [χ(X) − χ(M)] × 30, 000 cm−1 , (3.3)

where χ(X) is the optical electron-negativity of the ligand anion and χ(M) is
the optical electron-negativity of the central dopant ion. For ligands, χ(F ) =
3.9 [69], χ(O) = 3.2 [75], χ(S) = 2.8 [69].

Absorption bands are therefore expected at much higher energy in fluo-
rides than in oxides, oxysulfides, and sulfides where CT transitions are usually
observed in the UV–visible region.

Considering the case of rare-earth dopant ions in oxides, for example, in
YPO4 [70], Fig. 3.19 shows that Eu3+ (χ(Eu) = 1.75 [67]) and Yb3+ (χ =
1.6 [67]) are the ions for which the luminescence has the biggest chance to be
perturbed by charge transfer states.

Fig. 3.19. Energy of the lowest charge transfer absorptions of rare-earth doped
YPO4 crystals. Black squares: experimental data; solid line: calculation; broken
line: host lattice absorption edge
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Fig. 3.20. Configuration coordinate diagram for the 4f and the lowest charge
transfer state (CTS)of Eu3+-doped Y2O2S, illustrating sequential quenching of 5D
emmissions

In Eu3+-doped oxysulfides (La2O2S,Y2O2S), the minimum of the CTS is
at rather low energy, leading to a strong sequential temperature-dependent
quenching of 5DJ emissions, as shown in Fig. 3.20 [76,77].

This quenching depends, of course, on the host material. For example,
the 5D emissions quench sequentially in the order 5D3, 5D2, 5D1, 5D0 with
increasing temperature, and corresponding quenching occurs at lower tem-
peratures in the La compound. For Y2O3:Eu3+, for which CTS bands are
lying at much higher energies (about 10,000 cm−1 higher than in the oxysul-
fides), no thermally promoted 5D→CTS transitions occur and no sequential
quenching of the 5D emissions are observed at temperature below 700◦K.

In this case, it is possible to make use of CTS to efficiently absorb UV ra-
diation and obtain strong red 5D→7F luminescence after nonradiative decay
to the lower 4f levels. This red phosphor is used in fluorescent tubes.

It should be noted that in Eu3+-doped materials, CTS emission is not
observed because of radiationless relaxation through lower 4f excited states.

CT luminescence of Yb3+ is often observed in oxides and oxysulfides
[78–80]. The electronic structure of Yb3+ is very favorable since the only
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4f2F5/2 excited state is located around 10,000 cm−1 (1.25 eV) above the
ground state 2F7/2. Because of the large gap between the CTS and 2F5/2

state, CT luminescence can be observed.
Recently, the observation of UV scintillation in yttrium/ytterbium alu-

minum garnets [81] opened the field of investigation to a new class of scintil-
lating crystals with interesting fast luminescence properties, very attractive
for radiation detection in general, and for neutrino physics, in particular [82],
because of the high neutrino capture cross section by ytterbium. For this
purpose, a detailed study of luminescence properties of ytterbium containing
garnets and perovskites has been undertaken [36–38,83,84].

Localized levels of Yb3+ in the gap of the host and lowest CTS are pre-
sented in a single configuration coordinate diagram (Fig. 3.21).

Fig. 3.21. Absorption and emission charge transfer transitions of Yb3+-doped
crystals using a simple configuration coordinate diagram

After capture of an electron from the ligands, a CTS is formed which
can be described as an Yb2+ ion with a hole nearby in the valence band. Its
potential curve has his minimum shifted toward larger Q corresponding to a
larger Yb2+-ligand ion equilibrium distance (Yb2+ radius > Yb3+ radius). If
the shift is not too large, radiative relaxation is possible and then two broad
emission bands separated by roughly 10,000 cm−1 (the energy difference be-
tween 2F5/2 and 2F7/2 states = 1.25 eV) are expected to be observed. For
example, in the case of Yb3+:YAG, the emission bands are peaking around
330 (the most intense) and 500 nm, and CT absorption occurs in the range
200–240 nm as predicted by the Jorgensen’s model [37,38].

CT luminescence of Yb3+, because of its short radiative lifetimes (a few
to a few tens of nanoseconds depending on the host lattice and the tem-
perature) due to allowed transitions, is attractive for development of fast
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scintillators capable to discriminate very short events. The fluorescence in-
tensity can be high, but often thermal quenching processes occur below room
temperature either due to cross-over from the CT-excited state to the ground
state, or due to thermally activated photoionization involving the escape of
a hole from the CTS to the valence band [81].

3.6.2 Photoionization

Photoionization of rare-earth ions in crystals has been observed and studied
for 4fn →4fn−1 5d transitions. Indeed, the 4fn−1 5d states can be close to
the bottom of the conduction band and even degenerated within the contin-
uum. In this case, the 5d electron can be delocalized in the conduction band
resulting in a partly or complete quenching of the 4fn−1 5d→4f lumines-
cence.

It is why the first evidence of photoionization of rare-earth ions has been
observed with divalent rare-earth ions and trivalent cerium ion, which usu-
ally exhibit 5d→4f luminescence [72–75, 85, 86]. Photoionization studies of
impurity-doped crystals were motivated by the fact that their photo-physical
properties were strongly dependent on photoionization process. It is the case
for some potential solid-state laser materials such as CaF2:Eu2+, YAG:Ce3+,
crystals exhibiting persistent spectral hole burning like CaF2:Sm2+, and scin-
tillator crystals of special interest here.

Photoionization processes particularly concern cerium-doped crystals,
which are an important class of fast and efficient scintillators.

Let us consider the single configuration coordinate diagrams representing
the localized levels of Ce in the gap of the host (Fig. 3.22).

Photoionization and CT energy thresholds can be calculated from thermo-
dynamic cycles. In the case of Ce4+, as previously mentioned, CT absorption
and radiationless emission occur. In Ce3+, 4f ↔ 5d transitions are usually
observed in UV and visible range. Strong and fast luminescence may occur
from the lowest 5d-excited state providing this state is lying below the bot-
tom of the conduction band, which is the case of the state (Ce4+ + ec) in the
diagram. This state is obtained after photoionization, ec stands for an elec-
tron in the conduction band. Contrary to Ce3+5d excited states, the potential
curve of (Ce4+ + ec) is shifted toward negative Q since the Ce4+ ion radius
is smaller than Ce3+ radius. The potential curve configuration represented
in Fig. 3.22 corresponds to the case where the emitting level is lying well be-
low the conduction band, and photoionization does not play any role in the
luminescence process at room temperature (case of efficient cerium-doped
scintillator crystals such as many Ce3+-doped halides and oxides).

The opposite situation is when the lowest 5d-excited state is degenerated
in the conduction band. Then, the luminescence may be fully quenched even
at low temperature due to autoionization. This is the case of cerium-doped
sesquioxides (Ln2O3,Ln = La,Y,Lu) or some oxysulfides (La2O2S) [63].
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Fig. 3.22. Photoionization (1) and charge transfer (2) mechanisms of Ce3+ and
Ce4+ ions embedded in crystal lattice, illustrated through single configuration co-
ordinate diagrams

The intermediate case is when the emitting level is located closely be-
low the bottom of the conduction band. Then, thermally assisted photo–
ionization may occur leading to luminescence quenching at temperature be-
low or above room temperature. The most efficient cerium-doped oxide scin-
tillator at room temperature is Lu2SiO5:Ce (LSO), but its light yield rapidly
decreases above room temperature. It was shown that the localized 5d level is
located around only some tenths of eV below the conduction band, allowing
photoionization even at room temperature through thermal activation [63].
LaCl3:Ce3+ [36, 87–89] and LaBr3:Ce3+ [90, 91] are scintillators with very
high light yield, but LaI3:Ce3+ exhibits efficient scintillation only at room
temperature. The proximity of the Ce3+ lowest 5d-excited state to the host
conduction band leads to efficient autoionization process of Ce3+ above 150◦K
and therefore prevents any scintillation at room temperature [67].

The three cases are summarized in Fig. 3.23.

3.6.3 Impurity-Trapped Exciton

Electron-transfer transitions, in which an electron on the metal-impurity ion
moves to lattice states, are not often observed. However, such transitions
have been identified [73, 92, 93]. For example, in divalent rare-earth (Yb2+,
Eu2+), doped, highly ionic crystals (such as alkaline earth fluorides), the so-
called “anomalous” emission bands [94–99] were assigned to radiation from an
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Fig. 3.23. Three scenarios for the fluorescence mechanisms of Ce3+ ions in crystals
taking into account the state of the bottom of the conduction band (Ce4+ + efree).
(a) Intense fluorescence of Ce3+. (b) Partly quenched fluorescence of cerium. (c)
Total quenching of the Ce3+ fluorescence

impurity-centered exciton, which is the lowest excited state of the impurity-
crystal system. Excitation of any of the localized levels of the impurity ion
leads either to photoionization or to radiationless relaxation into lower levels.
Normally, the lowest excited state localized level would be the emitting level,
but when this level lies above the exciton energy it may relax into it, and the
delocalized exciton may then emit instead.

For example, in the case of SrF2:Yb2+ compound, the trapped exciton
geometry is probably that expected for a trivalent impurity ion, Yb3+, at a
divalent site with an electron delocalized over the 12 next-neighbor metal–
ion sites about 0.41 nm away. The collapse of the F− cube around the Yb3+

could displace the F− ions by about 0.02 nm, and would account for the large
Stokes shift (Fig. 3.24).

It was demonstrated, through a detailed analysis of the fluorescence and
the photoconductivity properties of Yb2+ in CaF2, SrF2 and BaF2 [32], that
all the 5d excited states of Yb2+ are degenerated in the conduction band,
and that strong red shifted luminescence of ytterbium-trapped exciton is
observed in CaF2 and SrF2. The negative shift of the exciton curve increases
from CaF2 to SrF2 and even more for BaF2. In the latter case, the shift is
so large that the exciton relaxes nonradiatively to the ground state and no
fluorescence at all is detected.

Impurity-trapped exciton luminescence has been observed in other sys-
tems such as titanium in sapphire [100] and BaF2:Eu2+ [93].

This latter case is very interesting since Eu2+ ion in CaF2 and SrF2

exhibits typical and intense blue emission due to 5d→4f transitions while in
BaF2, a broad yellow emission band is detected because of europium-trapped
exciton (Fig. 3.25).

The impurity-bound exciton model might be used to describe the fluo-
rescence mechanisms in the well-known efficient CsI:Tl scintillator. A large
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Fig. 3.24. Fluorescence mechanisms of ytterbium-bound exciton in Yb2+ doped
SrF2

number of publications deal with the origin of its yellow broad emission band
and of its high light output. It comes out from the more recent studies that
the centers emitting this fluorescence are of exciton type and related with
thallium ions as well [101, 102]. These centers could be a host–exciton (the
hole is in the valence band) with a thallium ion nearby, or a thallium-bound
exciton (Tl2+ + ebound) in which the hole is trapped in the thallium ion
and the bound electron is delocalized in the neighboring Cs+ ions, as it is
sometimes the case in alkaline earth fluorides doped with divalent rare-earth
ions.

It should be noted that the formation of impurity-bound exciton is
strongly promoted when the impurity ion has two stable valence states such
as Eu, Yb, Ti. It should be the case of Ce as well. However, no cerium-bound
exciton fluorescence has been identified yet. It does not mean that such exci-
ton state does not exist, because it can relax through a radiationless process
to the ground state.

Because the exciton state lies below the bottom of the conduction band,
its presence may induce a thermal quenching of the dopant ion fluorescence at
lower temperature or a total quenching without photoionization depending
on the relative positions of the localized states of the impurity ion, of the
impurity-trapped exciton state, and of the bottom of the conduction band.
But it may emit intense red shifted fluorescence with different properties,
which can be of interest for scintillation.
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86. Pédrini C, Gaume-Mahn F, Mc Clure DS (1982) Photoconductivity due to
autoionization of divalent rare-earth impurities in crystals having the fluorite
structure. In: Mc Carthy GJ, Siber HB, Rhyne JJ (Eds) The Rare Earths in
Modern Science and Technology, vol 3, pp 165–169

87. Blasse G, Schipper W, Hamelink JJ (1991) On the quenching of the lumines-
cence of the trivalent cerium ion. Inorg Chim Acta 189:77–80



122 3 Scintillation Mechanisms in Inorganic Scintillators

88. Van Loef EVD, Dorenbos P, van Eijk CWE, et al. (2000) High-energy–
resolution scintillator: Ce3+activated LaCl3. Appl Phys Lett 77:1467–1468

89. Van Loef EVD, Dorenbos P, van Eijk CWE, et al. (2001) Scintillation prop-
erties of LaCl3:Ce3+ crystals: fast, efficient, and high-energy resolution scin-
tillators. IEEE Trans Nucl Sci 48:341–345

90. Van Loef EVD, Dorenbos P, van Eijk CWE, et al. (2001) High-energy–
resolution scintillator: Ce3+ activated LaBr3. Appl Phys Lett 79:1573–1575

91. Van Loef EVD, Dorenbos P, van Eijk CWE, et al. (2002) Scintillation prop-
erties of LaBr3:Ce3+ crystals: fast, efficient and high-energy–resolution scin-
tillators. Nucl Instr Meth Phys Res A 486:254–258
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4 Influence of the Crystal Structure Defects
on Scintillation Properties

Abstract. This chapter discusses the influence of different crystal structure defects
on the scintillation crystal conversion efficiency, energy transfer, luminescence yield
and light collection, as well as on their radiation hardness. During the synthesis
of crystalline media defects are inevitably produced and are classified according to
their size and shape: point, linear and three-dimensional defects. Another type of
defects are produced in the scintillators under ionizing radiation. Charged particles
as light as electrons create charge defects in crystals. Heavier charged particles
like protons, α-particles, hadrons and nuclear fragments loose much more energy
when colliding with the lattice ions, resulting in relatively large damaged area of
several crystallographic cells. The impact of these radiation induced defects on the
radiation damage is presented, in particular on the scintillation efficiency and on
crystal transparency. The dynamic of these effects is discussed in detail, for the
damage building as well as for its recovery. The chapter concludes with practical
considerations on how to improve scintillator radiation hardness.

The crystal scintillation properties are strongly related to their crystallo-
graphic structure. In spite of fact that the majority of scintillation crystals
are isotropic for the propagation of light the scintillation efficiency depends
on the other hand on the quality of the crystallographic structure and on
the presence of defects. In fact all the components of the scintillation yield
(conversion efficiency, transport, luminescence yield and light collection) are
to some extent dependent on the structural quality of the lattice.

The conversion efficiency can vary as a function of the crystal alloying by
replacement of a fraction of lattice ions by isovalent ions. It is also dependent
on modifications of solid solutions which is one of the modern trends in
research and development of new scintillators, for example LYSO and LuYAP.

The energy transfer is influenced by a wide range of structure-sensitive
phenomena, for example, carrier capture in deep and shallow traps, color cen-
ters and other radiation-induced defect formation, chemical transformations
of the activator with parasitic centers, relaxation of electronic excitations at
point defects, etc.

The yield of luminescence depends also on the quality of the crystal.
The selection of the optimum activator concentration and its homogeneous
distribution in the crystal lattice are necessary to optimize this parameter.
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Harmful impurities cause perturbations in the scintillation mechanism and
are often related to the appearance of afterglow phenomena.

The light collection is extremely sensitive to the material transparency.
The presence of absorbing and scattering centers in a host crystal, inhomo-
geneity of refractive index due to internal stresses, etc. are common sources
of light losses.

The different causes of scintillation loss are schematically shown in
Fig. 4.1. It is clear that all of them are directly or indirectly connected with
imperfections of the crystal structure.

Fig. 4.1. A channel of scintillation loss

In most of the cases scintillators are based on single crystals which provide
the best and most homogeneous conditions for the scintillation process: (i)
minimization of parasitic defects, excitation and trap carriers, (ii) maximum
purity of the material, (iii) optimum distribution of the activator, etc. More
detailed information about single crystal growth, purity, and quality is given
in Chap. 6.

4.1 Scintillation Media

In addition to single crystalline scintillators other solid inorganic materials
are known and widely used. The role of the defects in such media is different
from the single crystalline form.

• Scintillation glasses. These were the first choice for high energy physics in
the mid 1960s. Li-based glasses are the cheapest commercially available so-
lution for neutron detection [1]. A glass scintillator composed of Tb-doped
gadolinium silicate glass is used in large area and fiber optic plate detectors
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for industrial X-ray inspection systems [2]. Glasses are attractive media be-
cause of their relatively simple technology. On the other hand, the irregular
lattice structure does not allow us to create efficient carrier transfer condi-
tions and as a result all known glass scintillators have a relatively low light
yield.

• Polycrystalline scintillators. Single crystal press forging is the way to in-
crease the mechanical strength of materials. “Single-polycrystal” transfor-
mation is a typical procedure for material hardening. The easy to cleave
crystals (such as alkali halides) can be forged or extruded at elevated tem-
peratures for some applications, for example well logging that requires
rugged scintillators [3]. Some time ago forging technique was efficiently
developed for the large area scintillator design used for Anger (SPECT)
camera [4]. It was found that the specific plastic deformation and the intro-
duction of internal stresses did not suppress significantly the luminescence
yield [5].

• Scintillation powder. This scintillation medium is typical for the screen
development and applications. The low transfer of light between powder
grains allows us to obtain a high spatial resolution in such screens. X-
ray phosphor powders are extensively used in medical digital radiography.
There are two main options for these materials: conventional intensifying
screens and photo stimulated storage screens. Examples are LaOBr:Tm
and Gd2O2:SiTb for X-ray intensifiers and BaFBr:Eu [6] based screens for
storage applications. However, the problem of producing X-ray screens with
a high scintillation efficiency is not really solved yet. Scintillation powder
in itself is not a very convenient material for practical use. Therefore in the
beginning of the 1980s a new technology was developed for the production
of scintillators in the form of fine-dispersive particles distributed in an
organic polymerized material matrix [7–10]. In particular, BaFCl:Eu and
BaFBr:Eu powders in polyvinylnaphthalenetoluene matrix, alkali halides
doped by Tl ions mixed with organic compounds of the benzene series [8],
or organic siloxanes [11], etc. were proposed as the media for low energy
X-ray detection. The organic material must have a refraction index as close
as possible to the one of the powder. The advantage of such a method is the
possibility of making detectors of any area, shape, and thickness. It may
be used as a coating on practically all substrates. Such scintillators ensure
a maximum light collection and a good matching to the light receiver.

• Scintillation ceramics. These types of scintillators have been developed and
used for medical and industrial CT applications [12, 13]. Several composi-
tions of such ceramics are shown in Table 4.1 with a relatively high yield,
reasonable radiation hardness, and low afterglow in spite of the high con-
centration of structure defects. Typical ceramics have an average grain size
of 30 µm and reach after isostatic pressing a relative density of more than
99.9% of the corresponding single crystal. These scintillators are usually
slightly transparent or even translucent but the recent trend is to produce
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more and more transparent ceramics by the introduction of nanotechnolo-
gies to produce very fine grain raw materials.

• Scintillation films. Epitaxial growth is the currently used method to obtain
thin scintillation films. This is an efficient way for X-ray screen production.
Practically all known bulk scintillation materials are also available in thin
films.

Table 4.1. Comparison of some properties of single crystalline and ceramics
scintillators

X-ray Relative Primary Radiation
Material attenuation Emission light decay After- damage

coefficient λ (nm) output time (s) glow (%)
(cm−1) (%) (%)

70 500

keV keV

CsI:Tl 34 0.49 550 100 1 × 10−6 0.3 +13.5

CdWO4 56 0.91 530 30 5 × 10−6 0.02 −2.9

Y1.34Gd0.6Eu0.06O
f
3 26 0.71 610 70 1 × 10−3 <0.01 < −1.0

Gd2O2S:Pr,Ce,F 52 0.8 510 80 3 × 10−6 <0.01 −3.0

Gd3Ga5O12:Cr,Ce 32 0.7 730 40 14 × 10−5 0.01 −0.3

BaHfO3:Ce 64 0.95 400 15 25 × 10−9 NA NA

These examples illustrate the different criteria and influence of defects on
the properties of scintillators. Nevertheless some basic principles have been
progressively defined by experience in developing and optimizing scintillator
production for large scale applications.

4.2 Defects in a Crystal

Traditionally the classification of crystal lattice defects is based on their
size. Usually three kinds of defects—point, linear, and three-dimensional—are
identified.

