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“Ex luce lucellum.”—Robert Lowe

1. INTRODUCTION

In 1948, Robert Hofstadter first described the use of the
alkali halide crystal, Nal(TI), as a scintillation detector. His
first measurements with Nal(TIl) used 8 g of powder that
contained crystals that were only 1-2 mm on a side
(Hofstadter, 1948). In 1978, the technology had advanced to
the point where Hofstadter and his collaborators (Crystal
Ball Collaboration, 1980), along with a design team from
The Harshaw Chemical Company, built the Crystal Ball
detector that consisted of over 4 million g of Nal(Tl)
material. The Crystal Ball was used at the positron-electron
ring of the Stanford Linear Accelerator Center to investigate
the building blocks that make up electrons and positrons.

Since the 1950s, scintillators of various materials have
been used in diverse applications from investigating the
smallest particles known to scientists to exploring the
origins and the extent of the universe. Detectors have been
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used for oil, gas, and precious-mineral exploration; health
physics; industrial gauges; and nuclear power plant applica-
tions. Government labs including the Department of Defense,
the Department of Energy, and the Environmental Protec-
tion Agency use scintillation detectors. These are only a
few of the many different and fascinating applications for
scintillators in industry, medicine, government research,
and academic research. One of the world’s largest con-
sumers of scintillation materials is the medical-imaging
marketplace. New scintillation-detector configurations are
continually being developed and tested in an effort to
provide better diagnostic care for the patient.

The characteristics and physical properties of inorganic
scintillators are presented in this chapter. The mechanism
for the scintillation process is reviewed, and detector design
issues are presented. Crystal growth issues and detector
manufacturing methods are discussed, and a review of a
typical scintillation counting system is presented. The chapter
concludes with a brief discussion of the use of scintillators
in medical imaging. Scintillators have been used in many
different modes and applications; the discussion here is
limited to their use in detecting X-rays and gamma-rays.

Il. GAMMA-RAY INTERACTIONS IN
SCINTILLATION CRYSTALS

The nuclear decay process of some isotopes can include
the emission of photons called gamma-rays. Gamma-rays

Caopyright 2004 Elsevier Science (USA).
All rights reserved.
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TABLE | Radio Isotopes Useful in Medical Imaging Technology

Isotope Half-Life (t,,) Gamma Energies (keV)* Application and Notes

ICo 271 days 122 (86), 136 (11) Calibration and test positron emitter
Wes 30 years 662 keV of Ba-137™ (90) Specifications, calibration, and testing
g 1.8h —_ Clinical positron emitter

9mTe 60h 140 (89) Clinical gamma emitter

2Tt 3.0 days 167 (11), 135 (3) Clinical emitter

Ga 3.3 days 93 (37), 184 (20) Clinical emitter

B 2.8 days 245 (94), 172 (90) Clinical emitter

L | 13.2h 159 (83), 529 (14) Clinical emitter

Na 2.6 years 1567 (100) Calibration and test positron emitter
b4 1,26 x 10" years 1461 (11) Naturally occurring

are part of the electromagnetic spectrum. In a vacuum,
these photons travel at the speed of light, 3 x 10'0 cmys.
Gamma-ray energies are typically in the range of a few
thousand electron volts to many million electron volts,
whereas X-rays have energy less than 100 keV. Table 1
gives useful information about several radioisotopes
relevant to medical imaging.

In order to understand the scintillation process and how
scintillators detect gamma radiation, it is important to under-
stand how gamma-rays interact with matter. Because the
typical gamma-ray energy is greater than the average bind-
ing energy of an electron, gamma-rays have enough energy
to ionize matter. There are three important mechanisms for
interaction: the photoelectric effect, Compton scattering, and
pair production. In each of these physical processes, the
photon incident on the crystal gives up all or part of its
energy to the electrons in the crystalline matrix.

A. The Photoelectric Process

In the photoelectric process, the incident photon gives
up all of its energy to a bound electron. The incident photon
is completely absorbed by a photoelectron. The photo-
electron kinetic energy is given by:

E~=hv-E, (1

where hv represents the photon’s energy and E, is the
binding energy of the bound electron before it leaves its
atomic shell. In a metal, and other crystalline structures, this
second term is the familiar work function of the material.
The photoelectric process requires that the electron absorb-
ing the energy be in close proximity to an atom. Effectively,
it must be a bound electron in order to ensure that conserva-
tion of energy and momentum are satisfied during the inter-
action. Here, the recoil of the atom left behind conserves
momentum, whereas Eq. (1) conserves energy. Figure 1
demonstrates this interaction schematically.

e" Ejected photoelectron

FIGURE 1 The photoelectric effeet.

The likelihood that a photon is absorbed is strongly
related to the atomic number of the nucleus. The probabil-
ity of a reaction increases approximately as Z %, where Z is
the atomic number. It follows that a good scintillator will
have a high atomic number.

After the electron is ejected from the atom, a vacancy
exists in the atomic structure because the electron has
absorbed the photon energy. The newly created atomic
structure, or positively charged ion, will remain in an
excited state for a short time. An electron from a higher
energy level will fill the hole in the atomic structure in
order to bring the atom to its lowest energy state. A photon
is released when the electron moves from a higher energy
state to the lower energy state. The released photon energy
is exactly the energy difference between the initial and the
final states of the electron; this photon is called a character-
istic X-ray. The electron transition occurs in the crystalline
lattice in approximately 1 ns.

The reabsorption of the X-ray energy by another atomic
electron in an outer shell often occurs before the X-ray can
leave the atom. This electron, called an Auger electron, has
enough translational energy to leave the atom. Electrons
from the outer shells will fill the two vacancies, causing the
emission of additional characteristic X-rays and possibly
Auger electrons.

The sharp rise in the mass attenuation coefficient at
32 keV (shown in Fig. 2) is equal to the binding energy of
the K-shell electron in iodine. The structure in the curve
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FIGURE 2 - Mass attenuation coefficient curves for Nal(T1). (From Evans, R.D. “The Atomic Nucleus.” Krieger

Publishing, Melbourne, FL, with permission.)

seen at 32 keV is an absorption edge. The characteristic
X-ray emitted is usually reabsorbed by another atom near
the initial event. When all the initial photon energy stays in
the crystal, the total electron kinetic energy must be equal
to the total energy of the incident photon. Ideally, the photo-
electric events produced in the crystal are represented as a
delta function in the gamma-ray spectrum (see Fig. 3).

B. The Compton Effect

In some cases, a photon enters the crystal lattice and
scatters off an electron. The scattered photon and the elec-
tron will share the energy of the incident photon. Figure 4
shows a diagram of such a scattering event. The scattered
photon energy, hv", can be expressed in terms of the initial
photon energy /v, the rest mass energy of the electron mc?,
and the photon scattering angle 6:

Number
of
Events
L
Energy
FIGURE 3 Ideal photopeak response.
3 hv 2)

Y T T+ v I mye®) (1—cos 0)

This expression is derived by conserving energy and
momentum in a classical two-body collision and by using
the relativistic relationships between momentum and total
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FIGURE 4 Scattering event diagram.

energy (Evans, 1955). In the case of the head-on collision,
when 6 = 180°, the maximum amount of energy is trans-
ferred to the electron and the photon shows up in the lower
end of the energy distribution (see Fig. 5). In the case of a
negligible interaction, when € = 0°, a minimal amount of
energy is transferred to an electron; these events represent
the photons that are at the higher end of the Compton spec-
trum. The sharp edge at photon energies corresponding to
6 = 0°, when observed in a gamma-ray spectrum, is called
the Compton shoulder. Figure 6 is a plot showing the
scattering angle vs, the ratio of Av to hv’ for several
gamma-ray energies. The figure demonstrates that for very
small angles (6 = 0°) there is very little energy lost by the
incident photon, whereas at larger scattering angles (8 =
180°) the incident photon loses much more energy.
Remember that the scattered photon while still in the
crystal, is available for additional scattering events and
possibly a final photoelectric event. When all the initial
photon energy is deposited in the crystal, the sum total of
all events related to the initial incident photon will show up
in the measurement system as a full energy event and will
be indistinguishable from photoelectric events.

Number
of
events

The energy of the scattered electron is given by:
E.-=hv-hv’ 3)
By substituting Eq. (3) into Eq. (2), we obtain:
_(w)(hv! mye?)(1 ~c§s 0)
€ 1+(hv/mye?)(1-cos 6)

Equation (2) predicts the scattered photon energy; Eqg. (4)
predicts the kinetic energy of the electron for a given photon-
scattering angle. The angular distribution of the scattered
gamma-rays is obtained from the Klein-Nishina formula,
which is written in terms of the differential scattering cross

section:
do 5 1 & 1+cos® @
— =27
dQ 1+ a(l—cos8) 2

5
" a2(1~c058)3 )
(1+cos® @)[ 1+ & (1 — cosH)]

)

where Z is the atomic number, ¢ is the familiar term
hv/mgc?, and 1y, is the classic electron radius. This expression
gives us the probability that a photon will be scattered
through a given angle in terms of the photon energy, the
electron density, and the photon-scattering angle. Because
the expression is derived as the probability for an interaction
with an electron, the probability is given in unit area per
number of photons. A polar plot of the scattering probability
for several medical-imaging photon energies is shown in
Figure 7. The greater the incident photon energy, the more
likely that the photon will preferentially be scattered in the
forward direction. Also, note that as the electron density
increases in Eq. (5) with the Z of the material, the probability
for a scattering interaction through a given angle increases
linearly. Here, the amplitude factor Zyr 2 is set to unity.
Scintillation detector materials and detector designs are
influenced by the parameters discussed here.

Energy

FIGURE 5 Ideal Compton scattering response function.
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C. Pair Production

In the case in which the incident photon energy exceeds
two times the rest mass energy of the electron, pair produc-
tion can occur; an electron and a positron appear in place of
the incident photon. This process must occur in the Coulomb
field of a nucleus in order to conserve momentum. Energy is
conserved by:

E, + E. = hv—2m? (6)

This event is shown schematically in Figure 8. The angular
distribution of the created electron-positron pair is predomi-
nantly forward for high-energy photons. The positron quickly

e+
Field of the
Nucleus e
FIGURE 8 Pair production diagram.
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FIGURE © Three interaction mechanisms. (From Evans, R.D. “The
Atomic Nucleus.” Krieger Publishing, Melbourne, FL, with permission.)

recombines with any available electron, causing the creation
of two 511 keV photons, which are emitted in coincidence
and 180° apart. This process is called positron annihilation.
This effect can cause some interesting effects on the observed
gamma-ray spectrum. If one of the 511-keV photons escapes
the crystal, then we observe additional peak in the gamma-ray
spectrum at the full-energy photopeak minus 511 keV. We
can observe another escape photo peak two times 511 keV.
Having some knowledge of the radioisotopes present during a
measurement reduces our confusion when interpreting a
gamma-ray spectrum.

Whereas Figure 2 gives the mass attenuation coefficients
for Nal(Tl), Figure 9 shows the incident photon energy with
the Z of the material and plots the curve in which the interac-
tion probability, or cross section, for each adjacent effect is
equal. The figure demonstrates the regions in which the three
interaction mechanisms dominate. Both figures demonstrate
the strong dependence on the incident photon energy.

lll. THE CHARACTERISTICS AND PHYSICAL
PROPERTIES OF SCINTILLATORS

In this section, we first consider the properties that an ideal
scintillator might possess. Knowledge of material properties
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is crucial in determining the appropriate material that will
provide the needed performance for a given application.

