Chapter 2
How User’s Requirements Influence
the Development of Scintillators

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. For the majority of applications the most relevant
ones 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 applications, each of them with its own list of
requirements: high energy physics, medical imaging, security applications, physics
of the universe, and well and mud logging.

For a long time the choice of scintillators has been limited to only a few which were
used in a large range of applications. Nal(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, an important progress in the understanding of fundamental mechanisms
underlying scintillation properties as well as in the production technology, a large
number of materials available now and a possibility to tune some important
properties give a larger flexibility and allow tailoring to some extent the perfor-
mance of a scintillator to the specific requirements of different end users. Inorganic
scintillation crystals 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 for the
development of a new scintillator.

1. High density. Scintillation inorganic materials, especially synthetic crystalline
compounds can reach a density p > 8 g/cm® and even more for lead tungstate
crystal (8.28 g/cm®) and for lutetium aluminum perovskite (8.34 g/cm?). More-
over, high density reduces the material size of showers for high-energy y-quanta
and electrons, as well as the range of Compton scattered photons for lower-
energy y-rays. This allows a high segmentation of the detector and leads to a
better spatial resolution. Finally, high-density materials have generally heavy
jons in the lattice, which significantly increases the photo-fraction (~ Z*). This
point is particularly important for some applications like positron emission
tomography [1]. This is also important to have a high stopping power for the
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electromagnetic component of the ionizing radiation in order to have a compact
detector [2].

. High operating speed. Crystalline scintillation materials cover a wide spectrum
of scintillation decay times from a hundreds of ps as, for example BaF,, up to ms
or more like Yb*>* and Tb** doped materials. The fastest ones can be used for
high counting rates of y-quanta and in systems where good time resolution is
required. The precision of time measurement with a scintillation detector is
proportional to /7. The short scintillation 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.

. Light yield. Inorganic crystalline scintillators can have a very high light yield
Y as compared to other scintillation materials. Moreover, the room temperature
specific light yield S, =Y /Tsc (number of photons emitted in unit time) of some
of them is even greater than the one of liquid xenon. As the precision of timing
measurements with scintillation detector is proportional to 1/+/S; and the energy
resolution measured in the given time interval is proportional to /Y, a high light-
yield scintillator allows one to achieve the best combination of energy and time
resolution in a wide y-quanta energy range. The search for a scintillation
material with a combination of high stopping power, high time response and
good photo-absorption peak resolution was strongly motivated by the develop-
ment of new express methods in well-logging.

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

. Volume. The worldwide capacity of modern crystalline scintillator growing
facilities allows the production volume of up to several cubic meters in a
relatively short time. This makes it possible to build huge detectors and to
study rare events resulting from the interaction of the accelerated particles or
from space origin. In comparison with Cerenkov and liquefied gas detectors,
inorganic scintillators have incomparably greater values of specific light yield
per unit volume of the material, which makes them rather attractive for space
experiments applications. On the other hand, the same property allows, for
example, building very compact detectors for medical devices like intravenous
and per operative probes.
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6. Parameters stability under ionizing radiation. Scintillation inorganic crystal-
line materials have in general a good stability of their parameters even in the
presence of intense ionizing radiation environment. This property is crucially
important for the measuring systems used in space, well logging and high-energy
physics experiments at high luminosity accelerators. The high stability of scin-
tillation 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. Similarly to other crystalline materials
having a high structural quality, scintillation crystals maintain their physical-
chemical parameters for a long time. Although not addressed frequently, this
point is of key importance for experiments having a long lifetime. This is caused
by a high degree of internal symmetry in the material, which results in their high
energetic stability. For this reason, several planed 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 existing
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 y-rays spectroscopy for a wide range
of applications. The authors expect the reader to be introduced to general spectros-
copy methods and techniques, which are anyway well described in many books. We
consider here six main domains of applications, each of them with its own list of
requirements:

» High-energy physics and particle detectors;
* Spectrometry of low energy y- quanta;

e Application in medical imaging;

« Safety Systems;

* Space application;

¢ Well and mud logging.

High Energy Physics is a driving force in the development of new scintillation
materials, due to the very challenging requirements of modern experiments as well
as to the large volumes of scintillators needed. As a recent example the design and
construction of new experiments to be installed at the Large Hadron Collider (LHC)
at CERN has required a new detector component 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 program initiated a variety of research and
development projects to make possible the design and construction of detectors
with unprecedented performance. The lead tungstate PbWO, 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
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scientists and high-energy physicists. Within 5 years the crystal production tech-
nology has evolved from the production of a few samples to the mass production of
about one thousand of crystals with specified parameters per month. PWO crystal
was used to build the Electromagnetic CALorimeter (ECAL) and the Photon
Detector of the CMS and ALICE experiments at CERN, respectively. It has been
selected to build the ECAL of the PANDA experiment at the FAIR (GSI, Darm-
stadt). It is also the most attractive candidate to build or upgrade several small
set-ups for the intermediate energy region, where fast response and good energy
resolution are required. A similar situation was previously observed with the
development of CslI crystals for the BELLE collaboration.

2.1 User’s Requirements for High Energy Physics

2.1.1 Introduction

The discovery of a particles by Rutherford in 1899 was made possible because of
the invention by Crookes a few years before of a device, called spinthariscope,
which made use of the scintillating properties of Lead Sulfide. 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, Nal
(T1), 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 scintil-
lators in High Energy Physics was first given by the Nal(Tl) Crystal Ball experi-
ment at SLAC [5] which allowed reconstructing the precise spectroscopy of
charmonium particles (Fig. 2.1).

But in the last two decades a new generation of HEP experiments has become a
driving force for the development of new scintillators. This has started with
Bismuth Germanate (BGO) for L3 [2] and Cesium lodide (CsI either Thallium
doped or pure) for Cleoll [6], Crystal Barrel [7], KTeV [8], Belle [9] and BaBar
[10], which were already known but in small sizes and small quantities only. It
became even more evident with Barium fluoride (BaF,) for TAPS [11] and GEM
[12], Cerium Fluoride (CeF3) as a candidate for CMS [13] and L3P [14] and finally
Lead Tungstate (PbWO,) 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 constraints 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 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 categories of experts and
industry to develop suitable scintillators at an industrial scale.
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Fig. 2.1 Charmonium spectroscopy with the Crystal Ball at SLAC [5]

A better understanding of some basic mechanisms of energy relaxation, scintil-
lation process, and 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 was 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 yy — decay modes.
The main argument, generally used to stress the high level of performance required
for the detectors, is the detection of 2y resulting from the decay of the Standard
Model Higgs boson, for which the natural width is completely dominated by the
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instrumental resolution below Higgs masses of ~200 GeV/c>. As this signal is
associated with a very high background, generated by a combination of n° also
decaying in 2y, and the direct production of photons via the quark-quark, gluon-
gluon and higher order diagrams, the signal to noise ratio is dominated by the
photon detector energy resolution.

Usually electron and photon energies are measured in detectors called calorim-
eters, where they are stopped, producing a shower of secondary particles. In
sampling calorimeters the photon energy is converted in high-density absorber
plates, and a small fraction of the energy is measured in a sensitive medium
interleaved with the absorption medium. In a homogeneous detector, on the other
hand, the electron or photon showers are fully contained in the sensitive medium.
The energy is then revealed by scintillation 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 divergence 0 [radian]
of two quanta with energies E,;, E, » [GeV] as
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Homogeneous detectors are well known to give an excellent energy resolution,
which is usually parameterized in the following way:

8Ey/Ey = a/VE® b & c/E, (2.2)

where a is the statistical term (sampling or fluctuations of all sorts), b is the constant
term, 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 dependant term of the resolution “a” as small as 2 % has been currently
achieved on several large size calorimeters. It is much more difficult to achieve a
constant term “b” of 0.5 %. On large systems like the L3 BGO calorimeter at

CERN, one recognizes usually 3 contributions to the constant term:
2 2 22 o 2
b” =b; © by @ b;

The b | term 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 high-energy electron loses all but
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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 pile-up 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 b 1 term of
~20.3 % can be achieved with a crystal calorimeter.

The bg term is associated to non-uniformity. They can result from
non-homogenous active material, like variation of doping concentration in
non-intrinsic scintillators. Temperature gradient can be the dominant factor of
non-uniformity 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 like Cerium Fluoride (CeF3), with a temperature coeffi-
cient as small as 1 %/ °C near room temperature will be insensitive to this effect.
Other sources of non-uniformity are associated to the light collection. 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
non-uniformity. CeF3, with an index of 1.6 is here again much better than BGO
(n=2.15) or PWO (n =2.28). Finally much attention 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 BaF, 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 inter-calibration errors. Frequent
calibrations with an efficient monitoring system are necessary to maintain this
contribution below 0.3 %. The L3 BGO has proven that a well-designed fiber
monitoring system can maintain the inter-calibration within 0.3 % for long periods
of time and more than 10000 crystals. The high luminosity pp machines will also
provide excellent means for a continuous calibration 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 inter-calibration control of all the channels. The CMS PWO calorimeter
is aiming at a precision of 0.2 % for the determination of inter-calibration constants.