Point defects are ion vacancies and interstitials, impurity atoms or ions
and their primary aggregates, radiation-induced defects like color centers.
Such defects are characterized by quick internal stress relaxation with the
distance from the point defect, and weak interaction with other defects.

Linear defects are dislocations with all possible configurations such as
dislocation loops and/or dipoles and different dislocation substructures [14].
These defects, particularly when they appear in clusters, are the source of
internal stresses.
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Moving dislocations can discharge some isolated or aggregated point de-
fects. Dislocations can also help charge transfer and color centers bleaching.

There are different kinds of three-dimensional defects which appear as
macroscopic inclusions into the crystal lattice, for instance, foreign phases,
voids, pores, and so on.

4.2.1 Internal Point Defects

There is always a certain concentration of internal point defects (anion and
cation vacancies, some clusters of them) in a crystal in thermodynamic equi-
librium. The equilibrium concentration of such defects is generally not high,
about 1012 cm−3, but their actual content may be much higher at room
temperature. Plastic deformation of the material, internal stress relaxation,
mechanical cutting, and sample treatment may introduce up to 1018 cm−3

vacancies. In specific cases crystal annealing at high temperatures can also
increase the concentration of vacancies for example through the dissociation
of electric dipoles [15,16].

An increase of the concentration of vacancies leads to the formation of
clusters of two, three, or even more vacancies [16]. Such defects do not in-
fluence the crystal transparency, although they can initiate the capture of
carriers and energy storage mechanisms in the crystal.

In some crystals internal defects can induce absorption bands (especially
in the UV range) which are likely to decrease the crystal transparency at
the light emission wavelength. As an example we note that an increase of
the absorption coefficient from 0.01 cm−1 up to 0.02 cm−1 in the scintilla-
tion light spectrum results in a decrease of the light output of the standard
NaI(Tl) detector up to 30–40% and in a significant deterioration of the energy
resolution.

4.2.2 Impurities

Impurities in crystals are far more diverse in comparison with internal point
defects. It is related not only to the chemical elements diversity but also to
the differences in electron shell structure types and valency and to the ability
to create different kinds of dipoles and primary aggregates. Impurity ions
with parameters close to some of the lattice ions can form solid solutions, i.e.
states where they replace the matrix ions in some crystal lattice sites. This is
particularly true for isovalent impurities with an ionic radius close to the one
of some lattice ions. Heterovalent impurities can also be introduced in the
crystal lattice but their excess (or deficit) charge must be compensated by
other point defects. As a rule, heterovalent impurities form impurity-vacancy
dipoles, and the electric neutrality of the lattice (charge compensation) is
conditioned by their close association with the corresponding vacancy. In
the recent years it has been stipulated that in some fluorides and complex
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three- and four-component dielectrics the compensation may also occur by
association with interstitials ions.

In general one can distinguish activating impurities (i.e. impurity influ-
encing the scintillation process itself) and parasitic impurities that decrease
scintillation efficiency.

4.2.3 Linear Defects

As a rule, only point defects are considered to influence the scintillator per-
formance and their radiation hardness. Linear defects such as dislocations
are assumed to have a small contribution to these effects. This approach is
strictly speaking not correct. In the early 1980s the “deformation lumines-
cence” phenomenon was discovered and described [17]. This effect embraces
a range of phenomena during crystal deformation giving rise to the excitation
of luminescence under the displacement of dislocations. In practice the inter-
nal stresses are not large enough to produce the displacement of dislocations.
However, in the processes of crystal growth and during the mechanical treat-
ment, deformation-induced effects may become quite large. There are other
processes where the deformations influence the scintillator performances. A
typical example is the press forging technique for the crystal hardening and
density increase [4]. Crystal extrusion allows us to manufacture long length
scintillators with practically the same scintillation performance as for single
crystals grown by traditional methods. The first large samples of SPECT
detectors were based on NaI(Tl) crystals deformed at high temperatures.
Another example is the transformation of a single crystalline medium to
a polycrystalline state. The progress of the forging technology allow us to
obtain high material transparency, good scintillation performance (energy
resolution), and good homogeneity of the polycrystalline bulk. As a matter
of fact this technique of crystal preparation does not limit the crystal size.
Figure 4.2 illustrates an example of a press forged NaI(Tl) crystal.

Different phenomena are observed in deformed crystals.
Moving dislocations cause the formation of numerous vacancies and va-

cancy complexes in crystals [15, 20]. The concentration of such defects may
reach the level (1018 cm−3) which is comparable or even exceeds the con-
centration of impurities. Obviously, “deformation-induced” vacancies are in
no way different from “normal” vacancies resulting from the thermodynamic
equilibrium, but their concentration is by 5–6 orders of magnitude larger.

Post-deformation-induced luminescence is now a well-known phenomenon
and it was described in [18] for the first time. Later, the same effect was stud-
ied for pure CsI in respect to fast UV scintillation optimization. It is possible
to demonstrate the correlation between the luminescence yield and the excess
of vacancies produced by plastic deformation. The vacancy concentration in
this case grows with the increase of deformation (ε) as ε2/3 [19]. In the lumi-
nescence spectra of such samples new bands at 460–480 nm appear as seen in
Fig. 4.3. This new emission has a decay time of about 1–6 µm and is parasitic
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Fig. 4.2. A NaI(Tl) large size slab after press forging

Fig. 4.3. Luminescence spectra of deformed CsI crystals: (1 ) no deformation, (2 )
1%, (4 ) 3%, (5 ) 7%, (6 ) 8.5%, (7 ) 17%, (3 ) the same as (7 ) after 40 days of
aging [20]

to the fast UV scintillation. With time the vacancy excess concentration is
gradually relaxed through their diffusion and sink into dislocations and grain
boundaries. However, the crystal does not reach the equilibrium concentra-
tion level (and, correspondingly, the fast/total ratio) even after dozens of
days.

The deformation conditions (deformation rate and degree, the deforma-
tion temperature, crystallographic orientation of the sample, and so on) are
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extremely important from the point of view of the introduction of vacancies,
their stability, and evolution. In [15], for example, it was shown that point
defects in alkali-halide crystals do not practically accumulate at temperatures
higher than approximately 250 ◦C. They are actually being formed, but due
to their high mobility, they sink to the dislocations.

The deformation sensitization of activated scintillators is an effect which
is connected with dislocations in the crystal. Moving dislocations interact not
only with each other but also with impurity defects (activator ions), which
can be initially localized in the crystal lattice in a nonrandom way, espe-
cially for highly doped crystals where the distance between activator ions is
not very big and they can easily interact with each other and form complex
centers decreasing the luminescence efficiency. Moving dislocations can con-
tribute to the activator homogenization. In [21] it was shown that in CsI(Tl)
(7×10−2% Tl) and CsI(Na) (8×10−3% Na) the deformation did not change
the luminescence spectra. But while increasing the CsI(Tl) deformation (0%,
2.8%, 6.6%), the ratio of the activator luminescence intensity was increasing
as 1:2:2.3. A similar result was observed for CsI(Na) too for which the light
output increased by a factor 1.5 after 3% deformation. This phenomenon was
named “deformation sensitization” and can be applied not only to dielectrics
but to semiconductor crystals also [22]. It illustrates the deformation engi-
neering potential regarding the features of scintillation materials.

In spite of a long story of scintillators there are only a few scintillation
materials where crystal defects were investigated in detail. Some of them
are complex structure compounds. Oxides have in general a lower plasticity,
higher hardness, and brittleness than halides. This is the reason for more
precise studies of the influence of point defects on the scintillator perfor-
mance. Lead tungstate (PWO) is a good example where characteristic defects
have been studied by means of electron paramagnetic resonance (EPR) and
thermo-stimulated luminescence (TSL).

PWO is very sensitive to the conditions of its synthesis. During the PWO
crystal growth by the Czochralski method from stoichiometric raw material
a dominant leakage of lead from the melt takes place, leading to the creation
of cation vacancies Vc on the lead site in the host [23]. This is also confirmed
for the crystals obtained by the modified Brigeman method [24].

Independently of the crystal growth technology, after an X-ray irradiation
and the consequent filling of the traps created by point structure defects,
only three characteristic electron centers can be observed in lead tungstate
by EPR.

The shallowest of them occurs in all crystals since it is an intrinsic defect:
an additional electron autolocalized at an anionic WO 2−

4 complex via a
Jan-Teller distortion creating a WO 3−

4 polaronic center [25–27]. This trap
is emptied near 50 K with an activation energy of 50 meV. The electrons
released recombine radiatively or are caught by deeper traps.



4.2 Defects in a Crystal 131

The second one is a Pb1+-V0 center which is stable in the crystal up
to 175 K [28, 29]. It is not excluded that instead of a Pb2+ ion another one
(impurity related) may create such a center near an anion vacancy, but what
is important is that an electron is trapped by a heterovalent cation in the
vicinity of an oxygen vacancy. This center is clearly detected by a relatively
large deviation of the g factor of all such magnetically nonequivalent species
from ge. This center is photoionized by IR light with a threshold of 0.9 eV.

The third one is a WO 3−
4 electron center which is created on the basis of

a regular tungstate anionic complex disturbed by a nearby rare-earth (RE)
trivalent impurity ion such as La, Lu, or Y [26]. It decays near 97 K. Careful
partial annealing experiments showed that the rate of decrease of the EPR
intensity of WO 3−

4 -La coincides with the TSL emission in this temperature
region [28,29]. In addition, the doping of the crystal with stable trivalent RE
ions such as La, Lu, Gd, and Y with concentrations of some tens of ppm redis-
tributes electron trapping centers, reducing the number of deep ones [30,31].
Such ions localized at Pb sites introduce in the crystal an extra positive
uncompensated charge and will thus compete with the creation of V0 vacan-
cies. In addition the doping ions introduced in a non perfectly stoichiometric
crystal (due to PbO evaporation) occupy empty lead sites in the lattice and
so suppress the superstructure fraction with its distorted tetrahedra in the
crystal. Another way to compensate the cation vacancies is the creation of
the 2RE-Vc centers during the doping. However, the small concentration of
cation vacancies and compensating centers (typically less than 100 ppm) and
their casual distributions in the melt and in the resulting crystal make the
probability of creating such associations rather small.

Other intrinsic defects based on cation or anion vacancies with paramag-
netic ground state, which are typical of other tungstate crystals, have never
been detected in PWO crystals. This indicates that centers such as isolated
F+ (anion vacancy V0+ e) and O− have either no energy levels in the forbid-
den band or are delocalized in the conduction and valence bands. Therefore
the only candidates for metastable color centers in PWO crystals under ir-
radiation are cation vacancies capturing two holes of the type O−VcO− and
oxygen vacancies simple or complex centers capturing even amounts of elec-
trons.

In crystals with RE doping a second trap center is detected through TSL
only with an activation energy of 130 meV. This center is not paramagnetic
and is probably a RE-(WO4)4− center. This is in agreement with the fact
that RE-doped PWO crystals show a larger TSL intensity around 100 K as
compared to undoped ones. An electron release from the 130 meV traps
causes the simultaneous production of lower electron centers by retrapping,
as well as through the creation of RE-(WO4)3− giving an increase of TSL
intensity in that resgion.

The deepest electron trap center is a Frenkel-type defect which occurs in
the crystal as a result of the displacement of an oxygen ion into an intersite
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position. The V0 vacancy created by the Frenkel defect can also trap electrons
giving a center such as (WO3)2−. Such a center appears at irradiation, is
stable at room temperature, and shows absorption spectra close to the WO3

center near the Frenkel defect. Frenkel defect produces an optical absorption
band at 360 nm which is converted under ionizing radiation in an absorption
band with a maximum near 410 nm. The defects associates and their trapping
properties have been discussed in [23,32].

Each type of defects can potentially influence the scintillation perfor-
mance. Due to the disposition of electronic centers near the bottom of the
conduction band it seems possible to distinguish the influence of each category
of defects on the crystal scintillation properties. In spite of a fast exchange
of electrons between shallow polaronic and RE distorted regular centers with
the conduction band which contribute therefore to the scintillation, there
is also a flow of electrons to the deep traps. At high WO 2−

4 -RE centers,
concentration in the crystal this outflow becomes so important that it pro-
duces a visible decrease of the crystal light yield. It appears therefore that
the strong radiation hardness requirement for the PWO crystals imposes the
doping with trivalent rare-earth ions which reduce the light yield of the crys-
tal. The only possibility of meeting both radiation hardness and higher light
yield would be to reach a much better structural quality of the crystal than
is presently technically possible.

4.3 Change of the Optical
and Luminescence Properties by Crystal Defects

4.3.1 Scintillation Light Absorption by Crystal Defects

Absorption bands as well as internal nonuniformities, for example scattered
inclusions, gas bubbles, and voids, influence the light collection and contribute
to light losses by scattering and absorption. This is particularly important
for long scintillators as well as for IAD applications. This is why the study of
the optical absorption spectrum in the scintillation emission range is a very
important tool to probe the intrinsic quality of the crystal.

The most essential contribution to optical absorption is related to internal
point defects, impurities, and radiation-induced point defects.

BaF2 scintillator is one of the most illustrative examples to demonstrate
the influence of impurities on optical and luminescent properties of a crystal.
The major drawback of BaF2 resulting from the emission in the deep UV
range is to a great extent compensated by its ultrafast decay time. This
behavior corresponds to a very specific mode of scintillation, the so-called
cross-luminescence which was then discovered in several other materials (see
Chap. 2).

For such materials it is necessary to achieve a very high transparency of
the material in the UV range. The main problem is that alkali earth fluorides
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are easily contaminated by oxygen and hydroxyl ions which are at the origin
of strong absorption bands in the UV range. A theoretical study of the charge
state stability and electronic structure of O0, O−, and O2− centers in BaF2

[33] allowed us to identify a large number of transitions from 2p to 3s and
5s states. In [34] Hartree–Fock–Slatter local density discrete variation cluster
calculations were made to obtain the energy levels of H−

s , O−
s , and O 2−

s ions
in BaF2 crystals. Table 4.2 summarizes the possible optical absorption bands
in the VUV and UV ranges.

Table 4.2. Calculated optical absorption band of H−
s , O−

s -, and O2−
s -doped BaF2

[34]

Impurities λabs. (nm) [eV] Cross transitions

H−
S 209 [5.9] H−(1s) → H− (2s)

O−
S 230 [5.4] F− (2p) → O−(2p,3p)

175 [7.2] F− (2p) → O−(3p)

170≈175 [7.0≈7.2] O− (2p) → Ba2+(5d)

O 2−
S 292 [4.2] F− (2p) →O2− (3p)

200 [6.2] O2−−(2p) → Ba2+(6s)

130 [9.5] O2− (2p) → Ba2+(5d)

As far as O− and O2− ions are concerned, the absorption bands are mainly
the result of cross transitions between oxygen ions and Ba2+ or F− ions which
significantly contribute to absorption around 200–240 nm.

The UV absorption spectrum of BaF2 samples shows a strong absorption
peak in hydrolyzed crystals as seen in Fig. 4.4 [34] which overlaps the fast
emission band.

These problems are essentially caused by the presence of oxygen and hy-
droxyl ions in the material, but in an indirect way [35]. A good example is
given by NaI(TI) crystals grown from melt with different hydrolysis levels or
in an atmosphere reach in I2.

The following reaction takes place at high temperatures [36]:

2NaI + H2O + 1/2O2 → 2NaOH + I2

It releases I2 and NaOH accumulates in the melt. On the other hand, in
iodide reach melt of alkali metals the metathesis decomposition reactions
with oxygen predominate over hydrolytic reactions:

4NaI + O2 → 2Na2O + 2I2
2NaI + O2 → Na2O2 + I2
NaI + O2 → NaO2 + 1/2I2
4NaI + 1/4O2 + 1/2CO2 → 1/2Na2CO3 + 1/2I2
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Fig. 4.4. Absorption spectrums for different hydrolyzed BaF2 [34]

In the case of an excess of I2 in the atmosphere there is also an increasing
probability of generating poly-alkali I−3 synthesis in NaI crystals [36, 37].
As a result of the accumulation of iodine in the crystal absorption bands
appear which overlap with the activator’s luminescent spectrum as seen in
Fig. 4.5. These specific bands at 340–360, 380, 420, 470, and 520 nm are
created by optical transitions between molecular states of I02 molecules and
more generally In (n ≥ 2) of different structures and orientations. They are
observed in several iodine-loaded solutions and matrixes [38] as well as in
irradiated alkali-iodide crystals [39].

The negative influence of the intrinsic absorption in the range of scintil-
lation is clearly seen in the deterioration of the NaI(Tl) crystal performances
as shown in Fig. 4.6.

The presence of various impurities having absorption bands in the UV
range also affects the transparency of a material in the range of scintillation
emission. A typical example is Pb ions in BaF2. The Pb2+ absorption peak
efficiently absorbs the fast scintillation and is a critical issue for BaF2 scintil-
lator development. The data on the role of oxygen containing impurities and
polyvalent anions on the detector scintillation efficiency are given in [40].

The negative influence of too high oxidization level in oxide crystals on
their transmission spectrum is a well-known phenomenon. This is the reason
for yellowish color of not well-optimized tungstate and molibdate crystals. In
fact, two wide absorption bands with maxima near 370 and 420 nm cause the
crystal’s yellowish coloration [41,42]. The origin of the long wavelength band
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Fig. 4.5. Absorption spectra of NaI(TI) crystals, grown in melt hydrolysis condi-
tions; (1 ) before annealing; (2 ) after annealing at 550◦C; (3 ) spectrum 2 subtracted
from spectrum 1, note the factor ×3 in scale; (4 ) NaI-I2 crystal

Fig. 4.6. Dependence of light output C (a) and energy resolution R (b) for NaI(TI)
standard detectors

has been understood from the analysis of the electron density distribution in
Bi-doped crystals [23, 43]. This band is related to a charge transfer transi-
tion in a localized gap state about 1 eV below the bottom of the conducting
band. The same localized gap state is created by trivalent lead ions. Crys-
tals grown in air usually show the 420-nm absorption band; however, this
band is strongly suppressed in crystals grown in a neutral gas atmosphere
or doped with trivalent RE. Moreover, the 420-nm band intensity increases
when annealing in air at temperatures close to the crystal’s melting point
but it disappears under a long vacuum annealing followed by a fast temper-
ature decrease, especially in Bi-doped crystals. However, the yellow color of
Bi-doped crystals may be easily recovered just by short, about 5 h, annealing
at 950 K in air. The diffusion of oxygen during the annealing is unlikely to
explain such changes. One can state that both trivalent lead and bismuth im-
purity ions provoke the yellowish coloring of the crystal, although the former
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seems to be dominant. The same absorption band is observed in lead molyb-
date as noted in [42] which can be easily predicted from the similarity of the
electronic band structures of lead tungstate and molybdate.

4.3.2 Harmful Luminescence and Afterglow

Any luminescence with a decay time much longer than the main scintillation
decay time can be defined as afterglow. As was discussed in Chap. 3, this
phenomenon is important for different applications and in particular very
critical for medical CT devices.

In practice, present technologies for the synthesis and single crystal growth
do not allow us to reach an ideal purity and the level of residual parasitic
impurities remains the essential limitation of the scintillation efficiency. The
efficiency losses are connected with either carrier capture by various traps
or energy storing sites. Consider the example of a pure CsI scintillator for
which several models have been developed. This material is a unique example
of intrinsic luminescence in the alkali-halide scintillators family [46] which
found several applications because of its fast scintillation [44, 45]. Figure 4.7
shows its scintillation kinetics and time-resolved scintillation luminescence
spectra.

Besides the fast 10-ns scintillation component related to the luminescence
peak at 300 nm other emission bands are also observed. They are connected
to other slowly decaying centers. In particular, the emission caused by the
presence of oxygen ions in the crystal has been identified. These emissions in
the green range have a decay time of several microseconds which is typical
for ions such as O−

2 . Moreover under irradiation and/or temperature treat-
ment reactions easily occur from O2− ions to O−

2 . All these centers introduce
additional harmful luminescence, quench the fast emission and cause after-
glow to scintillation. The methods for preventing harmful luminescence and
afterglow are generally related to the crystal growth technology. They are
(i) preliminary purification of raw material, (ii) additional melt purification,
and (iii) attempts to reach the best structure performance.

In activated scintillators one of the mechanisms at the origin of high af-
terglow level is related to the formation of complex activator luminescence
centers. In CsI(Tl), for example, the radiation-induced spectrum shows con-
tributions from Tl 0

2 and Tl2+ activator centers. Such centers are formed
under UV irradiation. Their combination with F-centers is responsible for
afterglow. To prevent the formation of such centers and decrease the amount
of afterglow such crystals need to be stored in the dark.