The ideal scintillation detector material should convert
all the incident photon energy into scintillation pulses. The
photoconversion should respond linearly as a function of
energy. Its light output should be maximized in order to
optimize the detector’s energy resolution. And the emission
wavelength of the scintillator’s light should match well
with the response wavelength of commercially available
photosensitive devices.

An ideal scintillation detector should have good stop-
ping power; consequently a material that has high density
and high-Z material would be beneficial. High count-rate
applications and fast sampling rates require that the ideal
crystal’s light emission pulse have a fast rise time and fast
decay time with no afterglow. This characteristic effectively
removes signal pulse pile-up during electronic signal pro-
cessing. At the same time, the material should be easy to
grow in large volumes to meet the needs of any conceivable
application. The ideal material should be nonhygroscopic,
making the material easier to handle during manufacturing.
The ideal material should be mechanically rugged so that it
can withstand both mechanical and thermal shock. The
index of refraction should be close to that of glass (n = 1.5)
so that no light loss will occur when coupling the crystal
to a photosensitive device. The crystal should have high
optical light transmission and no self-absorption. The crystal
should perform with a good signal-to-noise ratio and with
no intrinsic radioactive background.

In reality, no scintillator behaves as the ideal scintillator
described here. The selection of any scintillation material for
a specific application entails a compromise in which some
properties are optimized and other properties are diminished.
Nal(T1) is the scintillation material that comes closest to
meeting most of these requirements; consequently, it is the
most widely used.

A. Light Output

The intrinsic physical properties of the scintillating
material determine its ability to produce light efficiently.
Lempicki et al. (1999) discuss three significant quantities
that determine a material’'s potential to have good light
output: conversion efficiency, transfer efficiency, and lumi-
nescence efficiency. Each parameter influences the number
of useful photons created per incident amount of photon
energy deposited in the crystal. A detailed presentation of
these parameters and how each affects the process of light
emission can quickly become very complicated; a more
detailed investigation is left to the reader (Rodnyi, 1997;
Derenzo et al., 1999).

For the purpose of this discussion, the amount of light
that exits the crystal at the interface with the photosensitive
device is called the functional light output. The functional

light output is influenced by the detector design and by the
assembly techniques used during the encapsulation of the
crystal into the final detector assembly. These detector
fabrication issues are discussed in a later section.

1. Luminescence in a Scintillator

Converting gamma-ray energy into useful light pulses
can be described using a simple solid-state model that illus-
trates the band structure of an inorganic scintillator. Birks
(1964) and Rodnyi (1997) give good presentations of this
model of a scintillator. Figure 10 illustrates the band-gap
structure in a scintillation crystal. The filled band represents
the lower allowed energy levels that are usually occupied by
electrons. The valence band is the highest filled band-gap
and is made up of electrons that are effectively bound to
the crystalline lattice sites. The conduction band contains
mobile electrons after an ionizing event occurs in the scin-
tllator. According to Schridinger’s equation, electrons can
only exist in discrete energy levels; consequently, regions
called forbidden gaps are essential to the model. In a pure
crystal, no electrons would be found in these forbidden gaps.

The energy deposited in the lattice by a gamma-ray
creates electron-hole pairs. For every electron that moves
into a higher energy level in the conduction band a hole is
created in the valence band. The number of electron-hole
pairs created per unit of energy deposited by the photon is
called the conversion efficiency.

‘When a single electron moves from the conduction band
and returns to the valence band, the result is a visible light
photon that has energy slightly less than that of the band-
gap. A characteristic X-ray emission occurs when electrons
move from the higher energy-filled bands to a hole in the
lower core bands (not shown in Fig. 10). These X-rays have
more energy than visible photon emissions. They are typi-
cally reabsorbed within the crystal before they can escape

Conduction band
intillati Upper forbidden band
Sc;r:glti?‘on with intermediate
energy levels

P TIL

Valence band

Lower forbidden band

%WWA Filled band

FIGURE 10 Solid-state model showing energy level bands in a scintillator.
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and are available to be reabsorbed as part of the total inte-
grated scintillation event in the crystal.

Impurities or lattice defects called activators are inten-
tionally introduced into the crystalline lattice so that
additional intermediate energy states are created in the
forbidden band gap, becoming localized sites throughout
the upper forbidden band gap. These defects, called lumi-
nescence centers, increase electron mobility by shifting
the band-gap width enough to put the wavelength of the
emitted photons into the visible region of the electromag-
netic spectrum. The fractional amount of electron-hole
energy that is transferred to the luminescence center is
called the transfer efficiency. ldeally, transfer energy
losses are zero; however, in reality some of the energy
loss does occur when the holes or electrons migrate
through the lattice or when electron-hole pairs recombine
nonradiatively. The efficient transfer of electron energy in
the luminescence center requires that holes in the valence
band be readily available for recombination with elec-
trons that are trapped in an activation center. If hole
mobility is limited, the scintillation rise time will be
slow. Photoluminescence occurs when photons with
energies of less than 6 eV directly excite an activation
center.

When a scintillator emits light after absorbing photons,
this is called luminescence. The amount of thermal energy
available in the material affects the luminescent efficiency
or luminescent quantum efficiency. Consider the discrete
levels present in the crystal lattice. The energy levels of the

235

activation centers are influenced by the amount of thermal
energy present in the crystalline lattice; as thermal energy is
absorbed by the crystalline lattice, a shift from the equilib-
rium quantum states results. The result is that nonradiative
transitions can occur by heat dissipation rather than by emit-
ting radiation. This effect is called thermal quenching.

Each scintillation material has unique band gaps and
activation centers with well-defined energy differences. The
electronic transitions that occur between the energy states
in the activation center dictate the wavelengths of the light
emitted by the crystal. Accordingly, the model explains
why we observe that each scintillator material has its own
characteristic light emission curve. Good scintillators have
emission band gaps that do not overlap with the optical
absorption band gaps because an overlap causes the exces-
sive self-absorption of light in the crystal.

Scintillators generate light over a wide range of wave-
lengths of the visible spectrum. As seen in Table 2, CsF
emits in the ultraviolet region (A = 390 nm), Nal(Tl) emits
blue light (A = 415 nm) at its maximum, and CsI(T]) emits
green light (A = 540 nm) at its maximum.

The model presented here is specific to crystals that
require an activator. These crystals are called exrrinsic scin-
tillators; examples are Nal(Tl), CsI(Tl), and LSO(Ce).
Some crystal materials do not require a dopant to effi-
ciently give off light; they are called intrinsic scintillators;
examples are BGO, CdWO,, and BaF,. There are several
clear advantages to some of the intrinsic scintillators,
including typically higher radiation hardness, avoiding the

TABLE 2 Properties of the Common Scintillation Detector Crystal Materials®

Effective Wavelength Index of Refraction

Density Atomic of Maximum Principal Decay Pulse Rise at Emission
Material® (g/em?) Number, Z,;,  Emission (nm) Constant (us)° Time (ps) Maximum, 1 Hygroscopic
Nal(Tl) 3.67 51 415 0.23 —— 1.85 Yes
Bi,Ge;0,, 7.13 76 505 0.30 30%30 2.15 No
CsI(Na) 451 54 420 0.63 - 1.84 Slightly
CsI(T1? 451 54 540 0.68 9500, 41000 1.80 Slightly
Lu,Si0s(Ce) 740 65 420 0.04 30£30,350£70 1.82 No
CaF,(Eu) 3.19 17 435 0.9 40 £ 30 1.44 No
*Lil(Eu) 349 54 470 1.4 — 1.96 Very
BaF,” 4.39 53 310, 220 0.62, 0.0008 — 1.49 No
CsF 4.11 53 390 0.004 —_ 1.48 Very
CAwo, 7.90 64 480 50 - 2.20 No
GdSiOs(Ce) 6.71 59 430 0.06 — 1.85 No

"Data from Knoll (1989); Harshaw Scintillation Phosphors (1975); Melcher (2000); Derenzo et al. (2000).
¥Bi,Ge;0y5, Lu,8i04(Ce), and GdS$iOs(Ce) are often referred to as BGO, LSO, and GSO in the literature.

“Data are for room temperature.

4CsI(T1) is better suited to be used with a photodiode because its emission spectrum does not match well with the response spectrum of a

photomultiplier tube.

‘BaF, has two dominant peaks in its emission spectrum. When two values appear in this row, the value for the faster scintillating component is

given second.
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FIGURE 11 Crystal light output as a function of Tl activator
concentration in Nal{Tl).

problem of nonuniform distributions of the activator dopant,
and good thermal stability in the scintillation characteristics.

The concentration and the distribution of the activator in
an extrinsic scintillation crystal affects the light output and
detector performance. The activator concentration is impor-
tant because a threshold amount is necessary to enhance
electron mobility and provide uniform light output in the
bulk material. Figure 11 shows the activator concentration
of thallium in Nal(Tl) as a function of crystal light output
(Harshaw et al. 1952). The concentration of the activator
throughout the scintillator should be as uniform as possible
because small localized variations in the light output direct-
ly affect the energy resolution of the scintillator.

There are several mechanisms for light output in scintilla-
tors; the role of activation centers in an extrinsic scintillator
is discussed here. The scintillation mechanism for intrinsic
scintillators is described in Rodnyi (1997).

The energy difference observed in the activator band gap
of an extrinsic scintillator is related to the wavelength of the
photon emitted during the electron transition from the most
excited state to the ground state. The maximum energy of the
emitted photon can be calculated from the energy-wavelength
relationship:

E,  .=h=——m" 3)

where A, is the maximum wavelength observed in
the emission spectrum. Using data for Nal(Tl) taken from
Figure 12, a quick calculation yields a maximum single-
photon energy of 3.8 eV. As expected, the value is less than
the band-gap value of 5.9 eV reported in the literature
(Lempicki et al., 1999). The difference between these values
is the remaining energy difference between the valence and
conduction bands.

Figure 12 shows emission curves that were determined
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FIGURE 12 Light output intensity for various scintillators and PMT
response versus wavelength.

experimentally for several common scintillation detector
materials along with the response curves for two different
photocathodes. The observed peak emission wavelength
represents the most probable transition between the band
gaps in the activation center.

It is known that band gaps are discrete quanta; however,
we see that the measured emission spectra are smooth
curves. The reason for this is that the band-gap structure is
in fact more complicated than can be explained by the
simple model presented here.

2. Scintillation Conversion Efficiency

‘We have seen that the electron-hole pairs are created in
the crystal as the photon deposits energy into the crystal.
Only a certain percentage of incident photon energy is
actually converted into electron-hole pairs and, eventually,
scintillation light. During the process, some of the energy is
lost to X-ray emission, impurity quenching, concentration
quenching, and (largely) to internal heat (phonons).

Lempicki et al. (1999) express light output L, the
number of photons per million electron volts, as:

10°
iNe) ©)

e
2.3E,

where f is the conversion efficiency in number of electron-
hole pairs created per million electron volts of incident ionizing
radiation, § is the efficiency with which the electron-hole pairs
transfer energy to the luminescence centers, and Q is the lumi-
nescence center quantum efficiency in its excited state. All these
parameters have been examined here. The term, BSQ is called
the total scintillation efficiency and sometimes called 7. This
expression for light output shows that a good scintillator must
have (1) efficient creation and trapping of electron-hole pairs,
(2) enough electron-hole mobility to allow recombination, and
(3) minimal thermal quenching of the excited states.