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.
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Fig. 2.2 Energy resolution of several HEP calorimeters (Courtesy of P. Denes, LBL)

2.1.3 Scintillator Requirements for High Energy Physics
Experiments

The criteria for the choice of the scintillator are based on the density, the scintil-
lation properties and the radiation hardness. The cost is also an important 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 in order to reduce the detector
volume and cost. This is achieved by using high stopping power materials resulting
in a small radiation length X,. A high-density material (p>5 g/cm®) 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 in order to reduce the lateral shower size (Moliere radius:
RM~ X, (Z+1.2)/37.74). A small Moliere radius will limit the contamination of
the energy measurement by other particles from the same or other events (pile-up)
and help for the position reconstruction as well as for the 7° rejection, which will be
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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 pile-up 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 electronics 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 (inter-
configuration) transitions (like the transition 5d — 4f for Ce*™), cross-
luminescence, which is intrinsically fast and temperature independent, and strongly
quenched intrinsic and activator’s luminescence can give rise to a fast and bright
scintillations.

As the electromagnetic calorimeter is usually installed in a magnetic field,
readout by photodiodes or avalanche photodiodes is desired. These photo-detectors
have a gain with is either 1 for PIN diodes or of q few hundreds in the case of
avalanche photodiodes, which is significantly lower than photomultipliers. This
implies a sufficient light yield (a few 100 pe-/MeV of deposited energy), and an
emission wavelength above 250-300 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 possible
sources of non-uniformity. The light collection in a pointing geometry will
introduce non-uniformity 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 preferred,
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
non-uniformity 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 non-uniformity’s affecting the constant term of the
resolution.

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
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the material, which absorb part of the scintillation light on its path to the photo-
detector [17]. More details are given in Chaps. 6 and 7. 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), 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, all crystals based on the very rare
Lutetium are discarded for applications were tons of crystals are needed, although
some of them are very fast cross-luminescent materials (BaLu,Fg) or very efficient
scintillators (LSO:Ce). Cerium is much more favorable, as it is the most common of
the rare-earth components. The purification 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 or LSO (>1900 °C) and the high cleavage susceptibility of this matrix
implying a low pulling rate (1-2 mm/h) may put some limits to the minimum
obtainable price for such a crystal. On the other hand, the low melting point of PbF,
(822 °C) and PbWO, (1123 °C) and the abundance of the raw material make them
low cost materials similar to Nal(T1). A high crystal 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 PbWO, or for
instance, allow a high production yield of the mechanical processing, also reduced
the final cost.
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Table 2.1 Scintillators used in HEP calorimeters (Courtesy of P.Denes)
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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 homogeneous 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 dimensions. The properties of the crystals used in
these calorimeters are listed in Table 2.1 where some qualitative figures of merit are
also indicated, in particular the relative volume needed per unit of stopping power
(radiation length x Moliere radius).

2.2 Spectrometry of Low Energy y-Quanta. Non-linearity
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 ionizing
radiation. This wide branch of detector applications includes devices for research,
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spectroscopy, medical diagnostics, geological and geophysical investigation, eco-
logical monitoring, as well as devices of monitoring for technological processes and
security systems.

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 scintillation
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 y-quanta and electrons 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 y-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 nature of this phenomenon will be described in detail in Chap. 5.

The classical approximation of scintillator efficiency given in Chap. 1 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 Nal(T1) was described
in 1948 [4] and 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 non-linearity of the light yield with the energy of the detected y-quanta or
electrons has a strong impact on the energy resolution. This intrinsic light yield
non-proportionality (sometimes referred to as nonlinearity) is particularly effec-
tive at low energies. The best energy resolution in a scintillator can only be
achieved when there is a combination of high absolute light yield, good
matching of the scintillator emission spectrum with the photo-receiver sensitiv-
ity and good proportionality to the energy of y-quanta or electrons deposited in a
crystal. The non-proportionality 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 material
although it is certainly related to some non radiative relaxation or quenching effects
in the case of high ionization density. So far only YAIO;: Ce (YAP) and to some
extent ZnSe:Te [32] have a good energy resolution down to a few keV.

There have been several studies to simulate the electron energy distribution
produced in a scintillator by the interactions from incident photons. Based on
Monte Carlo simulation results electron energies were determined by considering
Compton scattering, photoelectric absorption and pair production interactions sep-
arately [29]. These simulations have shown good agreement with experiment at
least for several materials such as Nal(Tl), CaF,(Eu) and LSO. The comparison of
these simulations with experimental data for electrons and photons interacting with
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LSO:Ce is shown in Fig. 2.3. The good match of the simulation and experimental
data allows considering optimistically the theoretical prediction of
non-proportionality in new materials.

This effect has no practical implication for high energy physics detectors but it is
on the other hand of prime importance for high precision spectrometry 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.

It has to be noted, that till now a detailed theory of spectroscopic properties of
scintillators does not exists. The existence of different approaches to the description
of the non-proportionality at low energy range is an example of the complex nature
of this phenomenon. The most linear scintillator is YAP:Ce, so we shall consider its
spectroscopic properties in details.

This scintillation material has been discovered in the seventieth, however large
scale applications have started a few years later with the development of the
production technology of crystals with high light yield [33—42].The comparison
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Table 2.2 The basic performances of crystal YAP:Ce in comparison with Nal (TI)

Y temp. coeff
' Refraction | A, at room temp., Hardness
Material g/cm3 Zeir. | Y, % | index n nm Teer, NS | %/°C (Moos)
Nal(TI) 3.67 |50 |100 | 1.85 410 230 |0.2-0.95 2
YAIO;:Ce |5.55 |36 40 | 1.94 347 |28£2 |0.39 8.5
Fig. 2.4 Dependence of the L cm’
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of scintillation and some physicochemical performances of YAlO;:Ce and Nal
(T1) are shown in Table 2.2. The dependence of the linear attenuation factor
L with energy and amplitude spectra of some soft y-quanta is shown in Figs. 2.4
and 2.5. The unique detecting properties of YAP:Ce scintillator makes possible its
wide use in Mossbauer spectroscopy which is one of the most powerful structural-
analytical research techniques of condensed matter.

The efficiency of the transmittance Mossbauer spectroscopy is proportional to
the count rate of the detector [43]. The fast scintillation time of YAP:Ce gives
therefore a significant advantage on Nal(T1) 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 increasing by one order of magnitude the efficiency of
measurements with a °’Co (Rh) source of 2 GBq activity.

A distinctive feature of YAIOs5: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 reso-
lution gained with reference scintillation Nal (T1) crystal. This apparent paradox for
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Fig. 2.6 YAIOj;:Ce scintillator light yield dependence versus temperature

a crystal having a light yield of only 40 % of Nal(Tl) is a direct consequence of a
much better low energy linearity of YAP:Ce than Nal(TIl). 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.
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Another important application of YAIO;:Ce crystals is the detection of
a-particles. The mean free path of a-particles in YAP is 8—28 pm in the energy
range 4-8 MeV. The light yield ratio y/a is 3.8. The minimization of the y-quanta
contribution to the noise is achieved by the use of thin crystals. YAP:Ce crystals
with a thickness of less than 100 pm are easily produced now. Figure 2.7 shows the
?2Ra source amplitude spectrum measured with a @ 25 x 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 a-particle emitting isotopes.

The spectrometric performance of other scintillators is also widely described in
the literature [45]. Alkali 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.

2.3 User’s Requirements for Medical Imaging

2.3.1 Introduction and Historical Background

At the same time Rutherford was studying o particles on a Zinc Sulfide scintillating
screen, 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 begin-
ning of a long common history.

The interest for Thallium doped Sodium Iodide, Nal(T1), introduced in 1948 by
Hofstadter [4] was suddenly boosted by the invention in 1958 of the Anger camera
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concept [46], where a large Nal(Tl) slab is readout by several photomultipliers
(PMT), allowing a relatively precise determination of the y conversion point. This
invention offered unprecedented perspectives in the field of nuclear medicine
imaging and non-invasive clinical investigations. Several imaging devices have
been built with a large number of Nal(T1) 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?),
which limits the spatial resolution and the image quality.