The stability of such centers is not high and dissociation temperatures
for Tl 0

2 and Tl2+ reach 70◦C and 140 ◦C, respectively. Consequently, low-
temperature (130–140◦C) annealing of the crystals is also a way to lower the
afterglow level and to increase the radioluminescence output by 40–50%.

However, there are examples of the positive role of some doping ions
for the scintillation yield of the fast component related to cross-luminescent
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Fig. 4.7. Scintillation kinetics and time-resolved scintillation luminescence spectra
of pure CsI scintillator [47]

scintillators, such as BaF2. The ultrafast core valence luminescence (about
1 ns) in the crystals is accompanied by slow exciton luminescence (600 ns).
Improvement of such kinds of scintillators requires quenching this excitonic
luminescence. It was shown that different dopings of BaF2 such as La, Y, Cd
allow us to efficiently suppress the exciton luminescence [48].

The precipitation techniques used to synthesize transparent ceramic scin-
tillators is a good approach for obtaining a homogeneous distribution of dop-
ing of ions used to reduce the afterglow. Afterglow in (Y,Gb)2O3:Eu scintil-
lators can be significantly reduced by the addition of heterovalent Pr3+ or
Tb3+ ions to the lattice [49]. The Pr3+ and Tb3+ additives readily trap holes
to form Pr4+ and Tb4+ which compete with the intrinsic traps responsible for
afterglow. This energy trapped on the Pr or Tb sites decays nonradiatively
in the presence of Eu ion [50], so the afterglow emission is reduced. These
techniques have been used to reduce afterglow in rare-earth oxides [51], oxy-
sulfides [51,52], and Gd3Ga5O12:Cr,Ce [53] ceramic scintillators.

4.3.3 Low Background Problem

The influence of parasitic impurities on the background counting rate of scin-
tillators is also an important aspect of the registration efficiency of scintil-
lation materials for several applications. Some isotopes present in the host
material are radioactive. There are lots of such intrinsic or extrinsic “radia-
tive” elements, such as K, Cs, and Rb isotopes in halide scintillators or 176Lu
in all lutetium-based scintillators. This phenomenon can introduce nonneg-
ligible counting rates for some applications. This is for example one major
drawback of LSO for low-energy single photon emission computed tomogra-
phy (SPECT) imaging as well as for low background applications. Lutetium
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has a naturally occurring stable 176Lu isotope that has a very long half-life,
1010 years. The abundance of this isotope is approximately 2.76% and it pro-
duces a beta decay resulting in several gammas in the range of approximately
100 keV to 700 keV. In a 20% energy window centered at 140 keV the count
rate in a 4 mm by 4 mm by 10 mm pixel is approximately 2 counts s−1. This
is definitely an unacceptable background for a gamma camera application. It
is much less a problem for a PET because of its working mode in coincidence.

4.4 Radiation Damage of Scintillators
and Radiation Hardness Improvement

Scintillators as ionizing radiation sensors are naturally subject to radiation
influence. Therefore the stability of their parameters under ionizing radiation
is mandatory.

From a pragmatic point of view the question of scintillator radiation hard-
ness is reduced to the estimation of the detector scintillation efficiency change
when exposed to different kinds of radiation. The practical criterion of the
scintillator resistance to radiation is the value of the scintillator efficiency
losses under radiation, i.e. the reduction of its light yield. This criterion does
not have an unambiguous interpretation as the level of radiation damage de-
pends not only on the type of radiation but also on the dose, dose rate, and
recovery (aging) conditions (such as optical bleaching, storage temperature,
and exploitation). These aspects appear to be important in the definition of
the criteria because they correspond to the working conditions of the detector
in general. This is why the study of radiation damage in different scintillators
is at the origin of a large multidisciplinary R&D effort carried out in many
scientific laboratories worldwide.

From the physical point of view the problem is to study the deterioration
mechanisms of the material optical transparency and of the luminescence
yield.

The crystal transparency usually drops as a result of the formation of color
centers under irradiation. This process obviously affects the light transport
efficiency from the point of emission to the photodetector.

The luminescence yield can also be modified if the luminescence centers
are subject to transformations under irradiation. Fortunately, the scintillation
mechanism is very stable in many crystals, for example, in self-activated
scintillation crystals such as Bi3Ge4O12 and PbWO4, where the oxy-anion
complexes from the matrix are the luminescent centers. For these crystals the
radiation damage is only related to the optical transmission damage through
the formation of color centers. In activated scintillators (NaI(Tl), CsI(Tl),
LSO:Ce, GSO:Ce, LaBr3:Ce, and others) both the scintillation efficiency and
the crystal transparency can be potentially damaged under irradiation.

The possible impact of the radiation damage is very dependent on the
application. If we consider for example the criteria and measurements of the
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radiation damage for application of medical imaging (CT) and HEP detec-
tors, they are clearly different. If, in the first case, instability is defined as
a change of the functional parameters by a few percents only, in the second
case, where the radiation dose is by 5–6 orders of magnitude greater, the light
yield deterioration can reach several tens of percents. Depending on whether
we consider low or high doses and dose rates the damage mechanisms can be
different.

One of the most demanding applications in terms of radiation hardness
is high energy physics (HEP). This problem has encouraged large scale R&D
efforts on scintillator radiation damage studies.

Since the last decade the development of HEP projects has been based on
the development of BaF2 scintillators for the Superconducting Super Collider
(SSC) project [54] in the United States, as well as CeF3 and PWO crystals
for the Large Hadron Cllider (LHC) at CERN in Europe [55]. One of the
most critical requirements for these scintillators was to reach a low level of
radiation damage [56]. The other example of recent years’ developments con-
cerns radiation hard CsI(Tl) scintillator for medium energy physics projects
such as BELLE [57] and BaBar [58]. The same basic problems and physical
mechanisms have been seen in both classes of materials. The effect of ra-
diation damage results from a combination of two components. The first is
connected with structure defects preexisting in the crystal, and the second is
conditioned by the defects being produced in the crystal by the interaction
with the radiation.

4.4.1 Radiation Defects in Dielectrics

Charged particles even as light as electrons create defects in crystals. About
1 MeV electrons are able to transmit a kinetic energy of the order of 50 eV
to an ion. Heavier charged particles such as protons, α-particles, hadrons,
and nuclear fragments lose much more energy when collide with the lattice
ions. For such interactions with heavy particles, even with a modest energy
of about 1 MeV, a relatively large area of several crystallographic cells can
be damaged.

Neutron bombardment, either slow or fast, causes the greatest damage
to the crystal structure. Slow neutrons have in general a large capture cross
section by the different atoms of the crystal cell. When this happens a con-
siderable energy is released, which creates important defects in the crystal.
A neutron with an energy of 1 MeV colliding with an oxygen atom transfers
an energy of ∼40 keV. Consequently a strong neutron bombardment causes
deep changes in the crystalline structure of inorganic compounds.

The results of all these interactions are radiation-induced modifications
of the crystalline dielectric structure. They are of the same type for various
crystalline compounds and different types of ionizing radiation with the only
difference that the doses and the dose rates necessary to produce the same
effect are substantially different from material to material. Such structure
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modifications observed under irradiation can be divided into several groups
[59].

The first group consists of microscopic structure changes for which the
main structure parameters and particularly the spatial symmetry group do
not change. This is by far the most frequent case where the most important
parameter is the concentration of initial defects in the crystal inducing the
capture of free carriers by vacancies and their recombinations, defects aggre-
gations, sink into dislocations, grain boundary, and crystal surface effects.
This concerns the majority of cases where the irradiation rate level is not too
high (this is even true up to the dose rates expected in the LHC). There is a
rapid relaxation of the lattice and the damage is limited to some electronic
structure reconfigurations in the vicinity of preexisting defects in the crystal.

Radiation defects are specific for every kind of ionizing radiation and are
determined by the structural configuration of the lattice.

The macroscopic observed effects in the crystals, such as optical trans-
mission, conductivity, and thermo-luminescence properties, result from the
integration on a large volume of microscopic structure modifications.

The second group of structure changes consists of modifications of the
configuration of the nearest surrounding atom. In a way, this corresponds
to the formation of a kind of superstructure associated with the preexisting
defects. This situation appears when the defect concentration becomes com-
parable to the content of some of matrix ions or atoms, i.e. concentrations of
the order of 1018–1020 cm−3.

Deeper structural changes are generally related to extrinsic element in-
clusions and substantial deviations from stoichiometry. This corresponds to
the radiolysis stage. Such changes are typical, for example, for neutron ir-
radiation with integral fluence of ∼1020 neutrons or more. Such changes
have been observed in many compounds under neutrons, electrons, and γ-
irradiation [60, 61]. At this level of irradiation the scintillation mechanisms
are strongly degraded. At a relatively low dose rate ionizing radiation induces
charge transfer to some matrix ions and vacancies preexisting in the crystal
before irradiation.

In ionic crystals, containing anions and cations, five possible simple point
defects of the crystalline structure have been observed: anion vacancy Va,
cation vacancy Vc, cation replacement by impurity ions, extrinsic atoms in
intersite positions, and Frenkel-type defects (anions and cations in interstitial
sites).

In halide crystals the electron captured by anion vacancy forms F-center
(Va + e−). In oxide compounds the oxygen vacancies, depending upon the
energy level of the corresponding electron traps in the forbidden band, cap-
ture one or two electrons, which are in excess in the conduction band after
irradiation, with the formation of F+(Va + e−) and F(Va+2e−) electron
centers. Cation vacancies, in contrast, capture excess holes from the valence
band, forming one- and two-hole centers. Heterovalent matrix and impurity
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ions undergo modification of their electronic configuration under the influ-
ence of ionizing radiation. Frenkel defects, as a result of the displacement of
an anion or cation, behave as electron or hole centers, respectively.

In oxide crystals interstitial oxygen causes a distortion of the nearest
oxygen polyhedra, creating additional shallow electron traps. Once they
have trapped electrons or holes (it is said that they are recharged defects) the
defects are in a stable or metastable state. In many cases electron and hole
centers (especially Frenkel-type defects) are metastable at room temperature
and their relaxation is characterized by a complex decay time curve. To a
certain extent, all the color centers are metastable because there is always
a temperature at which the annihilation of electron and hole centers takes
place, which leads to the recovery of the lattice to its original state.

The main peculiarity of many recharged defects is their ability to absorb
light, i.e. to create absorption bands in the transparency window of the scintil-
lator. For this reason these defects are called color centers [62]. The intensity
of the absorption depends on the concentration of the color centers as well
as on their type, through the cross section of photons to create electronic
transitions. Naturally, the effect of induced absorption for metastable cen-
ters is temporary. Such centers generally exhibit a natural recovery of the
transparency of the crystal with a temperature-dependent kinetics.

The formation and accumulation of color centers in ionic crystals is a mul-
tistep process [63, 64]. The first stage of accumulation is connected with the
carrier capture by preexisting defects. In this case the energy of formation
of color centers is usually small. It is obvious that the kinetics of the accu-
mulation of color centers at this stage depends on the quality of the initial
structure and on the purity of the single crystal.

With irradiation doses of the order of 0.1–1.0 Mrad the second stage of
crystal coloring takes place, where the accumulation of color centers is caused
by their formation and stabilization at regular sites of the lattice [64]. This
stage of the accumulation of color centers also depends on the quality of the
crystal structure. For most of the HEP modern experiments the requirement
for a good stability of scintillator performances is for doses in the 1–10 Mrad
range.

At the third stage an active aggregation of color centers and the formation
of inclusions from crystal components start to take place [65]. The aggregation
of such kind of defects can lead to the formation of colloid metal particles
in a crystal. The sizes of the particles are such that their absorption bands
can also be within the visible range of wavelengths and absorb scintillation
photons [66].

4.4.2 Radiation Stimulated Losses of Scintillator Transparency

As a result of the previous consideration it appears clearly that for the major-
ity of practical situations the damage is essentiality the result of an increased
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absorption in the crystal. This mechanism is extremely important and there-
fore let us consider it in more details.

4.4.2.1 Color Centers and Transparency Losses

As a typical example let us consider CsI(Tl) crystals. CsI(Tl) radiation dam-
age has been discussed by many authors [67–71]. Test results for long CsI(Tl)
scintillators were described in [70,72] but the physical nature of scintillation
efficiency decrease has not been considered.

Figure 4.8 shows an optical absorption spectrum for CsI crystals contain-
ing various color centers. F-centers formed by electrolytic electron coloration
create an absorption band with a maximum at 780-nm. The 780-nm band
absorbs only a small portion of the light from the 550-nm emission band.
Three experiments were performed to study the absorption of hole color cen-
ters. Induced absorption spectra were measured for an aqueous solution of
Csl + I2 (curve 1), CsI crystals additively colored in iodine vapors (curve
2), and the same crystals subject to electrolytic hole coloration (curve 3). In
all cases absorption bands with 280 and 340 nm maxima, corresponding to

Fig. 4.8. Induced absorption spectra relative to an uncolored CsI sample. a γ-
irradiation (60Co, 0.2 MRh−1) with doses (MR): 0.01 (1); 0.06 (2); 0.12 (3); 0.69
(4); 2.2 (5)); 7.2 (6). b Hole coloration: I2 dissolved in CsI aqueous solution (1);
additively colored crystal (2); electrolytically (holes) colored crystal (3). c Elecrolyt-
ically (electrons) colored crystal
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the so-called V2 and V3 color centers [73–75], were observed. In γ-irradiated
samples, color centers of both electron and hole types are formed (Fig. 4.8a).

The absorption of hole centers is situated in the wavelength range of
excitation of Tl ions. As a matter of fact the absorption of hole centers reduces
the energy transfer to the luminescence centers. A wide band of electron color
centers overlaps a part of the CsI(Tl) luminescence band so that part of the
scintillation light is reabsorbed inducing a reduction of the light collection
efficiency (see Chap. 6) and of the scintillator overall light yield.

In the case of formation of stable color centers in a crystal the absorp-
tion of scintillation photons is proportional to the reduction of crystal trans-
parency convoluted to the emission spectrum. In this case the efficiency
losses are easily calculated by the classic methods of light collection esti-
mation [76,77].

In the general case, however, radiation-induced variations of the light yield
are to be attributed not only to the degradation of the crystal transmission
but also to possible variations in the conversion efficiency. The calculated
curves of the light yield change along the scintillator length for different
induced absorption and conversion efficiency are shown in Fig. 4.9 [72].

While increasing the absorption coefficient at the emission wavelength,
the light output decreases. In this case it is not the number of scintillation
photons in the crystal which decreases but the share of these photons yielding
out of the crystal. It is also important to notice that the number of photons
collected at the end of a long crystal becomes sensitive to the position where
the scintillation took place, and as it moves from the detector exit window,
the value of the light yield constantly decreases.

When simulating the efficiency losses due to the transparency degradation
in an irradiated crystal, one should take into account that the distribution

Fig. 4.9. Light output versus longitudinal coordinate for various values of light
absorption coefficient k (cm−1) and conversion efficiency η (arbitrary units): (1)
k = 0.01; (2) k = 0.02; (3) k = 0.03; (4) k = 0.04; (5) k = 0.06; (6) k = 0.01, η =
1; (7) k = 0.01, η = 0.85; (8) k = 0.01, η = 0.68
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of color centers with the crystal is simply related to both the distribution of
defects in the crystal structure and the distribution of the absorbed energy
(Buger’s formula) which is in general not homogeneous. For medium energy
particles (several MeV) the radiation dose close to the entrance surface is by
the orders of magnitude higher than on the opposite face of the detector. At
higher energies (GeV) the peak of the energy release is at several radiation
lengths (5 to 7) from the entrance window. Correspondingly the crystal color-
ing (i.e. distribution of color centers) is not homogeneous. This effect must be
taken into account both while testing samples and simulating the light collec-
tion in a scintillator. This is especially important for high-energy physics. In
long-length crystals, usually used in electromagnetic calorimeters, radiation
losses due to reabsorption of scintillations by color centers are the dominant
effect because of the long path length of light rays related to the length of
the crystal and to the large number of light reflections on side surfaces of the
scintillator block.

4.4.2.2 Metastable Color Centers

It must be realized that the phenomenological behavior of a scintillator ex-
posed to radiation depends not only on the situation of stable defects but is
also very much influenced by metastable color centers, particularly in a range
of dose rate corresponding to the kinetics of these defects. Moreover, there are
also short lifetime color centers created simultaneously with the excitation
of the emission centers. Such centers are connected with very shallow traps
and can absorb the scintillations light, i.e. cause short lifetime (also called
transient) induced absorption bands.

Let us consider a simple model where ionizing radiation produces at the
same time excited luminescence centers and color centers with concentrations
ni(t), nc(t) decaying with time constants τ i and τ c, respectively. Assuming
these concentrations of emission centers and color centers to be small enough
to neglect correlation effects between them, we can consider that color centers
disappear as a result of the recombination of electron and hole centers, as
well as of their photoionization under the absorption of scintillation photons
with cross section σ. Moreover, the length 1 of the scintillator is such that
1/c � τd, τ c, where c is the speed of light. Let’s define f as the total number
of photons detected by the photodetector with a response time τd � τ c and
a detection efficiency equal to 1. For simplicity the light collection problems
and spectral distribution of the light are not considered here. Thus the system
evolution is described by the kinetic equations [78]:

dni

dt
= − 1

τ i
ni , (4.1)

dnc

dt
= − 1

τ c
nc − cσncf ,

df i

dt
=

1
τ i

ni − cσncf − 1
τd

f .
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Fig. 4.10. Nf dependence upon the relation τ i/τ c for different cross sections of
scintillation light absorption by short lifetime color centers

The scintillator response, which is proportional to the number of photons,
to be detected by the photodetector, is Nf =

∫ ∞
0

fdt · Nf , normalized to ni
0

at the beginning of the process, depends on the ratio τ i/τd, where ni
0 is

the initial concentration of the excited radiating centers. Figure 4.10 shows
the set of curves for different photon absorption cross sections by the color
centers. Here ni

0 = nc
0 = 1 ×1018 cm−3 and σ has been chosen in the range

of the typical spin and parity allowed transitions 10−14–10−18 cm2.
For small absorption cross section there is no change in the number of

photons detected by the photodetector. However, the photon losses rapidly
increase with increasing absorption cross section in the range of 10−16 to
10−14 cm2. It is obvious that this effect is maximal when τ i and τ c are of
the same order of magnitude. The absorption of photons by color centers is
proportional to both the absorption cross section and the color center concen-
tration. In real conditions where there are in general different types of color
centers, we will observe the superposition of their contributions according to
formulas (4.1).

Thus, even in the absence of metastable color centers but at high concen-
tration of shallow traps, short lifetime centers can lead to a decrease of the
scintillation output under the conditions of relatively high-energy release by
ionizing radiation in a crystal.

The influence of short-lifetime absorption on the scintillation yield for the
detection of γ-quanta and electrons at a small dose rate is negligible. However,
the effect becomes substantial for a high excitation rate, for example, in the
case of an intense pulse of high-energy γ-quanta.

As an example let us consider the influence of transient absorption on
the light yield of a lead tungstate crystal. Recently, besides slowly recovering
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Fig. 4.11. Variation of the value (Nf (nc = 0)−Nf ) / Nf ( nc = 0) as a function
of σ∗nc for concentrations of different color centers

color centers, a very fast decaying color center has been detected. This is a
shallow electron type center, which forms a wide, short-wavelength, transient
absorption band in the crystal with a maximum near 3.5 eV [79,80] through
the 1A1 → 3T1,3T2 transitions in the unstable WO 2−

3 irregular tungstate
center. Figure 4.11 shows the change as a function of σ ∗ nc of the value
(Nf (nc = 0) − Nf )/Nf (nc = 0) where Nf (nc = 0) is the number of photons
to be detected in the case of the absence of color centers, for different color
centers concentrations. This value is directly related to the deviation of the
detector response from linearity. The decay time of scintillation τ I is chosen
to be 12 ns, a value of 60 ns is chosen for τ c, and the value of the transient
absorption σ∗nc is estimated as 0.008 cm−1 from experimental data [79–81].
The typical concentration of oxygen vacancies, which produce these short-
living color centers in lead tungstate, is about 1018 cm−3.

