Chapter 8

Scintillation Detector Principles

The detection of ionizing radiation by the scintillation light produced in certain materials
is one of the oldest techniques on record. The scintillation process remains one of the most
useful methods available for the detection and spectroscopy of a wide assortment of radi-
ations. In this chapter we discuss the various types of scintillators available and the impor-
tant considerations in the efficient collection of the scintillation light. The following chap-
ters cover modern light sensors—photomultiplier tubes and photodiodes—required to
convert the light into an electrical pulse, and the application of scintillation detectors in
radiation spectroscopy.
The ideal scintillation material should possess the following properties:

1. It should convert the kinetic energy of charged particles into detectable light with a
high scintillation efficiency.

2. This conversion should be linear—the light yield should be proportional to deposited
energy over as wide a range as possible.

3. The medium should be transparent to the wavelength of its own emission for good
light collection.

4. The decay time of the induced luminescence should be short so that fast signal
pulses can be generated.

5. The material should be of good optical quality and subject to manufacture in sizes
large enough to be of interest as a practical detector.

6. Itsindex of refraction should be near that of glass (~1.5) to permit efficient coupling
of the scintillation light to a photomultiplier tube or other light sensor.

No material simultaneously meets all these criteria, and the choice of a particular scintilla-
tor is always a compromise among these and other factors. The most widely applied scin-
tillators include the inorganic alkali halide crystals, of which sodium iodide is the favorite,
and organic-based liquids and plastics. The inorganics tend to have the best light output
and linearity, but with several exceptions are relatively slow in their response time. Organic
scintillators are generally faster but yield less light. The intended application also has a
major influence on scintillator choice. The high Z-value of the constituents and high density
of inorganic crystals favor their choice for gamma-ray spectroscopy, whereas organics are
often preferred for beta spectroscopy and fast neutron detection (because of their hydro-
gen content).

The process of fluorescence is the prompt emission of visible radiation from a sub-
stance following its excitation by some means. It is conventional to distinguish several
other processes that can also lead to the emission of visible light. Phosphorescence corre-
sponds to the emission of longer wavelength light than fluorescence, and with a character-
istic time that is generally much slower. Delayed fluorescence results in the same emission
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220 Chapter 8 Scintillation Detector Principles

spectrum as prompt fluorescence but again is characterized by a much longer emissios

time following excitation. To be a good scintillator, a material shounld convert as large &
fraction as possible of the incident radiation energy to prompt flnorescence, while minis
mizing the generally undesirable contributions for phosphorescence and delayed fluores-
cence. Most of the empbhasis in this chapter is on the pulse mode operation of scintillators:
Here the light that can contribute to an cutput pulse is generally limited to the prompt flu-
orescence because the time constants of the measurement circuit are set much smaller than’
typical phosphorescence and delayed fluorescence decay times. This long-lived light is then
spread out more-or-less randomly in time between signal pulses and arrives at the light sen-
sor as individual photons that often may not be distinguished from random noise. In con-
trast, scintillators that are operated in current mode nnder constant illumination will pro-
duce a steady-state signal current that is proportional to the total light yield, and all the

decay components will contribute in proportion to their absolute intensity. For this reason,
the light yield measured from a scintillator operated in pulse mode may appear to be lower
than that deduced from the steady-state current recorded from the same scintillator.
Current mode scintillation detectors operated under conditions in which the radiation
intensity changes rapidly will suffer from memory or “afterglow” effects if long-lived decay
components are significant.

A number of general reviews of the basic theory and application of scintillators have
been published, with the comprehensive book by Birks! as an outstanding example. A use-
ful collection of fundamental papers on scintillators is available? that covers the period
from the early investigation of many scintillation materials through recent reviews of scin-
tillation mechanisms. In this chapter, we Jimit the discussions to those processes that are
necessary to understand the differences in behavior of various types of scintillators, togeth-
er with some of their important properties as practical radiation detectors.

1. ORGANIC SCINTILLATORS

A. Scintillation Mechapism in Organics

The fluorescence process in organics arises from transitions in the energy level structure of
a single molecule and therefore can be observed from a given molecular species inde-
pendent of its physical state. For example, anthracene is observed to fluoresce as either a
solid polycrystalline material, as a vapor, or as part of a multicomponent solution. This
behavior is in marked contrast to crystalline inorganic scintillators such as sodium iodide,
which require a regular crystalline lattice as a basis for the scintillation process.

A large category of practical organic scintillators is based on organic molecules with
certain symmetry properties which give rise to what is known as a n-electron structure. The
n-electronic energy levels of such a molecule are illustrated in Fig. 8.1. Energy can be
absorbed by exciting the electron configuration into any one of a number of excited states.
A series of singlet states (spin 0) are labeled as Sy, Sy, S,, . . . in the figure. A similar set of
triplet (spin 1) electronic levels are also shown as T, 7,, T, . .. For molecules of interest
as organic scintillators, the energy spacing between S; and S, is 3 or 4 eV, whereas spacing
between higher-lying states is usually somewhat smaller. Each of these electronic configu-
rations is further subdivided into a series of levels with much finer spacing that correspond
to various vibrational states of the molecule. Typical spacing of these levels is of the order
of 0.15 eV. A second subscript is often added to distinguish these vibrational states, and the
symbol Sy, represents the lowest vibrational state of the ground electronic state.

Because the spacing between vibrational states is large compared with average ther-
mal energies (0.025 eV), nearly all molecules at room temperature are in the Sy, state. In
Fig. 8.1 the absorption of energy by the molecule is represented by the arrows pointing
upward. In the case of a scintillator, these processes represent the absorption of Kinetic
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Figure 8.1 Energy levels of an organic molecule with n-electron structure. (From
J. B. Birks, The Theory and Practice of Scintillation Counting. Copyright 1964 by
Pergamon Press, Ltd. Used with permission.)

energy from a charged particle passing nearby. The higher singlet electronic states that are
excited are quickly (on the order of picoseconds) de-excited to the Sy electron state
through radiationless internal conversion. Furthermore, any state with excess vibrational
energy (such as Sy, or §;,) is not in thermal equilibrium with its neighbors and again quick-
ly loses that vibrational energy. Therefore, the net effect of the excitation process in a sim-
ple organic crystal is to produce, after a negligibly short time period, a population of excit-
ed molecules in the S, state.

The principal scintillation light (or prompt fluorescence) is emitted in transitions
between this S, state and one of the vibrational states of the ground electronic state. These
transitions are indicated by the downward arrows in Fig. 8.1. If t represents the fluores-
cence decay time for the Sy, level, then the prompt fluorescence intensity at a time ¢ fol-
lowing excitation should simply be

I=Tpe 8.1)

In most organic scintillators, 7 is a few nanoseconds, and the prompt scintillation compo-
nent is therefore relatively fast.

The lifetime for the first triplet state T} is characteristically much longer than that of
the singlet state S;. Through a transition called intersystem crossing, some excited singlet
states may be converted into triplet states. The lifetime of T, may be as much as 1073 s and
the radiation emitted in a de-excitation from T to Sy is therefore a delayed light emission
characterized as phosphorescence. Because T lies below Sy, the wavelength of this phos-
phorescence spectrum will be longer than that for the fluorescence spectrum. While in the
T, state, some molecules may be thermally excited back to the §, state and subsequently
decay through normal fluorescence. This process represents the origin of the delayed fluo-
rescence sometimes observed for organics.
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Figure 8.1 can also be used to explain why organic scintillators can be transparent
their own fluorescence emission. The length of the upward arrows corresponds to those
photon energies that will be strongly absorbed in the material. Because all the ﬂuorescen%
transitions represented by the downward arrows (with the exception of ;g — Sy) have %
lower energy than the minimum required for excitation, there is very little overlap between'
the optical absorption and emission spectra (often called the Stokes shift), and conse-
quently little self-absorption of the fluorescence. An example of these spectra for a typical
organic sciutillator is given in Fig. 8.2.

The scintillation efficiency of any scintillator is defined as the fraction of all incident
particle energy which is converted into visible light. One would always prefer this efficien-
cy to be as large as possible, but unfortunately there are alternate de-excitation modes
available to the excited molecules that do not involve the emission of light and in which the
excitation is degraded mainly to heat. All such radiationless de-excitation processes are
grouped together under the term guenching. In the fabrication and use of organic scintil-
lators, it is often important to eliminate impurities (such as dissolved oxygen in liquid scin-
tillators), which degrade the light output by providing alternate quenching mechanisms for
the excitation energy.

In almost all organic materials, the excitation energy undergoes substantial transfer
from molecule to molecule before de-excitation occurs. This energy transfer process is
especially important for the large category of organic scintillators that involves more than
one species of molecules. If a small concentration of an efficient scintillator is added to a
bulk solvent, the energy that is absorbed, primarily by the solvent, can eventually find its
way to one of the efficient scintillation molecules and cause light emission at that point.
These “binary” organic scintillators are widely used both as liquid and plastic solutions
incorporating a variety of solvents and dissolved organic scintillants.

A third component is sometimes added to these mixtures to serve as a “waveshifter.”
Its function is to absorb the light produced by the primary scintillant and reradiate it at a
longer wavelength. This shift in the emission spectrum can be useful for closer matching to
the spectral sensitivity of a photomultiplier tube or to minimize bulk self-absorption in
large liquid or plastic scintillators. Birks and Pringle® have reviewed the energy transfer
mechanisms in binary and tertiary organic mixtures together with their influence on scin-
tillation efficiency and pulse timing characteristics.
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Figure 8.2 The optical absorption and emission spectra for a typical
organic scintillator with the level structure shown in Fig. 8.1.
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B. Types of Organic Scintillators
1. PURE ORGANIC CRYSTALS

Only two materials have achieved widespread popularity as pure organic crystalline scin-
tillators. Anthracene is one of the oldest organic materials used for scintillation purposes
and holds the distinction of having the highest scintillation efficiency (or greatest light out-
put per unit energy) of any organic scintillator. Stilbene has a lower scintillation efficiency
but is preferred in those situations in which pulse shape discrimination is to be used to dis-
tinguish between scintillations induced by charged particles and electrons (see the later dis-
cussion of this technique). Both materials are relatively fragile and difficult to obtain in
large sizes. Also, the scintillation efficiency is known to depend on the orientation of an ion-
izing particle with respect to the crystal axis.# This directional variation, which can be as
much as 20-30%, spoils the energy resolution obtainable with these crystals if the incident
radiation will produce tracks in a variety of directions within the crystal.

2. LIQUID ORGANIC SOLUTIONS

A category of useful scintillators is produced by dissolving an organic scintillator in an
appropriate solvent. Liquid scintillators can consist simply of these two components, or a
third constituent is sometimes added as a wavelength shifter to tailor the emission spec-
trum to better match the spectral response of common photomultiplier tubes.
Liquid scintillators are often sold commercially in sealed glass containers and are han-
dled in the same manner as solid scintillators. In certain applications, large-volume detec-
tors with dimensions of several meters may be required_In these cases the liquid scintilla-
tor is often the only practical choice from a cost standpoint. In many liquids, the presence
of dissolved oxygen can serve as a strong quenching agent and can lead to substantially

reduced fluorescence efficiency. It is then necessary for the solution to be sealed in a closed
volume from which.m

Because of their lack of a solid structure that could be damaged by exposure to intense
radiation, liquid scintillators are expected to be more resistant to radiation damage effects
than crystalline or plastic scintillators. This expectation is borne out by measurements,’ and
reasonable resistance to change up to exposures as high as 10° Gy has been demonstrated
for some liquids.

Liquid scintillators are also widely applied to count radioactive material that can be
dissolved as part of the scintillator solution. In this case, all radiations emitted by the source
immediately pass through some portion of the scintillator and the counting efficiency can
be almost 100%. The technique is widely used for counting low-level beta activity such as
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further in Chapter 10.

3. PLASTIC SCINTILLATORS

Ifamrorganic scintittator isdissolved i a sotvent thatcam thenbe subsequently polymerized,————
the equivalent of a solid solution can be produced. A common example is a solvent consist-
ing of styrene monomer in which an appropriate organic scintillator is dissolved. The styrene
is then polymerized to form a solid plastic. Other plastic matrices can consist of polyviny}-
toluene or polymethylmethacrylate. Because of the ease with which they can be shaped and
fabricated, plastics have become an extremely useful form of organic scintillator.

Plastic scintillators are available commercially with a good selection of standard sizes
of rods, cylinders, and flat sheets. Because the material is relatively inexpensive, plastics are
often the only practical choice if large-volume solid scintillators are needed. In these cases
the self-absorption of the scintillator light may no longer be negligible, and some attention
should be given to the attenuation properties of the material. The distance in which the
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light intensity will be attenuated by a factor of 2 can be as much as several meters, althougly
much smaller attenuation lengths are observed for some plastics.®

There is also a wide selection of plastic scintillators available as small-diameter fibers,
Used either as single fibers or grouped together as bundles or ribbons, these scintillators
lend themselves to applications in which the position of particle interactions must be;
sensed with good spa‘ual resolution. A detailed discussion of the principles and propemes
of fiber scintillators is given beginning on p. 253 later in this chapter.