It is worth noting that several important contributions to medical imaging were
made by physicists: Allan MacLeod Cormack (tomography principles); Felix
Bloch, Edward M. Purcell, Peter Mansfield, (resonance imaging), Georges Charpak
(digital radiography). It relates not only to the basic principles, but to the many
details of radiation detection technologies. The anatomic and functional image
fusion — the last trend in medical diagnostics was also proposed by David
Townsend, a CERN physicist. This situation can be easily explained keeping in
mind the similarity of multidetector systems in HEP and medical imaging systems.
In some cases scintillators primary studied as an option for one HEP project found
later an application in radiation medical diagnostics.

Bismuth Germanate (BGO) discovery is one of the typical examples of such
“transfer”. This scintillator invented in 1973 by Weber & Monchamp in 1973 was
immediately recognized for its potential for y-cameras, because of its very high
density (7.12 g/cm®). But systematic use of BGO in medical imaging could only be
made possible 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 SIC in China. Today BGO still represents
a very large fraction of the y-ray medical imaging market. The example of LSO is
just opposite: first developed for well logging it is now the most popular crystal for
PET scanners and it is seriously considered for several HEP detectors.

The need for high density but much faster scintillators for the new generation 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, build for the CMS experiment at LHC, with nearly
100 tons of crystals. Moreover systematic study of the physics underlying the funda-
mental scintillation mechanisms has led to a much better prediction capability in the
search for new scintillating materials. New ultra dense, very fast and efficient scintil-
lators are being studied 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 tomography,
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magnetic resonance (MRI) and electrophysiology with electro- and magneto-
encephalography (EEG and MEG). More recently direct optical techniques like
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 scintil-
lators 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 like amorphous Silicon or CdZnTe, scintillation mate-
rials are widely developed for this application. For small scintillation screen
thickness (0.1-0.2 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 detector arrays made of CsI(TI) needles or small crystals (for
example calcium 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 princi-
ple of CT is based on the detection of X-ray attenuation profiles from different
irradiation directions. This technique allows a 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 material coupled to a
photosensitive array of Si-diodes. There are several specific sensor properties
requirements (such as high X-ray absorption, spectral correspondence of scintillator
emission and photo-receiver efficiency, hard radiation 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 temperature
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
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producing about 1000 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 deteriorates 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(T1) 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(TI) samples could not satisfy the requirements for
the new scanner generation. This is why CsI(TI) has been progressively replaced by
CdWO, (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 milliseconds after the irradiation. So far this result remains
unsurpassed.

Another important parameter for such applications is the light yield stability
under temperature changes or irradiation.

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 non-radiative transitions by the Mott’s equation
I(T) = (1 + woexp(—e/kT))~" [51] with frequency factor my = 4.25-10° and
thermal activation energy € = 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
1Rad/s. However due to a strong absorption in the scintillator entrance face, the
dose rate could exceed ~50 Rad/s in this part of the crystal that may lead both to
detector gain drift and spectral sensitivity loss, and finally to the crystal deteriora-
tion. The main part of the scintillation efficiency degradation 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 scintillation losses like decrease of crystal
transparency [53] and variations of luminescence yield due to modifications of the
emitting centers [49]. Radiation 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 Chaps. 6 and 7.
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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 80th when they
introduced the first polycrystalline ceramic scintillators. The host materials were
Y,05 and Gd,05 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 Eu®* activator efficiently traps elec-
trons to form a transient Eu* state, allowing holes to form Pr** and Tb** and,
therefore, competes with the intrinsic traps responsible for afterglow. This energy
trapped on the Pr and Tb sites decays non-radiatively in presence of the Eu ions
reducing therefore the level of afterglow [54].

3 mol% of Eu,0O3 doping to (Y,Gd),05 allows to reach 65 % of CsI(T1) efficiency
with emission at 610 nm. The relatively long decay time (~1 msec) can be accepted
because of the low afterglow level.

Gd,0,S: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.
Gd3Gas04,:Ce,Cr [48] is considered to be a good candidate. During the last years
Lu,0O3: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.

SerO3:Ce3+ and BaHfO3:Ce3+ ceramics are other candidates for both CT and
probably PET devices [48]. Both of them are high-density materials, have a short
decay time and reasonable light yield (up to 20000 photon/MeV). Moreover their
afterglow level is small.

Recently, a new generation of high light yield scintillation ceramics with garnet
structure produced by High Temperature High Pressure (HTHP) method was
introduced [55, 56]. HTHP method is melt free and allows producing complex
compositions of the materials combining more than three oxides. This technology
opens an opportunity for future progress in engineering of scintillation properties.

These examples show that new materials investigation and research remain
highly topical and that the potentialities resulting from the impressive progress in
nanotechnologies to produce new transparent 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 photo-detectors 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 CdAWQO, and
CsI(T1), although some ceramic scintillators are also available now.

The second type requires thicker pixels. Typical sizes are: (1-2) x (20-30) x
(2-3) mm®. It reflects the necessity of multi slice image reconstruction for medical
analysis.

Two-dimensional arrays for medical applications were designed over 30 years
ago. The first prototypes were based on Nal(TI) 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. Important progress of 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 potential.

Last years’ engineering efforts showed that multilayered assemblies [57] ini-
tially developed for astrophysics detectors can be efficiently used for medical
applications.

State-of-the-art array design is based on minimization of the two main param-
eters: 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
segmentation 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 minimal pixel size
is now slightly different for various materials, namely, 0.3 mm for CsI(Tl), CWO,
and BGO; 0.5 mm for CaF,: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 acquisition system.
However, CCD matrixes having tens millions of pixels per cm” are available to
date. Thus, there are no technical limits to read so called columnar structure screens
[58, 59].

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 Gd,O3S:Tb for X-ray intensifying screens [60, 61]. 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 x 43 cm? flat
panel based on this material deposited on a matrix a-Si:H photodiodes (pixel size
160 x 160 pm?). This is practically the same size as was achieved for CslI
(T1) screens.

BaFBr:Eu [62] is the typical inorganic stimulated phosphor for digital radiog-
raphy. A more detailed review of these materials is available in [47, 48, 60].

It should be noted that it is possible to use non-pixilated screens for the low
energy X-rays. If X-rays are absorbed in a very thin crystal layer, the angle of the
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emitted light is small (for the thin film) and the crosstalk 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 photon leakage from pixel to pixel. It is obvious that this
material should be as thin as possible, possess good reflectivity and low transpar-
ency. Practically used materials are: white powder (TiO,, MgO, more than 1 mm
thick, reflectivity 100 %), Teflon, Tyvek™ sheets (0.5-0.15 mm thick and 98 %
reflectivity) 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 speci-
fication. Modern specifications require less than 2—4 % cross talk (leakage) between
neighbor channels. Powder reflectors, as well as thin films (like Teflon, Tetratex,
BHA films), possess 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 reflectivity. 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 (like VM2000) are the most appropriate materials
due the best balance of reasonable reflectivity, thickness and cross talk.

Total light collection in a matrix element (linear array) depends on separator
type and reflectivity as well as 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 non-uniformity 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 mechanical operations. Crystal damage, sub-surface 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 dimensions
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 (like CsI) this value is always higher.

2.3.2.3 Emission Tomography

The working principle of emission tomography is to image y-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.
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SPECT Tomography In Single Photon Emission Computed Tomography
(SPECT) a molecule involved in the metabolism of the patient is labeled by a
single photon emitter (usually *Tc emitting one 140 keV y-ray). After injection it
concentrates in some organs or tumors and allows the imaging of them by the
reconstruction of the y-ray emitting points. The most popular technique is based on
the “Anger logic” [46], where y-rays are directed through a multi-hole collimator to
a large slab of Nal or CslI scintillator (Fig. 2.8).

The coordinates of the interaction point are then determined by comparing the
signals from a set of PMT’s coupled to the crystal, by the centre of gravity method.
This technique is still largely used in many hospitals and medical imaging labs, but
suffers from a relatively poor space resolution, of the order of a few centimeters.
A modern approach uses the direct coordinate determination with Position Sensitive
PMT’s (PSPMT) coupled to scintillation multi-crystal array based on CsI or YAP
crystals. Several devices have been developed, like HIRESPECT, a YAP mammog-
raphy camera in Italy with a resolution of 0.7 mm, as well as peroperative probes.
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The Anger logic proved to be quite effective (the same principle was earlier
applied for astrophysical telescope design [63]) with a good price-performance
ratio. Indeed a detector for whole body screening (i.e. with a cross section up to
600 x 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 diagnos-
tics is still the most largely used method of nuclear medicine. There is today no real
alternative to Nal(TI) crystals. Only scintillators with a significantly better energy
resolution (approx. 3—4 %) could make a step forward. Recently LaCl;:Ce or LaBr;:
Ce [64, 65] have been discovered, 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(TI) pixilated (matrix) detectors, which are used, in portable cameras.
Continuous CsI(Na) crystals 50 x 50 x 4.6 mm with white entrance and black
edge reflecting was used for a flat-panel-based mini gamma camera for lymph
nodes studies [66]. The intrinsic resolution level of this system is better than
1.5 mm. This system is therefore competitive with more complex pixilated
designs [67]. Some investigations [67, 68] confirmed the ability 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 reducing the
size of the detector while maintaining a good sensitivity. Such a design includes
4096 scintillation pixels. The DIGIRAD imager (pixilated detector size of
21 x 21 cm) has been evaluated during a clinical myocardial study [69]. This
detector is smaller in size than a conventional gamma camera 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 resolu-
tion, but their use is presently limited by a low production yield and the technical
problems to produce high-grade semi conducting 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 perfor-
mance) has led to the development of 25 mm thick Nal(TI) plates able to record
with a reasonable sensitivity 511 keV y-quanta [70-74].