Thus, the concentration of the color centers will be about 1017–1018 cm−3

if we assume that 10–100% of point structure defects can trap charge carriers
under ionizing radiation. One can see that the possible decrease of the light
yield through transient absorption can be as large as 2–4%. On the one hand,
this value may not seem very high. However, it can be critical for the practical
use of scintillator (see, for instance, CT applications in Chap. 3).

Under very high irradiation doses the concentration of the color centers
becomes high enough so that they start to actively interact with each other
forming complex (new types) defects. Even radiation-hard crystal (such as for
instance PWO) can become practically opaque to visible light. It is notewor-
thy that metastable defects after aggregation are transformed into very sta-
ble ones and that scintillation properties do not recover after several months
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Fig. 4.12. Optical transmission spectra of the lead tungstate crystal with 0.2 mm
width before and after irradiation by fast neutrons with 1.6×1020 neutrons cm−2

integral fluence. The measurement of the samples exposed to radiation was made
a year and a half after irradiation

or even years of relaxation. Such situations arise when the concentration of
radiation-induced damage reaches the same order of magnitude as regular
ions of the lattice. Figure 4.12 shows the optical transmission spectrum of a
0.2-mm-thick lead tungstate plate before and after irradiation by fast neu-
trons with a fluence of 1.6×1020 neutrons cm−2. An almost complete blacken-
ing of the material is observed. No scintillation can be seen anymore because
the scintillation photons are immediately reabsorbed after their emission in
the bulk of the material. A similar result was observed for BaF2 scintillators
but for much less heavy irradiation conditions [82]. After irradiation by a 60Co
source up to a dose of 1 Mrad crystals did not recover their transparency even
after 260 days.

4.4.2.3 Impurity and Radiation Induced Color Centers

Considering the conditions of color centers formation and accumulation on
the preexisting defects it is possible to divide them into two groups, namely,
defects containing matrix base ions or vacancies and impurity-related defects.
As the vacancy concentration corresponding to the crystal thermodynamic
equilibrium at room temperature does not exceed 10−13 cm−3 the concentra-
tion of color centers will be negligible for a visible change in crystal trans-
parency even if all vacancy-type defects capture electrons or holes and create
stable color centers. But real scintillators always contain different impurities
potentially influencing the crystal transparency. Even the purest scintillation
crystals contain impurities at the level of at least a few ppm. From the view-
point of radiation coloring heterovalent impurities are the most harmful. In
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such cases, the electrostatic balance in the crystal is restored by the formation
of impurity-vacancy dipoles in which the vacancy compensates for the excess
charge of the anionic or cationic impurity. A priori both types of impurities
are harmful. The stabilization of an electron or a hole causes the stabilization
of the center with opposite charge and, as a consequence, the creation of a
stable color center.

The basic mechanisms of impurity-stimulated crystal coloring are de-
scribed in [83–85]. Several studies were carried out in connection with the
development of BaF2 scintillator for the SSC project. In [54,55] many investi-
gations are reviewed. To summarize it was shown that some cation impurities
favor the accumulation of color centers, while some others slightly increase
the radiation resistance of crystals.

From the alkaline-earth fluorides studies (CaF2, SrF2, BaF2) the attention
must be focused on two possible scenarios. The first one involves substitu-
tion impurity ions such as transition metal ions (partly filled 3d shell) and
rare-earth ions (partly filled 4f shell). These types of impurities can easily
change their valence state under irradiation and they have optical absorp-
tion bands in the visible and near ultraviolet spectrum. Even traces of such
impurities can produce a significant radiation damage. The second scenario
involves oxygen and hydrogen. These impurities can be introduced from the
raw material and atmosphere during the growth process. The most likely
mode of incorporation is OH− ions substituting to fluorine. A low vacuum
allows more moisture to enter into the crystal growth furnace. The scenario
of radiation damage involves two process: the creation of F− and H−and the
dissociation of OH− radicals into O− and interstitial H i

0 centers.
The optical absorption of an irradiated crystal before and after annealing

is shown in Fig. 4.13. These data demonstrate the necessity to define special
conditions to minimize the introduction of oxygen and hydrogen into the crys-
tal. At some radiation dose the conversion of OH− to UV active absorption
centers is optimal. But annealing of UV absorption centers above a threshold
temperature is possible as well as optical bleaching of these absorption bands.

According to [86] several metal impurities can also create additional com-
plex color centers. They are produced according to the following chemical
reactions:

Mn + O2− + V+
a → M(n+1)+ + O2− + F ,

Mn + O2− + V+
a → M(n+1)+ + O− + F− ,

where Mn+ is a metal ion, O is an oxygen ion, Va is a vacancy of a fluorine
ion and F is one “F” type color center.

O2− is the most harmful ion for the radiation resistance of BaF2. It is
one of the three components of the complex color centers formation. OH− is
harmful through the production of oxygen and hydrogen centers.

It should be emphasized that the Mn+ ion in the formula of complex
color center must be a variable valence ion which can offer one or more free
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Fig. 4.13. Optical absorption as a function of (B) heat treatment, (C) irradiation
(X-rays, 15 min), and (D) thermal annealing in argon [86]

electrons to form a complex color center during the irradiation. At the same
time its valence state can affect the energy levels of simple color centers such
as F and F− centers and stabilize them at room temperature.

Similar effects are also typical for alkali-halide crystals where air compo-
nents, oxygen above all, are the dominant impurities. The sources of such
impurities are related to the insufficient purity of the raw material, the ab-
sorption of air components on the surface of raw material powder grains and
the atmosphere of the single crystal growth furnace (see Chap. 6).

4.4.3 Radiation-stimulated Losses Scintillation Efficiency

Radiation damage studies in different scintillators showed that if scintillation
losses are in most of the cases caused by the creation of color centers, they
can in some cases be associated with a decrease of the luminescence yield.
We will consider here some specific channels of the luminescence yield losses.

4.4.3.1 Excitation Reabsorption

The comparison of radiation-induced absorption with experimental data for
Tl+ excitation and emission bands [20,72] reveals an overlapping of the hole-
type center absorption maximum in Csl with that of the Tl ions excitation
spectrum. The presence of stable hole centers causes a certain fraction of
excitations to be trapped rather than transferred to TI+ thereby causing
nonradiative losses. As a result, the efficiency of energy transfer to lumines-
cence centers drops, causing a decrease in the scintillation efficiency. The
irradiation dose increases the concentration of hole centers and lowers the
scintillation efficiency.
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Thus, the radiation-induced color centers cause not only a loss in the
light output of Csl(TI) crystals due to the transmission decrease (electron-
type color centers), but they also influence the scintillation mechanism as a
result of reabsorption of the TI+ ion excitation (hole-type color centers).

At relatively small radiation doses the reabsorbing defects are related to
the primary radiation point defects and color centers [72]. Sometimes such
losses are not necessarily accompanied by the formation of visible color cen-
ters. In such cases the process is revealed by TSL measurement as it is related
to the efficiency of energy storage in deep traps. In the crystal materials for
which this efficiency is high can be used for information storage or dosime-
ters. A typical example in the sequence of alkali-halide crystals is given by CsI
which is a scintillation matrix and by LiF for which the storage energy is so
much larger that it has become the most widely used dosimeter material. Re-
cent studies [87] of a multicomponent matrix of ABX3 type (A—alkali metal,
B—alkali-earth metal, X—halide ion) showed that special alloying makes it
possible to suppress or, in contrast, increase the energy storage efficiency in a
crystal (Table 4.3) Thus, the possibilities of radiation damage accumulation
as a result of a modification of the structure cause the complete degradation
of its scintillation features.

Table 4.3. Efficiency of luminescence and energy storage in LiBaF3

Material Core Self Ce3+ O2− Storage
Valence Trapped

Exciton

LiBaF3 pure +++ +++ – – +

LiBaF3(Ce) ++ ++ +++ – +

LiBaF3(O) ++ ++ – ++ ++

LiBaF3(Mg) +– – – – +++

LiBaF3(Mg,O) + + – ++ +++

LiBaF3(Ce,O) ++ ++ ++ + +

At very high radiation dose absorption centers can be produced by rather
complex radiation-induced defects. But in most of the cases the damage is
caused by preexisting point defects and color centers.

4.4.3.2 Activator Ion Recharge

Another channel of luminescence efficiency losses is the reduction of activator
ions concentration as a result of charge transfer process or solid state chemical
reactions.
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Since most of scintillators are activated crystals it is of importance to
introduce activator ions in the correct valence state to guarantee the scin-
tillation. This is often a difficult aspect of the crystal growth process (see
Chap. 6).

Cerium-doped scintillation crystals suffer both optical absorption induced
by ionizing radiation and scintillation mechanism damage. Depending on the
conditions of synthesis the cerium ion is introduced in the crystals with a
2+, 3+, or 4+ valence states, although the 3 valence state only gives rise to
scintillation. The change in the balance between the different valence states
under the action of irradiation (especially the recharge of Ce3+ ions to the
Ce4+ state) reduces the concentration of luminescence centers and therefore
the scintillation yield.

Let us consider the recharge of such impurity ions by irradiation. The
“3+” cerium ion in oxide crystals and glasses are able to suppress slow re-
combination processes because of their large hole capture cross section. Fur-
thermore, in some cases Ce3+ ions also favor the suppression of deep electron
centers, thus causing a quick relaxation of some of the radiation-induced
optical absorption. For this reason cerium is introduced in the fabrication
of glasses when they have to be radiation hard. However, under irradiation
of cerium-doped crystals, besides the well-known radiation-induced optical
absorption bands, the effects of cerium ions recharge may be observed too.
The radiation-induced variation in the concentration of three valence cerium
ions means that the scintillation mechanism is modified. The irradiation of
cerium-doped crystals may therefore reveal both changes in the optical prop-
erties of the crystals, i.e. formation of color centers, and variation in the
luminescence efficiency through the modification of the initial valence state
of the activator.

The radiation-induced spectra in undoped and Ce3+-doped YAlO3 crys-
tals, as well as in YAlO3:Ce+

3 and (Lu0.7-Y0.3)AlO3:Ce+
3 crystals, illustrate

this situation.
In a nonactivated crystal the induced absorption extends over the whole

visible range, its peak value reaching 400 m−1 at maximum as seen in
Fig. 4.14. For comparison even noncompensated lead tungstate crystals grown
from cleaned raw material have an induced absorption coefficient two orders
of magnitude smaller. The reason for such a big difference resides in a consid-
erable shift from the optimal stoichiometry. The deficit of one of the cations
causes a large increase of the anion (oxygen) vacancies contents in the crystal
associated with a larger concentration of formation of color centers and to a
worsening of the radiation hardness.

However, the induced absorption spectrum is deeply modified by cerium
doping. The long-wavelength absorption bands are strongly suppressed. An
intense peak near 270 nm is detected in the spectrum of activated crystals
made by different methods. Figure 4.15 shows the induced absorption spec-
trum measured in (Lu0.7–Y0.3)AlO3:Ce3+ crystal grown by the Czochralski
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Fig. 4.15. Induced absorption spectra in (Lu0.7–Y0.3)AlO3:Ce3+ crystals samples
grown by the Czochralski method in inert gas atmosphere and cut out from the
upper and lower part of a 180-mm long boule. Irradiation: 60Co (1.2 MeV), dose
rate 7 kGy h−1, accumulated dose 103 Gy, T = 300 K

method in inert gas atmosphere. The measurements were carried out for the
samples cut out from the upper and lower parts of a 180-mm long ingot. The
induced absorption spectra are quite similar in shape and intensity for both
yttrium mono-aluminate and solid solution of Lu–Y aluminate. It is quite
evident that the defect formation process in both crystals is similar when us-
ing the same growth method, and, consequently, the approach for radiation
hardness improvement for these crystals has to be the same.

In the induced absorption spectra of YAP and (Lu0.7–Y0.3)AlO3 crystals
doped with Ce3+ ions there is a clear window near 300 nm. It is caused by
the change in the Ce3+ ions excitation band intensity related to the change of
the valence state of some of the activator ions. In other words, the radiation
induces a charge transfer process and the transformation of the Ce3+ to Ce2+

valence state. Simple comparison between the initial and induced absorption
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spectrum in this window indicates that at least 5% of Ce3+ ions are being
recharged. Crystal annealing in oxygen atmosphere restores the initial spectra
of activator absorption by a re-oxidation of the Ce2+ ions.

4.4.3.3 Radiation-Induced Chemical Reactions

While considering the effects induced by ionizing radiation it is necessary
to distinguish one more aspect of it. It concerns radiation-induced chemical
transformations, namely, the modifications in the impurity defects structure.
The above-mentioned example of BaF2 scintillators transparency loss is also
typical here.

The absorption spectra from VUV to UV of BaF2 before and after γ-
irradiation are shown in Figs. 4.13 and 4.16.

Fig. 4.16. Absorption spectra of hydrolyzed BaF2, before and after irradiation [34]

A large radiation damage occurs in a treated sample, although no obvious
absorption at 192 nm was found before irradiation. This result indicates that
only a small amount of hydroxyl or oxygen impurities can lead to a serious
radiation damage in BaF2. Furthermore after irradiation a new peak of ab-
sorption at about 200 nm in the IR spectrum emerged, which is related to
the H−

S center.
The radiation-induced change was also observed in the EPR spectrum of

hydrolyzed BaF2 [34]. The spectrum was taken at room temperature with
the magnetic field along the 〈100〉 crystal axis. Before irradiation no EPR
signal was observed which means that the thermal treatment itself did not
produce any modification of the EPR spectrum in BaF2. After irradiation
two groups of lines appeared separated by about 54 mT and symmetrically
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placed around g = 2. It was concluded that this EPR signal is due to an
interstitial atomic hydrogen H 0

i in the center of an empty cube of fluoride.
Moreover, the complex signal was observed in the central part (g ∼ 2) of
the same EPR spectrum. According to [86] one can state that the edge is
probably due to the absorption of O 2−

S – F+ related to the transition from
the 2p level in oxygen to the 1s level of the F center. The EPR spectrum
suggests that H 0

i exists in treated BaF2 after irradiation. H0
i centers come

from the dissociation of OH− through the radiolysis process,

OH− → O −
S + H0

i

The complex signal in the central part (g ∼ 2) of the spectrum is partially
due to O −

S .
After irradiation two new absorption bands are observed in the UV range

(Fig. 4.16). The H−
S absorption peaks were also found in the UV and in the

IR region. These results suggest that the absorption at 204 nm and ∼240 nm
corresponds to H−

S and O−
S centers, respectively. The H−

S center is probably
produced by the process

H0
i + F → H−

S

where the center F is created independently under irradiation.
These examples cover only a small part of radiochemical reactions. In

alkali-halide scintillators with activator-based luminescence there are also
solid-state reactions involving thallium ions. The formation of complex color
centers (such as for BaF2) leads to both transparency loss and decrease in
the activator luminescence efficiency. Due to some chemical reactions some
centers are created which capture the electron excitations. On the other hand,
these new centers can also produce additional luminescence.

Radiation damage of pure CsI scintillators is another interesting example
which shows not only a drop of the scintillation yield under ionizing radiation
but a complete redistribution of the scintillation kinetics. For this scintillator
both the light output value of the fast UV scintillation (the emission peaks at
about 300 nm) and the Fast/Total ratio (i.e. the ratio of the fast scintillation
intensity to the total light output, i.e. the total amount of fast and slow
components) are important parameters. An increase of the radiation-induced
slow luminescence characterizes this material. Figure 4.17 shows that for
increasing radiation dose the Fast/Total ratio decreases [20].

4.4.4 Approaches to Radiation Hardness Improvement

There are plenty of publications describing the radiation damage effects in
many scintillators. However, there are a few descriptions of the methods of
improving the radiation hardness of materials and there are no practical rec-
ommendations on the production technology of radiation hard scintillators.
Primarily, they include (i) preventing radiation coloring in order to maintain
the transparency of the scintillator at the emission wavelength; (ii) providing
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Fig. 4.17. Dose dependence of fast and slow emission components for nominally
pure CsI scintillators

a good stability of the activator’s state; (iii) suppressing parasitic lumines-
cence; (iiii) minimizing losses at the energy transfer stage, etc.

This is generally considered as being part of the “know-how” of the crystal
producers. However, it is very instructive to consider some general engineer-
ing approaches to produce radiation hard scintillators. These approaches are
based on crystal annealing for the suppression of radiation defects; optical
bleaching, i.e. the process of optically stimulated color centers annihilation;
specific doping; etc.

Among the different methods of simultaneously suppressing the two radia-
tion damage mechanisms (production of absorbing color centers and decrease
of the scintillation efficiency) the use of specific doping is the most effective
and widely applied. Certainly the first step is to try to produce crystals with
the best intrinsic quality by the use of the highest purity raw materials and by
reducing as much as possible the concentration of initial defects. But there is a
technological and economic limit to this approach above which compensation
of preexisting defects by specific impurities can be successfully used [88].

At the crystal growth of complex oxide compounds for instance, there is a
progressive deviation from stoichiometry in the melt and in the grown crystal
due to the different vapor pressures of the components of the melt. This leads
to the creation of cation vacancies Vc and, as a consequence, to the production
of charge-compensating anionic oxygen vacancies V0 and associated defects
of the same type. There is therefore a need to compensate the loss of cations
and to simultaneously suppress the increase in the concentration of oxygen
vacancies. This can be achieved by additional doping with an impurity ion of
(n+1) stable valence state, where n is the valence of the evaporating cation,
and with an ionic radius as close as possible as the one of this cation in order
to be easily localized in the same oxygen polyhedron. Besides, its segregation
coefficient in the crystal growth process should be as close as possible to
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Fig. 4.18. Induced absorption spectra in a nonactivated lead tungstate crystal,
measured 20 and 1.6× 104 min after irradiation, radiation source is 60Co, the dose
rate is 104 rad h−1, the irradiation time is 20 min, T = 300K

one to allow for a homogeneous distribution. Such ions decrease the total
amount of cationic vacancies in the crystal and bring an additional positive
uncompensated charge which prevents the emergence of the V0 vacancies.

Considering the PWO scintillator there is a dominating lead leakage from
the melt during the growth leading to the formation of cationic vacancies Vc

in the localization of the lead ion in the crystal lattice. A trivalent yttrium
ion localized in the lead ion position meets all the above-mentioned require-
ments. As a result the concentration of cationic vacancies is strongly reduced
and, consequently, the creation of anionic vacancies is also suppressed which
significantly increases the radiation hardness of the crystal.

As is shown in Fig. 4.18 an undoped PWO crystal shows a dramatic dete-
rioration of its optical transmission in the visible region under ionizing radia-
tion. Crystal doping with yttrium with a concentration of approximately 100
ppm leads to a reduction of the absorption over the whole spectral range by
an order of magnitude at least. A more detailed description of induced absorp-
tion spectrum and compensation mechanisms is presented in [23]. The same
positive effect can be observed in the PbWO4 crystals doped with trivalent
La, Gd, and Lu ions. On the other hand, doping with heterovalent rare-earth
ions such as Yb and Eu increases the induced absorption up to 200 m−1 [90].

Figure 4.19 shows the change of induced absorption at λ = 420 nm in
the PbWO4 crystals doped with different impurities depending on the accu-
mulated dose of 60Co γ-rays (1.23 MeV). For the accumulated doses of 104,
105, 106, 107, 108 rad, the dose rates were 104, 105, 3.3 × 105, 4.55 × 105,
106 rad h−1, respectively. Crystals with a small number of vacancies because
of La (Y-type ion) ion doping are characterized by an independence of the
induced absorption with the dose rate up to 105 rad h−1. It means that in
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Fig. 4.19. Changes of induced absorption at λ = 420 nm in PWO crystals, acti-
vated with different impurities depending on the accumulated dose when irradiated
by 60Co (1.2 MeV), T = 300 K [95]

crystals with a small number of rechargeable centers, relatively small dose
rates can cause the saturation of formation of electron and hole centers. On
the other hand, for crystals doped with Sb and Zr ions a continuous increase
of the induced absorption is observed that is obviously the consequence of a
considerable rechargeable damage concentration with slow relaxation.

As the dose rate increases above 105 rad h−1 an additional increase of
the induced absorption at λ = 420 nm takes place which grows with the
dose rates. It is due to the fact that the first cause of the lead tungstate
crystal matrix damage is the formation of a Frenkel pair. The signature
of the Frenkel-type defect in lead tungstate is an absorption band near
350 nm. Under irradiation two electrons are captured by the Frenkel defect
and form a deep electronic center [23,98]. This capture produces an annealing
of the 350 nm band with a transfer to another band at 410 nm.