Because of the widespread application of plastic scintillators in particle physics meas-
urements, where they may be exposed to sustained high levels of radiation, considerable
attention’-10 has been paid to the degradation in the scintillation output of plastics due to
radiation damage. This process is a complicated one, and many variables such as the dose
rate, the presence or absence of oxygen, and the nature of the radiation play important roles.
There is also a tendency to observe some recovery or annealing of the damage over periods
of time that may be hours or days following an exposure. In typical plastic scintiilators, sig-
nificant degradation in light yield is observed for cumulative gamma-ray exposures in the
range of 10° or 10* Gy, whereas other radiation-resistant formulations!! show little decrease
in light output with doses as high as 10° Gy. The changes in measured light can consist either
of a decreased light output caused by damage to the fluorescent component or a decrease
in the light transmission caused by the creation of optical absorption centers.

4. THIN FILM SCINTILLATORS

Very thin films of plastic scintillator play a unique role in the field of radiation detectors.
Because ultrathin films with a thickness as low as 20 pg/cm? can be fabricated, it is easy to
provide a detector that is thin compared with the range of even weakly penetrating particles
such as heavy ions. These films thus serve as transmission detectors, which respond to only
the fraction of energy lost by the particle as it passes through the detector. The thickness can
be as much as one or two orders of magnitude smaller than the minimum possible with other
detector configurations, such as totally depleted silicon surface barriers. The films are avail-
able commercially2 with thicknesses down to approximately 10 wm. Even thinner films can
be produced by the user through techniques such as evaporation from a solution of plastic
scintillator!>16 or through the spin coating process.1”-18 The film can be deposited directly on
the face of a photomultiplier tube,!419 or the light can be collected indirectly through a trans-
parent light pipe in contact with the edges of the film20:21 Alternatively, the film can be
placed within a reflecting cavity.2%2-25 The response of these films does not follow directly
from the expected energy loss of ions in the detector and is a more complex function of the
ion velocity and atomic number.16:1926-29 The light yield per unit energy loss increases with
decreasing atomic number of the ion, so that thin films can be useful transmission detectors
for protons or alpha particles!>2 even when the energy deposited is relatively small. In com-
mon with other organic scintillators, thin film detectors show scintillation decay times of only
several ns, and they have proved very useful in fast timing measurements. ¥

5. LOADED ORGANIC SCINTILLATORS

Organic scintillators as a category are generally useful for the direct detection of beta par-
ticles (fast electrons) or alpha particles (positive ions). They also are readily adaptable to
the detection of fast neutrons through the proton recoil process (see Chapter 15). Because
of the low Z-value of their constituents (hydrogen, carbon, and oxygen), however, there is
virtually no photoelectric cross section for gamma rays of typical energies. As a result, typ-
ical organic scintillators show no photopeak and will give rise only to a Compton continuum
in their gamma-ray pulse height spectrum.

To provide some degree of photoelectric conversion of gamma rays, attempts have been
made to add high-Z elements to organic scintillators. The most common form is the addition
of lead or tin to common plastic scintillators up to a concentration of 10% by weight. It has
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also been demonstrated3! that tin can be added to liquid organic scintillator solutions in
concentrations of up to 54% by weight while retaining a weak scintillation light output. At
low gamma-ray energies, the photopeak efficiency of these materials can be made relative-
ly high,*2 and they have the additional advantages of fast response and low cost compared
with more conventional gamma-ray scintillators.333* Unfortunately, the addition of these
high-Z elements inevitably leads to a decreased light output, and the energy resolution that
can be achieved is therefore considerably inferior to that of inorganic scintillators.

Other examples of loading organic scintillators arise in connection with neutron detec-
tion. Liquid or plastic scintillators can be seeded with one of the elements with a high cross
section for neutrons such as boron, lithium, or gadolinium. The secondary charged particles
and/or gamma rays produced by netron-induced reactions may then be detected directly

in the scintiliator to provide an output signal. Scintillators of this type are discussed in fur-
ther detail in Chapter 14.

C. Response of Organic Scintillators

An overall compilation of the properties of organic scintillators is given in Table 8.1.
1. LIGHT OUTPUT

A small fraction of the kinetic energy lost by a charged particle in a scintillator is convert-
ed into fluorescent energy. The remainder is dissipated nonradiatively, primarily in the
form of lattice vibrations or heat. The fraction of the particle energy that is converted (the
scintillation efficiency) depends on both the particle type and its energy. In some cases, the
scintillation efficiency may be independent of energy, leading to a linear dependence of
light yield on initial energy.

For organic scintillators such as anthracene, stilbene, and many of the commercially
available liquid and plastic scintillators, the response to electrons is linear for particle
energies above about 125 keV.35 The response to heavy charged particles such as protons
or alpha particles is always less for equivalent energies and is nonlinear to much higher ini-
tial energies. As an example, Fig, 8.3 shows the scintillation response of a typical plastic
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Figure 8.3 The scintillation light yield for a common plastic scintillator (NE 102)
when excited by electrons and protons. The data are fit by curves from Eq. (8.3)
(one parameter) and Eq. (8.9) (two parameter). (From Craun and Smith.36)



Table 8.1 Properties of Some Commercially Available Organic Scintillators

Liight Wavelength Decay Loading Element | Softening
Output of Max Constant | Attenuation | Refractive H/C % by weight or Flash
Elien | Bicron |%Anthracene* | Emission (nm) | (ns) [ Length(cm) | Index Ratio | Density |  or dist. feature | Point (°C) Uses
Crystal
Anthracene 100 447 30 1.62 0.715 125 27
Stilbene 50 410 - 45 1.626 0.858 116 125
Plagtic
EJ-212 _ |BC-400 65 423 2.4 250 1.581 1.103 1.032 70 General purpose
EJ-204 [BCA404 68 408 18 160 1.58 1107 1.032 | 1.8 ns time constant 70 Fast counting
EJ-200 |BC-408 4 425 2.1 380 1.58 1104 1.032 70 TOF counters, large area
EJ-208 [BC-412 0 434 33 400 158 1.104 1,032 {Longest attn. length 70 General purpose, large area, long strips
BC-420 64 391 15 110 1.58 1.100 1.032 | 1.5 ns time constant 70 Ultrafast timing, sheet areas
EJ-232  |BC-422 55 370 14 8 1.58 1.102 1.032 | 1.4 ns time constant 70 [Very fast timing, small sizes
BC-422Q 1 370 0.7 <8 1.58 1102 1.032 | Benzephenone, 1% 70 |Ultrafast timing, ultrafast counting
BC-428 36 480 12.3 150 1.58 1103 | 1.032 Green emitter 70  |Photodiodes and CCDs; phoswich detectors
BC-430 43 580 16.8 NA 1.58 1.108 1.032 Red emitter 70 Silicon photodiodes and red-ephanced PMTs
EJ-248 BC-434 60 425 2.2 350 1.59 0.995 1.049 High temp 100 General purpose
BC-436 52 425 22 NA 161 ] 0.960D:C| 1130 | Deuterium, 13.8% % [Thindisks
EJ-240 {BC-444 41 428 285 180 1.58 1,109 1.032 70 Phoswich detectors for dE/dx studies
EJ-256 |BC-452 2 424 2.1 150 1.58 1.134 1.080 Lead, 5% 60 X-ray dosimetry (< 100 keV)
BC-454 48 425 22 120 1.58 1.169 1.026 Boron, 5% 60 Neutron spectrometry, thermal neutrons
EJ-252  |BC470 46 423 24 200 1.58 1.098 1.037 Air equivalent 65 Dosimetry
BC-490 55 425 23 1.58 1.107 1.030 Casting resin 70 General purpose
BC-498 65 423 24 1.58 1.103 1.032 Applied like paint 70 8, y detection
Liquid
EJ301  |BC-501A 78 425 3.2 1212 0.874 | Pulse shape discrim. 26 v > 100 keV, fast n spectroscopy
EJ.305  {BC-505 80 425 2.5 1331 0877 | High light output 47 v, fast n, large volume
EJ-313 BC-509 20 425 3.1 0.0035 1.61 F 10 v, fastn
EJ-321H {BC-517H 52 425 2.0 1.89 0.86 Mineral oil-based 81 v fast n, cosmic, charged particles
BC-517P 28 425 2.2 2.05 0.85 Mineral oil-based 115 v, fast n, cosmic, charged particles
EJ-325 BC-519 60 425 40 173 0.875 | Pulse shape discrim. 74 +, fast n, n-y discrimination
|EX331  {BCS21 60 425 4.0 131 0.89 Gd (to 1%) 44 |Neutron spectroscopy, neutrino research
EJ-339 |BC-523A 65 425 3.7 1.67 0.93 Enriched 9B 1 Total absorption neutron spectrometry
EJ-335 |BC-525 56 425 38 157 088 Gd (to 1%) 64 Neutron spectrometry, neutrino research
BC-533 51 425 3.0 196 0.8 | Low temp operation 65 -y, fast n, cosmic
BC-537 61 425 2.8 99(D:C) | 0.954 2H -11 Fast n, pulse shape discrimination
BC-551 40 425 2.2 1.31 0.902 Pb (5% wiw) 44 +y, X-rays < 200 keV
BC-553 M 425 3.8 1.47 0.951 Sn (10% wiw) 42 v, X-rays

*Nal(Tl) is 230% on this scale
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sciitillator. At energies of a few hundred keV, the response to protons is smaller by a fac-
tor of 10 compared with the light yield of equivalent energy electrons. At higher energies
the discrepancy is less, but the proton response is always below the electron response.

Because of the dependence of the light yield of organics on the type of particle, a spe-
cial nomenclature is sometimes used to describe the absolute light yield. The term MeV
eléctron equivalent (MeVee) is introduced to place the light yield on an absolute basis. The
particle energy required to generate 1 MeVee of light by definition is 1 MeV for fast elec-
trons but is several MeV for heavy charged particles because of their reduced light yield
per unit energy.

The response of organic scintillators to charged particles can best be described by a
relation between dL/dx, the fluorescent energy emitted per unit path length, and dE/dx,
the specific energy loss for the charged particle. A widely used relation first suggested by
Birks! is based on the assumption that a high ionization density along the track of the par-
ticle leads to quenching from damaged molecules and a lowering of the scintillation effi-
ciency. If we assume that the density of damaged molecules along the wake of the particle
is directly proportional to the ionization density, we can represent their density by
B(dE/d.x), where B is a proportionality constant. Birks assumes that some fraction k of
these will lead to quenching. A further assumption is that, in the absence of quenching, the
light yield is proportional to energy loss:

aL  dE ®2)
dx dx '
where S is the normal scintillation efficiency. To account for the probability of quenching,
Birks then writes
S dE
dL de
= - — (83)
1+ kB—
dx

Equation (8.3) is commonly referred to as Birks’ formula. As a practical matter the prod-
uct kB is treated as an adjustable parameter to fit experimental data for a specific scintil-
lator.3” In many cases, this single adjustable parameter can give very good fits to the shape
of experimental data, with the value of S providing the absolute normalization.

When excited by fast electrons (either directly or from gamma-ray irradiation), dE/dx
is small for sufficiently large values of E and Birks’ formula then predicts

aLy  _dE
o Ay B4
or the incremental light output per unit energy loss is a constant
dL
TEL- N (85)
This is the regime in which the light output
- J fdL
L= A 'E‘E—dE-SE (8.6)

is linearly related to the initial particle energy E.
On the other hand, for an alpha particle, dE/dx is very large so that saturation occurs
along the track and Birks’ formula becomes

dL

dx

-2 8.7)
« kB '
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The appropriate value of kB can therefore be determined by taking the ratio of these twegy

responses:
dL| [dL
=—] [— (881
dEle| dx

In order to match experimental data more closely, other formulas for d, /dx have bees
proposed by a number of authors. These are in effect semiempirical formulas that introdug
one or more additional fitting parameters. An extensive analysis of the response of a num-
ber of organic scintillators has been carried out by Craun and Smith.36 Their analysis is
based largely on the data of Smith et al.38 and uses an extended version of Birks’ formula

o

S dE
dL dx
—_— (8.9)
dx dE dE\2
1+kB—+ C|—
Ix dx

where Cis again treated as an empirically fitted parameter. This expression approaches the
simple Birks’ formula Eq. (8.3) for small values of dE /dx. Parameters for Eq. (8.9) are
derived and listed in Ref. 36 for a variety of organic scintillators and exciting particles. Also
given is a useful table of dE/dx values for organic scintillators of different composition for
protons and deuterons.

The alpha-to-beta ratio is a widely used parameter to describe the difference of light out-
put for an organic scintillator for electrons and charged particles of the same energy. The light
yield for electrons is always higher than that for a charged particle of the same kinetic ener-
gy, and therefore the alpha-to-beta ratio is always less than 1. This ratio will depend on the
energy at which the comparison is made, and no fixed value is applicable over the entire ener-
gy range. Measurements have been reported by Czirr3® for a variety of organic scintillators.
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Figure 8.4 The light output (expressed in equivalent electron energy deposition)
versus proton energy for liquid scintillator NE 213. (From Maier and Nitschke. 40)
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The light output of NE 213 liquid scintillator as measured by Maier and Nitschke® is
shown in Fig. 8.4. Typical of many organic scintillators, the light output can be represented
as proportional to E3/2, for energies below about 5 MeV, and becomes approximately lin-
ear for higher energies.