Positron Emission Tomography Positron emission tomography (PET) makes
also use of molecules involved in different metabolic functions of the human
body, allowing therefore precise functional imaging. They are labeled here with p*
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 human body. The Positron Emission Tomography measures the uptake of the
tracer in different organs or tumors and generates an image of cellular biological
activities. These PET images can be used to quantitatively measure many
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processes, including sugar metabolism, blood flow and perfusion, oxygen consump-
tion etc. Recently, the need for specialized PET scanners designed for experimental
small animal studies (mouse, rat, and rabbit) was recognized as a powerful tool for
fundamental research of disease models, new therapeutic approaches and pharma-
cological developments. The most commonly used isotopes are '*F with a lifetime
of 109.8 min, ''C (20.4 min), >N (10 min) and >O (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 pharmaceutical 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 tumors, the molecule emits positrons decaying in 2 back to back
y-rays, which are detected in coincidence in rings of scintillators (Fig. 2.9). Until
recently, as a result of compromise between performance and cost, PET scanners
were using partially segmented BGO crystals readout by groups of 4 PMT’s,
allowing a reconstruction precision of the order of 4 to 5 mm (Fig. 2.10). Modern
machines are going progressively 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 uptakes in the
human body but do not deliver precise anatomical images, like MRI or X-ray CT
for instance. A new generation of scanners combines the very high sensitivity of
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Fig. 2.10 PET detector module design

Fig. 2.11 Primary lung cancer imaged with the SMART scanner. A large lung tumor, which
appears on CT as a uniformly attenuating hypo dense mass, has a rim of FDG activity and a
necrotic center revealed by PET (Photo courtesy of D. Townsend, University of Tennessee)

PET for metabolic imaging to the high spatial resolution anatomic information
delivered by X-ray CT or another anatomical modality. They provide impressive
images giving the very precise localization of active areas of organs and tumors
(Fig. 2.11). 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 imaging devices is the stopping power for the
given energy range of X and y-rays to be considered, and more precisely the
conversion efficiency. Clearly materials with high Z and high density are favored
but the position of the K-edge is also important as can be seen on Fig. 2.12. For low
energy X-ray imaging (below 63 keV) the attenuation coefficient of Yttrium,
Cesium and lodine are quite high and crystals like YAP and Csl are good candi-
dates. Above the K-edge of Lu (63 keV) and Bismuth (90 keV) the situation is quite
different 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 y-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
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Fig. 2.13 Radial elongation distortion in a PET scanner

of the radial elongation as shown in Fig. 2.13. Another approach is to use a
combination of two or more crystals mounted on top of each other (phoswich
configuration) with different emission wavelength or decay time so that the depth
of interaction (DOI) determination is made possible through the correct identifica-
tion of the crystal hit.
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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 Compton 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 reducing the dead time and therefore to
increase the limiting counting rate. Moreover by reducing the coincidence gate the
signal to background ration 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 be noticed that very fast scintil-
lators 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 (Nal) and more recently Cesium Iodide (CsI) have been for a
long time the most common scintillators used in nuclear medical imaging devices,
mostly because of their very high light yield and relatively easy and cheap produc-
tion 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 intro-
duced 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 crystals. Unfortunately a much smaller light yield than
Nal and a decay time of 300 ns are still limiting factors.

There is a need for a crystal having the light yield of Nal, 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 since about 15 years. This is the Lutetium
orthosilicate LSO:Ce and its variation LYSO:Ce with a few percent 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 Aluminium perovskite LuAP:Ce, also with
the Yttrium heavily doped compound LuYAP:Ce [75, 76]. This crystal has a
much better linearity at low energy than LSO, which results in an even better
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.

If we restrict this list to crystals having a light yield of more than 10* ph/MeV and
a decay time of less than T, < 100 ns the number of good candidates is restricted to
ten only: Lu,S;, LuAlO;, Lu,SiOs, Lu,Si,0;, LuBO3, LaBr;:Ce, CeBrs, PrBrs,
GdBr;:Ce and Gd3Al,Ga30,:Ce from which five are complex oxide compounds.
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2.4 Radiation Detection for Security Applications

The security system development is carried out in accordance with the Global
Nuclear Detection Architecture (GNDA), where radiation detectors and radiation
sensors are a significant part. In the 90s, the main attention was paid to military and
defense applications; the issue was finally regulated in the frame of the Nunn-Lugar
program for the control of dissemination of nuclear weapons. Later, the protection
from terrorism and technological catastrophes (like Fukushima) started dominating.
Security has been a problem for airlines since the 1970s, when hijackings and
bombings became the method of choice for subversive, militant organizations
around the world. Although security at transport has always been tight, the 9/11
attacks woke many people up to a harsh reality. It was and is still not tight enough.

During the last decades the radiation detection safety/security market has sig-
nificantly changed due to the expanding geography of nuclear power plants, as well
as growing homeland security and defense claim.

Increasing nuclear threat or nuclear terrorism is driving the homeland security
and defense R&D and detector market. Due to 9/11 and Fukushima disasters the
homeland security and defense industry has become the fastest-growing segment of
the radiation detection, monitoring, and security market and is expected to reach
$232.4 million by 2020 from $152.3 million in 2014 [301]. This is a significant part
of the whole manufacturing industry.

There are many standards that describe the requirements to radiation monitoring
in general and detector devices in particular. They specify different areas of control
like “Performance Criteria for Alarming Personal Radiation Detectors” (ANSI
N42.32), “Hand-held Instruments for the Detection and Identification of Radionu-
clides” (ANSI N42.33 and N42.34), “Evaluation and Performance of Radiation
Detection Portal Monitors” (ANSI N42.35), ‘“Performance Criteria for
Spectroscopy-Based Portal Monitors” (N42.38), “Standard for Performance
Criteria for Neutron Instruments” (N42.39) and other.

Science and technology plays a crucial role in the prevention of nuclear and
radiological terrorism. All applications of scintillators are directed to one of the two
applications: active or passive detection systems. There are four main areas of
safety detector equipments using scintillators: inspection of luggage, track and
cargo containers inspection, search for nuclear fissile and explosive materials, and
remote detection of fissile materials.

2.4.1 Passive Detection

Passive devices provide Security, Customs and Border Protection with a passive,
non-intrusive means to screen objects for the presence of nuclear and radionuclide
materials: various types of radiation emanating from nuclear devices, dirty bombs,
special nuclear materials, natural sources, and civilian/industrial isotopes. Passive
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detection is based on scintillators for the detection of gamma and/or neutron-
induced fission.

The first generation of radiation portal monitors (RPM) was based on plastic
scintillators and did not operate in a spectrometric mode. RPM consisting of large-
area y-ray detectors (usually plastic) and neutron detectors (He-3 or similar)
allowed the passive detection of nuclear or other radioactive materials in cargo
containers or trucks entering a port of entry. The high detection sensitivity of RPMs
allows 100 % scanning of cargo with minimal impact on throughput. However,
false positive alarms resulting from cargo which is naturally radioactive can slow-
down the flow of commerce. In 2005, the USA Domestic Nuclear Detection Office
(DNDO) began working on a program to develop a next-generation of Advanced
Spectroscopic Portals (ASP), which was designed to both detect radiation and
identify the source as benign, suspect, or threat. The initial concept of the program
was to develop, procure, and deploy enough ASPs to replace many of
non-spectroscopy devices and handheld detectors at a cost of $2-3 billion [77].

The main goal is the separation of military, technologically enhanced NORM
(Naturally Occurring Radioactive Material), like Uranium series (238U), Thorium
series (232Th), and Potassium (40K), and Man-Made Sources (e.g. commercial iso-
topes 241Am, 133Ba, 137Cs, 57Co, 60Co, 192Ir, 226Ra, 252Cf, nuclear fuel, medical
radioisotopes **™Tc (92 % of procedures)). Finally, ASPs were developed and test
procedures verified [78], but not put into the force [79]. In 2015 a similar global
program was launched and developed [80] in China.