Because the light output is inversely related to the band
gap, we expect the light output to increase continually as
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TABLE 3 Additional Properties of the Common Scintillation Detector Crystal Materials®

Absolute Output Measured Calculated PMT Calculated
Total Scintillation Relative to Energy Resolution from Limiting
Band-Gap Light Yield Efficiency for Fast  Nal(Tl) on a Resolution Photoelectron Resolution
Material® Width (eV) (photons/MeV) Electrons (%) Bialkali PMT at 662 keV Yield at 662 keV
Nal(Tl) 5.9 37.700 11.3 1.00 6.5 3.1 5702
Bi;Ge;045 5.0 8200 2.1 0.13 9.3 8.1 42£04
CsI(Na) 6.4 38,500 114 1.11 7.4 3.3 6.6+0.3
CsI(T1¥ 6.4 64,800 14,97 0.49 7.3 43 59103
Lu,5i04(Ce) 6 30,000 — 0.75 7.9 4.4 6604
CaF.(Eu) 12.2 23,650 6.7 0.78 —_ - —
SLil(Eu) 6.1 11,000 2.8 0.23 — = —
BaF,* 10.6/18.0 =0950 45 0.13 7-8 6.2 4+1
CsF 9.8 — — 0.05 —_ — —
CdWO, — 15.300 3.8 0.18 6.8 52 44104
GdSiO4(Ce) — 10,000 — 025 7.8 6.2 27+£1.0

“Data from Knoll (1989); Harshaw Scintillation Phosphors (1975); Melcher (2000); Lempicki er al. (1999); Holl et al. (1988); Valentine et al. (1993);

Dorenbos et al. (1975). PMT, photomultiplier tube.

*Bi,Ge;0)5, Lu,8i0s(Ce), and GeSiO4(Ce) are often referred to as BGO, LSO, and GSO in the literature.
“CslI(T1) is better suited to be used with a photodiode because its emission spectrum does not match well with the response spectrum of a PMT.

dCalculated based on total light yield (from Valentine er al., 1993).

‘BaF, has two dominant peaks in its emission spectrum. When two values appear in this row, the value for the faster scintillating component is given

second.

the band gap decreases. In reality, we observe that as E,
decreases, Q also decreases because nonradiative transitions
dominate the transfer of energy and the scintillator begins to
self-absorb its light. Consequently, Eq. (9) is a good first-
order approximation of the model, but other higher-order
factors are required in this expression to correct for these
physical characteristics.

The fractional amount of energy deposited into the crystal
that eventually becomes scintillation light is the absolute scin-
tillation efficiency (See Table 3). The measurements reported
here were done using a photodiode because it has wide
spectral response (Holl e al., 1988; Sakai, 1987). Previously
reported measurements were done using a photomultiplier
tube (PMT) with an 5-11 response curve (see Fig. 12). Notice
that there is poor wavelength matching between the PMT
response curve and CsI(TI)’s light output curve.

Robbins (1980) shows that a minimum energy of &, =
B E,,, (B = 2.3) is required to create a single electron-hole
pair. Van Eijk (2000) reports 8 = 2-3 is possible, depending
on the crystal material. For Nal, which has a band gap of
5.9 eV (Lempicki et al., 1999), the energy per electron-hole
pair is approximately 15.3 eV. By calculation, the maxi-
mum number of electron-hole pairs created by a 511-keV
gamma-ray absorbed in the crystal is approximately 3.3 x
10*. Using the absolute scintillation efficiency of Nal(TI)
given in Table 3 of 11.3%, for the same 511-keV gamma-
ray we calculate approximately 1.9 x 10* photons with an
average energy of 3 eV. This gives a ratio of 0.57 photons

created for every electron-hole pair. This ratio is a measure
of the ability of the scintillator to transfer energy to the acti-
vation centers, the transfer efficiency. The number calcu-
lated here agrees closely with the value of 0.59 derived by
Lempicki er al. (1999).

3. Thermal Effects on Light Output

As previously discussed, the scintillator luminescent
quantum efficiency, O, is affected by thermal quenching in
the excited states of the activation centers. Experimentally it
is observed that the light output of a scintillator varies with
temperature (Valentine er al., 1993; Kobayashi et al., 1989:
Harshaw Radiation Detectors, 1984). Figure 13 shows the
measured light output (normalized) of several scintillators as
a function of temperature. For each material, notice the
temperature at which the light output maximum occurs.
Also, note the rate of change of the scintillator’s light output
around room temperature for each material shown. In some
cases, it is possible for a crystal to have a temperature gradi-
ent over its volume. As this occurs, the light output through-
out the volume of the crystal varies and the energy resolution
of the detector will degrade.

4. The Scintillation Light Pulse

Each crystal material emits a well-defined light pulse
during the scintillation process. Some scintillator materials
have several components to the light emitted. A typical
pulse shape is shown in Figure 14. The rise times and decay
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FIGURE 14 Typical scintillation pulse as seen at the PMT anode.

times for each material are well known. Table 2 gives
values for the rise time and decay time of the common scin-
tillation materials. Pulse rise times are expressed as the
portion of the pulse between 10 and 90% of the total pulse
rise time. Pulse decay times are expressed as the amount of
time it takes to reach 1/e of the total duration of the decay.
The amplitude of the pulse shown in Figure 14 is
dependent on several factors:
1. The amount of energy deposited in the crystal.
. The factors influencing light output in the scintillator.
. The factors influencing the functional light output of the
scintillator.
4. The light collection efficiency of the photodevice
coupled to the scintillator.
5. The signal processing capability of the system electronics.
It was stated earlier that in an ideal scintillator the light
output would be in the form of a delta function (see Fig. 3).
A counting system could then easily discriminate between
two slightly different photon energies. Because the photo-
peak width varies with the parameters given here, obtaining
an ideal spectrum is not possible.
Materials that have fast rise times and fast decay times
are useful in applications in which high count-rates or
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timing is important (e.g., positron emission tomography,
PET). Narrower pulse widths allow faster data acquisition to
occur at higher rates. For example, during PET imaging less
imaging time is required, providing some attractive benefits,
including better image quality due to less patient motion,
less patient discomfort, and more patient throughput.

The rise time of the light pulse follows the familiar
exponential dependence:

Ly =-1¢e™" (10)

where A, is the characteristic time that it takes to occupy
the activation centers for a given crystal material.

The decay time for all scintillators is greater than the
rise time. The decay of the light pulse follows also follows
an exponential dependence:

L0 ==1e™ (11

where 4, is the characteristic transition probability for
the crystal material. The total waveform shape can be
approximated by the sum of these two expressions.

Some scintillators have two or more components to the
decay time. Ideally, decay time should be short in high-
count-rate applications so that electronic pulse pile-up does
not occur. Pulse pile-up occurs when two discrete pulses
are superposed on top of one another in order to change the
shape of the observed pulse. By taking the inverse of the
total pulse duration, we obtain an idea of the count-rate
limitation for each material. Nal(T1) is count-rate-limited to
approximately 700 kHz, whereas LSO is count-rate-limited
at over 2000 kHz.

A closely related concern is scintillator afterglow.
Afterglow is a postluminescence in the scintillation material
following the removal of a radiation source. Scintillator
afterglow results from high concentrations of unwanted
defects and impurities in the crystalline lattice. These defects
and impurities create luminescence centers in the scintillator,
where electrons or holes can be trapped. The light pulse
emitted from these anomalous centers typically has a longer
decay time. The longer decay time is a problem because it
contributes to DC baseline shift and pulse pile-up.

The light output associated with an allowed transition
typically occurs within 107 s after excitation; this type of
radiation is referred to as fluorescence. After observing the
decay times given in Table 2, it is reasonable to inquire why
the pulse decay times are reported in microseconds. The
explanation is in how the quantum states are formed and
what transitions are allowed. The transitions that occur
through an impurity or defect site are associated with
metastable transitions that are much longer decay times;
this type of radiation is called phosphorescence.

The decay time of the scintillation pulse is effected by
the ambient temperature. Measurements taken (Schweitzer
and Ziehl, 1983) show that the decay time for Nal(Tl)
decreases by a factor of 4 in the temperature range from
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—25°C to +180°C. To further complicate matters, the activa-
tor concentration has an effect on the decay time. Eby and
Jentscheke (1954) demonstrated the time dependence of the
decay with the thallium concentration in Nal(TI) to vary as
much as 50% from the value of 230 ns given in Table 2.

B. Scintillator Energy Resolution

Scintillators are mainly used because of their ability to
provide reasonable energy resolution and detection effi-
ciency conveniently and at a reasonable cost. The following
section on measurements discusses in more detail how appli-
cations are affected by pulse-height resolution (PHR). The
previous discussion has shown that the most dominant factor
in achieving good PHR is photon yield.

The energy resolution of the detector-PMT apparatus
can be written as:

R*=R'+R’+R:+R}, (12)

Where R, is the scintillator transfer efficiency, R; is the
measure of the inhomogeneities in the scintillator, R, is
the nonproportional response of the scintillator, and Rpy is
the photomultiplier tube resolution. As R decreases, the
energy resolution improves because the system is then capa-
ble of separating gamma rays of different energies. The first
three terms in the expression incorporate the contribution
of the scintillator and the last includes the contribution of
the photomultiplier tube. As each one of these three terms
decreases, the energy resolution improves, as expected.

The transfer efficiency term includes the factors that
affect how the light that is created in the crystal is converted
to electrons in the PMT. Examples of these factors include
light transmission in the crystal, nonuniform light collection
due to geometric effects, nonuniform surface preparation of
the scintillator, nonuniform reflector performance, improper
light coupling between the crystal and the PMT, photocath-
ode nonuniformities, poor crystal-PMT wavelength match-
ing, and other PMT response nonuniformities.

The second term in Eq. (12), R;, is related to the nonuni-
form distribution of luminescence centers in the crystal. For
Nal(Tl), the Tl concentration can vary to contribute to
localized varations in light output. Imperfections in the
crystal lattice introduced during crystal growth, such as,
flock, haze, bubbles, and other point defects, cause varia-
tions in the localized light output. Again, these factors
degrade the PHR of the detector.

The third term in Eq. (12), R,, includes the factors that
cause the scintillator to respond nonlinearly as a function of
energy deposited in the crystal. Numerous studies (Valentine
et al., 1993; Kobayashi er al., 1989; Harshaw Radiation
Detectors, 1984; Zerby et al., 1961; Narayan and Prescott,
1968; Meggitt, 1970; Dorenbos er al., 1975; Schweitzer
and Ziehl, 1983; Eby and Jentschke, 1954; Prescott and
Narayan, 1969; Valentine and Rooney, 1994; Fonte et al.,
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FIGURE 15 Electron response curves.

1991; Iredale, 1961; Murray, 1975) report experimental
results that have been obtained for Nal(Tl) crystals. By
impinging electrons of various energies onto the crystal the
light output response function can be determined.

Prescott and Narayan (1969) present data showing that
the measured electron response curve varies as a function
of electron energy in Nal(Tl). The curves given in Figure
15 show that there is a nonlinear electron response over the
energy range of 1 keV to 1 MeV. There is reasonably good
flat response over the range from 10 to 1000 keV. Taking
into account the various interaction mechanisms for a
662-keV photon in Nal(T1), the electron response can vary
as much as 50%. The nonlinear response to electrons in
Nal(T1) does degrade the intrinsic energy resolution of the
scintillation detector. Dorenbos et al. (1975) review the
response data from several scintillators including Nal(T1),
CsI(T1), CsI(Na), BGO, CaF,(Eu), CdWO,, BaF,, and
LSO(Ce).