Clark#! has compiled a set of data on the absolute scintillation efficiency [S in Eq. (8.5)]
of plastic scintillators for gamma-ray excitation. These data are a useful supplement to older
tabulations which can be found in Ref 1. Clark points out the variability of different meas-
urements attempting to determine absolute efficiencies, which in some cases can be as much
as a factor of 2 discrepant. This variability can be traced in part to differences in the purity
and past history of the scintillation matenal, and absolute values should always be used with
caution. In some organics, the partial overlap of the emission and absorption spectra leads
to a size dependence of the apparent efficiency for scintillation. Also, the anisotropic
response of anthracene and stilbene further complicates efficiency measurements.

Prolonged exposure to ionizing radiation leads to a general deterioration of the prop-
erties of most organic scintillators (for example, see p. 224). Plastic scintillators exposed to
light and oxygen have also been shown to undergo a long-term deterioration due to poly-
mer degradation.*? In addition to internal effects, the surface of plastics can often become
crazed on exposure to extreme environments. The surface crazing leads to a substantial
drop in observed light output from large scintillators because of the decreased efficiency
of internal light reflection.

2. TIME RESPONSE

If it can be assumed that the lumine i i i -

taneously and only prompt fluorescence is observed, then the time profile of the light pulse
should be a very fast leading edge followed by a simple exponential decay {Eq. (8.1)]. Much
of the published literature quotes a decay time that characterizes the prompt scintillation

yield from various organic materials.Although this simple representation is-often adequate ——————
for many descriptions of the scintillator behavior, a more detailed model of the time
dependence of the scintillation yield must take into account two other effects: the finite
time required to populate the luminescent states, and the slower components of the scin-
tillation corresponding to delayed fluorescence and phosphorescence.
Times of approximately half a nanosecond are required to populate the levels from
which the prompt fluorescence light arises. For the very fast scintillators, the decay time
from these levels is only three or four times greater, and a full description of the expected
pulse shape must take into account the finite rise time as well. One approach?®3** assumes
that the populatlon of the optical levels is also exponential and that the overall shape of
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where 7 15 the time constant describing the populafion of thie optical levels and 7 i1s'the
time constant describing their decay. Values for these parameters for several plastic scintil-
lators are given in Table 8.2, Other observations*> have concluded that the population step
is better represented by a Gaussian function f{t) characterized by a standard deviation o 5
The overall light versus time profile is then described by

I
— = fl)e™ " (8.11)
Iy

Best fit values for o are also shown in Table 8.2. Experimentally, the rise and fall of the

light output can be characterized by the full width at half maximum (FWHM) of the result-
ing light versus time profile, which can be measured using very fast timing procedures. It
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Table 8.2 Some Timing Properties of Fast Plastic Scintillators T

Parameters for Eq. (8.10) Parameters for Eq. (8.11) Measured |
7, (rise) 7(decay) ogT T FWHM

NE 111 02ms 1.7ns 0.2 us 1.7 ns 1.54 ns A'
Naton 136 0.4 ns 1.6 ns 0.5 ns 1.87 ns 2.3 ns
NE 102A 0.6 ns 24 us 0.7 ns 2.4 ns 33ns

Data from Bengtson and Moszynski. 4

has become common to specify the performance of ultrafast organic scintillators by their
FWHM time rather than the decay time alone.

Studies of the time response of organic scintillators have been reported in Refs. 46-49.
1n these measurements the emphasis is on conventional plastic scintillators, with the small-
est FWHM reported to be 1.3 ns for NE 111. Lynch* has also reported results on light out-
put and time response of a variety of liquid scintillators. Some attention3*-52 has focused
on plastics to which a quenching agent has been deliberately added. Although the light out-
put is reduced by an order of magnitude or more, the FWHM can be as small as a few hun-
dred picoseconds. For these very fast scintillators, effects other than the scintillation mech-
anism can sometimes affect the observed time response. Among these is the finite flight
time of the photons from the point of scintillation to the photomultiplier tube. Particularly
in large scintillators, transit time fluctuation due to multiple light reflections at scintillator
surfaces can amount to a sizable spread in the arrival time of the light at the photomulti-
plier tube photocathode.53-55Also, there is evidence6:57that self-absorption and reemission
of the fluorescence plays an important role in causing an apparent worsening of the time
resolution as the dimensions of a scintillator are increased.

Although fast decay time is an advantage in nearly all applications of scintillators,
there is at least one application in which a slow decay is needed. In the phoswich detector
(see p. 344) two different scintillation materials are employed, one of which must have an
appreciably slower decay time than the other. For such applications, a plastic scintillator
has been developed8 with an unusually long decay of 225 ns, more typical of slower inor-
ganic materials.

3. PULSE SHAPE DISUKIMINATION

For the vast majority of organic scintillators, the prompt fluorescence represents most of
the observed scintillation light. A longer-lived component is also observed in many cases,
however, corresponding to delayed fluorescence. The composite yield curve can often be
represented adequately by the sum of two exponential decays—called the fast and slow
components of the scintillation. Compared with the prompt decay time of a few nanosec-
onds, the slow component will typically have a characteristic decay time of several hundred
panoseconds. Because the majority of the light yield occurs in the prompt component, the
long-lived tail would not be of great consequence except for one very useful property: The
fraction of light that appears in the slow component often depends on the nature of the excit-
ing particle. One can therefore make use of this dependence to differentiate between par-
ticles of different kinds that deposit the same energy in the detector. This process is often
called pulse shape discrimination and is widely applied to eliminate gamma-ray-induced
events when organic scintillators are used as neutron detectors.

There is strong evidence that the slow scintillation component originates with the exci-
tation of long-lived triplet states (labeled T in Fig. 8.1) along the track of the ionizing
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particle. Bimolecular interactions between two such excited molecules can lead to product
molecules, one in the lowest singlet state (S;) and the other in the ground state. The singlet
state molecule can then de-excite in the normal way, leading to delayed fluorescence. The
variation in the yield of the stow component can then be partially explained by the differ-
ences expected in the density of triplet states along the track of the particle, because the
bimolecular reaction yield should depend on the square of the triplet concentration.
Therefore, the slow component fraction should depend primarily on the rate of energy loss
dE/dx of the exciting particle and should be greatest for particles with large dE/dx. These
predictions are generally confirmed by measurements of the scintillation pulse shape from
a wide variety of organics.

Certain organic scintillators, including stilbene crystals’® and a number of commercial
liquid scintillators, are particularly favored for pulse shape discrimination because of the
large differences in the relative slow component induced by different radiations. Figure 8.5
shows the differences observed in stilbene for alpha particles, fast neutrons (recoil pro-
tons), and gamma rays (fast electrons). In such scintillators, it is not only possible to differ-
entiate radiations with large dE/dx differences (such as neutrons and gamma rays) but also
to separate events arising from various species of heavy charged particles as well. Reviews

-of the pulse shape discrimination properties of different types of organic scintillators and
examples of applications are given in Refs. 61-69. Electronic circuits designed to carry out
this pulse shape discrimination are described in Chapter 17.

I INORGANIC SCINTILLATORS

A. Scintillation Mechanism in Inorganic Crystals with Activators

The scintillation mechanism in inorganic materials depends on the energy states deter-
mined by the crystal lattice of the material. As shown in Fig. 8.6, electrons have available
only discrete bands of energy in materials classified as insulators or semiconductors. The
lower band, called the valence band, represents those electrons that are essentially bound
at lattice sites, whereas the conduction band represents those electrons that have sufficient
energy to be free to migrate throughout the crystal. There exists an intermediate band of
energies, called the forbidden band, in which electrons can never be found in the pure
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Figure 8.6 Energy band structure of an activated crystalline scintillator.

crystal. Absorption of energy can result in the elevation of an electron from its normal posi:,
tion in the valence band across the gap into the conduction band, leaving a hole in the nor-
mally filled valence band. In the pure crystal, the return of the electron to the valence band
with the emission of a photon is an inefficient process. Furthermore, typical gap widths are
such that the resuiting photon would be of too high an energy to lie in the visible range.

To enhance the probability of visible photon emission during the de-excitation process,
small amounts of an impurity are commonly added to inorganic scintillators. Such deliber-
ately added impurities, called activators, create special sites in the lattice at which the nor-

mal energy band structure is modified from that of the pure crystal. As a result, there will
be energy states created within the forbidden gap through which the electron can de-excite
back to the valence band. Because the energy is less than that of the full forbidden gap, this
transition can now give rise to a visible photon and therefore serve as the basis of the scin-
tillation process. These de-excitation sites are called luminescence centers or recombination
centers. Their energy structure in the host crystalline lattice determines the emission spec-
trum of the scintillator.

A charged particle passing through the detection medium will form a large number of
electron-hole pairs created by the elevation of electzons,. from the valence to the conduc-
tion band. The positive hole will quickly drift to the location of an activator site and ionize
it, because the iomization energy of the impurity will be less than that of a typical lattice
site. Meanwhile, the electron is free to migrate through the crystal and will do so until it
encounters such an ionized activator. At this point the electron can drop into the activator
site, creating a neutral configuration that can have its own set of excited energy states.
These states are illustrated in Fig. 8.6 as horizontal lines within the forbidden gap. If the
activator state that is formed is an excited configuration with an allowed transition to the
ground state, its de-excitation will occur very quickly and with high probability for the
emission of a corresponding photon. If the activator is properly chosen, this transition can
be in the visible energy range. Typical half-lives for such excited states are on the order of
50-500 ns. Because the migration time for the electron is much shorter, all the excited
impurity configurations are formed essentially at once and will subsequently de-excite with
the half-life characteristic of the excited state. It is the decay time of these states that there-
fore determines the time characteristics of the emitted scintillation light. Some inorganic
scintillators can adequately be characterized by a single decay time or a simple exponen-
tial, although more complex time behavior is often observed.

There are processes that compete with the one just described. For example, the electron
upon arriving at the impurity site can create an excited configuration whose transition to the
ground state is forbidden. Such states then require an additional increment of energy to
raise them to a higher-lying state from which de-excitation to the ground state is possible.
One source of this energy is thermal excitation and the resulting slow component of light
is called phosphorescence. It can often be a significant source of background light or “after-
glow” in scintillators.

A third possibility exists when an electron is captured at an activator site. Certain radia-
tionless transitions are possible between some excited states formed by electron capture and
the ground state, in which case no visible photon results. Such processes are called quenching
and represent loss mechanisms in the conversion of the particle energy to scintillation light.
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As an alternative to the independent migration of the electron and hole described
above, the pair may instead migrate together in a loosely associated configuration known
as an exciton. In this case the electron and hole remain associated with each other but are
free to drift through the crystal until reaching the site of an activator atom. Similar excited
activator configurations can again be formed and give rise to scintillation light in their de-
excitation to the ground configuration.

A measure of the efficiency of the scintillation process follows from a simple energy cal-
culation. For a wide category of materials, it takes on the average about three times the
bandgap energy to create one electron-hole pair. In sodium iodide, this means about 20 eV
of charged particle energy must be lost to create one electron-hole pair. For 1 MeV of par-
ticle energy deposited in the scintillator, about S X 10 electron-hole pairs are thus created.
Various experimental determinations have shown that the absolute scintillation efficiency
of thallium-activated sodium iodide is about 12%. Absorption of 1 MeV of energy should
therefore yield about 1.2 X 10° eV in total light energy, or 4 X 10 photons with an aver-
age energy of 3 eV.The yield is thus very close to 1 photon per electron-hole pair original-
ly formed, and the energy transfer to activator sites must be extremely efficient. The
processes of energy transfer in alkali halide scintillators have been reviewed by Murray”
and by Kaufman et al.”!

One important consequence of luminescence through activator sites is the fact that the
crystal can be transparent to the scintillation light. In the pure crystal, roughly the same
energy would be required to excite an electron—hole pair as that liberated when that pair
recombines. As a result the emission and absorption spectra will overlap and there will be
substantial self-absorption. As we have seen, however, the emisston from an activated crys-
tal occurs at an activator site where the energy transition is less than that represented by
the creation of the electron-hole pair. As a result the emission spectrum is shifted to longer
wavelengths and will not be influenced by the optical absorption band of the bulk of the
crystal,

The emission spectrum of the light produced by a number of inorganic scintillators is
shown in Fig, 8.7. To make full use of the scintillation light, the spectrum should fall near
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Figure 8.7 The emission spectra of several common inorganic scintilla-
tors. Also shown are the response curves for two widely used photocath-
odes. (Primarily from Scintillation Phosphor Catalog, The Harshaw
Chemical Company. The emission spectrum for BGO is from Ref. 72.)
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the wavelength region of maximum sensitivity for the device used to detect the light. Fog
reference, the responses of several common photocathodes are also plotted in Fig, 87
(other photocathode responses are plotted in Fig. 9.2, and that for a typical silicon photo-
diode in Fig. 9.15).

The scintillation properties at room temperature of a collection of inorganic scintilla-
tors are compiled in Table 83. The decay times shown in the fourth column are only
approximate in that in most cases they represent the dominant decay component only.
Many (if not most) inorganic scintillators show more than one decay component, and
examples in which a second component is important are also indicated. Where percentages
are listed, they represent the relative yields of the components shown. The fifth column is;
an estimate of the total number of scintillation photons produced over the entire emission
spectrum from the deposition of 1 MeV of energy by fast electrons. These values are gen-
erally obtained from measurements in which the quantum efficiency of the photomultipli-
er tube or photodiode used to measure the light (see Chapter 9) is known as a function of
wavelength. There is considerable variability in published values for a given material, most
likely because of differences in impurity levels or variations in the optical quality of the
samples. The sixth column compares the relative pulse amplitude when the scintiilator is
excited by fast electrons (or gamma rays) and coupled to a glass end-window photomulti-
plier tube (UV insensitive) with a bialkali photocathode. The variability of photocathode
spectral response may also introduce additional variations in these values.