The smallest (hand-held) devices are addressing the instruments that can be used
for security applications to detect and identify radionuclides, for gamma dose rate
measurement, and for indication of neutron radiation. The performance testing
requirements for portable radiation survey meters are listed below and divided
into four different categories:

— Nuclear Materials: 233U, 235U, 237Np, Pu*;

— Medical radionuclides: '°F (PET), “’Ga, *™Tc, '''In, "I, '*1, 1*'1, **Xe, 2°'T1;

— Industrial radionuclides: 57Co, 60C0, 13 3Ba, 13 7Cs, 192Ir, 241Am;

— Naturally occurring radioactive materials (NORM): 40K, ?*%Ra (in equilibrium
with daughter’s products), >>*Th and decay products, >**U and decay products.

*Monitors shall identify either weapons grade plutonium or reactor grade plu-
tonium (>12 % 240Pu).

The radiation detector shall be able to identify the following radionuclides
within the times indicated after exposure to the radionuclide.

— Unshielded, in 1 min: ''In, '*3Xe, 2™Tc, 2°'T1, ’Ga, '*°1, 12, 1311, '8E(PET),

— Behind 3 mm steel shielding, in 2 min: 85y, 28U, 3"Co, ' Am, 237Np,

— Behind 5 mm steel shielding, in 2 min: Pu*, ?**U, '**Ba, “°K, **°Ra, ***Th,
137¢s, ©°Co, ?Ir. > 6 % **°Pu.

The requirements to RPM are stricter due to the volume of the subject to be
scanned and time limits for the moving subject inspection (For mobile — ANSI
N42.43 “Standard for Mobile and Transportable Systems”).
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The devices shall be able to identify the following radionuclides at the reference
speed (portals) or collection interval (fixed) as required:

— Unshielded: *’Co, ®°Co, ®’Ga, *™Tc, "*'1, '*’Ba, *’Cs, '*?Ir, °'T1, U, U,
238U, plutonium?*, 24'Am, 237Np.

— Natural materials: Natural sources (such as potash, granite and ceramic tile)
will be used to test monitors for the ability to identify the isotopes 40K, 2°Ra
and ***Th;

— Shielded by materials that are typical of inspected containers: ®°Co, '*'I, '**Ba,
137¢s, 1921y, 238U, plutonium?*, 237Np.

More specific requirement is set by another program - Stand-Off Radiation
Detection System (SORDS). The goal is to design a system for detection, identifi-
cation, and localization of small radiation sources (1 mCi) at large distance (100 m)
from a moving platform [81].

A high cost and a great demand for scintillators from passive systems developers
lead to the of large size (400-500 mm length) Nal(Tl) or CsI(Na) scintillation
crystals use for y-quanta registration, which allow detecting masked fissile mate-
rials in a relatively short acquisition time at a distance.

2.4.2 Active Detection Systems

Such systems are commonly used for transmission radiography inspection. Active
systems typically use an X-ray or gamma ray source to provide images of high-
density and low-density materials in luggage, trucks or containers. Transmission
radiography techniques may be useful to detect high Z materials that are often used
in shielding. Many different sources are used for such radiography. The y-ray
radiography systems use ®°Co or '*’Ce as a radioactive source and a vertical
tower of gamma detectors. The 1.25 MeV energy can penetrate through
15-18 cm of steel [82]. The X-ray radiography (including backscattering radiogra-
phy) is similar to the y-ray one. It uses a high-energy bremsstrahlung spectrum with
energy in the 5-10 MeV range for large objects. Such X-ray systems can scan up to
3040 cm of steel in vehicles moving with velocities up to 13 km/h. Muon
tomography is a new technique that uses cosmic ray muons. Since muons are
more deeply penetrating than X-rays, the scanner can be used to image thick and
even shielded materials [83].

Active detection systems are under standards as well, see e.g., N42.40 — Stan-
dard for Evaluation and Performance of High-Energy, X- and y-ray Interrogation
Systems for Detection of Contraband.

The history of luggage inspection includes a few generations of X-ray scanners,
starting from a planar metal shape inspection. The main 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
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to identify the suspect object in a large container [84]. The modern technique is
usually based on a dual-energy 140 keV X-ray system [85]. After the X-rays pass
through the item, they are picked up by the first detector. This detector then passes
the X-rays on to a filter, which blocks out the lower-energy X-rays. The remaining
high-energy X-rays hit the second detector. The computer compares the pick-ups of
the two detectors to better represent low-energy objects, such as most organic
materials.

Since different materials absorb X-rays at different levels, the image on the
monitor lets the operator see distinct items inside the bag. These items are typically
colored in the image, and based on the range of transmitted energies and represent
one of three main categories: organic, inorganic or metal. Standard screening
devises possess the ability to recognize shape (weapon, for example), separate
materials with different density and Z.;, i.e., to separate organic and non-organic
materials. Advanced scanners have to provide separation even through different
organic materials — explosives and food. Both materials consist of the same
chemical elements like O, N, C, H. The main task is to find the combinations of
elements that are typical of explosives. A deep analysis in [86] demonstrates
specific areas of O-N rate that allows one to define the structure of organic materials
as seen from Fig. 2.14. Multi-energy CT is the option to obtain better organic
tissues discrimination at lower dose. Some methods allow us to determine Z.¢ with
the accuracy of about 5 % [87].

In addition to an X-ray system, airports also use larger volume and container
scanners. These systems are basically larger versions of the X-ray system used for
carry-on items. The main differences are higher speed and X-ray energy.

The modern standards require the use of computer tomography (CT) scanners.
The technical solutions in this case are very similar to X-ray CT scanners, which are
developed for medical applications. The scanner is able to calculate the mass and
density of individual objects in a bag from the tomogram. If the object mass/density
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Table 2.5 Parameters of typical scintillators that are in use in security and medical CT scanning
(99 % absorption for 120 keV)

Thickness to Relative Emission Primary | Afterglow

Density | stop 99 % light band decay (% at
Scintillator (g/cm3) (mm) output maximum (ps) 3 ms)
CdWO, 7.9 2.6 1 495 2,15 <0.1
CsL: Tl 4.53 6.8 3.7 560 0.98 <5
ZnSe 5.27 6.4 35 610 1-3 <0.2

640 30-50

Gd,05:Eu*t | 7.55 2.6 - 610 - -
(Y,Gd),05: |5.9 6.1 1.52 610 1000 5
Eu
Gd0,S:Pr, |7.34 2.9 1.8 520 24 <0.1
Ce
Gd,0,S:Tb | 7.34 29 1.8 550 600 <0.7
(Ce)
La,HfO;:Ti |79 2.8 0.45 475 10 -
Gd;GasO4,: | 7.09 4.5 1.38 730 150 <0.1
Cr

falls within the range of a dangerous material, the CT scanner warns the operator of
a potentially hazardous object. Let us note that CT scanners are slow compared to
other types of baggage-scanning systems. The requirements for scintillators are
very similar to those in medical CT (Table 2.5).

2.4.3 Neutron Activation Analysis for Security Systems

Active inspection (interrogation) techniques utilize both neutron and gamma ray
sources and include nuclear resonance fluorescence, neutron and gamma ray mul-
tiplicity, neutron radiography, and neutron- and gamma ray-induced fission. These
methods are based on the detection of either natural or induced characteristic
neutron. Actually the most useful element-sensitive approaches are based on
activation by a neutron source, either fast neutrons from the 22cf radioisotope or
fast-thermal neutrons from a pulsed electronic neutron generator. The neutron-
based methods are grouped into 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,y), (n,p), (n,
n’) and neutron activation are used [88]. Neutrons initiate reactions in certain
elements, some of them producing characteristic y-rays. Neutron activation analysis
can verify up to 74 elements, depending upon the experimental procedure, with
minimum detection limits ranging from 0.1 to 1-10° ng g~', depending on the
element. Heavier elements have larger nuclei, therefore they have a larger neutron
capture cross section and are more likely to be activated. Some nuclei can capture a
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Tabl? 2.6 Nuclear (n,y) Element Reaction Cross section (mb) E,, MeV
reactions of fast neutrons and .
i . (n,n’y) 200 4.44
ight nuclei

(0] (n,n’y) 750 6.13

N (n, ) 75 10.83

Cl (n, y) 4300 6.11

S (n, y) 520 5.42

number of neutrons and remain relatively stable, not undergoing transmutation or
decay for many months or even years.

By allowing the fast neutrons to be thermalized between pulses, a large number
of elements such as N, Cl, C, S, and O or their ratio in mixtures can be identified
through the following (n,y) reactions listed in Table 2.6.

One can see that the majority of nuclei, which are important for explosives
identification, emit gamma-quanta in the energy range E, from 4 to 11 MeV. Many
details of this method are used for security inspection, as described in ANSI
standard N42.41 — “Standard for Evaluation and Performance of Neutron Interro-
gation Systems for Detection of Contraband”.