The electron response is a ineasure of mean light yield per
unit of electron energy deposited in the crystal. The experi-
mental curves given in Figure 15 show this ratio plotted
against energy. This nonproportional or nonlinear response
occurs as a result of the statistical process during the creation
of secondary electrons. Recall that the incident photon
energy with E, less than 1.0 MeV transfers energy to the
electrons in the crystalline lattice by several possible combi-
nations, including one or more Compton scattering events, a
photoelectric event, and X-ray or Auger transitions. In this
process a spectrum of electrons of varying energies is
obtained. Because the experimental data show us that the
total amount of energy absorbed for each incident photon
varies, the light yield varies depending on the way in which
the photon transfers its energy.

Another contributor to the nonproportional response in
the scintillator occurs at the surface of the crystal. Some of
the energy may be lost during multiple interaction events
due to inefficient transfer or energy loss at the surface of
the crystal (Meggitt, 1970).
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The last term in Eq. (12). the PMT term, Rpy, includes
statistical fluctuations due to the number of photoelectrons
created at the photocathode. Rpy is related to the photon
yield N by 1//N. It is obvious that as the photon yield
increases the system resolution decreases, as expected.

The measured energy resolution for several scintillators
is shown in Table 3. The limiting values for each scintillator
were determined by Dorenbos et al. (1975) as follows:

R, jimie = (R, o+ Rt catcuned) ™ (13)

where Rpy caculaea 18 determined from experimentally
determined photoelectron yields while correcting for varia-
tions in the PMT gain.

Of the three terms found in Eq. (12), R, the transfer effi-
ciency, contributes the greatest amount of spread to the
photopeak width in Nal(T1). The nonuniformities mentioned
are all dominated by statistical fluctuations during the col-
lection of the photoelectrons. As a result, the gamma-ray
energy resolution is approximately inversely proportional to
the square root of the photon energy. Statistical fluctuations
alone indicate that the PHR for Nal at any energy is a
straight line represented by:

IR, g =INK—05InE (14)

where K (= 0.14) is a proportionality factor and E is
given in units of mass times the square of the speed of light
(mgc?). Experimentally determined values for Nal(Tl)
obtained by Beattie and Byrne (1972) were shown to be in
good agreement with Eq. (14), except that the slope is not
as steep as expected because other factors contribute to the
widening of the photopeak. These data were gathered in
1972. Today the results follow the same relationship;
however, the PHR for Nal(Tl) is much better than that
reported by Beattie and Byrne.

C. Material Density

Scintillating materials attenuate gamma-rays by the
following expression:

I(x)=Le™" (15)

This expression is sometimes called the pencil beam
equation. The initial intensity of a collimated monoener-
getic photon beam is reduced by the exponential correction
factor, which is dependent on the mass attenuation coeffi-
cient (1), the density of the material (p), and the thickness
of the material (x). The mass attenuation coefficient is a
sum of the interaction mechanisms described earlier in this
chapter. The stopping power of the material is greatly
increased with small increases in the density or the thick-
ness of the absorber. The effective atomic number, shown in
Table 2, is good indicator of a scintillator’s stopping power.
For photons interacting at photoelectric energies, the effec-
tive atomic number is calculated by:

4 /4
Z, = [z‘z"i] (16)
w; A,

where w; is the weighting factor, A; is the atomic mass, Z;
is the atomic number, and the summations are over all of the
molecular constituents.

The 1D expression given in Eq. (15) is useful for deter-
mining a first-order approximation of detector efficiency.
Integrating over the all the potential photon path lengths
and assuming equal weighting provides a more accurate
result. The most accurate prediction involves a method of
calculation called a Monte Carlo simulation (see Chapter 25
in this book).

Recall from the earlier discussion that the gamma-ray
interaction probability is strongly dependent on both the
electron density of the crystalline structure and the atomic
number of the nucleus. The greater the number density of
the electrons in the crystalline lattice, the more likely it is
that the impinging photon will be attenuated by Compton
scattering. The greater the atomic number, the greater the
probability that a photon will be absorbed in the photoelec-
tric process. The densities and the effective Z of several
materials are given in Table 2.

The plot given in Figure 16 shows the attenuation curves
for the 140 keV gamma ray of Tc-99™ and the 511 keV
gamma ray of Na-22 in Nal(Tl) and BGO. These results
were obtained using the pencil beam expression. A SPECT
(single-photon emission computed tomography) gamma
camera’s typical thickness is 9.5 mm. The plot shows that
90% of the 140-keV photons of Tc-99™ are attenuated in
the Nal(Tl) crystal. A PET imaging device with a 19-mm-
thick Nal(Tl) crystal attenuates 45% of the 511-keV
gammas, whereas the same thickness of BGO attenuates
85% of the 511-keV photons.
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A more detailed calculation takes into account the fact that
the detector housing, or energy entrance window, reduces the
number of photons available for detection according to the
density and mass attenuation coefficient of the housing mate-
rial. Typically, scintillator housings are built with thin-walled
aluminum, so that the signal from the source is not reduced
significantly. Aluminum is a low-Z material (Z = 13); how-
ever, for very low energy gamma-counting applications in the
range of 5 to 30 keV, counting efficiency is increased sub-
stantially by using a thin piece of beryllium (Z = 4) as the
energy entrance window.

D. Optical Properties

Several optical properties influence the performance of
scintillators. The discussion here refers to the optical
properties of light transmission, light absorption, and light
reflection.

In order to optimize the performance of the scintillator, it
is important that nearly all the light that is created in the
scintillator is detected at the photocathode of the PMT. The
light that is created in the scintillator must not be self-
absorbed by the crystal; that is, the crystal must be transpar-
ent to its own light. As previously stated, good scintillators
have emission band gaps that do not overlap with the opti-
cal absorption band gaps because an overlap causes exces-
sive self-absorption of light in the crystal. Self-absorption
can occur due to unwanted impurities quenching the light
output of the scintillator. These impurities may be present in
the original growth material or they may be introduced into
the crystal during growth. Typically, elemental impurities
are controlled to part-per-million concentrations.

Visual inspections for optical clarity often give a good
indication of the quality of the crystal material. Materials
that transmit in the visible regions of the spectrum and are
water white in general perform quite well. Some scintilla-
tion materials such as Lil and ZnS must be used in thin
sections because they have significant self-absorption.

Additional light losses can occur because the scintilla-
tion light reflects on the inside surface of the crystal.
During the manufacturing process these crystal surfaces are
prepared to minimize light loss at the surface and enhance
uniform collection at the photocathode.

It is interesting to note that the optical properties of scin-
tillators typically do not depend on the lattice orientation.
Only in the case in which significant impurities have built
up around domain boundaries does this become an issue.
In particular, the image quality in gamma-camera plates is
sometimes degraded when the light output across a grain
boundary is affected.

The light available to enter the photocathode is
influenced by the index of refraction of the material. The
index of refraction (n)} of air is close to unity, the index of
glass is typically between 1.5 and 1.7, and the index  of

fused quartz is approximately 1.47, The index of refraction
for most scintillation materials is between 1.44 and 2.20
(see Table 2). Remember that, if the index of refraction
does not match well, then one component of the light is
reflected and one component is refracted at the interface.
This can either be beneficial or detrimental to the process of
maximizing the light collected at the photocathode.

Total internal reflection of the light occurs in a material
at the critical angle or Brewster’s angle, which is given by:

0, = sin™ (ny/n,) an

where n, is the index of refraction of the material in
which the light originates, and #, is the index for the mate-
rial across the interface. That is, if the angle of incidence,
as measured from the normal, is greater than @, then all
light incident at these angles remain in the crystal. Nal(TI)
has a critical angle of 32.7°, whereas BGO has a critical
angle of 27.7°. Less light escapes a crystal with a higher
index of refraction, unless some design feature is used to
improve the light coupling to the PMT.

For angles of incidence less than the critical angle, it is
important that a good diffuse reflector is used to return the
light into the crystal. Reflectors that are used typically have
coefficients of reflectivity greater than 0.95 at the wave-
lengths of concern. Some of the common materials used are
Teflon, Al,O;, MgO, and high-reflectance papers. In the
construction of scintillation detectors, the interface is actu-
ally crystal-air-reflector. Noting this is important. If the
material adjacent the crystal has an index near that of the
crystal material, then the light will more easily be coupled
away from the crystal and some percentage of it lost due to
the use of imperfect reflector materials.

At the optical interface to the PMT, ideally all incident
light should pass directly through to the photocathode. Thin
films of a silicon elastomer (n = 1.43) are used most often
to glue the crystal to the PMT. These interface materials
efficiently couple the light from the crystal to the PMT and
they are selected because of good transparency at the appro-
priate wave length and good refractive-index match.

E. Mechanical Properties and Intrinsic Background

The mechanical properties of scintillation crystals have
been characterized and reported (Harshaw Radiation
Detectors, 1984; NASA, 1973, 1974, 1980; Ishii and
Kobayashi, 1991). Some useful mechanical properties are
given in Table 4.

Some crystal materials have unavoidable intrinsic back-
ground. A good example of this is the material LSO. The
isotope of "*Lu in LSO has a natural abundance of 2.6%, and
has gamma-ray energies at 89, 202 and 307 keV. These photons
contribute approximately 300 cts/s-cc of LSO material. In
PET applications, the energy of interest is around 511 keV,
so the background signal in LSO is not a problem.
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TABLE 4 Useful Mechanical Properties of the Some of the Common Scintillation Detector Crystal Materials'

Thermal Coefficient Radiation
Hardness Cleavage of Linear Expansion =~ Melting Point Hardness
Material (Mohs) Plane (%el°C x 107%) (°C) (rad) Machinablitiy
Nal(TI) 2 100 474 651 10 Carbide tools on standard lathes and mills
Bi Ge;0;, 5 None 7 1050 102 Diamond tools at high speed
CsI(TI) 2 None 54 621 10° Carbide tools on standard lathes and mills
CsI(Na) 2 None 54 621 — Carbide tools on standard lathes and mills
CaF,(Eu) 4 111 19.5 1418 —_ Diamond tools at high speed
BaF, 3 111 18.4 1354 10%7 Carbide tools on standard lathes and mills
Lil(Eu) 2 100 40 446 — Carbide tools on standard lathes and mills
CsF 2 100 3.7 682 <lo* Carbide tools on standard lathes and mills
CdwQ, 4-4.5 010 10.2 1325 10° Diamond tools at high speed
LSO 5.8 None — 2070 10%7 Diamond tools at high speed
"Harshaw Radiation Detectors (1984); NASA 1973, 1974, and 1980; Kobayashi et af,, 1993.
Standard Nal(Tl) crystals, with less than 1 ppm potas- Hermetic Seal
sium, exhibit some background due to a background contri- Epoxy Fillet g'“m#"-é”;‘l-'i‘-lgt Shield
bution from “’K. K has a natural isotopic abundance of Light Pipe e m; 5
0.01% and E, = 1461 keV with a branching ratio of 11% and gm0 M
Ej- end-point energy of 1314 keV and a branching ratio of Optical Interface ™\ Signal
89%. An activity calculation yields approximately 0.02 *K N H.V.
events/min/cc in Nal(Tl). When placed in a lead safe for K Gain
several hours, a very large-volume crystal (= 4000 cc) made Potentiometer
from standard material exhibits a K gamma spectrum, To Thin Wall
reduce the amount of “’K present in a crystal used in very Aluminum -Voltage Divider
low-background-counting applications, th I material Well Liner i
ow-background-counting applications, the crystal materi Mu Metal Wrap
can be grown twice. Assemblies that are carefully con- Aluminum Body Scintillation Crystal
Brushed Finsh With Teflon Reflector

structed with low-background materials can achieve count
rates as low as 5 cps in the energy window of 200-3000 keV.