For common inorganic scintillators, the light yield is more pearly proportional to
deposited radiation energy than is typically observed in organic scintillators. Quenching
processes that are present still lead to some nonlinearity, but often to a much lesser extent
than in organics. Variance in the light yield for different types of particles of equal energy
is also observed. As in organic scintillators, heavy charged particles produce less light per
unit energy. The alpha-to-beta ratio (see p.228) can be much closer to unity than in typical
organics (for example, it is in the range of 0.66 to 0.67 for both Nal(Tl) and CsI(T1) scin-

tillators), but is as low as 0.20 for oxide-based materials such as BGO and GSO described
later in this chapter.”

B. Characteristics of Alkali Halide Scintillators
1. NaI(TI)

In 1948, Robert Hofstadter™ first démonstrated that crystalline sodium iodide, in which a
trace of thallium iodide had been added in the melt, produced an exceptionally large scin-
tillation light output compared with the organic materials that had previously received pri-
mary attention. This discovery, more than any other single event, ushered in the era of mod-
ern scintillation spectrometry of gamma radiation. It is remarkable that the same material
remains preeminent in the field despite decades of subsequent research into other scintilla-
tion materials. Large ingots can be grown from high-purity sodium iodide to which about
10~3 mole fraction of thallium has been added as an activator. Scintillators of unusual size
or shape can also be fabricated by pressing small crystallites together. NaI(T1) is hygroscopic
and will deteriorate due to water absorption if exposed to the atmosphere for any length of
time. Crystals must therefore be “canned” in an air-tight container for normal use.

The most notable property of NaI(Tl) is its excellent light yield. In common with other
typical inorganic scintillators, NaI(Tl) shows a small but measurable nonproportionality of
its scintillation response with deposited electron energy (see Fig, 8.8). The departure from
proportionality is most pronounced at low energies, and some of the practical effects on
scintillator performance are discussed later in Chapter 10. It has come to be accepted as
the standard scintillation material for routine gamma-ray spectroscopy and can be
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RSETiies of Common Inorganic Scintillators

Relative Pulse
[ﬁ Specific | Wavelength of | Refractive Abs, Light Yield | Height Using
Gravity [ Max. Emission| Index Decay Time (u.s) in Photons/MeV | Bialk. PM tube| References

Alkali Halides ’
Nal(Tl) 367 415 1.85 0.23 38000 1.00

CsI(TY) 451 540 1.80 0.68 (64%), 3.34 (36%) 65 000 0.49 78, 90, 91
CsI(Na) 4.51 420 1.84 0.46, 4.18 39 000 1.10 92
Li(Eu) 4.08 470 1.96 1.4 11 000 0.23

Other Slow Inorganics

BGO 7.13 480 2.15 0.30 8200 0.13

CdWO, 7.90 470 23 1.1 (40%), 14.5 (60%) 15000 0.4 98-100
ZnS(Ag) (polycrystalline) |  4.09 450 2.36 0.2 1.3°

CaF, (Eu) 3.19 435 1.47 0.9 24 000 0.5

Unactivated Fast Inorganics

BaF, (fast component) 4.89 220 0.0006 1400 na 107-109
BaF, (slow component) 4.89 310 1.56 0.63 9500 02 107-109
Csl (fast component) 4.51 305 0.002 (35%), 0.02 (65%) 2000 0.05 113-115
Cs] (slow component) 4.51 450 1.80 | multiple, up to several ps varies varies 114,115
CeF, 6.16 310, 340 1.68 0.005, 0.027 4400 0.04t0 0.05 | 76,116,117
Cerium-Activated Fast Inorganics

GSO 6.71 440 1.85 0.056 (90%), 0.4 (10%) 9000 02 119-121
YAP 5.37 370 1.95 0.027 18 000 0.45 78,125
YAG 4.56 550 1.82 0.088 (72%), 0.302 (28%) 17 000 0.5 78,127
LSO 7.4 420 1.82 0.047 25 000 0.75 130, 131
LuAP 8.4 365 1.94 0.017 17 000 03 134,136,138
Glass Scintillators

Ce activated Li glass® 2.64 400 1.59 0.05t00.1 3500 0.09 77,145
Tb activated glass® 3.03 550 1.5 ~3000 to 5000 ~50 000 na 145
For comparison, a typical organic (plastic) scintillator: )

NE102A [ 1.03 423 | 1s8 | 0.002 l 10 000 0.25 [

“for alpha particles
*Properties vary with exact formulation. Also see Table 15.1.

Source: Data primarily from Refs. 74 and 75, except where noted.
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Figure 8.8 The relative scintillation response per unit energy deposited for
fast electrons plotted as a function of energy for the scintillation materials
shown. The curves are normalized to unmity at 445 keV. Perfectly linear
response would correspond to a horizontal line on this plot. (From Mengesha

et al.%0)

machined into a wide assortment of sizes and shapes. The crystal is somewhat fragile and
can easily be damaged by mechanical or thermal shock.

The dominant decay time of the scintillation pulse is 230 ns, uncomfortably long for
some fast timing or high counting rate applications. In addition to this prompt yield, a phos-
phorescence with characteristic 0.15 s decay time has also been measured,8! which con-
tributes about 9% to the overall light yield. Other longer-lived phosphorescence compo-
nents have also been measured.8 Because the anode time constant of photomuitiplier
tubes is usually set much shorter than these decay times, each photoelectron associated
with the phosphorescence is normally resolved individually. At low counting rates, the
result is then a series of single-electron pulses that follow the main scintillation pulse and
usually are well below the amplitude of interest in the measurement. There are applica-
tions, however, in which single-electron sensitivity is needed and the influence of these
phosphorescence pulses can be sigpificant. At high counting rates, the phosphorescence
will tend to build up due to the multiple overlap from many preceding pulses. This after-
glow is often an undesirable characteristic of sodium iodide used in high-rate applications.
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Figure 8.9 The temperature dependence of the light yield measured from
two Nal(T1) crystals. The measurements were made using an oven equipped
with a light pipe, and the temperature of the photomultiplier tube was held
constant. The difference in behavior between the two crystals is probably due
to changes in surface reflectivity. (Data courtesy R. Dayton, Bicron
Corporation, Newbury, Ohio.)

The properties summarized above are for thallium-activated sodium iodide operated at
room temperature. In some applications, the scintillator must be operated at either lower or
higher ambient temperatures. Figure 8.9 shows the dependence of the total light yield in thal-
lium-activated sodium jodide as a function of temperature. The dropoff in scintillation yield
with increasing temperature, typical of most scintillation materials, results in generally poor-
er energy resolution when the scintillator must be used at elevated temperatures. The scin-
tillation decay time in NalI(T1) is also a function of temperature (see Fig. 8.10), with some-
what faster response at higher temperatures.
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Figure 8.10 Temperature dependence of the scintillation decay time in
Nal(T1). (From Schweitzer and Ziehl.8%)
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2. CsI(TY) and CsI(Na)

Cesium iodide is another alkali halide that has gained substantial popularity as a scintilla=
tion material. It is commercially available with either thallium or sodium as the activatog
element, and very different scintillator properties are produced in the two cases. Cesmni3
iodide has a somewhat larger gamuma-ray absorption coefficient per unit size compared tq
sodium iodide. This advantage is of primaty importance for applications such as spaoe
instrumentation where size and weight are at a premium. Because it is less brittle than sodi~
um iodide, it can be subjected to more severe conditions of shock and vibration. When cut,
into thin sheets, cesium iodide may be bent into various shapes without fracturing, and it is;
reasonably soft and malleable. An extensive bibliography of the properties of cesium’
iodide (both sodium and thallium activated) can be found in Ref. 84.

A most useful property of CsI(T1) is its variable decay time for various exciting parti-
cles. Pulse shape discrimination techniques can therefore be used to differentiate among
various types of radiation.85-87 Particularly clean separations can be achieved between
charged particles such as protons or alpha particles on one hand and electron events on the
other hand. The material is less hygroscopic than NaI(T1) but will deteriorate if exposed to
water or high humidity.

CsI(T!) also has a useful property when grown in thin layers on specially prepared pat-
terned substrates. The material can be produced with a microstructure® consisting of
columns oriented perpendicular to the surface of the layer. Each column may have a diam-
eter as small as S pm, and to some extent behaves as an optically isolated scintillator.
Layers with thickness of hundreds of microns are often needed for good detection effi-
ciency in the imaging of X-rays. The columnar microstructure inhibits the lateral spread of
the scintillation light that would take place if the layer were grown as a single crystal, and
better spatial resolution can be achieved for equivalent thickness. 8

The emission spectrum of CsI(Tl) is peaked at' a much longer wavelength than that for
Nal(T1) (see Fig. 8.7) and is poorly matched to the response of PM tubes with S-11 or bial-
kali photocathodes. For that reason, the light output is often quoted as being substantially
lower in CsI(T1). However, when measurements are made using photodiodes with extended
response into the red region of the spectrum, the scintillation yield is actually higher’3 than
that of any other scintillator. The absolute light yield at room temperature is measured® to
be about 65,000 photons/MeV, with a maximum value about 6% higher at —35°C. The yield
falls off with temperature change on either side of this maximum, to 64% of the room tem-
perature value at —100°C and to 95% at +50°C.

The luminescent states in CsI(TI) are populated through an exponential process that
results in an unusually long rise time of 20 ns for the initial appearance of the light. The
subsequent decay of these states is among the slowest for the commonly used scintillation
materials. The light emission for gamma-ray excitation shows two primary components®!
with decay times and relative intensities at room temperature of 0.68 s (64%) and 3.34 s
(36%).

CsI(Na) has an emission spectrum that is similar to that of Nal(TI) with a light yield
that is comparable, but its relatively slow decay is a disadvantage. The decay is reported to
consist of two components with mean lives of 0.46 and 4.18 ps, and a dependence of the

slow to fast component ratio has been shown for various exciting particles.% Long-lived
phosphorescence components in cesium iodide have also been reported.® CsI(Na) is
hygroscopic and must be sealed against exposure to ambient atmospheres.

3. Lil(Ew

Lithium iodide (europium activated) is an alkali halide of special interest in neutron detec-
tion. As discussed in Chapter 14, crystals prepared using lithium enriched in SLi provide for
the efficient detection of low-energy neutrons through the SLi(n, o) reaction. Scintillation
properties of this material are included in Table 8.3.
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C. Other Slow (> 200 ns) Inorganic Crystals
1. Bismuth Geimanate (or BGO)

An alternative scintillation material, Bi;Ge;0,, (commonly abbreviated as BGO) is com-
mercially available as crystals of reasonable size. A major advantage over many other scin-
tillators is its high density (7.13 g/cm?) and the large atomic number (83) of the bismuth
component. These properties result in the largest probability per unit volume of any com-
monly available scintillation material for the photoelectric absorption of gamma rays. Its
mechanical and chemical properties make it easy to handle and use, and detectors using
BGO can be made more rugged than those employing the more fragile and hygroscopic
sodium iodide. Unfortunately, the light yield from BGO is relatively low, being variously
reported at 10-20% of that of Nal(Tl). Furthermore, its relatively high refractive index
(2.15) makes efficient collection of the light more difficult than for scintillators with lower
index values. It is therefore of primary interest when the need for high gamma-ray count-
ing efficiency outweighs considerations of energy resolution. Some comparative gamma-
ray spectra for BGO and Nal(T1) are shown in Chapter 10.

Figure 8.11 shows the time profile of the light emitted in a scintillation event in both
BGO and Nal(T1). In BGO, the principal decay time of 300 ns is preceded by a faster com-
ponent of the light with 60 ns decay time that represents about 10% of the total light yield.
On the other hand, the initial decay of the Nal(Tt1) light pulse is slightly slower than the
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Figure 8.11 Measurements of the light pulse shapes from BGO and
Nal(T1). The abscissa represents time, the ordinate the relative light output.
The BGO yield is represented as the sum of separate decay components
with 60 and 300 ns decay times. (From Moszynski et al.9)
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Figure 8.12 The dependence of the light output of some common scintillators as a function
of temperature. Only the fast (220 nm) component from BaF, is included (From Melcher.%7)

230 ns principal decay. These differences, coupled with the much lower light yield from
BGO, result in an overall timing resolution for BGO that is about a factor of 2 worse than
that for NaI(TI).94 In BGO there are almost none of the long decay components that lead
to afterglow in sodium iodide and some other scintillators. BGO has therefore found wide-
spread application in X-ray computed tomography scanners where scintillators operated in
current mode must accurately follow rapid changes in X-ray intensity.