Depending on the concentration of the doping the induced absorption
spectrum can be significantly modified because of the relative action of differ-
ent color centers suppression mechanisms. For a concentration of 20–30 ppm
La in the crystal, i.e. in the case when only a fraction of the vacancies is
compensated by the trivalent impurities there is a strong suppression of the
620 nm band. But new bands at 520 and 470 nm as well as at 720 nm appear
which have been masked in the absence of doping by the wide 620 nm band in
the induced absorption spectrum. Figure 4.20 shows the spectrum of induced
absorption for a PbWO4:La crystal with a relatively small La concentration.
At higher trivalent activator concentration there is a further decrease of all
the color centers absorption bands. It is clearly shown in Fig. 4.21 for a crys-
tal doped by 100 ppm Y3+ ions for measurements 1,674, 27,010, 86,185, and
165,883 s after irradiation. For optimal doping conditions the induced absorp-
tion spectrum envelop remains practically the same due to the simultaneous
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165,883 s after irradiation, the source of radiation is 60Co, the dose rate is 104 rad
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suppression of all the bands and does not affect the light yield nonuniformity
especially for long-size crystals. Such crystals with a low induced absorp-
tion are presently used for the production of the CMS calorimeter in CERN.
Comparison of the spectra in Figs. 4.18, 4.20, and 4.21 shows that induced
absorption spectra are different depending on the concentration of compen-
sating impurity in the crystal. It means that damage and recovery kinetics
of such crystals will also be different. It may have a negative impact on the
energy resolution of calorimetric systems working in irradiation environment
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with a complex time profile. That is why for precise electromagnetic calorime-
try not only the value of the induced absorption at a given wavelength but
also the reproducibility of the induced absorption spectrum from crystal to
crystal in the scintillation spectral range has also to be specified.

The approach which works well for oxides is not as efficient for cross- lumi-
nescent fluoride crystals. An additional problem there is related to the possi-
ble UV absorption by optical transitions of the doping ion. Many rare- earth
ions show in this region interconfiguration and charge transfer transitions.
The method of radiation hardness improvement by doping with isovalent or
aliovalent impurities has been investigated for the BaF2 scintillator. The in-
fluence of alkali, alkali-earth, and rare-earth doping on the BaF2 radiation
damage has been systematically investigated. Doping ions have been divided
into three groups: harmless elements, harmful elements, and useful elements.
For example, La3+, Lu3+, and Y3+ are harmless for the radiation hardness
of BaF2 if the doping level is only of a few ppm. A strong absorption band
was found at 1 ppm of Ce3+ or Pr3+ doping. The crystals doped with Eu3+,
Yb3+, and Dy3+ show completely different results. These elements can elim-
inate color centers in the visible range and increase radiation hardness up to
1 Mrad irradiation while undoped crystals become brown at the same dose.

These studies were unfortunately stopped when the SSC project was
closed down. The complete implementation of these ideas and methods for
improving the radiation hardness in nonoxide crystals has been fulfilled for
the CsI(Tl) and CsI(pure) scintillators.

The previous examples refer to the increase of the radiation hardness of
undoped (self-activated) scintillators. However, as was already mentioned,
most scintillators are activated crystals. The YAP:Ce scintillator is a charac-
teristic example. The initial and gamma-radiation induced absorption spec-
tra for different YAlO3 crystals are shown in Fig. 4.22. The initial absorption
center of the Ce3+-doped crystal in the near UV range results from inter-
configuration transitions from the ground state 4f15d0 of the Ce3+ ion to a
triplet level with the 5d1 configuration split by the crystal electrostatic field.
Under irradiation the crystal shows an induced absorption at the level of
several hundreds of inverse meters in the 220–500 nm spectral region. Doping
the crystal with zirconium at the level of 100 ppm considerably improves
these results.

The radiation-induced absorption in the emission range has been nearly
completely suppressed in crystals doped with zirconium or annealed in hy-
drogen. Moreover, the recharging effect of Ce3+ also decreases and does not
exceed 2%. In the YAlO3 crystal growth process there is a dominant alu-
minum leakage from the melt [89]. The aluminum ion vacancies are compen-
sated by zirconium ions localized in an oxygen octahedron. Zirconium ions
also reduce the V0 concentration in the crystal suppressing electron centers
based on oxygen vacancies.



160 4 Influence of the Crystal Structure Defects on Scintillation Properties

Fig. 4.22. Room temperature absorption spectra of the YAlO3:Ce crystal: initial
(1 ) after irradiation (2 ); induced absorption of a grown YAlO3:Ce,Zr crystal (3 )
and the crystal grown and annealed in hydrogen (4 ); irradiation conditions: 60Co
(1.2 MeV), dose rate 7 kGy h−1, accumulated dose 90 Gy

This approach is less suitable for complex oxides where one cation is local-
ized in sites with several coordinations, for example, in crystals of Y3A15O12,
Lu3A15O12 of the garnet structure, where aluminum ions are localized in
octahedral and tetrahedral coordinations. The Zr ion is not really effective
as it will go preferentially in octahedral coordination sites and leave uncom-
pensated cation vacancies in tetrahedral sites. In this case co-doping by two
impurity ions is required, one for each coordination site.

In conclusion it must be noticed that in spite of a longstanding research
and development for radiation hard scintillators, no universal approach to
suppress radiation damage has been found, if it exists at all.

Different approaches have been used for different materials. Figure 4.23
shows the level of radiation hardness for CsI(Tl) at the beginning (before
intensive R&D effort) and at the end of the 1990s [91]. The possibility of
radiation hardness improvement has allowed this crystal to be used not only
for barrels but also for the end caps calorimeters where the radiation levels
are generally one order of magnitude higher. The example demonstrates that
the potential for radiation hardness improvement has not been exhausted
even for thoroughly studied materials.

However, all the above-mentioned examples illustrate the basic mecha-
nisms of radiation damage and the different methods which are applied to
improve radiation hardness of scintillators. One may confidently say that
the potential to produce more radiation hard scintillators is far from being
exhausted.
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4.5 Recovery of the Radiation-Induced Absorption

In many cases the radiation damage process is balanced by a spontaneous
recovery of the crystal optical and luminescence parameters. This recovery
occurs during irradiation and continues after irradiation is stopped. Such a
phenomenon is typical both for halide and for oxide scintillators. The majority
of radiation induced centers are not stable in time and their relaxation during
the aging is the reason for the scintillation performance recovery. Moreover,
point structure defects such as vacancies are generally not stable in the crystal
at room temperature as they tend to sink to the dislocations or to the free
surfaces. Therefore the recovery of the crystal structure also leads to the
radiation damage recovery however in a longer time scale.

The recovery rate can also be accelerated by ionization of color centers
by optical photons or by heating up the crystal up to a temperature where
thermo-ionization of the deep electron and hole centers becomes possible. A
well-known example of enforced recovery is the so-called optical bleaching
of damaged materials: in a short time the initial spectral properties of the
crystal are recovered by light illumination at a proper wavelength of the bulk
material.

Most of the scintillation crystals are installed in complex experiments for
a long operational time, and in a strong radiation environment, which makes
enforced recovery difficult for technical reasons. Heating the detector is very
often practically impossible. In real situations an acceptable radiation hard-
ness behavior can be reached by tuning some of the crystal parameters in
order to match the radiation exposure time profile to the damage and recov-
ery kinetics of the crystal. For instance, a year cycle of the LHC accelerator
will consist of three 60 days operation periods with high radiation levels, in-
terleaved with 14 days stop intervals, where no radiation will be applied to
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the experiments. After these three cycles there is a longer stop of the accel-
erator for about 150 days. During each of the 60 days periods the radiation
level will follow the cycle of the accelerator beam intensity profile, with a con-
tinuous decrease of the collision rate during the runs, followed by machine
refills. In spite of a precise monitoring system to correct for the crystal opti-
cal parameters changes, it is important to tune the crystal damage building
and recovery kinetics to damp as much as possible the radiation exposure
variations.

In the radiation environment of modern particle physics experiments the
creation of new defects due to inelastic scattering of damaging particles is
negligible. The radiation damage in the crystals in a relatively short time
scale is therefore only the result of a charge-state change of preexisting point
structure defects, which produce color centers. As a consequence the recovery
process is driven by the relaxation of electronic states of these defects. As an
example the model of the transmission radiation damage and recovery in lead
tungstate crystals was proposed in [92]. It has been used for the optimization
of the crystal technology development for the particular radiation environ-
ment of the CMS experiment at LHC. It is shown that the PWO transmission
damage reaches a saturation level, which is dose-rate-dependent up to the
point where the rate of trapping of the charge carriers induced by radiation
is exactly balanced with the rate of spontaneous relaxation at this working
temperature. In the case of a random distribution of the defects of type i
in the crystal and in the absence of interaction between them the radiation
damage will reach a saturation level after a certain time which is determined
by the concentration of preexisting defects. The amount of damaged centers
of type i is described by the following differential equation:

dNi

dt
= −ωiNi +

S

di
(N∗

i − Ni) , (4.2)

where Ni is the number of damaged centers of type i at time t, ωi is the recov-
ery rate of damaged centers of type i, S is the dose rate, N∗

i is the number of
preexisting defects of type i, and di is the damage constant of the mentioned
centers, which depends on the capture cross section of free carriers by the
centers of type i. The induced absorption coefficient k produced by irradi-
ation is proportional to the concentration of absorbing centers N through
k = σN , where σ is the cross section of the absorbing center. The solution of
(4.2) can been given in terms of induced absorption:

k = ksat
S

S + ωd

{
1 − exp

[
−

(
ω +

S

d

)
t

]}
, (4.3)

where ksat = N∗σ is the saturated induced absorption coefficient when all
centers are damaged. The recovery of the transmission after the end of the
irradiation at time t0 is described by the following equation:

k = ksat
S

S + ωd

{
1 − exp

[
−

(
ω +

S

d

)
t0

]}
exp(−ω(t − t0)) . (4.4)
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Further investigations of short-term transient absorption, as well as the
detection of photoionization processes involving electron centers, allowed us
to develop a more adequate model of the radiation-induced absorption and
of its recovery in lead tungstate crystals. A detailed description of electron
and hole centers is given in Sect. 4.2 and [23, 98]. The defect energy level
diagram in the forbidden band of a PWO crystal is shown in Fig. 4.24. In
practice the electron centers created by irradiation in doped and undoped lead
tungstate crystals can be divided into three groups. The first group consists
of polaronic WO 3−

4 centers, distorted regular centers WO 2−
4 , and WO 3−

4 -
RE (where RE is a rare-earth cation). These centers are rather shallow, decay
through the conduction band, and contribute to the scintillation mechanism.
They can create a transient absorption band near the transmission band edge
but it is not easy to distinguish their contribution from the background of
fundamental absorption.

The second group is formed by different irregular WO2−
3 centers and more

complex defects related to them. They have an average lifetime in the crystal
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Fig. 4.24. The energy level diagram of electron- and hole-type centers in the
forbidden band of PWO crystals
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of about 10−6 s or even less and are quickly annihilated through thermoac-
tivation at room temperature. In contrast to the centers of the first group,
these irregular electron centers are either activated through a neighbor lu-
minescence center WO3, or their released electrons are captured by deeper
traps such as MoO2−

4 . The ionization of these centers seems to be responsible
for the transient absorption in the IR region [98]. The Pb1+-V0 center (where
V0 is an oxygen vacancy) contributes also to the IR transient absorption in
the spectral region below 1,000 nm. Moreover, this group of defects is likely
to form a wide, short-wavelength, transient absorption band in the crystal
with a maximum near 3.5 eV.

The last group consists of associates of a dimer of (WO3–WO3)2− cen-
ters having captured two electrons and the Frenkel defect associated with
(WO3)2−, which can also capture two electrons. The ionization of these
deeper electron centers can also be observed through the bleaching by long-
wavelength light [93] in the region of 1.8 eV (λ ≥ 700 nm). The calculated
annihilation rate of the deep associative center is in good agreement with ex-
perimental data [93–95] where a fast optical transmission recovery component
has been detected. In contrast, the decay time of the electron center based
on the Frenkel defect is much slower than the recovery time reported in [96].
In fact, slowly decaying induced absorption bands appear in lead tungstate
crystals due to charge intracenter transitions of the Frenkel defect and di-hole
centers. When crystals are doped with Latype trivalent ions the centers of
the second and third groups are strongly suppressed. Figures 4.18, 4.20, and
4.21 show how the induced absorption spectra are modified from undoped to
doped crystals. Depending on the crystal growth conditions and doping con-
centration at least five bands can be seen, peaked near 350–400, 470, 520, 620,
and 720 nm. Following the description of the defects the transition between
the ground and first excited state of the O−VcO− center is responsible for
the 620 nm absorption band. The 720 nm band is due to the (WO3–WO3)2−

center and the short-wavelength (350–400 nm) radiation-induced absorption
band is caused by the recharge of the (WO3)2−-Frenkel defect center as men-
tioned above. The origin of the 470 and 520 nm bands is still debated [23].
Following a simple model of the thermo-activation and thermo-luminescence
(TSL) data of electronic centers [97], one can estimate the spontaneous re-
covery time constants at room temperature of the (WO3–WO3)2− center and
(WO3)2−-Frenkel defects to be 480 s and 104 s, respectively. Both absorption
recovery constants can be observed in undoped crystals but their contribu-
tion in La(Y)-doped crystals is negligible. Figures 4.25a and 4.25b show the
induced absorption recovery kinetics of undoped crystals at 400 nm (decay of
electronic centers) and 600 nm (decay of hole centers). The kinetics curves are
fitted with an exponential assuming that all centers decay through thermo-
activation. The recovery kinetics is well described by two exponentials with
1,760 s (0.5 h) and 272,000 s (75 h) decay times. If the fast component is
likely to be due to the decay of the (WO3–WO3)2− center, the longest one
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Fig. 4.25. Room temperature induced absorption recovery kinetics at 400 (a) and
600 (b) nm in an undoped lead tungstate crystal and their fits with (4.4) and (4.6)

cannot be attributed to the thermal decay. It seems that the only possibility
of the electron/hole deep defects recombination is through the tunneling of
the electron. Deep electron and hole centers do not have a correlated spa-
tial distribution in the crystal and the tunneling rate approximation for a
casual center distribution describes well the process of recovery in doped and
undoped crystals.

PWO crystals present a unique situation where only two types of slowly
decaying defects, the electronic Frenkel-type defect and the O−VcO−-type
centers, have a tunneling relaxation channel. Thus, the kinetics of defect
concentration nt(t) decrease through tunneling of both electron− and hole-
type centers is described by the same equation [97]:

nt(t)/nt(0) = 1/
[
1 + nt(0)(πa3/6) ln3 νt

]
, (4.5)
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where a = h/2π[2m(Umax − E)]1/2, n(0) is the initial concentration of elec-
tron defects, m is the mass of the electron, Umax − E is the difference be-
tween the potential barrier and the center energy, and ν is the hit frequency
of the electron in the vibronic potential which is well approximated by the
average frequency of the crystal phonon spectrum (500 cm−1). In fact, the
concentration of the defects at t = 0 is not defined. However, for numerical es-
timations, the concentration of the defects at very short time after irradiation
(1 s for instance) can be chosen as the initial point.

The value Umax − E for a Frenkel defect associated with (WO3)2− can
be estimated taking into account the following argument. It is not less than
0.7 eV which is the thermo-activation energy of the center; however, it cannot
be more than the ionization energy 1.8 eV of the center. In our approxima-
tion we used a value of 0.7 eV. As far as Umax − E and ν are defined, and
n(t)/n(0) = ∆k(t)/∆k(0), where ∆k is the induced absorption coefficient at
the specified wavelength, the fit can give an estimation of the concentration
of the defects in the crystal.

Thus the recovery which accounts for thermo-activation and tunneling
effects is expressed by the equation

n(t)/n(0) =

(∑
i

ki,exp(t) + ktun(t)

)
/k(0) (4.6)

=
∑

i

ni(0)/n(0) exp
(
− t

τi

)
+ nt(0)/n(0)[1 + nt(0)(πa3/6) ln3 νt] ,

where ∆ki,exp(0) is the induced absorption contribution of the exponential
component of number i at t = 0, and ∆ktun(0) is the induced absorp-
tion contribution of centers recombining through tunneling at t = 0. Fit
results are shown in Figs. 4.25 and 4.26 where recovery curves have been ob-
tained from several standard CMS ECAL crystals after low-dose-rate (0.15
Gy h−1) irradiation. Data of the fit for different crystals are summarized in
Table 4.4, where δt is the time between the end of irradiation and the be-
ginning of measurements, λ is the wavelength of the measurement, and τi is
the recovery constant of the exponential component number i. In these cal-
culations we considered only one exponential component. The sum ∆kexp(0)
+ ∆ktun(0) = ∆kexperimental is the value of the induced absorption measured
immediately after the end of irradiation.

Undoped crystals show a fast recovery even 1,100 s after irradiation in
the region of 400 nm (2.5 eV) where the (WO3–WO3)2− centers contribute.
The decay time constant correlates well with the annihilation time of these
traps determined through TSL measurements. The same fast component is
observed at 600 nm. However, as seen from the fit, the majority of the electron
and hole centers annihilate through tunneling. The best fit for 395 and 600 nm
is found for n(0) = 2.8 × 1018 and 4.9× 1018 cm−3. The concentration of
Pb2+ ions in the crystal is about 11× 1022 cm−3, so the partial concentration
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Fig. 4.26. Kinetics of the recovery at 470 nm of CMS ECAL crystals measured after
30 h irradiation with dose rate 0.15 Gy h−1 at room temperature. Small oscillations
are due to residual temperature effects. Fit made by (4.6)
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Table 4.4. Induced absorption recovery fit results of different PWO crystals

Sample δt λ τi ∆kexp(0) n(0) ∆ktun(0)

(s) (nm) (s) (cm−1) (cm−3) (cm−1)

PWO 1,100 395 448 1.1 2.8 × 1018 20.4
600 1,430 0.2 4.9 × 1018 18.7

PWO:Y 1,100 400 77,000 0.75 4.1 × 1017 0.48
470 75,000 0.7 3.3 × 1017 0.34
600 69,000 0.36 2.7 × 1017 0.16
700 590 0.4

#4002 100 470 81,500 0.068 1.7 × 1017 0.120
#4004 100 470 53,170 0.051 6.7 × 1017 0.053
#4005 100 470 80,000 0.103 5.6 × 1017 0.038

of both types of defects is found to be of the order of tens of ppm. The
value of the defect concentration is therefore in good agreement with the
concentration value of the doping needed to suppress these defects in the
crystal. When the crystal is doped with Y, there is a strong suppression of
the (WO3–WO3)2− centers. No sign of a fast component with a recovery time
less than 1,000 s is seen in doped crystals in the spectral region 400–600 nm.
However, when the 620 nm induced absorption band is suppressed in the
crystal, the detailed study of the recovery near 700 nm becomes possible. A
recovery constant of 590 s is fitted in this spectral region strongly supporting
the idea that this induced absorption band is also caused by the (WO3–
WO3)2− centers as described above. Through the calculation of ∆ktun(0) in
Y(La) doped crystals, one can see that the amount of hole− and electronic-
type centers is dramatically decreased. Moreover, the increase of ∆ktun(0)
corresponds to an increase of n(0).

Nevertheless, an exponential component with a time constant in the range
of 60,000–80,000 s is observed in the spectral region 400–600 nm in the re-
covery of all doped crystals. One could speculate that this slowly recovering
center is created by the doping ion; however, as mentioned above, the Y(La)
impurity ions do not create deep electron centers in the crystal. On the other
hand, with the suppression of the 620 nm induced absorption band, the 470,
520 nm bands in the induced absorption become visible. It is therefore likely
that the recovery of these absorption bands is characterized by this long time
constant of 60,000–80,000 s. The data obtained and the modeling have shown
that the suppression of the deep electronic and hole centers in the scintilla-
tion crystal is a good way to tune the recovery processes and to improve the
calibration of the calorimeter on a long time scale.
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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 L1 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 S1 on the solidus curve. During further cooling the composition of
the crystallized mass will vary along the line S1–S2, and the composition of
the melt will follow the line L1–L2. Thus, the ratio between crystal and melt
composition is determined by the line lengths L2–S2 and L1–S1. If the cooling
is very slow the crystal composition will follow the line S1–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.

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 T 1

B . 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 A2B, 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–A2B and A2B–B, respectively.