BGO can also have a background count rate as high as
7 events/s/cc if great care is not taken to ensure that the
starting growth material is not contaminated with **°Pb.
Cosmic protons that transmute **Pb to **’Bi, which has a
Ty, = 38 years, will contribute gamma background at
energies of £, = 570, 1060, 1630 (sum), and 2400 keV. If
the starting material is obtained from lead-free ores, this
contamination is not present.

IV. SCINTILLATION DETECTORS: DESIGN AND
FABRICATION

The optimal design of any scintillation detector depends
on a good understanding of physical properties and char-
acteristics and their relation to scintillator performance. It is
likely that several design iterations will occur on paper
before a final design is found. The final detector design
invariably is a compromise of the ideal design. This section

FIGURE 17 Scintillation detector diagram.

discusses various design issues and then describes how a
scintillation detector is manufactured.

A. Detector Design

Figure 17 shows an integral-type well detector, which
has the PMT mounted integrally to the crystal. Figure 17
shows all the other major detector components, including
the reflector, silicon elastomer optical interface, hermetic
seal, light shield, voltage divider, preamp, high-voltage
input, and signal output. Well detectors are used in appli-
cations in which an increased solid angle is important to
increase counting efficiency. Two common applications
for well detectors are environmental sample counting and
radioimmunoassay sample preparations.

The previous section explained in detail the importance
of the light output of the scintillator. Because most scintilla-
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tor applications involve spectroscopy, the most important

design criterion is the energy resolution of the detector.

Each experiment or application has its own set of design

issues; the following provides a good starting point:

1. At what energy is the gamma ray of interest? What is the
anticipated signal strength (activity) of the sample to be
measured? The mass attenuation curves are a useful tool
because we can determine an optimal thickness for the
scintillator. To ensure that reasonable counting times are
obtained, the geometry must be selected to achieve good
counting efficiency. At the same time, too much material
may cause unwanted background to be introduced into
the spectrum and reduce the signal-to-noise ratio (SNR).
If the gamma-ray energy is less than 100 keV, then the
count rates and the total counting times will be improved
if a low-Z material, such as a thin piece of beryllium, is
used as the energy entrance window. At higher energies,
gammas have a higher penetration probability, so there is
much less signal lost to absorption in the crystal housing.

2. Are there multiple gammas in the sample? If so, what
PHR is required to separate the peaks? These ques-
tions are important because the energy resolution must be
good enough to separate the photopeaks at a reasonable
confidence level. The design may require the selection
of premium crystal material during the manufacturing
process to ensure that adequate PHR is achieved. The
best Nal(Tl) detectors that are produced will achieve
slightly better than 6.5% at 662 keV. The selection of
premium material will add cost to the detector. A good
rule is to maintain a geometric aspect ratio of 1:1 to
obtain the best energy resolution.

3. Is there significant gamma background that will degrade
the signal-to-noise ratio? If significant background is
present, the designer should consider shielding the detec-
tor or collimating the signal to improve the SNR. In some
multiple-detector configurations, tungsten septa are placed
between the individual elements to reduce cross-talk from
Compton scattering. At the same time, the crystal geo-
metry should be carefully selected. It should be optimized
to the gamma energy of interest and to account for any
directionality of the source.

4. Where will the detector be used? If the detector is used
in laboratory conditions, the design requirements are
much less stringent than if the detector is going to be
incorporated into a space mission. Typically, detectors
are manufactured to meet a certain level of shock and
vibration specifications because the assembly must with-
stand handling during the shipping process. All designs
must meet minimum mechanical and thermal-shock
protection specifications, and they are warranted to meet
these specifications. Other environmental conditions that
affect the design are humidity and pressure.

5. Is detector compactmess important? Some applications
minimize the amount of material between multiple

detector segments because the scientist is concerned
about the loss of good signal, Introducing unwanted
background through gaps in shield detectors can also be a
concern. If compactness is a significant issue, the denser
scintillation materials should be considered. The first PET
imaging systems were built using Nal(Tl) crystals.
Eventually, BGO and LSO became popular because they
improved the overall performance due to their higher
density. The higher density means more detector elements
per solid angle subtended, better stopping power, and
improved spatial resolution. An added benefit is that
BGO and LSO are nonhygroscopic, which removes some
significant engineering problems associated with pro-
viding a good hermetic seal.

. Should the PMT be demountable? Some uses require

that the crystal be demountable from the PMT assembly.
This is useful when it is anticipated that damage can occur
to either the crystal or the PMT; then only one component
has to be repaired. This is especially true for detectors that
are used in the field. When the assembly is designed with
a demountable PMT, the PHR will degrade slightly due to
the additional interface material and glass between the
crystal and PMT photocathode.

. Will the application require multiple detectors? At some

point, the designer must consider the trade-offs between
a large detector, multiple detectors, or detectors with
multiple elements. The size of any detector is limited by
the capabilities of the crystal-growth manufacturer. As
expected, a larger crystal element increases the cost of
the crystal. Some of the large crystal cost, which might
have only one PMT, is offset by the cost savings associ-
ated with the cost of gain-matching the elements, the
cost of the electronics to process the signal from multi-
ple PMTs, or the cost of multiple detectors. Assembly
costs also contribute to determining the best approach to
minimize the cost of the detection system. Some detec-
tors can require multiple, optically isolated elements to
achieve the intended use.

8. Is the scintillator pulse shape important to the applica-

tion? Some applications use the fast rise time as a tech-
nique for counting events. These applications, which are
referred to as timing measurements, depend on fast elec-
tronics to obtain good data. Applications with high count
rates can be concerned with the amount of afterglow pres-
ent in a scintillator because afterglow can cause pulse
pile-up. Afterglow lengthens the decay time due to impu-
rities in the crystal material. At high count rates, the
lengthened pulse shapes overlap and lead to pulse pile-up.

. Finally, economics must be considered. Each design deci-

sion has a cost impact and a cost-benefit analysis should
be done to determine the usefulness of all of the design
options.

These design questions are typically reviewed by the

manufacturer and customer before a project is initiated.
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B. Detector Components

Each component that goes into a scintillation detector
has numerous properties that can affect the overall perform-
ance of the detector. These component issues are continually
being investigated to improve the quality of the product.

1. Crystal

Previous discussion has dealt with the many parameters
important to obtaining the best performance crystal material
can provide. To achieve the highest quality scintilladon
material, the starting material used to grow an ingot must be
the highest purity available. Crystal growers along with
material scientists are continually looking for ways to
improve the quality of the scintillator by removing impuri-
ties from the starting material. The techniques used to grow
the crystal ingots are also improved on with research and
experience. Each material has quality issues that are affected
by the growth process. Extrinsic scintillation materials must
limit the activator or dopant nonuniformities. Gradients in
the activator distribution cause nonuniform light output and
the performance of the detector is degraded.

2. Reflector

A good reflector has high reflectivity at those
wavelengths in which the scintillator emits light. It has the
ability to form itself closely to the surface of the crystal.
However, the reflector should not wet the surface because
this will pipe light away from the crystal. Historically,
MgO, Al,O;, and TiO, were used as reflector materials.
Powders are difficult to dry, are messy, and do not have the
best reflectance. Powders have been replaced with Teflon,
which is hygrophobic, easy to form around the crystal, and
not messy. Other paper reflectors are used in applications in
which the Teflon is not stiff enough to hold its form.

3. Interface Materials

The best interface materials have the following proper-
ties: good light transmission at the wavelengths of interest,
good index of refraction match to the crystal, good adhesive
and cohesive strength, good function over a large tem-
perature range, good electrical characteristics, a reasonable
coefficient of thermal expansion, easy handling during
assembly, and low cost. Both hard interfaces and soft inter-
faces are used, depending on the application. The hard
interface materials are two-part epoxies, and the soft inter-
face materials are two-part silicon elastomers. Applications
in which the detector will experience a wide range of tem-
peratures require that the interface, usually a silicon elastomer,
be under constant pressure. A crystal grows and shrinks at
greater rates than stainless steel because it has a much
greater coefficient of thermal expansion. Partial interface
separation, causing light loss, does not occur when the
detector packaging keeps the interface under pressure.

4. Light Pipes

A glass or quartz window is sometimes placed between
the crystal and PMT to improve PHR performance by
reducing the nonuniform light response from the crystal or
nonuniform response in the photocathode. In counting
applications characterized by low count rate and low
gamma-ray energy, a light pipe is sometimes used to shield
a thin (=1/16-in-thick) crystal from the K-40 background
that is present in some PMT glass. Light pipes can vary in
thickness from 0.5 to 2 in thick. Quartz is more expensive
to use than Pyrex or boresilicate glass, but it has better light
transmission characteristics.

5. Crystal Housing

Crystal housings are usually made out of metals such as
aluminum or stainless steel. Aluminum alloys are more
machinable and are less expensive than stainless steel,
Cylindrical crystal housings are usually spun or formed out
of aluminum; however, stainless steel can also be spun.
Stainless steel has the advantage that it is more rugged. In
some low-background counting applications, it is used
because it has less radioactive contaminants than
aluminum. In ultralow-background counting applications,
oxygen-free hydrogenated copper is used because of its
extremely low background count rate.

6. Hermetic Seals and Light Seals

All hygroscopic crystal materials (see Table 2) require a
reliable seal to keep the crystal from hydrating. Most detec-
tor seals use an epoxy filler between the PMT glass and the
crystal housing. All-welded assemblies and special glass-
to-metal seals are also very reliable hermetic seals in those
applications in which the detector can experience severe
mechanical shock and vibration.

As always, great care must be taken to minimize any
extraneous background due to contaminated components.
When the welded-seal technology was first introduced, it
was determined that welding rods contaminated thorium
introduced unwanted background into the spectrum. Today,
tungsten inert gas welding is used.

Light seals also have an important role in a good
detector assembly. If small amounts of ambient light leak to
the photocathode, extraneous noise is introduced into the
signal and damage may occur to the PMT.

7. Photomultiplier Selection

PMT characteristics that must be considered during the
selection process include energy resolution (quantum effi-
ciency), linearity, long- and short-term stability, electronic
noise level, gain, photocathode uniformity, photocathode
wavelength sensitivity, and PMT rise time. Manufacturers’
handbooks and catalogs are very useful in making these
selections.
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Referring to Figure 17, observe that the PMT is wrapped
with a special mu-metal foil. This foil significantly reduces
the effect of external magnetic fields on the PMT’s
performance. If the PMT is stationary, motors, cathode ray
tubes (CRTs) and other sources of magnetic fields can
affect the PMT. If the PMT is in motion during counting,
the Earth’s weak magnetic field can affect the trajectory of
the electrons from the photocathode to the first dynode.

The best PHR performance is achieved when the photo-
cathode covers all the light exit face of the crystal. PMT
photocathodes are usually circular in shape and fit well
within a right cylinder.

8. Voltage Divider and Preamp

The PMT manufacturer’s recommendations should be
followed to obtain the best results. In some cases, the voltage-
divider design should be modified for unusual count rates.
With normal count rates, a lower-impedance (= 5 MQ)
divider string is recommended. If a low count rate is expected
and the power supply is current-limited, a high-impedance
(= 100 MQ) divider string is recommended. The preamp is
used to preserve the signal coming from the PMT anode and
output the signal to a linear amplifier.