In spite of the fact that heavy and high light yield crystals used in y- spectrometry
allow the registration of fast neutrons, most of the security inspection devices
require the simultaneous presence of both y- and neutron channels. In particular,
the RPM standard [89] fixes the parameters of neutron registration. Fissile materials
emit neutrons. Some nuclear materials, such as weapons usable plutonium-239,
emit large quantities of neutrons, making neutron detection a useful tool to search
for such contraband. Radiation Portal Monitors often use He-3 based detectors to
search for neutron signatures. However, a global supply shortage of He-3 has led to
the search for other technologies for neutron detection.

2.5 Physics of the Universe, Astrophysics, Nuclear
Planetology

2.5.1 Dark Matter and Double Beta Decay Study

The latest trends in particle physics have raised interest in Dark Matter (DM) and
Double Beta Decay (DBD) studies [90, 91]. The Invisible (dark) matter dominates
in the Universe, but the experimental evidence is still lacking due to the problems
with observation of WIMPs (Weakly Interacting Massive Particles). The main
difficulty is the absence of a clear signature of the effect. Dark Matter searchers
look for elastic nuclear recoils from WIMPs whose flux through the detector is
estimated from cosmological models of the galactic halo. The cross section limit
from the current experiments is about 10~** cm? (spin independent). The 3rd
generation experiments are expected to reach 10~** cm?® Such experiments will
be performed in deep underground experiments to limit cosmogenically produced
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Fig. 2.15 WIMP cross sections (normalized to a single nucleon) for spin-independent coupling
versus mass [91]

spallation neutron background. They will use different techniques to separate
nuclear and electron recoils. The energy range of the WIMP inducing a nuclear
recoil is below a few tens of keV. Figure 2.15 demonstrates the broad line of DM
experiments based on different types of scintillation detectors.

The goal of DBD experiments is to observe the neutrinoless decay of a nucleus
in order to determine the fundamental properties of the neutrino. The experiments
are targeting to establish the mass of the neutrino in contrast to the mass difference
which has been measured to date from the interactions of atmospheric, solar and
reactor neutrinos. For this goal to be achieved, additional measurements in different
isotopes would be necessary to remove uncertainties in these elements and to
eliminate the possibility of contamination from an extremely very low intensity
y-ray emission at the exact energy of the neutrinoless DBD. There are several
ton-scale neutrinoless Double-Beta Decay Experiment under development and
construction right now.

The 3rd generation of experiments and projects are listed below. They claim for
more and more specific radiation detectors [91]. For example, LZD Experiment is a
20-ton liquid xenon two phase Time Projection Chamber (TPC) utilizing direct
scintillation and ionization to separate nuclear recoils. It would utilize a water
shield and liquid scintillator veto system.
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MAX is a two target observatory using 20 tons of depleted Ar in a two phase TPC
and 6 tons of xenon (Xe), also in a two phase TPC. It should measure the WIMP
mass by comparison of the recoil spectra.

GEODM consists of 300 5.1 kg Ge detectors. Separation of background is
achieved by comparing ionization and phonon signals.

COUPP is an array of 32 500 kg bubble chambers utilizing CFsI. This team has
demonstrated an acoustic technique for identifying a-particles as well.

CLEAN is a single phase scintillation detector using 40 tons of Liquid Ar or
Liquid Ne using Pulse Shape Discrimination to distinguish electrons from nuclear
recoils.

Direct methods of WIMPs detection are based on registration of ionization
or/and excitation of recoil nucleus in the material of the detector itself. There are
many experiments directed to WIMPs registration and each of them uses different
scintillators, like NaI(Tl) in DAMA/LIBRA [92], CsI(T1) in KIMS [93], CaWO, in
CRESST [94], ZnWO,, CaMoOQ,, CaF,, LiF, BGO, PbMoO,4, PbWO,, MgWO, in
EURECA [95, 96], ZnSe in Lucifer [97].

These applications claim for specific particle detectors with a very low radioac-
tive contamination, high energy resolution, very low energy threshold and the
presence of certain elements (to study alpha, DBD) or variety of elements (for
dark matter detectors). This initiated a construction of various new scintillators
from low temperature gases, like LZ Dark Matter Experiment with 7 tons of liquid
xenon detector [97], to organic (PPO-based multi tons liquid scintillator for Data
Bay experiment [98]). But inorganic scintillators still remain the main option for the
physics of universe study [90]. Some unique composition scintillators for such
applications are listed in Table 2.7 [90].

The general scintillator claim for all rare-event application relates to extremely
high level of radio purity. Radioactive contamination of the purest ZnWO, exceeds
areliable level by a factor of 20, CaF, — by a factor of 50, and CaMoO, — by a factor
of 500 in the best purified samples. The most dangerous radionuclides for 2f
experiments are *Ra and **Th with energies of p decay in the energy range up
to 3270 keV and 4999 keV, respectively. Naturally occurring “°K isotope is also
nonreliable due to the high counting rate at 1461 keV.

The main problem for the crystal development for DBD experiments is a
necessity of the enrichment of the crystals with different pure isotopes. Several
high sensitivity studies of the double f decay processes were performed with
isotope enriched samples: 40Ca [99], “BCa [99], 7971 and %*Zn [99], 106cq [100],
'%Cd and ''"*Cd [100], ''°Cd [101], *°Ba [102], '*°Ce and '**Ce [103], '*°Gd
[104], 180W and 8w [A102]. The development of 190070 containing crystals
(this is one of the most promising candidates for 2f experiments for its high
transition energy Q2f =3034.40+0.17 keV) took several years. Finally three
candidates (CaMoQ,, Li,MoQ,, and ZnMoQ,) have been chosen from the list
of molibdates. Very similar approach was used for CdWO, enriched with isotopes
1%Cd and ''°Cd.



81

2.5 Physics of the Universe, Astrophysics, Nuclear Planetology

(panunuod)

el 99> 0T> 0T> (AT

(0T, ) ,07-9°T o

a01-T€ fige]

lect] (eTg) O1- 1'% re> 70> (2D)F10e1
(8D,¢) 19— 11

[zet “1€1] (8D4e1) 9 010°0 — 6000 600°0 — S100°0 (IDID

[oc1-821] 90 T0—T100 200 — 600°0 ¥'C—80°0 (ITEN

«(0Tg,,) ,01-6°¢ (eD)*01snT

[LT1 *v01] (PD,¢p) 00TT vI> €0 001 — €T LIT—0F (22)0SHD

[9z1 *serl (g,,.) 01-€—L L> 1> 9-¥0> 054
(ng,.,) TIT

[l (0d,)) 6%6 00S1> 0L> 0g1> fFoDna®r1

[ezt] 0T> PN:DV A

l601] 00€€ 0L1 0L DVA

[zer ‘121l 's—11> (I'1-¢0)> TFEL YOONUZ

[oz1 *611] 0LT 17> > 00¢> YOOI

[811] > €10 ¥0°0 01> YOONED

[L11] 01 - (T61-L9) YOoINad

[or1] (Qdo1o) > (peay Juerdue woly) *OMad

[s11] 0T - (6L—€S) 01> €r> 01 (6L—€9) Yomad
(PDwgqy) 0€ — €>

[F11-211 ‘1011 (PDg;y) 8SS| 9€—-€0 000> 6£0°0 —€00°0> 7-¢€0 YOMPD

(11l (UZe) S0 0> 7000 2000 0 oMUz

[or1-L01] > L=9¢ 900> 0071001 omed

[901] 0091> 05> 05> 00% F 00LS YOMSIN

SQOURIRJOY | AIATIOROIPEI IB[NOTIIRJ Moy 233 P ULge, (YL + ) Ananoe o [ejo], I01e[[UIdS

uosLredwod 10J USATS aIe S10109)9p dDJH JO S[eIsAIo wnrueurod 1oy ee( “(Sy/bguu) SIO[IUIOS JO UOERUTWIRIUOD JATIOROIPEY L'T d[qBL



2 How User’s Requirements Influence the Development of Scintillators

82

punodwod £1ge] Jo gnuwiioy [ed1WAYd pue uonisodwod o1dojost ‘S J[eY By UO Paseq aneA PIIR[MO[E),
spunodwod QIS pue €[N JO SE[MULIO [EdNUSYD PuE uonisodwod d1dojost ‘o] Jey Ny, | Uo PIseq an[eA PaJe[ndED),

[zrl “Tv1] . 017> 017> 9DdH
(01 (Nger) [CR )
lor1-8€T1] €0| ¢ 01-L>| 4 01-(€9-€b00) | o 01-@1—1T0) 5 01~ Jope[nuIos pmbr
[LeT] £1000°0> I0TR[[1IUIOS OUSB[]
[zo1] 0ol 00y tJeq
[coT] 0ge> 09> 0011 00te 49D
logT seTl () 01 L> €I-T1 €r0-10 8 (ng)eqe)
SQOURIRJY | AIIADOROIpRI IR[NONIE] My, e, ULy, | (UL+) Aanoe 0 [eiof, I01R[[UIDS

(panunuod) L7 dqeL,



2.5 Physics of the Universe, Astrophysics, Nuclear Planetology 83

It should be noted that some of the projects use cryogenic scintillating
bolometers [105], which are extremely promising detectors thanks to high energy
resolution and good particle discrimination. Scintillation at a very low temperature
(1073 K) has not been studied yet, i.e., such studies have to be the subject for
luminescence investigation as well.