Fig. 5.3. The distectic phase diagram of a binary system with creation of the
compound A2B

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 α and β (Fig. 5.4) can be drawn. The
α and β domains correspond to the solid solution enriched with the A and B
components. The areas between L, S, α, and β are L+α and L+β. 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 α and β begins. The composition of each solid solution α and β
corresponds to the intersection of α and S and β and S curves, respectively.

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

NaI and CsI, 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–NaI 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%).

Fig. 5.6. The eutectic phase diagram for the CsI–NaI system [2–4]

The phase diagram of the PbO–WO3 system was investigated in detail [5]
and in particular on the side of a small WO3 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 E1 (Fig. 5.7) between PbWO4 and WO3 with 66.5%
WO3, fusing at 930◦C. There are two stable phases PbWO4 and Pb2WO5 in
this system. The other two eutectics E2 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 PbWO4 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 PbWO4 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 PbMoO4, CaMoO4,
and ZnWO4, 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 PbWO4 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 Lu3Al5O12 and Lu4Al2O9 and
a metastable phase of LuAlO3 in the system. Lu4Al2O9 is formed from oxides
at temperature higher than 1,650◦C and melts incongruently at 2,000◦C; the
most stable phase Lu3Al5O12 is formed below 1,500◦C and melts congruently
at 2,060◦C. In the LuAlO3 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
LuAlO3 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
Lu1−xYxAlO3:Ce in which the Lu ions are replaced with Y ions have prac-
tically the same or even better scintillation performance [8, 9] as LuAlO3

but with a smaller density below 8.34 g cm−3 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 YAlO3 crystals [10].
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Fig. 5.8. The phase diagram of the Lu2O3–Al2O3 system. The inset shows the
details in the region of the 1:1 (LuAlO3) 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



184 5 Crystal Engineering

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:

• phase status and composition of the initial phase;
• type of the process driving force (temperature gradient or concentration,

or pressure).
• Starting from the first point it is possible to grow single crystals:
• from melts;
• from solutions;
• from gas phase;
• 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

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

• 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);

• 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:

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

• 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(Tl) 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

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, NaI (Tl), CsI (Tl), 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−1.
As a rule, the rate of the ampoule transfer does not exceed 1 mm h−1.

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.

Melt

Seed crystal
Crystal Ingot

Crucible

Heater

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



5.2 Single Crystal Growth 189

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:

σ

(
1

R1
+

1
R2

)
= ρlgH , (5.1)

where σ is the surface tension coefficient; R1 is the radius of the meniscus
curvature in one direction, R2 is the radius of the meniscus curvature in the
perpendicular direction; ρl is the melt density, and g is the gravity coefficient.

For crystals of diameters much bigger than the height of the meniscus the
altitude of the column H0 at which the growth with a constant diameter can
occur is given by

H0 =
√

2
ρlg

. (5.2)

If the crystallization interface is higher than the point H0 the crystal
diameter will be smaller (Fig. 5.13b) and vice versa if it is lower than H0

(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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ρsV Q = λs

(
dT

dX

)
s

− λl

(
dT

dX

)
l

, (5.3)

where ρs is the density of a crystal, V is the crystallization rate, Q is the latent
crystallization heat, λs and λl are the thermal conductivities of solid and
liquid phases, respectively, and (dT/dX)s and (dT/dX)l 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 × 500 mm2 (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).

dνS

dt
= 0 , (5.4)

dSS

dt
= 0 ,

where VS is the axial growth rate and SS is the crystal cross-section.
In the case for which mass transfer is conducted through the crystal melt

interface, it means that
dml

dt
=

dms

dt
, (5.5)

where mS,ml are the masses of the crystal and melt, respectively.
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Fig. 5.15. Scheme of a continuous growth technique with the powder feeding sys-
tem

From (5.4)–(5.5),

d2ms

dt2
= ρs

(
s
dV

dt
+ V

ds

dt

)
=

d2ml

dt2
, (5.6)

where ρs is the crystal density.
To pull a crystal at Vs, Ss = const it is necessary to monitor several

parameters with the following equipment:

(i) Vs = const: crystal length gauge, melt level control,
(ii) Ss = const: crystal diameter control,
(iii) dml

dt = const: the melt weight control, the melt level control,
(iv) dms

dt = 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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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

d = 2
(

m

πρsVp

) 1
2

(5.7)

where ρs is the crystal density, m is the feeding rate, and Vp 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 Vp. Simultaneously, the
melt level is elevated at a rate Vl by feeding the raw material at the dm/dt
mass rate, so that Vp > Vl. 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]

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 (Tl ions for NaI 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. continuous growth of large-size single crystals;
2. fixed “crystal–melt” interface, i.e. constant growth conditions on the so-

lidifying interface;
3. possibility of raw material and activator feeding;
4. bulky crucibles that allow us to provide a good melt convection (and

homogenization);
5. simple control method based on electro-contact probe;
6. 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. extra raw 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(Tl), 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
Bi4Ge3O12 (BGO), CdWO4 (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−1. 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 PbWO4 (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:

• The use of a stoichiometric mixture of tungsten oxide WO3 and Pb3O4.
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.

• 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.

• 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 5–6 mm smaller than the inner diameter of the growth
crucible.

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

• metal resistance to the interaction with melt;
• metal cost and availability;
• thermal stability of crucibles and resistance to deformation under thermo-

cycling;
• immunity to atmosphere conditions;
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• 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) Tl 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 dT/dX must lie higher than the liquidus temperature curve,
i.e. dT/dX ≥ (dT/dX)X=0. This defines the following condition:

Fig. 5.23. The distribution of impurity Cl and temperature Tl at the crystallization
front for the case k0 < 1
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dT

dX
≥ m

csV (1 − k0)
k0D

, (5.8)

where k0 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

• a cellular growth, i.e. the phenomenon when the smooth surface of the
crystallization front is broken into separate fragments and

• 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 k0 < 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.

Cs =
κ0C0

1 − (1 − κ0)g
, (5.9)

where g is the crystallized melt share, Cs is the impurity concentration in the
melt at some point, C0 is the initial impurity concentration in the melt, and
k0 is the segregation coefficient.

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

cbottom

ctop
≤ α , (5.10)

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

Lcd
2 =

4M0

πρs
(1 − k0−1

√
α) , (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 Lc is the length of the crystal cylindrical part, d is the diameter of the
crystal cylindrical part, M0 is the weight of the initial melt, ρs 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

ccenter
≤ β . (5.12)

In this case the ratio of the optimum crystal length, diameter and height
of the crystallization interface convexity will be as follows:

Lc =
4M0

πρsd2
− H

(
1

1 − k0−1
√

β
− 2

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 Tl 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 Tl in NaI(Tl) and CsI(Tl) 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 + H2O → Me2O + 2HF ,

MeF2 + H2O → 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 → MeF2 + H2O ,

2MeO + C2F4 → 2MeF2 + 2CO ,

2MeO + CF4 → 2MeF2 + CO2 ,

2MeO + 2F2 → 2MeF2 + O2 ,

MeO + CF4 → MeF2 + CO + F2 ,

MeO + F2 + CO → MeF2 + CO2 .

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, LiCaAlF6:Ce, LiYF4: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)2
[35]. Practical recommendations to eliminate or to at least minimize these
impurities include for instance the raw material treatment for several hours
in CF4 atmosphere [36]:

CF4 + 2H2O → 4HF + CO2 .

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 (MO2−)
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, PbF2 doping is used for the CaF2 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:

PbF2 + CaO → CaF2 + PbO ↑
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 LiYF4: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% BaF2 [38]. In typical oxide scintillators, Bi4Si3O12

for example, an extra 1–5% of Bi2O3 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

η = αY (5.14)

where α 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:

• maximize the number of photons extracted from the scintillator and
• 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]. It 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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Ψ(θ) = π−1 cos θ . (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 α is determined by the relationship [40]

αa0 =
1
2
(1 − cos θ1) =

1
2

(
1 −

√
1 − n2

1

n2
2

)
, (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]. It 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(Tl) scintillators for the BELLE
and BaBar [50,51] experiments.

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 γ-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.

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′′

NaI(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 NaI(Tl) 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 StarBriteTM 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 γ-rays from 80 to
511 keV. 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 5.8×2.8 mm2 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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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].

Retro-
Reflective
Tape

Scintillation
Crystal

Primary scintillation light

Gamma Net light
distribution with
Retro-Reflection

Net light
distribution
without
Retro-Reflection

Reflected scintillation light 

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 (15–20 µm 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 1 ns, 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 CsI sample before and
after coating with a wavelength shifter. Curve 3 represents the transmission
of the film itself. The fast UV intrinsic luminescence of CsI (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



214 5 Crystal Engineering

100

75

50

25

0
200

1

3

2

300 400 500
wavelength (nm)

tr
an

sp
ar

en
cy

, (
%

)

in
te

ns
ity

 (
a.

u.
)

600 700

0.25

0.50

0.75

1.00

Fig. 5.32. Radioluminescence spectra of 5 mm thick, 30 mm diameter CsI 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(Tl), in spite of, it would seem, quite well coincidence of luminescence
spectrum and spectral sensitivity Si-photodiodes. The luminescence of CsI(Tl)
consists of two main bands: the first one is complex and consists of several
overlapped bands at 400–440 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 Tl+ ions [64]. The ratio between these bands depends on the
concentration of Tl+ ions (the blue emission more intense for a low Tl+ 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. (3 ) Transmission spectrum of the film
itself. The content of Tl is 0.04 mass%
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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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6 Two Examples
of Recent Crystal Development

Abstract. Two examples of recent scintillator development are given in this chap-
ter. They have been chosen in two different areas of applications to illustrate the
common strategies, but also the differences in the approach. Lead tungstate il-
lustrates particularly well how large and very challenging fundamental research
projects are instrumental in pushing the limits of detector performances to meet
an ambitious scientific goal. On the other hand, Lutetium perovskite crystals, al-
though developed up to mass scale production by an acamedic consortium (the
Crystal Clear Collaboration), is a crystal to be used mainly in commercial systems
like medical imaging devices. It is therefore constrained not only by technical con-
siderations but also by a severe competition environment, as any new commercial
product.

6.1 Example of Lead Tungstate Development
for High Energy Physics Experiments

6.1.1 Introduction

High energy physics is a driving force in the development of new scintillators
because of the high level of performance required in particle physics detectors
and of the large volumes needed.

The first example of a well organized R&D effort for the development
and mass production of scintillating crystals for a large high energy physics
experiment is the L3 experiment [2] at the CERN Large Electron Positron col-
lider in the 1980s. More than 12,000 bismuth germanate (BGO) crystals were
produced at the Shanghai Institute of Ceramics (China) for this experiment
(Fig. 6.1). Through the example of the CMS electromagnetic calorimeter be-
ing built at CERN in the frame of its Large Hadron Collider program this
chapter describes the strategies developed for the R&D and the procurement
of nearly 100 tons of lead tungstate scintillating crystals in a period of about
10 years. This project is now well under way as more than one half of the
crystals have been produced so far (2005) and the detector is in its assembly
phase.

The CMS experiment (Compact Muon Solenoid) [3] to be installed at the
future Large Hadron Collider (LHC) at CERN has proposed the construction
of a scintillator-based high-resolution homogeneous calorimeter, to meet the
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12000 BGO crystals
1.5 m3, 11 tons

Fig. 6.1. BGO scintillation cells in the L3 Collaboration Electromagnetic calorime-
ter. An assembling phase

performance criteria for the discovery of an intermediate mass Higgs boson in
its 2γ decay mode. The choice of lead tungstate crystals (PbWO4) has been
made in 1994 because of its high density, fast luminescence, and reasonable
light yield and radiation resistance. It has also been decided to build a PbWO4

electromagnetic calorimeter for the ALICE experiment [4] to take advantage
of the very fine granularity allowed by the high density of this material, in
order to resolve the high multiplicity events generated by heavy ions collisions
at LHC. CMS will require 61,200 barrel crystals of trapezoidal shape divided
into 17 types with average dimensions (2.2× 2.2)× (2.6× 2.6)× 23 cm3 and
15,000 endcap crystal (one type) (2.8 × 2.8) × (3 × 3) × 22 cm3 for a total
volume of 11 m3 and a weight of 90 tons (Fig. 6.2).

The difficult physics constraints and harsh experimental conditions im-
pose very tight specifications to modern detectors. The size of the experiments
and the high quantitative demand allowed us to organize the R&D effort and
production on a large scale (Table 6.1). This has been particularly illustrated
by the work of the Crystal Clear Collaboration [1] which was able to create
a multidisciplinary effort to make the best use of cross-fertilization between
different categories of experts and industry to develop suitable scintillators at
an industrial scale. In the case of the LHC program at CERN the possibility
of making use of the large production infrastructure installed during the cold
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Fig. 6.2. Some of the 80,000 CMS crystals on the automatic certification device

Table 6.1. Crystal calorimeters in the world

Crystal Cleo II L3 Babar Belle L* GEM L3P ALICE CMS

Ball LoI EoI EoI

Where SPEAR CESR LEP SLAC KEK SSC SSC LHC LHC LHC

When 1972 Late 1980s 1999 2007 2007

Beam e+e− e+e− e+e− e+e− e+e− pp pp pp ion–ion pp

Energy 4 6 100 9+3.1 8+3.5 20 8,000 8,000 5.500 7,000

(Gev)

Crystal NaI:Tl CsI:Tl BGO CsI:Tl CsI:Tl BaF2 BaF2 CeF3 PbWO4 PbWO4

Number (k) 0.7 7.8 11.4 6.8 8.8 26 45 100 18 77

Length (X0) 16 16 21.5 16 16 24.5 25 25 22 25

Photodetector PMT SiPD SiPD SiPD SiPD V4T SiPD VPD SiPD APD/V3T

B(T) 0 1.5 0.5 1 1 0.75 4 1 0.5 4

fBC 1.3 2.8 0.091 2.38 10 60 67 67 8 40

(MHz)

war in former Soviet Union has been a key to the success. This has motivated
the collaboration of physicists with the International Science and Technology
Center (ISTC) [5] for the conversion of the Bogoroditsk Techno-Chemical
Plant in Russia for the production of a large fraction >90% of the 80,000
lead tungstate crystals for the CMS experiment at CERN. The rest of the
crystals are produced by the Shanghai Institute of Ceramics in China.
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6.1.2 The Conditions of Scintillator Development
for High Energy Physics (HEP)

The context of scintillator development for HEP is rather difficult. The mar-
ket cannot be stabilized because of the rapidly evolving demand at each
generation of experiment. The very large size of the projects imposes a strong
effort of development and production in a relatively short period of time.
Unfortunately the benefit of these efforts is very often lost if the next exper-
iment requires another scintillator with improved performances. For a long
time NaI(Tl) was the only candidate because the most important parameter
was a high light yield to be able to read out the signals from low energy par-
ticles with standard electronics. Then, the increasing size of the experiments
and the necessity of having a good granularity of the detectors opened the
research toward higher density materials. That was the era of BGO with a
very high density of 7.13 but a rather moderate light yield and CsI with a
smaller density of 4.51 but a much higher light yield, which seems to have
been a good compromise, as it is the only scintillator to have been used in
at least five large size detectors so far. Unfortunately the hunt for very rare
events imposed to build accelerators of higher luminosity, putting new con-
straints for short decay time of the scintillators. The requirements for high
density have been further increased, whereas the one for high light yields has
been somehow reduced because of the increased energy of incoming particles
and of the emergence of new type of photodetectors such as avalanche pho-
todiodes. These new requirements triggered a strong R&D effort on BaF2,
CeF3, and PbWO4.

Another difficulty for this activity is the complexity of the decision mech-
anisms in HEP. As new technologies are needed for every new generation of
experiment, an important R&D effort has to be made for a proof of feasi-
bility and a good understanding of cost issues, before any approval can be
made. This takes usually several years during which no firm commitments
can be made and some conditions can change. At least two difficult cases
were experienced in the recent past:

• The large effort of several years for the development of large size radiation
hard blocks of BaF2 crystals was suddenly stopped by the decision to stop
the SSC program in the USA.

• Similarly, the spectacular developments of avalanche photodiodes have led
the CMS collaboration to finally prefer lead tungstate crystals with a lower
light yield but higher density, to the higher light yield cerium fluoride CeF3,
in order to build a more compact and less expensive detector.

The uncertainty of future markets for these new scintillators is another
problem for the crystal producers. At least in the first phases of the devel-
opment the prospects for other applications than physics experiments are
not well known. Although the situation has been rather good for BGO in
the scientific, industrial, and medical domains, reasonably good for CsI with
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several physics experiments and some commercial applications, it is still very
unclear for BaF2, CeF3, and PbWO4.

On top of these difficulties, the more and more severe budgetary con-
straints impose strong limits on the production costs of the scintillators which
are only partially compensated by the financial support during the R&D
phase.

Keeping in mind all these difficulties, a proper strategy has been set up
for the development and production of the large quantity of lead tungstate
crystals of the CMS electromagnetic calorimeter.

6.1.3 Strategy for the CMS Calorimeter

6.1.3.1 General Considerations

The first and probably most important action in the beginning of such a
challenging project is to clearly define the objectives. This includes a strict
definition of a list of realistic specifications to be reached by the crystal, in
order to guarantee the physics performance of the detector without overde-
signing. The understanding of the cost-driving factors and the study of the
methods to reduce their impact on the final cost has to be included in the
R&D program at the same level as the fight for improved technical para-
meters. Finally, the preparation of the production infrastructure must be
included in the overall program with a detailed analysis of all the production
aspects: procurement of raw materials, equipment, manpower, and safety. In
the case of CMS a program has been set up in three phases with 3 years’
R&D, 2 years’ preproduction, and about 5 years’ production periods.

A proper funding must be defined for each phase in full agreement with the
crystal producers. It is important that the losses are minimized in the case of
a modification or even a stop at any stage of the program. For the first time in
the history of high energy physics, CMS has organized a well-defined support
during the R&D and the preproduction phase funded by CERN with the help
of the International Science and Technology Center (ISTC) in Russia. ISTC
is an intergovernmental organization to bridge between Russian institutes
and the world market and to promote their conversion from military to civil
applications. This long-term effort associated with a nonnegligible risk must
be shared with well-selected industrial partners. The possibility of making use
of the large production infrastructure installed during the cold war for the
growth of nonlinear crystals for military applications has played an important
role in the selection of the Bogoroditsk Techno-Chemical Plant (BTCP) in
Russia.

The traditional client–producer relationship must be replaced by a more
effective spirit of collaboration. A mutual understanding of the different con-
straints on both sides has to be built in the necessary respect of a certain
level of confidentiality to protect the long-term interests of the producers.
This sociological aspect is very important and although it takes generally
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several years to be fully integrated, it contributes to a large extent to the
success of the operation. Such challenging projects cannot be successfully re-
alized without solving the difficult equation of maximization of happiness on
both sides: best performances for lowest cost on the client side, versus best
profit and possibility of attracting other clients on the producer side.

6.1.3.2 Organization of the R&D

An important characteristic in the field of material science is that it requires
a multidisciplinary approach. The users (in our case high energy physicists)
define a set of desired performances which determine the goal to be reached.
The crystal producers bring the technology and their experience in organiz-
ing mass production with maximum yield and optimized cost. A group of
experts are also needed in different fields such as solid state physics, spec-
troscopy, chemistry, and trace element analysis, to help producers to reach
the specifications set by the users. Some of the required expertise may exist
in the production centers, but in most of the cases one has to open the col-
laboration to outside laboratories. One difficulty is to select these groups not
only for their expertise but also for their ability to understand the specific
spirit of their contribution. They have on the one hand to understand the
user’s requirements and on the other hand to help solving problems in an in-
dustrial context and not only for their academic interest. This is a long-term
work, and the experience gained in previous large projects as well as R&D
efforts in the frame of officially supported groups such as the Crystal Clear
collaboration at CERN [1] plays a crucial role in organizing these contacts.

Another problem comes from the difficulty of the measurements in the
field of material sciences, which require very often heavy equipment with
scheduled access spread in different parts of the world. This is the case for
synchrotron radiation sources, radiation facilities, EPR systems, and to a
lesser extent for thermo-luminescence and elaborated spectroscopic devices.
The time needed to perform and analyze the results of the experiments is
long. This is why a specific organization had to be made in order to reduce
the feedback loop with the producer. For each problem (radiation hardness),
or quantity to be improved (light yield), experts are asked to propose a few
tests to identify the parameters involved in this problem. Once these para-
meters are known, they are systematically scanned by the producer in order
to find the best optimization. At this stage, a two-level feedback loop is or-
ganized, one with a few simple tests made in the vicinity of the production
center to allow quick reactions, and another one with more indepth studies
in specialized laboratories for a full control and understanding of the process.
Once a significant improvement seems to have been made, it has to be con-
firmed on a statistical basis on a set of at least 10 full-size crystals in the
conditions of mass production. This approach reduces as much as possible
the time needed to solve a problem. However, one has to count about 1 year
for each important step in the development of a new material. This is the time
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it took the CMS collaboration to grow crystals of the required dimensions in
1994, to suppress slow components at the end of 1995, and more recently to
make significant progress in radiation hardness of lead tungstate crystals [6].