C. Detector Fabrication

Equally important as the design issues and component
performance issues just discussed are the assembly prac-
tices and techniques used during the production of a detec-
tor. There are several techniques used to grow scintillation
materials. The most commonly used growth techniques
include Stockbarger-Bridgeman, Czochralski, horizontal
Bridgman, radiofrequency (RF) induction, and in sifu
gradient freeze. Some growth techniques make use of
growth from the melt; other techniques are from seeded
growth; and others initiate nucleation spontaneously. All
techniques involve loading salt into a crucible, melting the
salt in an electric furnace, and then freezing the material at
rates between | and 10 mm/h. After the charge is com-
pletely grown, it must be slowly ramped to room tempera-
ture to avoid thermal shock to the ingot. This process is
called annealing the ingot,

Three important factors must be controlled to obtain the
highest quality crystal ingots: (1) use the highest purity
grade starting material; (2) use the best available growth
equipment; and (3) the growth process must be continually
monitored with computerized controls,

The assembly of the detector starts by sawing a crystal
blank from the ingot. The crystal blank is then machined
into the required shape with conventional milling or lathing
machinery. Hard oxide crystals, such as BGO, CaF,(Eu),
and CdWO,, require high-speed machinery with special
cutters. After machining, the crystal is ready for its final
surface preparation. Because some crystal materials are

hygroscopic, they must be handled in humidity-controlled
environments (refer to Table 2). Special dry rooms are used
in the fabrication of Nal(T1) detectors. A Nal(Tl) dry room
operates at very low humidity levels, typically at dew points
of —25 to —50°C. Operating under these conditions avoids
the performance-degrading formation of hydration on the
surface of the crystal.

After the hygroscopic crystal is machined, it is moved
into the dry room to let the surface dehydrate. A hygro-
scopic crystal will have a thin layer of hydrate on its surface,
and this opaque white powder can easily be removed with
an anhydrous solvent and a mild abrasive cloth such as steel
wool. Once the hydrate layer has been removed, an optically
transparent surface is visible.

All water of hydration must be removed from the surface
so that no light is lost as it reflects off the inner surface of
the crystal. Any hydration at the surface will cause a loss of
light because the hydrate is a poor reflector. Ideally, all the
light should be internally reflected at these inside crystal
surfaces and then eventually collected at the interface to the
PMT because this gives the best energy resolution.

The cleaned surface of the crystal is then prepared by
polishing or abrading the surface to optimize the light
output of the crystal. This optimization process, called
compensating the crystal, improves the PHR by making the
light output response as uniform as possible along the
length of the crystal. Technicians use a method called
mapping to determine how uniform the response is for a
given compensation. This technique is used frequently
when the aspect ratio (length:width) is greater than 3:1. A
uniform PHR to within 3% along the length of the crystal
gives a good side on energy resolution. At the same time,
end-on resolution provides a good indication of the material
performance.

The face that is to be coupled to the PMT is polished. In
general, all of the surface preparations are done manually
due to the fragile mechanical characteristics of the crystal.
During these manual operations, the technician must handle
the crystal carefully so that the crystal will not fracture by
mechanical or thermal shock. A hard oxide crystal may
have all of its sides chemically etched, except for a polished
face that is coupled to a PMT; sometimes a hard oxide may
be polished all over.

At this point in the assembly process, the crystal is ready
to be interfaced to a piece of glass or a PMT. The silicon
elastomer material acts as an adhesive between the crystal
and the glass surface. Elastomers have good mechanical
properties because they allow some material movement in
shear mode without cohesive or adhesive separation.

The crystal swrface is then surrounded with a highly
reflective material such as Teflon. The reflector must stay in
good contact with the surface of the crystal to avoid light loss
at the crystal-reflector boundary. Ideally, the best perform-
ance occurs if no light is lost at the surface of the crystal.
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Finally the crystal is encapsulated in a metal container
such as aluminum or stainless steel by creating a hermetic
seal with an epoxy joint between the glass and the metal
can. Figure 17 shows a typical detector assembly. Note,
again, that it is important that the detector be constructed in
such a way that no outside light interferes with the low light
signals being generated in the crystal. Once the assembly is
completed, it is tested to ensure that all the specifications
have been met.

V. MEASUREMENTS WITH SCINTILLATORS

Previously in this chapter the various properties and
characteristics of scintillation detectors (absorption of the
incident photons, light output, thermal effects on light
output, and scintillator energy resolution) have been dis-
cussed from a theoretical perspective. In this section, the
discussion is related to the practical use of scintillation
detectors. The reader can find additional useful information
provided by Birks (1964), Knoll (1989), Hendee (1984),
Sorenson and Phelps (1987), Hofstader (1975), and Heath
et al. (1979).

A. Measurement Systems

1. Basic Spectroscopy Counting Systems

A simple gamma-ray counting system is shown in
Figure 18. The block diagram includes all the essential
components required to obtain a gamma-ray spectrum. The
components that make up the signal-processing apparatus
are discussed in this section.

a. Detector Assembly—Crystal/PMT/Voltage Divider

The detector assembly consists of the components
shown in Figure 17 (see previous discussion). The PMT is
required to convert the very low-level light created in the
crystal to a signal that is conveniently processed. As the
light enters the PMT, it is converted into an electron cloud
at the photocathode. These electrons are directed to the first
dynode of the PMT by an electric field that is produced by
a voltage-potential difference between the photocathode
and the first dynode of the PMT. By the appropriate
distribution of the voltage between the dynodes in a PMT,

High
voltage

Crystal/PMT/ -J | | Linear

voltage divider Fredmp Amp MCA

FIGURE 18 Gamma-ray counting system block diagram.

(PMTs may have up to 10 dynodes), electrons are focused
and multiplied such that a usable analog pulse is generated
at the anode (see Fig. 14). The signal that is generated by
the crystal/PMT/voltage divider at the anode is a negative-
going pulse with amplitude around 50 mV. Typically, these
assemblies have high impedance and low capacitance.
Some portable low-count-rate assemblies have very high-
impedance voltage dividers.

b. High-Voltage Input

High-voltage power supplies are designed to provide up to
2000 V DC with up to 2 mA if required. Most detection
systems operate at positive high voltage. Good power supplies
are designed to limit noise, limit drift, and hold these specifi-
cations over a wide temperature range. The high-impedance
voltage divider used in low-current applications (low count
rate) use a high-voltage power supply that can be operated
with D-cell batteries. This is especially useful in counting
systems that are hand-held field instruments.

c. Preamp

Preamps are low-noise electronic devices used to take the
input and, without shaping the pulse input, preserve the pulse
with the maximum SNR. In most cases, a counting system
works quite well without a preamp. The use of a preamp
circumvents problems that can occur when different length
cables are introduced between the detector and linear
amplifier. Changing cables affects the resistor-capacitor (RC)
time constant, and this could mean that the linear-amplifier
shaping time constants have to be adjusted. The RC differen-
tiation that occurs in the preamp has a relatively long time
constant to prevent pulse pile-up. There are three types of
preamps: voltage-sensitive, charge-sensitive, and current-
sensitive. Spectroscopy applications use a current-sensitive
preamp in which the signal is taken from the anode of a PMT.
The preamp is capable of taking the signal and driving
several feet of cable so that the pulse can be accepted by a
fast linear amplifier with minimum distortion. Preamps are
designed to provide impedance matching between the detec-
tor assembly, cable, and linear amplifier.

d. Linear Amplifier

Signals from the preamp are amplified, filtered, and
shaped in the linear amplifier. The linear amplifier takes a
nominal 50 mV input and amplifies it to several volts,
making the signal suitable for processing in a multichannel
analyzer. Shaping and filtering the signal in the amplifier
improves the SNR and the response time required for each
pulse is reduced. Amplifiers are provided with coarse- and
fine-gain adjustments, so that the signal output can be
adjusted to a useful voltage. Shaping-time and integration-
time adjustments help optimize the signal processing. The
time-constant adjustments should be selected to match the
pulse shape of the scintillator being used.
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e. Multichannel Analyzer

A multichannel analyzer (MCA) is used to obtain the
PHR of a scintillator. In an MCA, the analog signal output
from the amplifier is digitized and displayed in the form of a
histogram. This histogram represents an energy distribu-
tion for the events that occurred in the scintillator. MCAs have
an adjustable low-level discriminator so that extraneous low
voltage pulses will not cause significant counting dead time.

The counting system can be calibrated with an electronic
pulser with a known voltage output or by using several radio-
active sources to develop an energy-per-channel calibration
factor. Because of the slight nonlinearity of the response of
scintillation materials, the sources method should be used
with caution.

Oscilloscopes are often used to analyze the waveform
output form each component in a counting system to ensure
that it is operating properly.

With this overview of the basic measurement system, the
response characteristics of a basic counting system can now
be discussed in more detail.

2. Measurement System Response

The properties of the scintillation crystal have the
primary influence on the overall performance of the detec-
tion system. It is important that each performance charac-
teristic is understood to ensure optimal system performance.
The following discussion addresses the most important
systemn response features.

a. Spectral Response Curve

Section III of this chapter explains that the amount of
energy deposited in the crystal is equal to the incident
photon energy and that the light output of the scintillator is
nearly proportional to the energy deposited in the crystal.
This is an essential aspect of detector technology. This
feature gives us the opportunity to perform gamma ray
spectroscopy. Now, gamma rays of different energies can be
recorded and analyzed by energy and by activity.

A gamma-ray spectrum is shown in Figure 19. The spec-
trum represents a histogram of all the energies recorded by
the counting system between 5 and 1000 keV. The histogram
records the voltage pulse-height data for each pulse gener-
ated by the counting system. Each data point is stored in a
bin or channel; each channel has a discrete voltage width.
For scintillation counting applications, an MCA typically
accepts voltage input from O to 10 V; the channel numbers
(horizontal display) scale with the binary numbers 256, 512,
or 1024. The vertical display scale can be adjusted from the
log scale up to over 10°,

The spectrum shown in Figure 19 is for '¥Cs. 1¥Cs
decays to 1’Ba by beta decay (B). 1*"™Ba, with a half-life of
3 min, has a monoenergetic gamma-ray at 662 keV. Most
studies state that the 662-keV gamma-ray is from '*'Cs, and
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FIGURE 19 Pulse-height spectrum of 662-keV gamma ray of Cs-137.

we do the same here. The main features in the spectrum are
the Ba X-rays around 30 keV (CH 35), the backscatter peak
around 260 keV (CH 260), the Compton shoulder around
500 keV (CH 500), and the full-energy photopeak at 662 keV
(CH664). Other interesting features include the tail of some
electronic noise seen around S keV and the small number of
counts seen in the valley around channel 600. The low-
energy electronic noise, which is attributed to the PMT,
sometimes limits the low-energy measurement capability of a
counting system.

Table 5 shows the expected spectral response for various
gamma-ray events in a scintillation detector. A gamma-ray
spectrum has a number of predictable features that are
summarized here. It is useful to know that the spectral
features can be predicted because computer algorithms can
be used to look for these response features. Monte Carlo
codes are sometimes used to predict the behavior of a
counting system.

b. Energy Resolution

Previous sections have discussed how light is produced
in a scintillation crystal and the importance of efficient light
collection. The ability of the crystal material to produce
light and the ability of the detector assembly to collect the
light and convert it to a usable signal are the two most impor-
tant functions of the gamma-ray spectrometer. Each has a
direct effect on the energy resolution of the counting system.