2.5.2 Planetary Nuclear Spectroscopy

Scientific problems of the origin and evolution of planetary bodies such as planets,
their satellites and asteroids gain importance with our expansion in the solar system.
Their spatial distribution in terms of concentrations of elements is an important clue
for understanding the planetary history and evolution. The measurements of y-rays,
X-rays and neutrons emitted from the planet surface are the main abundant source
of major elements and naturally radioactive y-ray emitters. Neutron spectroscopy
can provide the maps of hydrogen- and carbon-containing compounds.

Remote observations conducted during planetary missions have provided global
information about the elemental and mineralogical composition of planetary sur-
faces. The main principles and methods of nuclear planetology (spectroscopy,
nuclear planetary instruments, the nature of observational results) are described
in [143].

Galactic cosmic rays are mainly high-energy protons (p) smashing the atoms
from the top surface of atmosphereless bodies (Fig. 2.16). This produces a shower
of secondary particles, which include neutrons (n). These neutrons then undergo
successive collisions with atoms and produce gamma rays (y) via inelastic scatter-
ing and radiative capture. Gamma rays can also be produced by the decay of natural

Galactic Cosmic Ray

Y

Discrete y-rays (O, Mg, Si, Fe)
Neutrons

(H, A, Z4)

Samples
decimeter
Capture depths
Inelastic

scattering Radioelement

decay

Fig. 2.16 Scheme of neutron and y-ray production processes on the surface of planetary
bodies [147]
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radionuclides, such as K, Th and U. The spectrum of the gamma rays is the subject
for analysis to determine the concentration of the detected elements. For example,
important rock-forming elements include O, Mg, Si, and Fe.

Planetary spectroscopy requires high sensitivity y-ray and neutron detection.
The requirement for high efficiency claims for large-volume detectors. The most
typical solution is high-purity germanium (HPGe) detector [144, 145]. But there are
many cases when scintillator-based detectors are also efficient [146, 147]. Detectors
must have low self-activity/noise levels [146]. For example, gamma rays produced
from the decay of radio-lanthanum in the scintillator lanthanum bromide (LaBr3)
can obscure y-ray emissions from the Moon [149].

This application is unique and the cost of the scintillator is generally not a too
important issue.. This is the reason for selecting the best spectroscopy grade
materials like LaBr3 [147, 148, 150] or CeBr; [151].

2.5.3 Astrophysics

Space physics makes use of scintillators in two different locations: low orbit
satellites and space or interplanetary missions. The low orbit satellites are shielded
by the Earth’s 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 y-radiation. However, the
payload limits the size of such detectors and not too dense materials are sometimes
selected to reduce the weight.

In the interplanetary space, the sun wind from charged particles strongly influ-
ences the detecting properties of the scintillation material. 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
LaBr;, YAP and CeBrj are likely to become the scintillators of choice.

The list of the main projects performed in gamma astrophysics from the begin-
ning of the 90s is given in Fig. 2.17. Most of the current data on cosmic y-sources
have been accumulated from different gamma telescope measurements. 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
have been developed in the last decades. These designs use continuous geometries
of scintillation crystal or pixilated detector [152].

Scintillation detectors with a continuous crystal are generally based on Anger
camera logics as for nuclear medicine gamma cameras. An example of such gamma
camera is the SIGMA mission on GRANT, where a 12.5 mm thick Nal(TI) crystal
is viewed by 61 hexagonal PMT through a 12.5 mm thick glass. The energy
resolution of about 10 % FWHM is achieved at 120 keV with a position resolution
of 4 mm at this energy. The detector is surrounded by an active CsI(TI) veto.

The use of an array of small discrete detectors offers an alternative to continuous
crystal detectors. This design uses the same reconstruction principle as HEP



2.5 Physics of the Universe, Astrophysics, Nuclear Planetology 85

il | | ] E
£ || wHIPPLE HEGRA
> 1 TeV [ MILAGRO HESS __!
2 CANGAROO
20 3 I AT I | | [ ARGO || mMAGIC | VERITAS =
;ﬁ) 100 GeV | [ oRanITE | CELESTE
; SolarTW(;
10 GeV |
OV AGILE
100 MeV
10 MeV |
1 MeV
'
100 KeV 5 |
SIGMA |t
10KeV | :
1KeV | r V7

1992 1994 1996 1998 2000 2002 2004 2006 2008

Aldo Morselli 9/01/02
Year

Fig. 2.17 List of the main projects for gamma astrophysics from the beginning of the 1990s [155]

calorimeters (see Sect. 2.1) or some medical cameras. An example of gamma
telescope based on pixilated detector is the imager of the INTEGRAL detector
[154, 155]. The INTEGRAL is made of 3 layers of hexagonal CsI(TI) scintillation
bars. There are three planes with 2880 scintillation elements coupled to silicone
photodiodes. This arrangement provides good imaging and sensitivity in the 50 keV
— 10 MeV range. The BGO scintillators are used as veto shields as in several other
detectors. This includes 38 bars with dimensions 20 x 90 x (310-345) mm.

The investigations of the high-energy component of cosmic y-radiation are of
crucial importance to understand the emission mechanisms of galactic sources. This
is the goal of several experiments e.g. of the GILDA mission [78].

High-energy y-ray astrophysics has greatly developed at the beginning of the
90s, following the results of the EGRET (Energetic Gamma Ray Experiment
Telescope) experiment [156]. The satellite observations have brought more detailed
data about the well-known y-ray sources, but have also led to the discovery of the
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 the
detection efficiency at high energies due to the use of anticoincidence counters
placed around the detector.

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

The EGRET detected y-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 degraded significantly beyond 30° off-axis. The
effective area on-axis was more than 1000 cm” 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 y-ray sources can be
localized with approximately 10 accuracy. The energy resolution of the EGRET
was 20-25 % over most of its range of sensitivity. The arrival times of photons were
recorded with approximately 50 ps accuracy. The instrument used a multilevel thin-
plate spark chamber system to detect y-rays by the electron-positron pair production
process. A calorimeter using Nal(T1) is placed beneath the instrument to provide a
good energy resolution over a wide dynamic range. The energy of the y-ray is
determined from the measurements made in an eight radiation-length thick,
76 cm x 76 cm square Nal(TI) scintillator crystal below the lower time-of-flight
scintillator plane. The Nal(Tl) detector is covered with a plastic scintillator
anticoincidence dome to prevent triggering-on events not associated with y-rays.

The first scintillators for gamma telescopes were relatively simple and did not
trigger large developments on scintillators. But this situation was progressively
modified by the higher requirements for space physics experiments for a new
generation of scintillators for space started with the GLAST project (Global
Large Area Space Telescope) [158, 159].

The GLAST Mission is a part of NASA’s Office of Space and Science Strategic
Plan launched in 2006. The GLAST is a new generation high-energy y-ray obser-
vatory designed to study celestial y-ray sources in the energy band extending from
10 MeV to more than 100 GeV.

GLAST has more advanced missions and has to cover several important direc-
tions in astrophysics:

1. Understand the mechanisms of particle acceleration in pulsars and other space
sources.
2. Create a precise map of y-ray source in the sky: unidentified sources and diffuse
emission.
. Determine the high-energy behavior of y-ray bursts and transients.
4. Probe dark matter and early universe.

(O8]

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

GLAST has a field of view about twice as wide as (more than 2.5 steradians) and
a sensitivity about 50 times as large as those 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- 1072 photons cm ™2 s~ ' (at energies greater than 100 MeV). This allows one
to localize sources with a position accuracy of 30 arc seconds to 5 arc minutes.

The calorimeter of GLAST measures the energy of the cosmic y-rays. The Csl
(TD) bars, arranged in 16 flat towers, give both the longitudinal and transverse
information about the energy deposition pattern. Once a gamma ray penetrates
through the anticoincidence shield, the silicon-strip tracker and the lead converter
planes, it is then absorbed in the cesium-iodide calorimeters. This produces scin-
tillation in the cesium-iodide crystal, and the resultant light flash is photo-
electrically 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 [159]. It was necessary
to develop a position-sensitive detector from a unique long scintillation crystal.