6.1.3.3 Cost Optimization

One important aspect of these developments is the cost optimization. All the
R&D effort must be driven by cost considerations. It is not sufficient to solve
a problem with nonaffordable solutions. This is why the R&D as well as the
production strategy is developed as a function of the existing infrastructure
in the production centers. It is cheaper to extract specified impurities in 5N
raw materials than to have to buy 6N pure components. Optimizing the ori-
entation of the crystal and the annealing procedure is certainly cheaper than
developing specific machines for cutting fragile crystals. The maximization of
the yields at each stage of the production is one of the key objectives of the
R&D.

As potential future markets are uncertain, the production infrastructure
has to be organized as much as possible with R&D funds, in order to not
impinge too much on the production cost of the crystals. This is also the
role of the R&D to develop production technologies as simple as possible,
minimizing the power consumption, and with a high degree of automatization
in order to reduce manpower costs.

6.1.4 Progress on Lead Tungstate

This systematic approach has been followed for the development of Lead
Tungstate crystals for the CMS experiment at CERN.

The very specific requirements of the scintillating crystals for the Electro-
magnetic Calorimeter at the CERN Large Hadron Collider CMS experiment
have been the subject of intensive research and development for about ten
years. At the start of these studies it was by no means clear that the very
high purity of raw material, nor the special and harsh requirements regarding
the radiation hardness of these crystals could be met at all. None of the most
experienced manufacturers in the field was at that time anywhere close to
being able to deliver the quality of crystals needed. An intensive long-term
R&D effort was therefore undertaken by a scientific research consortium in-
cluding the international CRYSTAL CLEAR Collaboration [1], members of
the CERN-CMS experiment, the Institute of Nuclear Problems from Minsk
and the Bogoroditsk Techno-Chemical Plant from Russia. It operated under
the umbrella and with the active help of the ISTC and with generous finan-
cial support from the European Union as one of the major founding Parties
to the ISTC Programs. A large development effort has also been undertaken
with the Shanghai Institute of Ceramics in China.

Systematic studies from this large community as well as from others
groups who jointed the PWO R&D effort at different stages have led to
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several important results. They allowed to improve significantly the quality
of the crystals and to prepare the final specifications for the production of
nearly 80,000 PWO crystals, which have to remain stable and well calibrated
under the harsh running conditions of the LHC. Most of these results have
been obtained in a relatively short period of time (3 to 4 years). The most
significant ones are listed below:

6.1.4.1 Crystal Growth Orientation

At the first stage of the R&D the crystal growth conditions have been
optimized. The natural direction of the crystal growth is along the c-
crystallographic axis. However the bi-refrigency of the crystal is a critical issue
for obtaining a uniform light yield in the 25X0 long scintillation elements. It
was found that under specific conditions the crystals could be successfully
grown along the a-crystallographic axis. Moreover this crystal growth ori-
entation produced an elliptic cross-section of the ingot. which improved the
crystal/ingot volume ratio at the machining stage. With this approach, and
after a long optimization of all the growth parameters the yield of barrel and
endcap growth and annealing could reach the impressive value of 95%.

6.1.4.2 Improvement of the Crystal Transparency

One of the problems which has been successfully resolved is the suppression of
the yellow color of lead tungstate crystals. This is a common problem for the
tungstate and molybdate crystal families, which was successfully resolved for
the first time. This yellow color results from two wide absorption bands with
maxima near 420 and 370 nm. It was found that the origin of the 420 nm band
is due to a charge transfer transition on a trivalent lead ion state about 1 eV
below the bottom of the conduction band. Changing the atmosphere of the
crystal growth to a neutral gas purified from oxygen and water immediately
suppressed the coloration and resulted in the production of very transparent
lead tungstate crystals. This important progress is illustrated in Fig. 6.3.
The second band at 350–370 nm is usually present in crystals grown in not
optimal conditions. The intensity of this band is well correlated with the
intensity of radiation induced absorption in the scintillation region. This band
is annealed in air at a temperature close to the melting point. The center
responsible for this band is converted under UV irradiation to another center
with maximum of absorption near 410 nm. The origin of this center has been
identified as an irregular anionic tungstate complex distorted by a Frenkel
defect. Following this interpretation both the 420 and the 370 nm bands
have been simultaneously suppressed by trivalent rare earth doping of the
crystals. The resulting improvement of the crystal transparency had also a
positive impact in reducing the light dispersion of the crystals.
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Fig. 6.3. Progress on longitudinal optical transparency of lead tungstate crystals
of 23 cm length

6.1.4.3 Origin of Scintillation

Systematic spectroscopic studies carried out on many samples grown in differ-
ent conditions gave us strong arguments that lead tungstate luminescence is
produced by charge transfer transitions in anionic molecular complexes. Both
regular WO2−

4 and irregular WO3. tungstate groups are luminescent centers.
The WO2−

4 blue luminescence (23 800 cm–1) is caused by radiating transi-
tions from triplet levels 3T1, 3T2 →1A1. When an oxygen vacancy appears
in a WO2−

4 anionic complex the local symmetry of the new WO3 complex is
reduced to C3v. An additional low-symmetry component of the crystalline
field splits triplet levels in (A+E) components, producing a shift of the lu-
minescence maximum and causing the green (20 400 cm−1) luminescence at
room temperature. Another luminescent center in undoped PWO crystals is
associated with the red (15 400 cm1) luminescence. If the oxygen ion does
not escape the crystal but is simply displaced a Frenkel defect is created.
This Frenkel defect lowers furthermore the local symmetry of the WO3 tung-
sten complex toward a C3, local symmetry or even lower, thus creating an
additional shift and the splitting of the original excited energy terms. Such
distorted tungsten anionic complex is responsible for the red luminescence in
PWO crystals. In fact, all the mentioned centers contribute to scintillation.
However the regular anionic complex blue luminescence is the dominating one
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at room temperature for crystals grown in optimal conditions, with specified
raw material and appropriate doping.

6.1.4.4 Light Yield Temperature Dependence

Lead tungstate is a crystal of the tungstate family which counts several high
light yield but slow scintillators and luminophores like CdWO4, ZnWO4 and
CaWO4. The reason for the fast decay tgime of lead tungstate is a strong
thermal quenching at room temperature, which also results in a relatively
low scintillation light yield. The properties of this crystal make PbWO4 a
good compromise between cost and performance for high resolution electro-
magnetic calorimetry at high energy, where a low light yield is not too much
a problem. PWO scintillators have a relatively high temperature dependence
of the light yield due to the origin of the radiating centres and the strong
thermal quenching. The temperature dependence of the light yield around
20◦C is −1.98%/◦C. It requires a high precision temperature stabilization
of the detecting units. For CMS a complex cooling system maintaining the
crystal temperature at 18◦C ± 0.1◦C had to be designed to guarantee the
required precision of 0.5% of the calorimeter at high energy.

6.1.4.5 Slow Scintillation Component

An impressive achievement has been the suppression of slow components in
the scintillation of PbWO4. It was observed in 1995 that the optimization
for a higher light yield had very often the consequence to produce slow com-
ponents at a few percent level in the crystals. The slow components in the
scintillation related to irregular anionic complexes can be easily suppressed
in the crystal by a fine tuning of the stoechiometry of the melt during the
crystal growth. However another center was discovered, giving rise to slow
components in the scintillation in the microsecond range. It is related to a
MoO2–

4 anion complex, which is a stableelectron trap center. Molybdenum is
an impurity associated to Tungsten. Although raw material is cleaned espe-
cially from molybdenum before the crystal growth, the molybdenum ion is
chemically very close to the tungsten ion and is rather hard to separate at
the raw material production level. In order to suppress this slow component
contamination we had to specify a molybdenum impurity concentration in
the crystal at the level of less than 1 ppm.

6.1.4.6 Improvement of the Crystal Radiation Hardness

A very critical parameter for Lead Tungstate crystals is their ability to survive
in the high radiation environment of the Large Hadron Collider (LHC) in
the CMS experiment. A very good stability of the light yield over time is
requested to achieve a good resolution of the calorimeter. This problem is
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difficult to solve, as it implies a perfect simulation of the radiation conditions
in the LHC machine, and a very good understanding of the chemistry of
defects in this crystal.

All these aspects have been systematically investigated and impressive
progress has been made. Through intensive study of the crystals by different
methods the majority of the electron and hole centers in PWO have been
identified. Lead Tungstate is characterized by very different vapour pressures
for the two components of the melt, Lead and Tungsten oxydes. During the
growth process, even from perfectly stoechiometric raw material and what-
ever the technology used, a dominating leakage of lead takes place from the
melt leading to the creation of cation vacancies Vc on the lead site in the
host. The charge balance in the crystal impose the concomitant creation of
oxygen vacancies. Intrinsic defects based on electron/hole capture by anion
or cation vacancies with paramagnetic ground state have never been detected
in PWO crystals. This indicates that simple centers like F+ (anion vacancy
Vo + e) and O− (O2− + h) have no energy levels in the forbidden band
or are delocalized in the conduction and valence bands. Therefore the only
candidates for metastable color centers in irradiated PWO crystals are cation
vacancies capturing two holes of the type O−VcO− or oxygen vacancies cap-
turing even amounts of electrons. Such electronic centers are deep and they
are filled mostly through tunneling mechanisms. Very shallow characteristic
electron centers have been identified by EPR methods whereas deep ones
by TSL and other spectroscopic methods. Through several years of R&D
we stated that the scintillation mechanism is not damaged in PWO crystals
grown in optimized conditions. This property is as a matter of fact the result
of a unique combination of the following crystal features: First, the regular
anionic tungstate group is stable under ionizing radiation, second, as follows
from our measurements, deep color centers in the crystal do not release elec-
trons in the conduction band when they spontaneously decay. Due to these
reasons the scintillation kinetics of the regular emitting centres does not de-
pend on the accumulated dose .However some afterglow can be observed and
be dependent on irradiation dose rate if the concentration of V0 based de-
fects or Mo impurity is large enough in the crystal. The observed radiation
damage results therefore only from the transmission degradation resulting
from the creation of color centres. The suppression of these color centers has
been successfully achieved by a compensation of lead deficiency by additional
doping with trivalent ions having a stable valence state like Y or La.

The very promising results of the first phase of the R & D program (1996-
1998) induced the collaborating Institutes to continue the ISTC program and
to further develop the necessary technologies, including the implementation
of stringent quality control methods and special automated measuring equip-
ment. This second R&D phase, financially supported on a 50/50 basis by
the European Union and CERN-CMS, has led to excellent results and has
set the grounds for the mass production phase, in which the quality of the
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mass production technologies is being demonstrated on a large scale. This
has been also the opportunity to work on several other aspects: reliability of
the production, training of the staff, good managerial structure, quality in-
surance policy, installation of a modern communication system, development
of a network of commercial contacts.

We are now (in 2005) in the last phase of this program which has to be
completed for the beginning of 2007. In spite of the fact that more than 150
Czochralski ovens are involved in this production, a large effort had to be
developed to increase the productivity in order to reach this goal. In order to
build a safety margin in the production a specific development has been made
to progressively increase the diameter of the ingots from 38 mm to 65 mm and
finally 85 mm (Fig. 6.4). However the implementation of this technology still
requires efforts to optimize the cutting and mechanical treatment technology
of these large diameter ingots.

Fig. 6.4. 65 mm ingots with two CMS barrel crystals cut per ingot

6.1.5 Other Experiments Using Lead Tungstate

The large and successful effort placed by CMS on the development of lead
tungstate crystals has led several other experiments to choose this crystal
for their detector. One can state that lead tungstate has become the most
popular scintillation material for HEP applications in the last decade.
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The ALICE experiment at CERN is a dedicated heavy-ion experiment
at LHC for the study of the initial phase of the collision of heavy nuclei
via the direct production of single photons and di-photons. It will also look
for signals of chiral-symmetry restoration and jet-quenching as a probe of
deconfinement.

The ALICE PHOS calorimeter consists of 17,920 PWO crystals 22×22×
180 mm3 organized in five modules of 3,584 crystals each. Special production
facilities have been installed in Apatity, Russia, for the procurement of these
crystals grown by the Czochralski method. The detector will be operated at
−25◦C and read out with avalanche photodiodes [4].

The BTeV experiment at FermiLab is a fixed target experiment to study
quark flavor physics, in particular the rare decays of b-flavored particles as the
source of CP violation. About 10,000 slightly tapered crystals, with dimen-
sions (27−28)×(27−28)×220 mm3 will be assembled in a wall perpendicular
to the beam axis. The potential production sites are in Russia and China.
The production is expected to take place in the 2006–2008 period [7].

MECO will be installed on the AGS at Brookaven National Laboratory. It
is a high sensitivity experiment (2×10−17) which will address rare symmetry-
violating process by looking at muons converting to electrons in the field of
a nucleus. About 2,300 PWO crystals, with dimensions 30 × 30 × 120 mm3,
will be used for this experiment [8].

The PrimEx experiment at Jefferson Laboratory will use a wall of 1,200
PWO crystals, with dimensions 20.5× 20.5× 180 mm3, read out by PMT for
a precision measurement of the π◦ lifetime via the Primakov effect [9].

The photon ball is to be installed into the ANKE magnetic spectrometer
at COSY, Jülich. It will study the nucleon structure via the direct measure-
ment of neutral mesons. It is a compact hermetic ball of 876 to 1,100 tapered
PWO blocks of 120 mm length read out by the 15 mm quartz light guide and
fine mesh Hamamatsu 5505 PMT [10].

The PANDA experiment is a multipurpose detector for the antiproton
storage ring at GSI. It will study charmonium, glueball, strangeness, and
hypernuclei spectroscopy. The favored technical option so far is based on 7,200
PWO crystals, with dimensions 35 × 35 × 150 mm3, read out by avalanche
photodiodes.

6.2 Development of Ce3+-Doped Lutetium-Yttrium
Aluminum Perovskite Crystals
for Medical Imaging Applications

6.2.1 Introduction

Positron emission tomographs (PET scanners) are more and more recognized
as very powerful functional imaging tools in a variety of domains such as basic
research in cognitive sciences, clinical oncology, and kinetic pharmaceutical
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studies, just to mention a few. Their working principle is based on the recon-
struction of the product decay (two γ-rays) of an e+ labeled tracer injected
into the patient. More details are given in Chap. 3. Detection of the two
511 keV gamma rays produced in the electron–positron annihilation allows
the in vivo reconstruction of the three-dimensional distribution of the isotope
in the body. The detection of the two gamma rays in coincidence requires the
use of scintillation detectors. Scintillators used in PET must be dense to op-
timize detection efficiency, fast to limit number of random coincidences, and
have sufficient energy resolution to reject scattered coincidences. State-of-
the-art commercial PET scanners are usually based on BGO detector blocks
which have a good detection efficiency, but are quite slow (scintillation de-
cay constant 300 ns). Consequently, these scanners operate at a sensitivity of
about 1,000 kcps/µCi/ml with a coincidence time window of about 10 ns and
a scatter fraction above 30–45%. Next-generation PET scanners need faster
scintillators as well as depth-of-interaction encoding, which can be provided
by the combination of scintillators with similar density and light yield but
different decay time or emission wavelength. This demand has triggered a
large effort worldwide in the last decade to explore a variety of crystals for
this application.

Lutetium complex structure compounds have rapidly emerged as a nat-
ural choice because of the high atomic weight of the lutetium ion, of the good
scintillation properties of other rare-earth-based materials such as YAP:Ce
and GSO:Ce, and of the possibility of creating a variety of high density crys-
talline compounds using different ligands. A number of lutetium oxide scintil-
lators doped with trivalent Ce ions have recently been developed, including
lutetium orthosilicate LSO (Lu2SiO5) [11], lutetium orthophosphate LOP
(LuPO4:Ce) [12], lutetium aluminum garnet LuAG (Lu3Al5O12:Ce) [13, 14],
lutetium aluminum perovskite LuAP (LuAlO3:Ce) [15–17], and lutetium py-
rosilicate LPS (Lu2Si2O7) [18]. These materials tend to exhibit three quali-
ties most desired for gamma detection scintillators: high density and effective
atomic number, high scintillation light yield, and short decay time. Although
all these crystals have been under investigation for about one decade, only
LSO has become a widely used commercially available scintillator so far.
Among the others LuAP seems to be the most promising scintillator, with
the highest density and the fastest light emission, which make it quite at-
tractive as a gamma detection material. Its density of 8.34 g cm−3 is higher
than that of LSO (7.34 g cm−3), LuAG (6.9 g cm−3), LPS (6.23 g cm−3), or
LOP (6.2 g cm−3). Its attenuation length and photoelectric interaction frac-
tion for 511 keV gamma rays are 1.1 cm and 32%, respectively. It is not
hygroscopic and mechanically hard (8.5 Mho), free of cleavage planes, and is
therefore relatively easy to cut and polish. Its melting point is below 2,000◦C
and close to that of LOP (1,947◦C) and significantly lower than that of LSO
(2,150◦C). This is a significant advantage as it can be grown in molybde-
num crucibles similar to the well-known YAlO3 (YAP) [19–22]. However, the
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growth of this crystal is complicated by phase instability problems between
the wanted perovskite phase and a garnet, Lu3Al5O12, and a monoclinic,
Lu4Al2O9, phase [23] which compete in a very small temperature domain of
the phase diagram. Nevertheless several teams and companies are now con-
sistently producing high quality spontaneously seeded large volume LuAP:Ce
ingots.

In order to increase the crystal structure stability heavy co-doping with
Y has been proposed [24]. The choice of a solid solution of the type (Lu1−x -
Yx )AlO3:Ce, was motivated by several reasons. Yttrium aluminum perovskite
has a wider stability region in the Y2O3-Al2O3 phase diagram than LuAP.
The Y3+ ion radius is very close to the one of lutetium. Both perovskites
have close melting points and can easily create a solid solution. The Czochral-
ski production technology of seeded (Lu1−x -Yx )AlO3:Ce large volume ingots
with x = 0.3, 0.5 is developed through a joint effort of the Bogoroditsk Techno
Chemical Plant (BTCP) from Russia and experts of Crystal Clear Collabo-
ration, CERN, Switzerland. The crystals with x = 0.7 can also be produced
by horizontally oriented crystallization method similar to YAlO3 crystals.

6.2.2 (Lu1−x -Yx )AlO3:Ce Production Technology

(Lu1−x -Yx )AlO3:Ce crystals have been produced by the Czochralski method
using modified equipment of the “Crystal 3M” type. A view of the lutetium-
yttrium perovskite production line at BTCP is shown in Fig. 6.5.

Fig. 6.5. (Lu1−x-Yx)AlO3:Ce crystal production facilities at BTCP
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The process of the crystal growth is carried out in an isolated chamber
in neutral gas atmosphere. The pulling and rotation speed during the crys-
tal growth can be varied to adjust the ingot diameter at the required value.
Before mechanical treatment, the crystal ingots are annealed in low-gradient
industrial ovens to reduce the stresses. An open crystallization chamber is
shown in Fig. 6.6 with its modernized puller and the induction heating el-
ement. A long ingot of the grown (Lu0.7-Y0.3)AlO3:Ce single crystal is also
visible.

Crystals of up to 30 mm diameter and 250 mm length with reproducible
scintillation parameters have been grown from certified raw materials. Raw
material production facilities have been installed which can produce more
than 500 kg/year of the specified stoichiometric mixture in powdered form.
Tablet compressing machines and preliminary smelting of the raw materials
are used to increase the density of the starting material.