BGO is an example of a “pure” inorganic scintillator that does not require the pres-
ence of a trace activator element to promote the scintillation process. Instead, the lumi-
nescence is associated®> with an optical transition of the Bi** ion that is a major con-
stituent of the crystal. There is a relatively large shift between the optical absorption and
emission spectra of the Bi3* states. Therefore, relatively little self-absorption of the scintil-
lation light occurs, and the crystal remains transparent to its own emission over dimensions
of many centimeters. The scintillation efficiency depends strongly on the purity of the crys-
tal, and some of the variability in the light yield reported from BGO in the past can be
attributed to using crystals with different residual levels of impurities.% The crystals are
typically grown by the Czochralski method in which a crystal boule is pulled from a molten
mixture of bismuth oxide and germanium oxide at a rate of a few millimeters per hour. The
boule can then be cut and polished using conventional methods. BGO remains two to three
times more costly than Nal(T1) and is currently available only in limited sizes.

In common with many other scintillators, the light output from BGO decreases with
increasing temperature. Figure 8.12 shows its relative light output together with that of sev-
eral other scintillators as a function of temperature. Since the light yield is already low at
room temperature, its rapid dropoff severely limits the usefulness of BGO in high-
temperature applications. '

2. Cadmium Tungstate CAWO,

Cadmium tungstate has been known as a scintillator since about 1950, but it has only been
in the 1990s that crystals of interesting size and good optical quality have been widely
investigated. The light yield is about 40% of that of NaI(T1),%9 with an emission spectrum
peaked in the visible near 470 nm. It has a high density and effective atomic number so that
it is an excellent candidate for gamma-ray measurements. Its major drawback is its rela-
tively long decay time, a mixture of two components for gamma ray excitation with 1.1 ps
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(40%) and 14.5 pus (60%).9° The relative intensity of these components changes for differ-
ent types of particles!® allowing their separate identification using pulse shape discrimi-
nation techniques.

Because of the relatively long decay times, pulse mode applications are limited to those
in which the counting rate is not high. Excellent gamma-ray energy resolution of 6.8% at
662 keV has been demonstrated for a small (1 cm?) crystal.? Resolutions closer to 10-12%
are more typical of larger size crystals.1! The light collection is somewhat hindered by the
high index of refraction (2.3) that makes efficient coupling to photomultiplier tubes or

—photodiodes-more-difficuit-

The principal application of this material has been as an X-ray detector operated in
current mode where the long decay time is not an issue. It is remarkably free of long-lived
phosphorescence, making it especially suitable for X-ray computed tomography applica-
tions where “afterglow” is highly undesirable in rapidly changing X-ray fluxes.

3. ZnS(Ag)

Silver-activated zinc sulfide is one of the older inorganic scintillators. It has a very high scin-
tillation efficiency comparable to that of Nal(Tl) but is available only as a polycrystalline
powder. As a result, its use is limited to thin screens used primarily for alpha particle or
other heavy ion detection. Thicknesses greater than about 25 mg/cm2 become unusable
because of the opacity of the multicrystalline layer to its own luminescence. These scintil-
lation screens played a key role in the early experiments of Rutherford, in which alpha par-
ticle interactions were visually observed through a low-power microscope.

4. CaF,(Eu)

Europium-activated calcium fluoride is notable as a nonhygroscopic and inert inorganic
scintillator that can often be used where severe environmental conditions preclude other
choices. It is relatively fracture resistant and nonreactive, with a vapor pressure low enough
to be usable under vacuum conditions. Its scintillation properties are included in Table 8.3.
Even though the light yield is 50% of that of Nal(Tl), the relatively long decay time of
900 ns has inhibited its widespread use as a general scintillator.

D. Unactivated Fast Inorganics with Low Light Yield
1. Barium Fluoride BaF,

Barium fluoride has the distinction of being the first inorganic crystal discovered to have a
very fast component in its scintillation decay.192-15 It is the only presently known scintilla-
tor with high atomic number components that has a decay time of less than 1 ns. This com-
bination of properties therefore makes the material attractive for scintillation detectors in
which both high detection efficiency per unit volume and a fast response are required.
Unactivated BaF, has been known!® as a scintillation material since the early 1970s.
However, it was not until 1983 that it was shown!%2 that the scintillation light actually con-
sists of two components: a fast component with decay time of 0.6 ns emitted in the short
wavelength region of the spectrum, and a slower component with 630 ns decay time at
somewhat longer wavelengths. The two components are identified in the emission spec-
trum shown in Fig. 8.13. The fast component went unobserved for many years because most
photomultiplier tubes are not sensitive to this short wavelength region of the spectrum.
However, if quartz end-window tubes or other light sensors are used that are sensitive in
the ultraviolet, about 20% of the total scintillation yield at room temperature is measured
in the fast component. It results from the creation of a hole in the outer core band of the
ionic crystal, followed by the filling of this hole by an electron from the valence band. This
process is characterized by very short transition times and the resulting emission is usually
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Figure 8.13 The scintillation emission spectra from BaF, measured at var-
ious temperatures. The fast component (corresponding to the two small
peaks at the left) does not display the strong temperature dependence of
the slow component. (From Schotanus et a1.107,108)

in the ultraviolet region of the spectrum. If the principal band gap of the crystal is larger
than the energy of the UV photon, then the scintillation light can escape reabsorption and
be collected by the photomultiplier tube.

The total light yield in BaF, is only about 20% of that observed in NaI(Tl), so the
attainable energy resolution is considerably poorer. The light yield in the fast component
is quite small, only about 1400 photons per Me V.19 However, a number of applications
have been demonstrated!?%-112 in which the fast timing capability coupled with the high
density and atomic number of the material have made it the scintiliation material of choice.

2. Pure Cesium Iodide CsI

When activaied with thallium, cesium iodide has the highest scintillation yield of any
known material. In its pure state, it is also a much weaker scintillator (with output between
5 and 8% of that of NaI(Tl) when measured with a photomultiplier tube). However, much
of this light shows a mixture of fast components with an effective decay time of about 10 ns
that appears in a peak around 305 nm in the ultraviolet region of the spectrum. A broader
emission band in the visible range of 350 to 600 nm that has a much longer decay time of
up to several microseconds is also often observed. The relative intensities of these compo-
nents tends to vary among the measurements reported in the literature!13.114 for different
samples of the material, but they are roughly comparable in yield in one study of commer-
cially supplied crystals.!!> The slow component is absent in other measurements of highly
purified material,1!4 indicating that its origin may be related to residual impurities in some
crystals.

3. Cerium Fluoride CeFy

Because of the widespread use of the element cerium as an activator in other crystal
matrices, where it acts as a luminescence center, it is not surprising that there has been
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substantial interest in examining the scintillation potential of compounds of cerium as well.
The most widely examined of these is cerium fluoride (CeF,) that displays weak scintilla-
tion light equivalent to about 5% of that of Nal(Tl). The main interest in this material
comes about because of its relatively fast decay time. When measured in the visible band, the
decay appears to be a single exponential with a decay time of about 27 ns. When the obser-
vations are extended in the ultraviolet range,11% a second component with decay time of

about 5 ns is also observable. The total light yield from small volume crystals is reported!t?
to be 2100 photons per MeV.

E. Cerium-Activated “Fast” Inorganies

Beginning in the late 1980s, it was realized that the cerium activator could be incorporated
into new categories of crystals, resulting in scintillators with reasonably good light yield.
The principal decay time of the cerium luminescence ranges from about 20 to 80 ns,
depending on the host crystal.!!8 Thus the timing characteristics of these scintillators occupy
an intermediate position between the organics with a few nanosecond decay time and the
older inorganics in which it is several hundred nanoseconds.

1. Gadolinium Silicate Gd,SiO (or GSO)

This material can be grown in reasonably large sizes as single crystals!l® and the atomic
number of 64 for gadolinium offers attractive properties in gamma-ray spectroscopy.
Maximum light yield is observed at a cerium doping concentration of about 0.5 mole per-
cent. The scintillation decay time also depends on the cerium doping level, but is dominated
by a fast component of about 56 ns at this cerium doping concentration. A longer decay
time component of 400 ns is present to 10% intensity ratio as well.1?® The light output also
shows an unusually long rise time of 10 to 20 ns, depending on the cerium concentration,
caused by a slow population process for the fluorescent states. The total light yield is about
20% of that of Nal(TI). An energy resolution of about 9% for 662 keV gamma rays has
been reported as typical performance.’?! Additional properties are given in Table 8.3. It
also appears!? that GSO shows excellent radiation stability, with no appreciable radiation
damage observed for gamma-ray exposures up to 107 Gy.

2. Yttrium Aluminum Perovskite YAIO; (or YAP)

This crystal has been known for some time in its role as a laser material when doped with
Nd. When doped with cerium, however, it displays some attractive properties as a scintilla-
tor. It has a total light output variously reported as 40 to 50% of that of NaI(Tl) and an
unusually fast principal decay time of 27 ns. It displays excellent physical properties of
hardness, Strength, and inertness that readily allow easy fabrication and handling. Its scin-
tillation properties!23-125 show the best performance for small-size crystals, and there is evi-
dence!26 that the light yield and energy resolution suffer for crystals that are larger than a
few centimeters in dimension. Small-size crystals show excellent energy resolution, for
example, 5.7% at 662 keV,125 while at the same time offering outstanding timing resolution
as low as 160 ps. A slower component of the decay with about 10 ps time constant consti-
tutes less than 10% of the total intensity. YAP demonstrates excellent proportionality of its
light output versus energy (see Fig. 8.8), allowing preservation of good energy resolution
even when gamma rays undergo multiple interactions in the detector.!* (See Chapter 10.)

3. Yttrium Aluminum Garnet Y;A1,0,, (or YAG)

This material when doped with Nd also has a long history as a laser material, but it also has
interesting scintillation properties when doped with cerium. The light yield per unit ener-
gy is about half that of Nal(T1), but its spectrum is somewhat unusual in that it is shifted
toward longer wavelengths relative to many other scintillators. The peak in the emission



244 Chapter8 Scintillation Detector Principles

spectrum occurs at 550 nm, and it is no longer a good match to many photomultiplier tube
spectral responses. Instead, these longer wavelengths are better suited for readout usiné.
semiconductor photodiodes. The decay shows several components!?”- 128 with principal
decay times of 88 ns and 302 ns. For gamma-ray excitation, the relative intensities of these
two components are 72% and 28%, respectively. When irradiated with alpha particles, the
ratio reverses to 34% and 66%, allowing applications in which pulse shape discrimination
can be used to separate different particle types.1?’

4. Lutetium Oxyorthosilicate Lu,(SiO,)O (or LSO)

This material was first described as a scintillator in 1991.1° It has some very interesting
properties including a light yield approximately 75% of that of Nal(Tl), a fast decay time
of 47 ns,'% and an emission spectrum conveniently peaked at 420 nm. Lutetium is a rare
earth whose high atomic number of 71 makes it an attractive component in scintiliators
intended for gamma-ray spectroscopy. However, its cost and availability for fabrication
into large-volume crystals are still open to some question. The natural element contains the
isotope 17Lu which is radioactive and adds an inherent background of about 300 counts/s
per cm? of LSO. The best energy resolution reported for 662 keV gamma rays of 7.5% is
obtainable only in small crystals, and more typical energy resolutions of 10% or more are
observed in larger crystals. The scintillation response is known!3! to be rather nonlinear
(see Fig. 8.8), so some of the degradation in energy resolution may be due to this influence.
The light emission appears to consist strictly of a single 47-ns component and is free of the
slower components that sometimes plague other inorganic scintillators.!® An unusuai
degree of variability in the light output has been observed from various samples of LSO
crystals, 133 possibly caused by different levels of trace impurities that can serve as traps for
either electrons or holes before they diffuse to a certum fluorescence site.

5. Lutetium Orthoaluminate LuAlO; (or LuAP)

Motivated by the favorable properties of YAP, described above, there has been interest in
exploring its chemical analogue LuAP as a host for the cerium activator. YAP is limited some-
what in its application to gamma ray spectroscopy because of the relatively low atomic num-
ber (Z = 39) of yttrium. Substituting lutetium with Z = 71 provides a much more attractive
possibility. In fact LuAP has the highest linear attenuation coefficient for common gamma
rays of any scintillator, even exceeding that of BGO. Furthermore, most of the scintillation
light appears with a very short decay constant of 17 ns!3¢ and a relatively high light output that
may be more than 50% of that of NalI(T1). This combination of properties would make the
material unparalleled for many gamma-ray applications. Thus there has been a great deal of
interest!34-139 in developing practical scintillators from this material. Measurements show that
there is very little departure from proportionality in its light yield as a function of deposited
energy,*0 minimizing the potential loss of energy resolution due to nonproportionality dis-
cussed in Chapter 10. An excellent gamma-ray energy resolution of 4.38% at 662 keV was
obtained in the same study for a 3 mm thick crystal coupled to a photomultiplier tube. At the
present stage of development, however, useful crystals are limited to thicknesses of less than
a centimeter because of strong self-absorption!?? of the scintillation light. This limitation off-
sets some of the inherent advantages of the high atomic number and density of the material
in gamma-ray applications LuAP also shares with 1.SO the potentially troublesome natural
background caused by the radioactivity of the 7Lu component.