Long scintillator crystals used in HEP projects require that the light output be as
uniform as possible along the scintillator. The light yield uniformization was
employed in many experiments using different techniques (painting the BGO
crystals for the L3 experiment, depolishing one lateral face for the CMS PWO
crystals, etc.). In the case of the 6624 CsI(TI) scintillators of the electromagnetic
calorimeter BELLE (KEK) [157], a light non-uniformity of less than 7 % along the
300 mm length of the crystal was achieved. Such approach was also used for BaBar
CsI(TI) scintillator treatment to unify the light output to 6 % [153].

Contrary to the HEP case, surface treatment can be applied to long crystals to
induce on purpose a non-uniform distribution of the light output [158]. Figure 2.18
describes schematically the principle of position sensitivity of a long length scin-
tillator 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 light output distribution can be easily tested in the same way as it is done
for systematic quality control of HEP crystals. For 20 mm x 20 mm x 400 mm CsI
(T1) crystals with unpolished side surfaces, Fig. 2.19 shows the characteristic pulse
height spectrum with a **Na collimated source placed at different positions along
the crystal.

The position resolution values for detectors of different length have been
calculated according to Eq. (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 Oz of the source position determination is defined by the value of the
pulse height resolution (PHR) of the detector R and the slope a of function c(z) at
the point of measurement:
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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 y-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 6z(z,/) on the detector length and
position of the collimated source is shown in Fig. 2.20.

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:

R
(Inc).

z

oz =

(2.4)

It was found 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(—/-K)=0.82. As the
scintillator becomes longer the need for a higher transparency increases.
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The position resolution can be improved by combining signals from two photo-
detectors coupled to opposite ends of the crystal. Figure 2.21 shows the light output
distributions for the GLAST type position sensitive detector [158].

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

There are more and more examples of crystal detectors used for astrophysics
experiments and this trend should continue with the growing interest in y-ray
astrophysics.

2.6 Well and Mud Logging

Oil well logging has been known for many years. It provides an oil and gas well
driller with information about the particular earth formation being drilled. In
conventional oil well logging, during well drilling and/or after the well has been
drilled, radiation detectors and a radiation source, usually called tool, may be
conveyed into the borehole and used to determine one or more parameters of
interest for the formation. Well logging progress also followed the progress in the
development of scintillation materials. The first generation of the tools was able to
measure natural radioactivity. These tools provide a log of total gamma ray
intensity as well as spectral gamma ray measurement. This measurement was
important to discriminate the presence and contribution of Potassium (K), Thorium
(Th) and Uranium (U). The intensity of the measured radiation provides an indica-
tion of the type of rock penetrated by the wellbore. Nal(T1) crystals still dominate
such measurements. Their use is an effective way to identify the variation of
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Fig. 2.22 Sketch of RPM tool for active well logging. Small red cylinder schematically indicates
fast neutron source, blue cylinders-diferent detectors. Red, green and blue balls shows different
type of the gamma-quanta emitting nuclei. Inset indicators presence of gas, oil and water measured
along the well (Courtesy of Baker Hughes)

lithology along the well and to distinguish the reservoir zones from non-reservoir or
shale zones, since radioactive elements tend concentrate in the shales, whereas the
elements in carbonate and sandstone layers tend to be less radioactive. Moreover,
different formation types contain different quantities of naturally occurring radio-
active elements. Particularly, U/Th and U/K ratios correlate with oil saturation of
the formation. The organic carbon content creates a reducing environment, bene-
ficial for U accumulation [160]. One of the frequently used tools is Nautilus Ultra
GR/SL™ (Baker Hughes) which is able to operate under extreme high-pressure/
high-temperature conditions, while measuring the natural radioactivity of the
formation being surveyed.

The next generation of wireline tools are being used in well radiation sources to
expose the formation. The typical construction of Reservoir Performance Monitor
(RPM), the modern tool which includes the neutron source is shown in Fig. 2.22.

The downhole tools include this radiation source and one or more detectors
placed into one or more detector chambers. The radiation source is either a 14 MeV
neutron gun, a y-ray source, or an X-ray source. The detectors are used to detect
natural and induced radiation from the formation. Modern tools allow solving
several important problems. First, reducing the reservoir uncertainty in petro-
physical modeling, especially when the reservoir heterogeneity increases. Second,
identification of shale zones and their characterization for total organic carbon or
kerogen present in the reservoir.
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Fast neutrons initiate reactions in the formation, as described in Table 2.6.
Hence, the tool having a 14 MeV source is usually equipped with a thermal neutron
counter and a y-quanta detector. In many cases, “He based counters are used to
detect thermal neutrons in the tool. An alternative is to apply neutron-sensitive glass
enriched with °Li. There is a set of °Li containing glasses at the market [161]. One
of the widely used scintillation glasses is GS20. It provides registration of thermal
neutrons with the counting rate one order of magnitude higher than that of *He
counters y. In spite of that the density of the glass is low, about 2.5 g/cm’. It
becomes sensitive to y-quanta initiated by neutrons in the formation. Thus, the
search for materials with better neutron/y-quanta discrimination becomes an impor-
tant task. From that point of view, the recently recognized Cs,LiYCls: Ce®*
[162, 163] scintillation crystal can open an opportunity for more reliable pulse
shape discrimination of thermal neutrons.

Requirements for the scintillation materials to detect y-quanta in the tools are the
same as described in paragraph Sect. 2.4.3. They have to possess high stopping
power and be bright and desirably fast. However, due to a limited space in the tool
and dimensions of the well, the scintillation detector cannot be packed into the
envelop with high thermo-insulation. Therefore, moderate deterioration of the
crystal’s light yield with increasing temperature in the range from 20 to 175 °C
becomes critically important. From that point of view, YAP:Ce, LaBr;:Ce and
CeBr; are the scintillators of choice. The Pr ** activated crystals demonstrate even
better LY(T) dependence. Trivalent praseodymium has some advantageous over a
cerium activator; its luminescence radiating time is two times shorter than that of
cerium in the same compounds due to a systematic shift (—1.5 eV) of Pr** f — d —f
transitions to the UV range relatively to the same transition of a trivalent Ce ion
[164, 165]. Moreover, the energy difference between the radiating 4f5d state and
the next level of f configuration is larger than 1.2 eV (10000 cm ') in the majority
of crystals where the interconfiguration luminescence of Pr’* ions exists. Both
features make Pr’* ion radiating transitions less dependent on the temperature.
However, this ion has a more complicated structure of energy levels than the Ce**
ion. Among Pr-doped materials, YAIO; and Lu3AlsOy, crystals doped with prt
ions showed very good LY(T) dependence, making their use in downhole mea-
surements prospective [166—-169, 170]. However, both crystals have their
interconfiguration luminescence in the UV range, making their use with ordinary
PMT difficult or even worse with novel silicon PMT (SiPM).

The requirements for scintillation materials are even stricter when the tool is
used while drilling. This approach allows shortening the time of drilling and
exploration, and gives an opportunity to control the direction of drilling. So,
Logging While Drilling (LWD) tools become a powerful instrument way for
in-earth navigation. However, the tools’ detectors are under vibration while
drilling. Therefore, the mechanical stability of the scintillation material and its
resistance to cracking are crucially important requirements for LWD application.
Mechanically hardened Nal(Tl) is one of the possibilities to meet this
requirement.
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Nevertheless, tool size restrictions limit the detector performance:

— Real-time data collection in logging-while-drilling mode requires instruments
with complex design, vibration and thermal stabilization. This increases the
instruments’ cost.

— Gamma well logging in integral detector mode (most widely used until now)
does not provide information on the content of individual chemical elements.

— Model well is needed for precise instrument calibration.

Another possibility to characterize the well is to evaluate the drill cuttings
extracted from the well. Mud logging is vital for rig safety and gives the first
indication of the potential success of the well.

Gas saturation of the drilling mud, as well as different parameters of drill
cuttings, are usually analyzed on-site. Drill cuttings are usually observed visually
and by using an optical microscope to determine the formation lithology, the grain
size, the color and porosity, and the basic fluorescence characteristics
[171,172,173]. This gives only a limited set of data. The drill cuttings are separated
from a drilling mud.

Similarly to well logging, the spectrometry of naturally containing K, U, and Th
is one of the targets for measurements. However, there are no limits for the detector
dimensions. A sample (appr. 100 g) of drill cuttings is weighted and placed into the
measurement camera of a highly sensitive gamma-spectrometer (shielded from the
background radiation). The gamma-spectrum is recorded and used for precise
determination of K, Th, and U content in the sample (down to 2-3 ppm for U and
Th).

A unique lower limit of measured concentrations has been achieved in the
routine instruments having Nal(T1) crystals with volume up to 5 litres. This allows
one to refine the existing correlations and to ascertain new ones for a more precise
characterization of oilfields.
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