Fig. 6.6. A crystallization chamber with pulled (Lu0.7-Y0.3)AlO3:Ce crystal

More than 500 pixels (2× 2× 10 mm3) for the ClearPET R© small animal
PET scanner [25] can be produced from such an ingot. Work is in progress
to progressively increase the ingot diameter up to at least 2 in. The 1 in.
diameter scintillation elements for ionizing radiation detectors can be directly
produced from the presently grown ingots. One of the scintillation elements
cut from a (Lu0.7-Y0.3)AlO3:Ce ingot is shown in Fig. 6.7. LuYAP material
is rather hard and not fragile, so standard mechanical treatment technology
using diamond powder is applicable.
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Fig. 6.7. A 1 in (Lu0.7-Y0.3)AlO3:Ce scintillation crystal for spectrometry appli-
cations

6.2.3 (Lu1−x-Yx)AlO3:Ce Scintillation Properties

The tuning of the Y content in the crystal (Lu1−x-Yx)AlO3:Ce allows some
flexibility to optimize the optical, chemical, and physical parameters for dif-
ferent applications such as γ-quanta detection, positron emission tomography,
and extreme applications such as well logging and hot industrial process con-
trol. (Lu1−x -Yx )AlO3:Ce crystals have an intermediate position between the
well-known YAlO3:Ce and LuAlO3:Ce and their detecting properties, espe-
cially density, stopping power, and scintillation kinetics can be adjusted to
the specificity of the application. Figures 6.8 and 6.9 show the change of the
crystal density and photoelectric linear attenuation coefficient as a function
of the Y amount substituted to Lu.

One important aspect of the development strategy for this crystal has been
to capitalize on the large amount of efforts made by the CMS collaboration
at CERN and at the BTCP plant for the mass production of lead tungstate
crystals (see Sect. 6.1). In spite of a tight schedule for the PWO crystals pro-
duction an intensive R&D program was carried out by the BTCP experts in
cooperation with the Crystal Clear Collaboration members with the support
of CERN and ISTC.

The first objective was the development of an industrial production chain
for the production of crystals with reproducible parameters. For this purpose
three different compositions of (Lu1−x -Yx )AlO3:Ce with x = 0.8, 0.5, 0.3 were
selected for the production, starting from the well-known YAP:Ce. The choice
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Fig. 6.8. The (Lu1−x-Yx)AlO3:Ce crystal density versus the Y amount substituted
to Lu

Fig. 6.9. Photoelectric linear attenuation coefficient at 511 keV of (Lux -Y1−x)

AlO3:Ce as a function of the Lu contents. Values for Lu2SiO5:Ce (LSO:Ce) and
Gd2SiO5:Ce (GSO:Ce) are given for comparison
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Table 6.2. Comparison of scintillation and physical properties of YAlO3:Ce and
several (Lu1−x -Yx )AlO3:Ce crystals

Material YAlO3:Ce (Lu0.2-Y0.8)
AlO3:Ce

(Lu0.5-Y0.5)
AlO3:Ce

(Lu0.7-Y0.3)
AlO3:Ce

Density (g cm−3) 5.35 5.9 6.5 7.2
λmax emission, (nm) 347 360 375 375
Decay time (fraction
in kinetics), ns (%)

30 22 (93)
85 (7)

21 (60)
85 (20)
400 (20)

17 (40)
70 (35)
400 (25)

Light yield
(ph MeV−1)

16,000 14,000–16,000 12,000–14,000 12,000–
14,000

Photoelectric fraction,
% at 511 keV

4.4 13.6 22.5 27.1

Attenuation length,
cm at 511 keV

2.16 1.88 1.48 1.35

was made as a function of the attenuation coefficient for γ-rays (Fig. 6.9) in
order to cover different applications. A comparison of their scintillation and
physical properties is shown in Table 6.2.

The crystal with 20% of Y substituted to Lu has a light yield, close to
the one of YAP:Ce, a fast scintillation with a very small contribution of slow
component and a relatively high density very close to 6 g cm−3. It is a good
candidate to be used in medical imaging devices for the detection of soft
γ-rays.

The crystal with an equal amount of Lu and Y is in the same range of den-
sity and photoelectric fraction at 511 keV as GSO:Ce, but with much better
mechanical and temperature properties. It is therefore a better alternative to
this crystal.

The last crystal with 70% of Lu is a good candidate to be applied in PET
scanners together with LSO:Ce as described in Chap. 5. This crystal has
been selected for the ClearPET R© scanner, a new generation PET scanner
for small animals.

More than 9,000 scintillation pixels with dimensions 2× 2× 10 mm3 were
manufactured for the construction of ClearPET R© prototypes. These crystals
are used in combination with LYSO:Ce crystals in a phoswich configuration
in order to allow depth of interaction measurement by identification of the
crystals through their different decay times. A good homogeneity of scintilla-
tion characteristics of the crystals grown in different ovens was obtained. The
mean value of the light yield is 35% relative to NaT(Tl), i.e. about 12,000
photons MeV−1. The light yield of some of the grown crystals is already
close to the theoretical limit which is 50% of NaT(Tl) at room tempera-
ture. The study of the temperature dependence of the energy resolution of
(Lu0.7-Y0.3)AlO3:Ce pixels shows a progressive improvement when the tem-
perature increases from 300 to 350 K. In the same temperature range the
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Fig. 6.10. Variation of the energy resolution for 511 keV γ-rays measured with 2×
2×10 mm3 samples of Lu0.7Y0.3AP, LSO:Ce, and BGO as a function of temperature
(Courtesy of E. Weber and K. Ziemons)

energy resolution of BGO and LSO:Ce degrades [26] as seen in Fig. 6.10.
This variation of the energy resolution results from opposite temperature
coefficients of the scintillation yield as shown in Fig. 6.11.

The consistency of the crystal quality within the ingot and in particular a
small nonuniformity of the light yield and energy resolution along the crystal
growth axis are mandatory for an industrial production. The typical variation
of the light yield along the crystal growth axis was found to be not more
than 5%. It confirms a uniform distribution of the activator along the crystal
growth axis. The concentration of the activator in the crystal is well controlled
by means of optical absorption spectroscopy. The optical absorption spectrum
of the (Lu0.7-Y0.3)AlO3:Ce crystal and its comparison with absorption of the
mass produced YAlO3:Ce crystal is shown in Fig. 6.12. As shown in this figure
LuYAP still has a large optical absorption in the UV range, extending to the
spectral range of the scintillation. This band is attributed to charge transfer
transitions O2− → Ce4+. A large amount of efforts is presently focused on
the suppression of this absorption band in the scintillation spectral region,
from which one can expect a better light collection uniformity in long pixels
and an improved light yield.

The light yield distribution of the grown (Lu0.7-Y0.3)AlO3:Ce crystal in-
gots produced in the year 2003 is shown in Fig. 6.13. The mean value of the
light yield of 1 mm thick plates is 35% of that of NaI(Tl), i.e. about 12,000
photons MeV−1. Some crystals had lower light yield due to macrodefects in-
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Fig. 6.11. Temperature dependence of LuYAP and LSO light yield

Wavelength, nm

Fig. 6.12. Comparison of the optical absorption of the (Lu0.7-Y0.3)AlO3:Ce and
YAlO3:Ce crystals in the region of the first allowed f → d transition of the Ce3+

ion at 300 K

side the crystals. They were usually cut from bad quality ingots grown after
several crystallization cycles in which light scattering centers such as twins
and gas bubbles were clearly visible.

The scintillation decay of the grown (Lu0.7-Y0.3)AlO3:Ce crystals can be
fitted by three-exponential components with the following time constants and
normalized amplitudes: 17 ns—86%, 70 ns—12%, 400 ns—2%. The scintilla-
tion pulse shape of crystals with crystallization numbers ranging from 4 to 11
is shown in Fig. 6.14 and compared to LSO:Ce. The crystallization numbers
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Fig. 6.13. Light yield distribution of (Lu0.7-Y0.3)AlO3:Ce crystals. The light yield
of samples cut from the top part of the ingots with thickness 1 mm is compared
with ∅25 × 1 mm3 NaI(Tl) detector as reference at 300K

Fig. 6.14. Shape of the (Lu0.7-Y0.3)AlO3:Ce scintillation pulse for crystallization
numbers 4–11 compared to that of LSO:Ce at 300 K
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are not indicated since there is no correlation between the scintillation pulse
shape and the crystallization number. However, for crystallization numbers
lower than 3 and greater than 13 some increase of the slow decay component
was observed.

The stability of the shape of the LuYAP scintillation pulse and the rather
narrow light yield distribution of the grown ingots testify the good quality
of raw materials and the reproducibility of the growing process. Effective
LSO/LuYAP pulse shape discrimination can be realized on the basis of either
the fast or the slow decay component of (Lu0.7-Y0.3)AlO3:Ce.

The influence of the additional optical absorption band on the light col-
lection in (Lu0.7-Y0.3)AlO3:Ce pixels is estimated through the measurement
of the light yield of standard 2× 2× 10 mm3 pixels in vertical and horizontal
positions. Figure 6.15 represents the pulse height spectrum of a Na-22 source
measured when the 2 × 10 mm2 or the 2 × 2 mm2 pixel surface is coupled
to the PMT window (“horizontal” and “vertical” geometry). The light yield
ratio obtained for LuYAP pixel from these spectra is a good estimator of this
absorption band intensity. The ratio LYhor/LYvert is about 2.2 for LuYAP
to be compared to 1.85 for LSO pixels as a direct result of a better optical
transparency of the LSO crystal in its emission region.

The width of the light yield distribution of (Lu0.7-Y0.3)AlO3:Ce pixels was
found to be very close to that of LuYAP boules used for pixel production. The
typical light yield distribution of 2×2×10 mm3 pixels of LuYAP is shown in
Fig. 6.16. A subset of 100 samples was randomly taken from a batch of 1,500
pixels. Each pixel was wrapped in two layers of TYVEK reflecting material
and the 2 × 2 mm2 pixel surface was coupled to the PMT window with Dow
Corning Q2-3067 optical grease. A 2 × 2 × 10 mm3 LSO pixel was used as a
reference with the same conditions of wrapping and coupling.

Fig. 6.15. The pulse height spectrum of a Na-22 source measured with the 2×2×
10mm3 LuYAP pixel. The surface coupled to the PMT window is 2× 10 mm (left)
and 2 × 2 mm (right)
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Fig. 6.16. Light yield distribution of 2×2×10 mm3 pixels of (Lu0.7-Y0.3)AlO3:Ce

After several years of academic work to understand the basic properties
of (Lu1−x -Yx )AlO3:Ce, impressive progress on the industrial development of
this crystal has been made which makes it a very serious candidate for several
applications in the low γ-quanta energy registration domain, and particularly
medical imaging devices (because of its excellent linearity at low energy and
good resulting energy resolution) and well-oil logging (because of its very good
properties at high temperature). Moreover, a large potential of improvement
exists in light yield and energy resolution through the suppression of the
absorption band tail at 360 nm, as well as in decay time when the traps
responsible for the slow components will be identified and suppressed.

Besides the PbWO4 scintillator development and industrial implementa-
tion, the case of LuYAP:Ce has been another good example in the recent years
showing how fundamental research can drive well-organized multidisciplinary
collaborations of experts to develop products of high value for the society.
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Conclusion

We hope that this book will be useful for a wide community of people who
are, directly or indirectly, involved in the development and applications of
detectors for ionizing radiation as well as for teachers and students in physics
instrumentation. In writing the book we have obviously capitalized on our
own knowledge on the subject and we would like to make a few remarks
related to further progress in this field.

The development and engineering of new inorganic scintillators is a mul-
tidisciplinary activity and further progress will be driven mostly by wide
collaborations of scientists and technologists. Moreover the development of a
new material requires more and more investments in a relatively short time.
The market being dominated by applications in civil institutions (physics
research, medicine) a combination of efforts from both governmental and in-
tergovernmental funding agencies and from private business resources is the
most realistic approach. The experience of the Crystal Clear Collaboration
for the development of lead tungstate and of Ce3+-doped perovskite scintil-
lation materials is a good example which demonstrates that a well-organized
structure can manage all stages of the development of inorganic crystalline
materials, from the fundamental research and development to the installation
of large production facilities.

We believe that experimental high energy physics and medical imaging
will continue to be the main driving force in the development of new scin-
tillation materials, although the demand for security systems is increasing
significantly. The CERN Large Hadron Collider (LHC) is not yet commis-
sioned but plans already exist for a luminosity upgrade of the accelerator. It
may require new and even more radiation hard materials. But this is certainly
a very fast development of the medial imaging instrumentation with a high
demand for high light yield, good response proportionality and excellent tim-
ing resolution, which will highly motivate the development of new materials
in the near future.

Of course, we have to be open to spontaneous discoveries of new ma-
terials with exciting properties, but the main vector of the success will be
the systematic study of the material fundamental properties. The progress
of the computing combinatorial methods will certainly offer new possibilities
of virtually producing new compounds and predicting their properties. New
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technological approaches based on the progress of nanotechnologies will also
have an impact at least at two levels. The first one concerns the possibility
of producing highly transparent ceramics, which at some point may compete
with a single crystal structure. The other possible more fundamental per-
spective offered by nanotechnologies is to give access to new extremely fast
scintillation mechanisms in nanostructured systems where quantum physics
effects dominate.

Finally we should not forget the continuous progress in crystal growth
technologies with interesting perspectives to produce, for instance, very large
ingots of excellent quality or crystals grown in shape at high speed. Through
all these developments and the pressure from the increase and diversifica-
tion of the market, the contribution of scintillating materials to the price of
detection systems is likely to progressively go down in the future.



Glossary

Eg energy width of the forbidden zone in a dielectric medium
τr radiating time of the luminescence transition
ωint frequency of interaction between primary and secondary

luminescent centers in the medium
Y scintillation light yield
Eγ energy of γ-quantum
β conversion efficiency of the dielectric medium
S efficiency of the energy transfer of thermalised pairs to the

excited states of luminescent centers.
Q quantum yield of the intra-center luminescence
Ye energy efficiency of scintillation
Ef average energy of scintillation photons
I(t) the kinetics of scintillation
τsc decay constant of scintillation kinetics
λsc(max) wavelength of scintillation band maximum
νsc frequency of scintillation band maximum
∆λsc (∆νsc) width of the scintillation band
e electron
h hole in an electron shell
A activator ion
A∗ activator ion in excited state
hν luminescence quantum
ex exciton
Er energy of the radiating state of the activating ion
τd delocalization time
k Boltzman constant
T temperature (K)
n refraction index
CDA parameter of donor-acceptor dipole-dipole interaction
ρ density
Zeff effective charge of the dielectric medium
X0 radiation length of the medium
RM Moliere radius of the medium
a the statistical term in the energy resolution equation
b the noise term in the energy resolution equation
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c the noise term in the energy resolution equation
CT computed tomography
PET positron emission tomography
SPECT Single Photon Emission Computed Tomography
R energy resolution of the low energy detector
RE rare earth ion
STE self trapped exciton
STH self trapped hole
VUV vacuum ultra violet light
ETA thermo-activation energy
TSL thermo-stimulated luminescence
EPR electron paramagnetic resonance
SCC single-configurational coordinate model in the electronic

energy level description
Qg configurational coordinate of the electron ground state
Qe configurational coordinate of the electron excited state
CTS charge transfer states
Vo oxygen vacancy
Vc cation vacancy
F+ oxygen vacancy capturing one electron
F oxygen vacancy capturing two electrons
F halide vacancy capturing one electron
LHC Lage Hadron Collider
CMS Compact muon Solenoid Collaboration Experiment at LHC
R&D research and development program
PMT photomultiplier
HEP High Energy Physics
BGO Bismuth Germanate (Bi4Ge3O12)
LSO Lutetium orthosilicate (Lu2SiO5)
GSO Gadolinium silicate (Gd2SiO5)
LuAP Luthetium perovskite (LuAlO3)
YAP Yttrium perovskite (YAlO3)
PWO lead tungstate (PbWO4)



Index

γ-rays 62–64, 67, 68

activated scintillators 9, 10, 14, 21
activating ions 8, 9, 12
activator 7, 10, 12, 14, 95, 201
afterglow 6, 136, 204
ALICE 220, 221, 231
astrophysics 69, 71, 72
Auger 9, 83, 85, 87, 88
avalanche photodiodes 3, 43, 207

bandgap 9, 10, 22
BGO 16, 38, 52, 53
Bismuth 64
Bridgeman 175, 185, 187, 190

calcium tungstate 1, 54
calorimetry 37, 40, 41
CdWO4 8, 54, 57, 68
CeF3 41, 87
cerium 82, 84, 88
CERN 38, 39, 139, 219
charge carriers 84, 88, 108
charge transfer 109, 110, 114
charge transfer quenching 93, 94
Cherenkov 2, 3, 36, 40
CMS 53, 158, 166, 220
color centers 44, 123, 142
compton 2, 3, 35, 48
concentration quenching 94
conduction band 3, 7, 83, 85
constant term 40, 42, 43
core band 83, 85, 87
cross-luminescence 9, 21, 43, 85
cross-luminescent 21, 22, 81, 85
crucible 197–199
CsI(Tl) 54, 57, 58
Czochralski 130, 151, 175

decay kinetics 84
decay time 5, 10, 11
defects 123, 126, 127
density 21, 42
dipole electrical transition 10, 11
dislocations 128, 130
donors 86, 88
doping, doped ions 3, 5, 12

electron trap 131, 140, 141
electron–hole pair 3, 6, 85
electrons 3, 5
emission 93–95
energy leakage 40
energy loss 2, 7
energy resolution 36, 38, 64
energy transfer 6, 7, 12, 81
eutectic 177, 178, 180
exciton 9, 88, 94

Förster–Dexter model 12
forbidden band 83, 131, 140
Frenkel 131, 132, 140, 141

halide crystals 140
high-energy physics 35, 37, 38
holes 3

impurities 127, 128
impurity 14, 43, 97, 109
inelastic scattering 4, 91, 162
inorganic materials 35, 37
ionic crystals 87, 140, 141

kinetics 5, 7, 12
Kyropolos 175, 184, 187, 188

LaBr3:Ce 61, 114
LaCl3:Ce 61, 90, 114
Lanthanide 13
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lattice 3, 9
lead tungstate 53, 59
LHC 53, 139, 161, 220
ligands 14, 19, 103
light collection 41, 43, 59
light yield 6, 21
LSO 48–50
LuAP 50, 66, 88
LuI3:Ce 61
luminescence 2, 5, 9
luminescence spectrum 213
luminescent centers 4, 81, 88, 93
Lutetium 64, 65, 89, 97
LuYAP 123, 199, 234
LYSO 123, 199

mechanical processing 45, 57, 197
medical imaging 21, 35, 51
melt 206
Moliere radius 42

NaI(Tl) 38, 49, 51
neutron 67
nonlinearity 35, 45, 47
nonradiative recombination 84, 88,

103
nonuniformity 41, 43
nuclear radiation 67

orbital 12, 18, 19
oxide crystals 134, 141, 195

pair production 48, 71
particle detectors 35, 37
perovskite 22, 96, 97
phase diagrams 175–177, 179
phonons 83, 84
phosphorescence 6, 20
phoswich 64, 66, 68
photo-fraction 21, 36
photodetector 56, 138, 145, 213
photodiodes 3, 43, 54
photoelectric 48, 232, 235
photoelectrons 82, 91
photoionization 93, 107, 109, 113
photoluminescence 5, 7, 15
photomultipliers 3, 43, 52
point structure defects 14, 161
polycrystalline scintillators 125

positron emission tomography (PET)
61–63

PWO 38, 53, 130

quenching 7, 11, 16

radiation damage 55, 138, 148, 155
radiation hardness 44, 123, 138, 139
radiation lengths 40, 44, 71
radiative 8, 84, 95, 96
radiative transition 3, 104
radioluminescence 7, 15
rare earth 84, 85, 87
raw material 44, 149, 191, 192
refraction index 41, 125, 208
relaxation 82–84

safety 66, 67
scintillation 1–3
scintillation ceramics 125
scintillation films 126
scintillation glasses 124
scintillation powder 125
self-activated 9, 10, 14, 21, 138
sensitivity 62, 64
shallow traps 123, 144, 145
solid solutions 123, 127, 176
spatial resolution 56, 64, 67
SPECT tomography 59
spectrometry 45, 50
spin–orbit 14, 16, 18
Stockbarger 175, 184, 185
Stockes shift 12
Stoeber 175, 185
stoichiometric 175, 181, 197
stopping power 36, 50, 53
structural defect 9, 10, 37, 44
structure defects 123, 125
supercooling 181, 182

temperature coefficient 41, 43
thermal quenching 93, 103, 105
thermalization 4, 8, 82, 85
time resolution 36
tomography 53, 54, 59, 61
trapped exciton 114–116
trapping 107–109

vacancies 126–128
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valence band 83, 85

wavelength shifters 213

YAP 49, 50

zinc sulfide 1, 51
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