F. Glass Scintillators

Silicate glasses containing lithium and activated with cerium are widely used as neutron
detectors, and a collection of their physical and scintillation properties may be found in
Table 15.1. Bollinger et al.14! investigated the properties of a variety of lithium and boron
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glasses as scintillation materials. The light output observed for the lithium formulations
averaged over a factor of 10 larger than that for the boron-containing glasses. The lithium
formulations have therefore predominated. In silicate glasses, cerium is the only activator
that produces fast scintillation light useful for pulse mode operation. The emission is
peaked in the blue region of the spectrum and is associated with the Ce3* sites within the
glass. Modern scintillation glasses!#? are made from various mixtures of $iO,, LiO,, ALO,,
MgO, and Ce,0,, with BaO sometimes added to increase the glass density.

The absolute scintillation efficiency for converting fast electron energy to light has
been measured! in the range from 1 to 2%, generally varying inversely with lithium con-
centration of the glass formulation. The response to charged particles is nonlinear and
always considerably below that to electrons of the same energy. For example, the light out-
put for 1 MeV protons, deuterons, and alpha particles is lower than that for 1 MeV elec-
trons by factors of 2.1,2.8, and 9.5, respectively.!44

Despite the fact that their relative light output is quite low (typically a maximum of
3500 photons / MeV), glass scintillators are sometimes applied in beta or gamma-ray count-
ing when severe environmental conditions prevent the use of more conventional scintilla-
tors. Examples include conditions in which the scintillator must be exposed to corrosive
chemical environments or operated at high temperatures. The decay time of glass scintilla-
tors (typically 50-75 ns) is intermediate between faster organics and slower crystalline inor-
ganics. Because the material can be fabricated in much the same manner as other glasses, it
is widely available in physical forms other than the more common cylindrical shapes. For

example, glass scintillators are commercially available as small-diameter fibers whose
properties are described later in this chapter. The material is also available as a powder or
small-diameter spheres for use in flow cells in which the radioactive material is allowed to
pass through a chamber filled with the porous scintillator.

Because glasses may contain naturally radioactive thorium or potassium, precautions
must be taken if scintillators are to be applied in low-level counting systems where a min-
imum background is required. Ordinary glass scintillators will show a spontaneous back-
ground rate of about 100~200 disintegrations per minute for every 100 g of material.
Glasses are commercially available that are manufactured from low-thorium materials and
that are processed to minimize contamination by any other alpha-active materials. These
low-background glasses will have a background activity of less than 20 disintegrations per
minute per 100 g.

When used as a neutron counter, the lithium content of the glasses is normally enriched
to 95% or more in SLi. If applied as a beta or gamma counter, this enrichment is not
required and can actually be a hindrance if the detector is operated with any appreciable
neutron background. Therefore, one of the commercially available forms fabricated using
either natural lithium or lithiumn depleted in SLi is normally chosen for these applications,

Another form of glass scintillator, activated with terbium rather than cerium, has
found some use in imaging applications. The scintillation decay time is now very much
longer (3-5 ms) so that these formulations are no longer useful in pulse mode applications.
However, the total light yield is many times larger than from the cerium-activated glass,
reaching as high as 50,000 photons per MeV.!45 The light emission is in the green part of
the spectrum, peaking at about 550 nm. The specific gravity of these glasses can also be
made as high as 3.5, enhancing the interaction probability for X- or gamma rays. These ter-
bium-activated glasses offer some attraction for the imaging of X-rays, where the emitted
light is recorded using a position sensitive detector that integrates the light yield over the
exposure period.

Some ceramic formulations'# can also show good light yield, but most have decay
times of hundreds of microseconds that are too long to be of interest in pulse mode spec-
troscopy. They have found current mode application in X-ray computed tomography where
their brightness and lack of afterglow on the millisecond time scale are valuable properties.
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G. Scintillator Gases

Certain high-purity gases can serve as useful scintillation detection media. Considerable:
experience has been gained for the noble gases, with xenon and helium receiving the most
attention. The mechanism giving rise to the scintillation photons is relatively simple: The
incident radiation or charged particle leaves a population of excited gas molecules in its
wake as it passes through the scintillator. As these excited molecules return to their ground:
state, through a variety of different mechanisms, photons will be emitted. The emission
spectra correspond to the second continuum spectra observed in rare gas discharges. The
photons are emitted during the transition from the two lowest molecular excited states to
the ground state and much of the scintillation emission lies in the ultraviolet region of the
spectrum rather than in the visible.! As a result, photomultiplier tubes or photodiodes that
are sensitive in the near-ultraviolet must be employed if the scintillations are to be detect-
ed directly. Alternatively, a small concentration of a second gas such as nitrogen may be
added to shift the emission spectrum by absorbing the ultraviolet and reradiating the energy
at a longer wavelength. Because of a variety of competing parallel modes of de-excitation,
such as intermolecular collisions or internal quenching, the overall scintillation efficiency
of gases is characteristically quite low. However, the transitions take place in a very short
time, typically a few nanoseconds or less, and gas scintillators can be among the fastest of
all radiation detectors.

In addition to their fast response, gas scintillators have the relative advantage of easily
variable size, shape, and stopping power for incident radiations. They also tend to be
unusually linear over wide ranges of particle energy and dE/dx. Their major disadvantage
is the low light yield, which is, at best, over an order of magnitude below that of NaI{T1) for
equivalent particle energy loss. They have been widely applied in the spectroscopy of heavy
ioms, often with a pressurized active volume. Some scintillation properties of several noble
gases are given in Table 8.4. Extensive reviews of gas scintillators can be found in Refs. 1
and 149, and some measurements of specific properties in Refs. 150-153.

Some noble gases when condensed as a cryogenic liquid or solid have also been
observed to be quite efficient scintillators. Results have been reported!3+-159 on liquid and
solid argon, krypton, and xenon and also on liquid helium.!% The emission spectra are
peaked in the UV region around 150 nm. Experimental measurements of the absolute light
yield in both liquid argon or liquid xenon show considerable variance, but it is evident that
both liquids have relatively high scintillation efficiency. Typical results!®! show a yield of
about 40,000 photons/MeV, comparable to that of Nal(Tl) at room temperature.
Attenuation lengths for the scintillation light are observed!®2 to be between 0.5 and 1.0 m
in both liquids. There are obvious difficulties in efficiently collecting the scintillation light
while the condensed gas is maintained at cryogenic temperature, and the collection effi-
ciency can be inhibited by optical scattering from density variations in the liquid caused by
temperature gradients near the light sensor or walls of the chamber.15> Xenon in liquid or
solid form has the most appeal as a potential gamma-ray detector because of its high atom-
ic number of 54. Kubota et al.138 present measurements of the decay time characteristics of
these condensed gases, with all showing both fast and slow components with relative inten-
sities that depend on the type of exciting particle. Values for the principal decay component
range from 6 ns in condensed argon to about 30 ns in condensed xenon.

tThere is some evidence!#” that Ne, Ar, Kr, and Xe also emit a significant scintillation component in the near-
infrared region of the spectrum. By using a PM tube with extended long-wavelength response, this component in

argon can be converted into pulses that are large enough to carry out alpha particle spectroscopy with a 5.1%
energy resolution.14
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Table 8.4 Properties of Gas Scintillators at Atmospheric Pressure

Number of Photons

Mean Wavelength with A > 200 nm per
Gas of Emission 4.7 MeV Alpha Particle
Xenon 325nm 3,700
Krypton 318 nom 2,100
Argon 250 nm 1,100
Helium 390 nm 1,100
Nitrogen 390 nm 800
(for comparison)
Nal(T1) 415 nm 41,000

Source: J. B. Birks, The Theory and Practice of Scintillation Counting. Copyright 1964 by Pergamon Press, Ltd.
Used with permission.

H. Radiation Damage Effects in Inorganic Scintillators

All scintillation aterials are subject to radiation damage effects when exposed over pro-
longed periods to high fluxes of radiation. The damage is most likely evidenced as a reduc-
tion in the transparency of the scintillator caused by the creation of color centers that
absorb the scintillation light. In addition, there may also be interference with the processes
that give rise to the emission of the scintillation light itself. Radiation exposures can also
induce long-lived light emission in the form of phosphorescence that can be troublesome
in some measurements. The damage effects are often observed to be rate dependent and
will vary greatly with the type of radiation involved in the exposure. The effects are often
at least partially reversible, with annealing taking place even at room temperature over
hours or days following the exposure.

A comprehensive review has been published!* of the effects of radiation damage in a
number of common inorganic scintillators. It was found that the creation of color centers
dominates over the damage to the scintillation mechanism in all of the scintillators studied
(Nal(Tl), CsI(T1), Csl, BaF,, BGO, and PbWO,). The damage in the alkali halides was
observed to be closely coupled with the presence of oxygen contamination leading to the
formation of hydroxyl species. On the other hand, in the oxide scintillators, the damage was
found to be related to structural defects, such as oxygen vacancies in the crystalline lattice.

Because of the many variables such as dose rate, types of particle, energy of particle, and
the presence or absence of oxygen or other impurities, it is difficult to quantify the exact
radiation dose expected to produce measurable damage in specific circumstances. However,
some rough numbers and relative sensitivities have been quoted.165 Of the scintillation
materials discussed in this chapter, the most sensitive appear to be the thallium-activated
alkali halides for which exposures of 10 Gy can be significant. At the other extreme, evi-
dence exists that GSO begins to show effects only at doses as high as 10° Gy. Between these
extremes, roughly in order of increasing radiation resistance, are CsF, BGO, YAP, CeF,, and
BaF,. Radiation damage in plastic scintillators was discussed earlier in this chapter.

I LIGHT COLLECTION AND SCINTILLATOR MOUNTING

A. Uniformity of Light Collection

In any scintillation detector, one would like to collect the largest possible fraction of the
light emitted isotropically from the track of the ionizing particle. Two effects arise in prac-
tical cases that lead to less than perfect light collection: optical self-absorption within the,
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scintillator and losses at the scintillator surfaces. With the exception of very large scintilla;
tors (many centimeters in dimension) or rarely used scintillation materials (e.g., ZnS), self-
absorption is usually not a significant loss mechanism. Therefore, the uniformity of light
collection normally depends primarily on the conditions that exist at the interface between:
the scintillator and the container in which it is mounted.

The light collection conditions affect the energy resolution of a scintillator in two dis=
tinct ways. First, the statistical broadening of the response function discussed in Chapter 10
will worsen as the number of scintillation photons that contribute to the measured pulse is.
reduced. The best resolution can therefore be achieved only by collecting the maximum pos-
sible fraction of all photons emitted in the scintillation event. Second, the uniformity of the
light collection will determine the variation in signal pulse amplitude as the position of the
radiation interaction is varied throughout the scintillator. Perfect uniformity would ensure
that all events depositing the same energy, regardless of where they occur in the scintillator,
would give rise to the same mean pulse amplitude. With ordinary scintillators of a few cen-
timeters in dimension, uniformity of light collection is seldom a significant contributor to the
overall energy resolution. In larger scintillators, particularly those that are viewed along a
thin edge, variations in light collection efficiency can often dominate the energy resolution.

Because the scintillation light is emitted in all directions, onty a limited fraction can
travel directly to the surface at which the photomultiplier tube or other sensor is located.
The remainder, if it is to be collected, must be reflected one or more times at the scintilla-
tor surfaces. Two situations may prevail when the light photon reaches the surface, as illus-
trated in Fig. 8.14. If the angle of incidence 8 is greater than the critical angle 6, total inter-
nal reflection will occur. If 8 is less than 6, partial reflection (called Fresnel reflection) and
partial transmission through the surface will occur. The fraction of reflected light drops to
only a few percent when the angle of incidence is near zero. The critical angle 6, is deter-
mined by the indices of refraction for the scintillation medium n, and the surrounding
medium (often air) ny:

n

8. =sin™!
c no

(8.12)
To recapture the light that does escape from the surface, the scintillator is normally sur-
rounded by a reflector at all surfaces except that at which the photomultiplier tube is
mounted. Reflectors can be either specular or diffuse. A polished metallic surface will act
as a specular reflector for which the angle of reflection equals the angle of incidence. Better
results are usually obtained, however, with a diffuse reflector such as magnesium oxide or
aluminum oxide. Here the angle of reflection is approximately independent of the angle of
inctdence and follows. a distribution given by Lambert’s law:

dIy) _
dl,

where i is the reflection angle with respect to the direction perpendicular to the surface.
Commercially prepared sodium iodide crystals are normally reflected with dry MgO

cos (8.13)
Surrounding medium (refractive index = n,)

/
AL T

Scintillator (refractive Index = n,)

Figure 8,14 Conditions at the interface of dissimilar optical media (ny > ny).
Ray @ may escape, but ray @ will be internally reflected at the surface.
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powder packed around surfaces of the crystal which have been slightly roughened with an
abrasive. Plastic scintillators are usually left with a polished surface, especially when the
light must be collected over large dimensions involving multiple reflections. White reflect-
ing paint is easy to apply to scintillators but is an inferior reflector to dry powder. In cus-
tom-made scintillators, better results are usually obtained by spraying the surface with a
slurry of magnesium oxide in water and allowing the layer to dry. In other circumstances,
wrapping with white teflon tape and/or millipore filter paper!® can also be effective.