The energy resolution or PHR of a detector is defined as
the ratio of the full width at half maximum (FWHM) of the
photopeak to the mean of the photopeak. A typical PHR for
Nal(T1) is approximately 7.5% at 662 keV. Arithmetically,
the PHR (in percent) is written as:

FWHM(channels)

PHR =
Photopeak(channel number)

x100%  (18)

For example, examine Figure 19, which shows a gamma-
ray spectrum for Cs-137 taken by a Nal(T1) crystal detector
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TABLE 5 Detector Spectral Responses

Interaction Event

Explanation and Observed Spectral Response

Photoelectric
Compton scatter

Photopeak/Compton
valley

Pair production (pp)
Backscatter

X-ray peak

Lead X-ray peak

Escape (I-single)

Escape (pp-single)
Escape (pp-single)
Sum

Background
Background

Well-defined peak at E,
A continuum of energies between 0 £ hv” < hv,., according to Eq. (2)
Region of the spectrum between the photopeak and the Compton shoulder that contains multiple Compton scattering events

Peaks observed at 511 keV due to B* annihilation events that occur outside of the detector
Peak around 200 to 250 keV due to Compton scattering events that have occurred in materials surrounding the detector
Peak associated with the emission of a characteristic X-ray from materials that surround the detector

Peak associated with the emission of a characteristic lead X-ray from lead material that may surround the detector, peak at
80-90 keV

Peak associated with the creation of the K edge X-ray of iodine by photoelectric absorption interaction with I near the
surface of the Nal(Tl), the 30 keV X-ray escapes from the crystal and a peak is observed at Er - 30 keV

Peak observed at E,— 511 keV; F_r must be > 2 x 511 keV

Peak observed at E;— (2 X 511 keV); E, must be > 2 X 511 keV

Peak associated with the coincident detection of two or more photons from simultaneous nuclear transitions
Peaks associated with the presence of naturally occurring K, U and Th in the immediate area

A continuum spectrum due to Compton scatter of naturally occurring background

assembly. This detector has a PHR of 6% at 662 keV. In
other words, the photopeak at half maximum is 40 keV
wide. The PHR is exceptionally good because it has high-
grade Nal(T1) crystal material and the light collection effi-
ciency has been optimized by a favorable geometry. Most
scintillation detectors are manufactured to a PHR specifica-
tion quoted by the manufacturer.

Three major effects contribute to the width of the photo-
peak. First, the statistical nature of the photon production,
collection, and multiplication of the electrons in the dynode
string causes degradation in the photopeak width. Second,
each scintillation pulse created has associated with it noise
from dark current created at the photocathode. This elec-
tronic noise or electronic jitter degrades the width of the
photopeak. Third, degradation in the photopeak width is
caused by light collection. These variations in the pulse
height are due to the nonuniform collection of the light
created inside the crystal in spite of careful surface
preparation of the crystal to minimize this problem.

Another minor contributor to the line-width spread is the
previously discussed nonlinear response of the scintillation
material as a function of energy deposited in the crystal
(Zerby et al.,, 1961). Temperature gradients in the bulk
material and the temperature at which the measurement are
performed also affect the PHR (see the previous discussion
on scintillator energy resolution).

¢. Peak-to-Valley Ratios

Another parameter that can be used to quantify the
quality of a detector is the peak-to-valley ratio. This is

simply the ratio of the number of photopeak events in the
peak channel to the number of events recorded in a valley
channel. For a large-volume detector (5000 cc), the peak-
to-valley ratio for ®°Co, which has photon energies of 1170
keV and 1331 keV, can be approximately 7:1; whereas a
smaller-volume detector (350 cc) can have a **Co peak-to-
valley ratio of approximately 10:1. The detector used in
obtaining the spectrum shown in Figure 19 has a *’Cs
peak-to-valley ratio of 70:1. The number of photopeak
events measured is strongly dependent on the volume of the
crystal, whereas the number counts recorded in the valley is
strongly dependent on the PHR of the detector. The peak-
to-valley ratio specification gives a direct measure of the
ability of the detector to measure the separation of two
peaks that have energies that are very close to one another.

d. Detector Counting Efficiency

Several factors determine the counting efficiency of a
detection system. The factors include the energy of the inci-
dent photons, intrinsic efficiency of the scintillation material,
geometry of the crystal, losses due to scatter or absorption in
the source (e.g., a patient), and losses due to the scattering or
absorption of the photons before they reach the crystal due
to the finite thickness of the detector housing and other
detector assembly components. As previously discussed, the
intrinsic efficiency is sometimes related to the temperature at
which the detector is operated.

The counting system electronics can also affect the
counting efficiency. The electronic apparatus needs a finite
time to record each pulse. If additional pulses arrive while
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the system is already processing a pulse, then they either
pile on top of one another or the pulse is lost because the
input gate is closed. In either case, a counting error occurs.
Most MCAs are equipped with dead-time meters to record
the amount of time that the system is busy processing
signals so that a correction can easily be made.

In some counting applications, it is advantageous to
reduce contributions due to unwanted background by count-
ing only the events recorded in the photopeak. Photopeak or
photofraction efficiency curves have been developed and are
available in Knoll (1989), Harshaw Scintillation Phosphors
(1975), and Birks (1964). This type of measurement is
performed by setting a voltage window around the photo-
peak or region of interest. These measurements can be per-
formed with a less-expensive electronic device called a
scaler. A scaler simply records a count for each pulse that
occurs between two voltage settings.

The geometric factor is addressed by using a crystal
shape that improves the counting efficiency. Popular
geometries include cylindrical end wells, cylindrical side
wells, and stacking multiple detectors. Special rectilinear
well geometries are also available. All well geometries
cause degradation of the energy resolution; however, this is
usually not a significant issue because the energy of the
photon being measured is typically already known. For
low-energy photons, counting efficiencies are improved by
reducing the Z or the material thickness of the entrance
window or the well liner. Thin sheets of either aluminum or
beryllium are used often in planar counting applications.

e. Signal-to-Noise Ratio Issues

The SNR of a counting system is an important concern.
Some applications have a limited signal available to be
detected. This is true in medical-imaging applications, in
which the dose to the patient is an important consideration.
Good measurements require a good SNR. Each measure-
ment requires an analysis in which an acceptable con-
fidence level has been established. If the optimal signal
strength or count rate is achieved, then the noise must be
reduced to ensure an acceptable SNR. This section
discusses some of these noise issues.

First, it must be understood that the radioactive decay
process is random. The time between radioactive decay
events cannot be predicted. Only the statistics of the next
event can be stated. Because of the random nature of the
radioactive decay process, the statistics of radiation meas-
urement counting must be understood.

Sources of noise from the detector assembly include the
scintillator, detector hardware, PMT, and the voltage divider
assembly. Noise contributed by the scintillator can include
any parameter that causes the PHR to degrade: intrinsic
background due to radioactive impurities, Compton scatter-
ing from surrounding materials, and any background radia-
tion present such as terrestrial or cosmic radiation.

The PHR directly affects the SNR in photofraction mea-
surements because, as the energy window widens to include
all the events in the photopeak, more background events
from the Compton continuum are also included in the same
counting window. The background from impurities can be
limited by using cleaner starting materials during growth of
the ingot. Background from surrounding materials can be
limited by improving the shielding around the detector. In
multiple-detector counting systems, Compton scatter or
cross-talk between detector elements can be minimized
with lead or tungsten septa.

The PMT also contributes to the noise in the counting
system. One form of PMT noise is called dark current.
When a PMT is operated in the dark, it still exhibits some
amount of current at the anode. One contributor to dark
current is thermionic noise, which is a result of the very
low work functions of the photocathode and the dynode
surfaces. Other sources of dark current include leakage
current between the anode and other electrode surfaces,
leakage current between the PMT leads at the surface of the
glass envelope, and scintillation events in the PMT glass.
Another source of PMT noise is improperly selected PMT
glass that has a high concentration of potassium. The *K
present increases the background noise in the detector.

PMT’s can also add to the noise problem by degrading
the PHR. This occurs with excessive photocathode nonuni-
formity, poor linearity, or poor stability because of long- or
short-term drift. Improper voltage-divider design or assem-
bly can also lead to electronic noise.

Many of the problems discussed here are component
design issues and can be resolved by better component
engineering. Some of the noise problems discussed here can
be minimized with the appropriate counting system design,
such as good shielding, gain stabilization techniques, and
even a Compton suppression detector configuration; other
sources of systematic noise can be reduced by spectral strip-
ping techniques, such as background subtraction.

3. Detector Configurations in Measurement System
Applications

Applications for scintillation detectors include nuclear
medicine, dose calibration, health physics, whole-body
counting, meteorology, oil and gas exploration, uranium
exploration, precious mineral exploration, biology, archeol-
ogy, food research, high-energy particle physics, environ-
mental air and soil monitoring, water analysis, commercial
density gauging, snow-pack analysis, nuclear power, space
exploration, academic research, isotopic characterization,
drug interdiction, nuclear weapons compliance verification,
and portal monitors. This section discusses the common
detector configurations and some special detector designs.
The detector configurations discussed here are produced in
many sizes and shapes. Some are designed to withstand
extreme environmental conditions that require special ther-
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FIGURE 20 Photograph of various scintillation detectors. (Photo
courtesy of Alpha Spetra, Inc.)

mal and mechanical designs. The discussion demonstrates
the range of capabilities of detector technology. An assort-
ment of scintillation detectors is shown in Figure 20.

a. Simple Gross Counters

Simple gross-counting detectors are usually open-face or
integral-type units that do not require good resolution. The
integral type is constructed with a PMT, whereas the open-
face type is supplied with an optical window. Gross-
counting units are used in many field applications in which
damage to the PMT or crystal can easily occur. With a
demountable PMT, either the crystal or the PMT can easily
be replaced without incurring the cost of replacing both
components. Gross counting measurements are done by
setting a lower-energy threshold (discriminator) and counting
all the pulses that take place without recognizing the pulse
height. Gross counters do not perform spectroscopy. Some-
times gross counters employ energy windows that are set
up to measure a particular gamma-ray of interest.

b. Well Counters

Well counters are detectors that have end, side, or
through holes bored into the crystal. For an example of a
well detector, see Figure 17. Well detectors are designed to
improve 4w counting efficiency. Wells can be machined in
numerous shapes to accommodate the end-user’s require-
ments. Well counters are used as dose calibrators, environ-
mental sample measurements, and other applications in
which good counting efficiency is required.

¢. Thin Windows

Thin window assemblies are designed to detect low-
energy photons between 5 and 100 keV. The detector
crystal is usually a thin section of 1-2.5-mm in thickness.
These thin sections are optimal for detecting photons at low
energies. At the same time, the detection of Compton
scattered photons from higher energies is minimized. Thin
window detectors use low-Z entrance windows to enhance
counting efficiency. Some Nal(Tl) thin windows use

cleaved crystal material to eliminate the dead layer
associated with the process of machining and polishing a
crystal. A cleaved crystal is more sensitive to low-energy
X-rays.

A very popular thin window configuration, a E1.D.L.E.R.
(field instrument for the detection of low-energy radiation)
probe, uses a 5-in-diameter by 0.063-in-thick Nal(T1) crystal
with a 0.010-in-thick beryllium entrance window. This unit
is very useful in measuring the very low energy (~15 keV)
characteristic of L-shell X-rays.

d. Low-Background Counting Assemblies and Compton
Suppression Counting

Some applications, such as measuring environmental air
samples, activation analysis, tracing contaminants, and
measuring low-count-rate branching ratios (Cecil and
Wilkinson, 1984), require the capability of measuring
activities that are less than the ambient background! Low
background counting systems can be designed to measure
either external or internal source samples. This discussion
focuses on measuring internal samples that can be placed
inside the detection assembly.

There are several methods of obtaining the best possible
lower limit of detection (LLD). These counting techniques
can easily improve the SNR by an order of magnitude. The
first approach to measurements such as this is to reduce as
much of the background from the detector assembly as
possible by special construction techniques. The low back-
ground detector assembly is then placed in a lead-lined
(sometimes up to 4 inches of lead) enclosure to reduce
signal from ambient background. In addition, lead shields
are sometimes copper-lined to reduce the contribution from
gamma-ray interaction with the lead and causing X-ray
background.