Although total internal reflection is desirable at reflecting surfaces, it must be mini-
mized at the surface from which the scintillator is viewed to prevent internal trapping of
the light. Ideally, one would like to optically couple the scintillator to the photocathode of
the PM tube through a transparent medium of the same index of refraction as the scintil-
lator, Then Eq. (8.12) would predict no internal reflection and all light incident on the sur-
face would be conducted into the glass end window of the PM tube on which the photo-
cathode is deposited. The refractive indices of plastic, liquid, and glass scintillators are fairly
close to that of the glass end window (about 1.5). In those cases, near-perfect coupling will
be achieved if the interface between the scintillator and PM tube is filled with an optical
coupling fluid of the same refractive index. Some internal reflection will inevitably occur
for scintillators with a higher index (such as Nal or BGO), and a light photon will be
reflected back into the scintillator if its angle of incidence is too large. The usefulness of
scintillators with a very high refractive index is seriously hampered because of excessive
internal trapping of the scintiliation light. High-viscosity silicone oil is commonly used as
the coupling agent between the scintillator and PM tube. Design of the scintillation detec-
tor must provide a means to prevent the long-term flow of the fluid away from the inter-
face. If the detector will be subjected to severe temperature cycling or vibration, it is some-
times preferable to couple the scintillator with a transparent epoxy cement.

A simple test can be made of light-collecting uniformity by allowing a narrowly colli-
mated gamma-ray beam to strike selected portions of a scintillation crystal. With a uniform
surface treatment it is often found that those areas closest to the photocathode give rise to
a larger pulse height because of more favorable light collection. In order to compensate for
this natural tendency, the surface is often preferentially treated to enhance light collection
from the points in the crystal farthest from the photocathode.

It is also possible to model the optical behavior and light collection efficiency in scin-
tillators using Monte Carlo calculations.}67-170 These codes are based on computer model-
ing of the geometry and optical characteristics of the scintillator under study. Simulations
are based on the generation of individual scintillation photons within the scintillator and
tracking their fate as they propagate through the scintillator and interact with surfaces.
Assumptions must be made about the optical absorption and scattering properties of the
scintillator, the reflection and/or absorption characteristics of the surfaces, and the indices
of refraction of all optical media through which the scintillation photons pass. These codes
prove to be quite accurate in the prediction not only of the total fraction of light collected
but also in studying the uniformity and time characteristics of the collected light.

Good light collection in the scintillator also requires that either a single crystal or sin-

gle piece of plastic be used for the scintillating medium, or that special precautionary tech-
niques be used in the event that separate pieces are cemented together, If separate pieces

_are-used,-the additional surfaces-will often-introduce-added reflection-and-can seriously —————
affect the overall uniformity of light collection. For materials that are difficult 1o grow in
large single crystals, an alternative approach is to suspend granules of the material in a
transparent matrix. Examples include the mixture of zinc sulfide powder in clear epoxy!”!
or the suspension of barium fluoride powder in liquids.'7 In the ideal case, the indices of
refraction of the two materials would be perfectly matched so that the mixture would
remain optically clear to allow the propagation of the scintillation light over large dis-
tances. As a practical matter, it is very difficult to obtain a perfect match and the mixtures
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B. Light Pipes

are normally limited to relatively thin layers. The index of refraction for any material is a
function of the wavelength of the light, and even if a good match is made at a specific wave-
length, it is unlikely that it will remain perfect over the entire emission spectrum of the
scintillation material. Care must also be taken to avoid the inclusion of microscopic air
bubbles that represent large local changes in refractive index.

Any scintillation counter must be shielded from ambient room light. For temporary:
arrangements not involving hygroscopic crystals, a simple wrapping of the reflected scintil-
lator and photomultiplier tube with black paper, followed by a layer of the ubiquitous
black tape, will often suffice. Commercial sodium iodide scintillation crystals are usually
canned in a metallic container and must be hermetically sealed. The surface through which
the Iight is to be collected is provided with a glass or quartz window. The opposite surface
is covered with an opaque but thin metallic sheet to provide an entrance window for soft
radiations. In cases in which the scintillation counter must be used in low background
counting, special care must be given to the proper choice of materials used in contact with
the crystal. Some types of glass, for example, are very high in potassium and as a result will
generate a large background contribution from the natural 4°K activity.

Light collection in large scintillators can often be enhanced by the use of more than
one photomultiplier tube. Although this is not usually an attractive option for routine use
because of the added complexity, the gains that can be achieved are, in some cases, sub-
stantial. The average number of reflections required for a typical event to reach a photo-
multiplier tube will obviously be less if more than one escape surface is provided. The
fewer the reflections, the greater the light collection efficiency, and consequently the
greater uniformity of pulse height response. Because of the importance of self-absorption
in large scintillators, there often is no substitute for multiple PM tubes in these cases.

More complete discussions of scintillator mounting and reflection are given by Birks!"
and Bell.13 A useful review of light collection methods and surface properties has also
been published by Keil. 174

It is often unadvisable or even impossible to couple a photomultiplier tube directly to one
face of a scintillator. For example, the size or shape of the scintillator may not conveniently
match the circular photocathode area of commercially available PM tubes. One solution is
to place the unreflected scintillator near the center of a large box, whose interior surfaces
are coated with a diffuse reflector. One or more PM tubes can then view the interior of the
box to record some fraction of the light that eventually escapes from the scintillator. If the
fraction of the box surface replaced by PM tubes is small and the reflectivity of the coat-
ing is high,!7 the light is thoroughly randomized before being detected. Very uniform light
collection can therefore be achieved even for scintillators with complex or unusual shape.
Because of inevitable light losses, however, the total fraction of light collected is typically
small. Better light collection efficiency usually can be achieved by using a transparent solid,
known as a light pipe, to physically couple the scintillator to the PM tube and to act as a
guide for the scintillation light.

Light pipes also serve a useful purpose in other situations. If scintillation measure-
ments are to be made in a strong magnetic field, the PM tube must be shielded from the
field and this often implies its removal to a location some distance away from the scintilla-
tor. Very thin scintillators should not be mounted directly on the PM tube end window to
avoid the pulse height variations that can arise due to photocathode nonuniformities. A
light pipe between the thin sciatillator and the PM tube will spread the light from each
scintillation event over the entire photocathode to average out these nonuniformities and
improve the pulse height resolution.

Light pipes operate on the principle of total internal reflection outlined in the previ-
ous section. They are generally optically transparent solids with a relatively high index of
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Figure 8.15 Variation of pulse height with length of light guide for various reflective wrap-
pings. (a) Total internal reflection only, (b) total internal reflection with reflective cover-
ing, (c) surface of light guide painted with NE 560 reflector paint, (d) specular reflector
without light guide, (e) diffuse reflector without light guide, (From Kilvington et al.16)

refraction to minimize the critical angle for total internal reflection. Surfaces are highly
polished and are often surrounded by a reflective wrapping to direct back some of the light
that escapes at angles less than the critical angle. Lucite, with an index of refraction of
1.49-1.51, is the most widely used material and can easily be formed into complex shapes.
A study of the effects of various surface and outer reflector arrangements with Lucite light
pipes has been reported by Kilvington et al.,'?6 and the data are summarized in Fig. 8.15.

For an isotropic light source located near the axis of a transparent cylindrical rod, the
following approach can be used to estimate the fraction of light that will be conducted in
one direction along the length of the rod by successive internal reflections. Each reflected
ray will also pass near the cylinder axis, and these are called meridional rays in the discus-
sion of scintillation fibers later in this chapter. In the sketch below, only the light emitted
within the cone angle ¢, will be incident on the rod surface at the critical angle 8, or greater
and therefore undergoes total internal reflection. Because the angle of reflection equals
the angle of incidence, subsequent arrivals of the reflected light at the rod surface will also
be above the critical angle, and this light is therefore “piped” along the rod length as in an
optical fiber. The fractional solid angle subtended by this angle &, is calculated as

Q 1 b= ¢, 1 ftbc
F=r=— ai = — 27 sin ¢ do
4 4n Je=0 4n Jo
= %(1 —cos §,) = %(1 ~sin 6,)

=1(1 — n,/ny) (8.14)
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In a cylindrical rod of refractive index ny = 1.5 surrounded by air (r, = 1), Eq. (8.14) pre-
dicts that 16.7% of the isotropically generated light is piped in one direction. Another
16.7% is piped in the opposite direction and may be reflected back depending on the sur-
face conditions at the end of the cylinder.

In slab geometry, the light that reaches a surface with incident angle 6 greater than the
critical angle 8, will be trapped and conducted to the slab edges by total internal reflection.
For rays with 8 < 8, there is some possibility that Fresnel reflection will prevent escape at
the first surface. However, then the ray is reflected back into the slab at an angle equal to
its angle of incidence, and it arrives at the opposite surface again with 8 < 8. Even if sev-
eral Fresnel reflections happen to occur, eventually the ray will escape. Thus all rays that
escape the slab are confined to a double ended cone with apex at the point of origin of the
light, axis perpendicular to the slab surfaces, and a vertex angle of 8. The total escaping
fraction of light is thus given by

o 1 [%=% 1 (%

E=2—=— dQl=— 2n sin 6 46
4 2m Jo=o 2n Jo

n; \2
=1-cosb,=1—- [1-{—
ng

The fraction of light trapped in the slab is therefore

/ /nl\z

F=1-F \/1 \"o (8.15)
For a slab with refractive index of 1.5 surrounded by air, this result predicts that 75% of the
light is piped to the edges.

To maximize the fraction of light that is piped in either geometry, one wants the refrac-
tive index of the light pipe ng to be as large as possible. In reality, however, the light is gen-
erated inside the scintillator, not the light pipe, and it is usually the scintillator refractive
index that determines the fraction of light collected. This is particularly true when the scin-
tillator is long in the direction perpendicular to the viewing surface, and a typical scintilla-
tion photon is multiply reflected before collection. The scintillator then acts as its own light
pipe between the point of scintillation and the exit surface.

For the simple case of a cylindrical scintiliation crystal and tube of equal diameter, the
light pipe can be a simple cylinder of the same diameter. More often, however, the light
pipe cross section shape must vary along its length in order to serve as a smooth transition
between the scintillator exit surface and the PM tube end window. No matter how complex
the shape of a conventional light pipe may be, the flux of light photons per unit area per
unit solid angle can never be greater at any point inside the pipe than at its input. Any light
pipe whose cross-sectional area decreases from scintillator to PM tube will therefore result
in some light loss. If the cross-sectional area is maintained constant and sharp bends are
avoided, however, the pipe can theoretically transmit all the light that enters within the
acceptance angle at the input end. Light pipes with this property are called adiabatic!’” and
obviously require the use of a PM tube with a photocathode area at least as large as the
scintillator exit surface.

In cases in which the edge of a thin but large-area scintillator is to be viewed, a unique
arrangement known as the strip light guide has found widespread application. As shown in
Fig. 8.16, the coupling is accomplished through a number of twisted strips that are aligned
at the scintillator edge but converge to a more compact pattern at the photomultiplier end.
The unit can easily be made from flat plastic strips, which are then bent following heating
and formed to the required shape. Practical guides for these procedures are given by
Dougan et al.}’8 and Piroue.l”®
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Figure 8.16 A strip light guide can be used to couple
the edge of a large, flat scintillator to a PM tube.

C. Fiber Scintillators
1. GENERAL PROPERTIES

Some scintillation materials can also be fabricated as small diameter fibers in which a frac-
tion of the scintillation light is conducted over substantial distance by total internal reflec-
tion. General reviews of scintillating fibers of this type are given in Refs 180-182. As shown
in Fig. 8.17, a common configuration consists of a core, in which the scintillation light is
generated through interaction of the incident radiation, surrounded by a thin layer of
cladding material. Both the core and the cladding are transparent materials, and the index
of refraction of the core is higher than that of the cladding. Light rays that arrive at the
core~cladding interface with an angle of incidence that is greater than the critical angle for
total internal reflection are “piped” down the length of the fiber. In some cases, a light
absorbing “extramural absorber” may be applied to the outer surface of the cladding to
provide optical isolation.

For a typical core material with index of refraction of 1.58 surrounded by air, the index
change would be large enough to pipe over a third of the light toward one end or the other.
However, when a cladding material is added to protect the core surface from abrasion or
accumulation of foreign material that would inhibit the light piping effect, then the index
of refraction change is less pronounced and only 5 to 10% of the light is trapped. Some of

Radiation

Cladding —_

Scintillator \\\X

¥

Figure 8.17 Cross section of a typical fiber scintillator. Some fraction of the emitted
light is trapped by total internal reflection at the core-cladding interface.
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the light escaping into the cladding can be trapped at the cladding~air interface, but this
component generally represents a minor contribution because of the inferior optical
quality of the outer surface due to inevitable scratching or contamination picked up dur-
_ ing handling. Multiclad fibers consist of a core and two layers of cladding, with refractive
indices that are sequentially lower for the inner and outer cladding materials. They provide
two protected reflection surfaces, and tend to trap about 40% more light than comparable
single-clad fibers.!83 Photomultiplier tubes can be used at both ends of the fiber to produce
nearly coincident pulses from an interaction of a particle or photon. Alternatively, the light
can be measured only at one end of the fiber while the opposite end is mirrored to reflect
back as much as possible of the light that initially was trapped in the opposite direction.

2. PLASTIC AND LIQUID CORE FIBERS

Plastic scintillators are readily fabricated (e.g., Ref. 184) into fibers with round, square, or other
cross-sectional shapes. The most common formulations are based on a core of polystyrene
(refractive index n = 1.58) with a few percent of organic fluor. Common cladding materials
are polymethylmethyacrylate (n = 1.49) or fluorinated polymethacrylate (n = 1.42).