The second approach uses an annular detector that sur-
rounds the main plug detector, usually a HPGe (hyper-pure
germanium) solid-state-type detector. The plug detector is
situated in an axial well of the annular detector and is
shielded from background radiation by the annular detector
and by surrounding lead shielding. The annular detector,
which can be made from Nal(T1) or BGO, acts as passive
shield. A BGO annulus is more compact due to its higher
density; this reduces the size and amount of shielding that
is required.

There are three popular methods of using annular detec-
tors: Compton suppression by the anticoincidence counting
mode, the sum coincidence mode, and the pair spectrometer
mode. The anticoincidence counting system rejects pulses
that are coincident in both the main detector and the annu-
lar detector by electronically gating the signals in such a way
that only the remaining pulses registered in the main detector
are accepted. The disadvantage of this technique is that, in
some counting experiments in which a nuclear transition has
coincident events, a good signal is sometimes rejected. This
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technique has recently been used to measure the total electron
energy resolution of a scintillation detector (Mengesha and
Valentine, 1999).

The sum coincidence mode requires that an event occur in
both the main detector and the annulus in coincidence in
order to be accepted. This technique is effective because
most of the Compton continuum spectrum is composed of
single Compton scattering events followed by the escape
of the scattered gamma-ray. Photopeak events consist of
multiple scatters followed by a photoelectric absorption. In
both instances, the events can be shared by the main detector
and the surrounding annulus. The peak-to-Compton ratio can
be improved if the counting system requires multiple scatter-
ing events to occur before an event is accepted. In practice,
this is done by segmenting the detectors and gating the
coincidence signal on all of the segments.

The pair spectrometer mode is only used in applications
in which the gamma-ray energy is sufficient to cause pair
production. This technique requires that three events be
measured in coincidence: each annihilation photon created
should be registered in opposite segments of the annular
detector and the remaining energy of the incident photon,
the second escape peak, should be counted in the main
detector. This technique is very effective at eliminating
cosmic-ray background; however, the detection efficiency
in this technique is very poor.

e. Whole-Body Counting

Another low-background counting application is a whole-
body counter. Workers that handle radioactive materials are
frequently tested to assess the possibility of ingestion or
inhalation of radioactive contamination. The detectors are
placed in a room designed to provide a low-background
counting environment. Several large-volume Nal(Tl) detec-
tors of over 4000 cc each are positioned along the torso. The
signals from all of the detectors are summed together. The
data can also be stored so that additional analysis can provide
information about the region of the body that may be exhibit-
ing an abnormally high count rate. More recently, Nal(Tl)
detectors have been used to screen workers while HPGe
detectors are used to provide follow-up measurements.

f. Phoswich Measurements

Scintillators of different materials can be optically
coupled and then interfaced to a PMT to form a phoswich, or
phosphor sandwich as it was originally called (Mayhugh
et al., 1978). This combination is useful because events
that occur in each crystal material can be separated by pulse-
shape discrimination (Birks, 1964; Wilkinson, 1952) because
of the different decay times. Nal(T1) and CsI(Na) are com-
monly used in this configuration. This is especially useful
when a low-energy particle or photon can be absorbed fully
in the first scintillator while the more penetrating higher-
energy photons are detected in the second scintillator,

g. Ruggedized High Temperature

One of the more demanding applications for scintillation
detectors is the geophysical measurement done in borehole
logging. Some measurements are actually taken while the
borehole tool is drilling through rock formations. Thermal
shock, mechanical shock, and severe mechanical vibration
to the detector and PMT are the challenges that the design
engineer must face. Because the borehole environment is
cylindrical, the detector geometry is cylindrical with a
typical aspect ratio of approximately 4:1. Energy resolution
is sacrificed in this application because light output is not.
optimized at these aspect ratios.

h. Timing Resolution

The moment at which the incident radiation is absorbed
by the scintillator and the light pulse is created is well
defined. The time between pulses can easily be resolved to
several nanoseconds by using a scintillation material that
has a fast decay time, a crystal that is properly sized,
photomultiplier tubes that have fast rise times, and good
pulse-counting electronics. This technique is useful in
high-count-rate applications and coincident gamma
counting in PET. This technique can be used to determine
the annihilation-photon time of flight (TOF) with proper
electronics.

i. Gain Stabilization Techniques

In measurement situations where temperature fluctua-
tions are encountered, gain stabilization techniques called
pulsers can be used. A pulser may be either an electronic
device such as a light-emitting diode or a radioactive source
(an **' Am pulser) that is intentionally incorporated into the
detector assembly. In either approach, the light pulse
measured by the counting system is situated in the
spectrum so that it does not interfere with the region of
interest in the spectrum.

4, Medical Imaging Applications

The most extensive use of scintillation detectors is in
nuclear medicine. Table 6 gives a list of the most commonly
used scintillation materials in medical applications. The
detectors have been used in numerous medical applications
including isotope preparation, studies of biological samples,
anatomical studies, whole-body counting, in vive counting,
and body-function studies. By far the greatest use is in
imaging anatomical regions of the body.

Three types of devices are briefly discussed in this
section: the Anger Camera or gamma camera, PET, and
in vivo probes. The detectors used are of many different
sizes and shapes and include some of the most difficult to
fabricate. Since the 1950s, vast improvements have been
made in detector technology and measurement techniques
used ‘in nuclear medicine. More recently, software
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Table 6 Crystal materials commonly used in medical applications

Material Applications Advantages Disadvantages
Nal(TI) Gamma cameras, SPECT, PET, Light output, cost Fragile, hygroscopic
probes, dose calibrators
BGO PET Density Light output
Cdwo, CT Density, low afterglow Decay time
LSO PET Light output, density, decay time Cost, intrinsic radio-active background

developments have significantly improved the performance
of the measurement devices.

Each of these clinical measurement techniques requires
that a radioactively labeled substance be injected into the
patient’s body. By carefully positioning the detector, it is
used to measure the location and intensity of the tracer that
is concentrated in the organ of interest. The ongoing
challenge is to precisely image very small concentrations of
radioactive tracer.

a. The Anger Camera—Single-Photon Emission Computed
Tomography

The first scintillation camera or gamma camera proposed
by Hal Anger (1957) consisted of a single-pinhole
collimator, a 4-in-diameter by 1/4-in-thick Nal(Tl) crystal,
seven 1.5-in PMTSs, pulse-processing electronics, and an
oscilloscope. The image was recorded with a Polaroid-Land
camera. A later version of the basic Anger camera is shown
in Figure 21. In his first paper, Anger reported the use of
the counting apparatus in a clinical thyroid study; the
immediate advantage seen over the existing scanning
technology was the shorter imaging time.

Currently, gamma camera counting systems can have as
many as three large field of view camera heads that have
the capability of acquiring data while in motion. Currently
available systems have the ability to take data over 360°
and over multiple planes. Today SPECT systems are
equipped with analog-to-digital convertors (ADCs) for
signal processing. Computers are used to manipulate data
during image reconstruction, store the data, and display the
image. Typical spatial resolution is approximately 4 mm.

Position 8
Logic = 4
Circuitry i—I Pulss Hsmmnml—l wm by [I _/
PMT Array Image Display
Light Pipe & Storage
Nal(T1) Crystal
Collimator

FIGURE 21 The basic Anger camera.

Most studies are performed using *™Tc, which emits a 140-
keV gamma ray.

Improvements in gamma camera technology are aimed at
improving the spatial resolution, sensitivity, and uniformity
of response as seen in the image. New hardware and
software developments are continually being reviewed to
improve the performance of gamma camera systems.

b. Positron Emission Tomography

The basis for PET is the coincident measurement of
the 511-keV photons (created during positron annihilation)
by a multi-element array of scintillation detectors. The first
PET detector array built for tomographic imaging was the
Brookhaven National Laboratory BNL-32 (Robertson et al.,
1972: Yamamoto, 1977). The BNL-32 crystal positron trans-
verse section detector was built in 1972. Another early PET
system was built with Nal(Tl) crystals in 1973 by Phelps et
al. (1975). Soon after, the first BGO crystals were used
because they are much more dense than Nal(Tl) crystals;
this helped improve the system detection efficiency. More
recently, LSO is being used due to its better light output and
slightly higher density. With each generation of PET imaging
device, the number of detector elements has increased. The
current high-resolution research tomograph (HRRT) has
approximately 120,000 pixelated elements (Schmand, 2000).

A schematic for a simple PET system is shown in
Figure 22. A positron-emitting radioisotope is injected into
the patient. The subsequent emission of the 511-keV photons
is detected by two opposing detectors. The signals are pro-
cessed and an image is reconstructed from the digitized data.

Datta processing
and image
Image display
and storage

Crystal elements
FIGURE 22 PET imaging system.
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Recently a hybrid PET/SPECT instrument has been
developed (Schmand, 2000), which incorporates Nal(Tl) to
function in the SPECT modality and LSO to function in the
PET modality.

c. In Vivo Measurements

In vive counting systems are used to detect radioactivity
that has been injected into the patient. Typically a single-
element device, the in vivo probe measures a specific organ
or anatomical region. Applications include a system for
measuring thyroid uptake, cardiac studies, pulmonary stud-
ies, and surgical probes. Surgical probes are specifically
designed to aid the physician in detecting cancerous tissue

during surgery.

VI. SUMMARY AND COMMENTS

‘What will be the next improvement in scintillator tech-
nology? It seems that the initiative to develop new scintilla-
tors comes mainly from the medical imaging community
and the high-energy physics community (Lecog, 1999;
Korzhik and Lecoq, 2000, 2001). We should recall the
discussion regarding the ideal scintillator and how the tech-
nology has progressed (Heath er al., 1979; Weber, 1999).
The research community has developed some ingenious
approaches in the search to find new scintillators (Derenzo
et al., 1990, 1994; Moses and Derenzo, 1990; Melcher and
Schweitzer, 1992; Balcerzyk et al., 2000). Unfortunately, at
this time, the performance of any new potential materials
cannot be predicted from theory.

Many useful materials have been developed since the
1950s; however, none performs well enough to completely
replace Nal(Tl). There is a need for improvement in the
crystal-growth techniques that are currently used. There is a
need to improve the performance of light collection devices.
There are numerous research projects in process with the
continued hope of developing a much-improved scintillator
material. A number of Ce-doped compound scintillators are
currently being developed, and they show some promise due
to improved speed and energy resolution. Examples include
LaBry(Ce*), LaCly(Ce*), K,LaCly(Ce™), and RbGd,Br,
(Ce™). LaBry(Ce*) in very small pieces has demonstrated a
PHR of approximately 3.3% at 662 keV, whereas both
K,LaCly(Ce*) and RbGd,Br(Ce*) have demonstrated a
PHR of approximately 4% at 662 keV (van Loef et al,
2001). As with many other scintillators being developed,
much work needs to be done with these materials to improve
them until they become commercially available in large
pieces and large quantities.

In this chapter, we have seen that scintillation detector
technology uses many different skills and expertise: physics,
chemistry, material science, thermodynamics, nuclear physics,

quantum mechanics, solid-state physics, optics, mechanical
engineering, electronic engineering, mathematics and statis-
tics, and computing. Good detector design and fabrication
require cooperation between experts in several scientific and
engineering disciplines. For these reasons, the author has
enjoyed working with scintillation detectors for over 25 years.

The word scintillation comes from the Latin verb
scintillare, which means to sparkle or glitter. Consider this
thought: The very small amount of light given off by a
crystal has the ability to provide many useful tools, yet at
the same time this light is lost to the human eye!

It is true that out of a little light there is much to be
profited.
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