The typical diameters of common plastic fibers range from a few tenths of a millime-
ter to several millimeters. For plastic fibers that are smaller in diameter, there is a decrease
in the observed light yield due to inhibition of the energy transfer that must occur from the
plastic matrix to the organic fluor molecules that are the actual source of the scintillation
light. Typical of other plastic scintillators, the emission spectrum is generally peaked in the
blue region, with decay times of 2 to 4 ns.

Many plastic fibers are fabricated from this type of two-component solution in which
the organic fluor is distributed in a solid matrix. In order to achieve maximum light yield
in small dimensions, a relatively high fluor concentration of several percent is normally
used. Other plastic fibers consist of three-component systems in which a wavelength shifter
is provided as an additional constituent. The wavelength shifter, typically another organic
molecule, has the function of absorbing the primary scintillation fluorescence and re-emitting
- it at a longer wavelength. This spectral shift can reduce the amount of self-absorption that

occurs as the light propagates along the length of the fiber.

A glass capillary tube filled with liquid organic scintillator can also function in much
the same way as a fiber scintillator if there is a significant reduction in index of refraction
from the liquid to the glass.185-187 This approach exploits the good light yield'®8 and fast
decay time of liquid scintillators (similar to that of plastic scintillators), while also offering
less susceptibility to radiation damage effects compared with plastics.18? The excellent opti-
cal quality of the liquid—glass interface can result in a light loss that is as low as 1076 per
reflection,! and capillaries with inner diameter as small as 20 p.m can have attenuation
length (defined below) of up to 3 meters.191

Scintillating fibers are sometimes grouped together to form ribbons or bundles to suit
various applications. Figure 8.18 shows a ribbon array in which two staggered layers of
fibers are arranged so that an incident charged particle will nearly always pass through a
substantial chord length in one of the fibers. Glass capillaries can also be easily fused
together into bundles as illustrated in Fig. 8.19.

Figure 8.18 A double-layer ribbon made up of fiber
scintillators. (From Baumbaugh et al19%)
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Figure 8,19 Glass capillaries fused into bundles (or “multies™) and operated
filled with liquid scintillator. (From Ferroni and Martellotti.!%3)

3. GLASS FIBERS

The glass materials commonly used as scintillators can be easily drawn into small diameter
fibers. A typical cerium activated glass scintillator will have an index of refraction of about
1.59. A cladding glass is then chosen with a lower index of refraction, normally around 1.51.
If an extramural absorber is required by the application, it can be a coating of black glass
or polymer material.

Glasses can be drawn down to fiber diameters as small as 10 pm without appreciable
loss in the scintillation efficiency. The energy transfer required from the glass matrix to the
activator sites occurs over much smaller distances than in plastics, so that the drop in scin-
tillation efficiency for small diameter plastic fibers is not observed in glass. Compared with
plastics, the absolute scintillation efficiency is lower in glasses, so the light yield is less, and
the decay time of 50-80 ns is substantially longer. Glass fibers incorporating 6Li as a con-
stituent have proved to be useful in some specialized neutron detection applications.

Glass fibers can also be fused into bundles or large-diameter plates that have very dif-
ferent optical properties than bulk scintillators of the same outer dimension. Because the
scintillation light is confined to the individual fiber in which it originated, the loss of spa-
tial resolution caused by the spread of the light in a bulk scintillator is avoided. This prop-
erty has been exploited in glass fiber plates for X-ray imaging,'%4-19 particle tracking,!%?
and neutron'?® imaging.

4. LIGHT CAPTURE FRACTION

For the most common type of fiber with a round cross section, the sketch in Fig. 8.20 shows
two extremes of the geometric conditions that can hold for the emitted light. At one
extreme, if the light is emitted at the exact axis of the fiber, the light consists of “meridional
rays” that always pass through the fiber center axis even after many reflections. From

FIBER END VIEW:

“meridional rays”: pass near // P\ n,
fiber center axis {
\

“skew rays”: originate near
outer rim of core. Higher F, but
long spiral paths lead to strong
attenuation

Figure 8.20 Sketch showing the distinction between “meridional rays” that originate near the axis
of the fiber, and “skew rays” that represent a much longer transmission path through the fiber.
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simple laws of optics [see Eq. (8.14)] one can then write an exact expression for the
fraction of these rays that are captured in one direction by total internal reflection as

n
F= %(1 - —‘)
Ry

where n; and n; are the refractive indices of the cladding and core, respectively. For
isotropic light emission, equal amounts are captured in both directions, so the total light
capture fraction is double that given by the above expression. At the other extreme, light
emitted near the outer diameter of the core will often travel a spiral path as it is propagat-
ed along the length of the fiber. These “skew rays” theoretically have a higher capture frac-
tion, but in practice must undergo many more reflections at the core—ladding interface
that tends to highly attenuate their propagation. The net result is that the actual capture
fraction for uniformly distributed points of origin within a circular cross-section fiber is
higher by perhaps 10 to 30% than that given by the expression above for meridional rays.

The limited trapping angle within the fiber also influences the timing properties of the
signal derived from the light detected at the fiber end. In general, the spread in path lengths
will be smaller than that observed for a bulk scintillator of the same length, by as much as
a factor of 1.8 over a 2 m distance.!9 Because the variation of optical path lengths can be
the limiting factor in the timing resolution of large scintillators, fibers can show superior
timing properties under some conditions.

5. LIGHT YIELD AND PROFPAGATION

The factors affecting scintillation light yield from plastic, liquid, and glass scintillators are
discussed elsewhere in this chapter. Table 8.5 lists some typical values for the type of scin-
tillation materials commonly used for fiber fabrication. These quoted yields are for low
dE/dx particles such as fast electrons and will be lower for heavily ionizing particles such
as recoil nuclei. As in normal scintillators, this light is emitted in all directions and only the
fraction discussed earlier will be captured through total internal reflection.

The intensity of the scintillation light propagated along the length of the fiber is atten-
uated due to several effects:

1. Any imperfections at the core—cladding interface may disturb the total internal
reflection.

2. Some of the scintillation light may be reabsorbed in the fiber due to overlap of the
emission and absorption bands of the fluorescent species.

3. Rayleigh scattering from small density fluctuations in the core can deflect an opti-
cal ray so that it is no longer totally internally refiected.

The cumulative effect of these attenuation processes is often expressed as a quoted
attenuation length for the fiber. If the attenuation probability per path length is constant,

Table 8.5 Typical Light Yield for Fiber Scintillators (for low dE/dx
particles, in all directions, will be reduced by light capture fraction)

Core material photons/keV Apeax (nm)
Glass scintillator 35 400
Plastic scintillator 8-10 420
Liquid scintillator 11-13 420

For comparison:

Nal(T1) 38 415
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Figure 8.21 The spectrum of scintillation light after transmission through
various lengths of fiber scintillator, showing the preferential absorption of
the shorter wavelengths. (From Davis et al.200)

one would expect the intensity of light I at a distance x from the original scintillation site
to fall off exponentially as

_1_ = e-x/L

I
where I is the intensity close to the site and L is the attenuation length. Typical values of
L for fibers range from a few tens of centimeters to several meters.

The behavior actually observed in fibers often departs from this simple exponential
behavior. One of the important causes of this deviation is the fact that the short wave-
lengths in the emission spectrum tend to be more readily reabsorbed than the long wave-
lengths. This effect is illustrated in Fig. 8.21 where the measured optical spectrum of the
transmitted light is shown as a function of distance along the fiber. The average of the spec-
trum at large distances is shifted substantially toward the longer wavelengths due to the
preferential absorption that occurs for the short wavelength components. The measured
intensity of the light therefore is more likely to behave as shown in Fig. 8.22. Over short
distances, the stronger absorption of the short wavelengths results in a smaller attenuation
length, whereas the light that persists over longer distances is attenuated less and is char-
acterized by a larger attenuation length.

Because of the limited energy loss of charged particles in small diameter fibers and the
relatively low scintillation efficiency of organic and glass scintillators, the scintillation Light
generated under typical conditions in fibers is rather small. Furthermore, only a small frac-
tion of this light is captured and piped successfully to the end of the fiber. Therefore, typi-
cal conditions may involve scintillation pulses consisting of no more than tens of photons
or less. Thus, the pulses are often near the noise level of the measurement system and show
relatively large event-to-event fluctuations because of the fundamental statistical fluctua-
tions in the number of detected photons. Therefore, many applications involve using these
pulses as simple indicators of the passage of a charged particle rather than in an attempt to

l"',I‘ small distance
[

N large distance
x

Figure 8.22 The total light transmitted by a fiber as a function of its length. The attenuation
length is related to the slope of this plot, and the preferential absorption of the short wave-
lengths leads to smaller attenuation length for short fibers compared with longer ones.
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accurately measure the deposited energy. Light sensors with the lowest possible noise levef
are important to be able to clearly distinguish the signal pulses under these demanding cirs
cumstances. Examples of successful fiber readout sensors include photomultiplier tubeg;
(often the position-sensitive type?®!), avalanche photodiodes (see Chapter 9), and image
intensifier tubes viewed by CCDs (see Chapter 11).

6. RADIATION DAMAGE

Fiber scintillators are subject to damage by high doses of radiation because of several
effects. The material damage caused by radiation can lower the scintillation light yield and’
also affect the light absorption along the length of the fiber. Radiation-induced absorption
centers tend to attemuate the blue end of the spectrum most severely. It has been
observed?02203 that exposures to gamma rays of about 103~10* Gy or fast neutron fluences
of 1012 n/cm? can result in a significant lowering of the attenuation length of plastic fibers.
There is some indication that liquid core glass capillaries may tolerate an order of magni-
tude or higher dose before the same effects are observed.204

As with the damage in conventional plastic scintillators discussed earlier, the magni-

tude of the effects wm plasiic fibers 1s sirongly influenced by the nature of the radiation, the
irradiation rate,2%2 and the presence or absence of oxXygen during the exposure.2% A par-
tial recovery of the scintillation yield following the exposure is usally observed that results

from a slow annealing of the damage over times that may be 2 month or more at room
temperature.

D. Wavelength Shifters

Light collection from large scintillators or complex geometries can sometimes be aided
through the use of optical elements that employ wavelength shifting techniques. Many
liquid or plastic scintillators routinely incorporate an organic additive whose function is to
absorb the primary scintillation light and reradiate the energy at a longer wavelength. In
that case, the objective is to better match the emission spectrum to the response peak of a
photomultiplier tube. The same process can be used to help light collection by exploiting
the fact that the reradiated light is emitted isotropically so that its direction bears no rela-
tion to the direction of the absorbed light. This feature allows the light to “turn corners”
that would otherwise be impossible.

To illustrate, suppose that the primary scintillation light is generated within a large slab
scintillator shown in Fig. 8.23. Rather than collect light from the edges of the slab, there are
circumstances in which it may be preferable instead to couple the light to one or more
cylindrical rods or optical fibers that run perpendicular to the slab surface. (Such could be
the case, for example, if a large number of slabs were involved, and a few PM tubes were

Small A Gap

Figure 8.23 Sections of two slab scintillators are shown coupled to a common light pipe
loaded with wavelength shifter. Light passing across the air gap and entering the pipe can
be absorbed, reradiated, and guided to the ends of the rod. (From Eckardt et al.206)
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used at the ends of the rods to record light from all the slabs.) The rods would then be made
of optically transparent material to act as light pipes. If the scintillator and rods have sim-
ilar indices of refraction, it is very difficult to couple light efficiently from the slab to a per-
pendicular rod in optical contact. Light that is conducted by total internal reflection along
the slab arrives at the rod at angles that are not favorable for subsequent internal reflec-
tion within the rod. Also, if other slabs are in optical contact with the rod, the light piping
properties of the rod are no longer preserved.

A solution to both difficulties follows if the rod is doped with a wavelength shifter?0-210
and passed through the slab in an air-filled hole of slightly larger diameter (see Fig. 8.23).
Now the index change is preserved over the entire surface of the rod, and it will therefore
act as a near-ideal light pipe. Some fraction of the light from the slab that arrives at a hole
may pass across the air gap and enter the rod. The doping level of the wavelength shifter is
adjusted so that there is a good probability of absorption of the primary light within the rod.
The reradiated light is now isotropic, and one-third or more will typically be piped along the
length of the rod. The shifted wavelength is now away from the strong absorption bands of
the dopant, so that further loss along the rod length can largely be avoided.

Since there are several inefficient steps in this example, the overall light collection effi-
ciency of such a scheme cannot compare with that obtainable with a more direct coupling
of the photomultiplier tube to the scintillator. In some applications, however, the scintilla-
tion light yield per event may be large enough to allow one to tolerate considerable loss in
the collection process. In such cases, the added flexibility afforded by wavelength shifting
techniques has led to successful applications in complex detector geometries?!! or in the
compact readout of large-area scintillators.212

The same light collection principle can be applied using plastic fibers whose core con-
tains a wavelength-shifting fluor. These can be single- or double-clad fibers that are very
similar in structure to the scintillating fibers discussed earlier. For best light propagation
along the fiber, one wants a large shift between the optical absorption and emission bands
for the fluor so that minimal self-absorption takes place. The most common circumstance
is for the fluor to absorb strongly in the blue portion of the spectrum (where most scintil-
lation materials have prominent emission) and to re-emit green or yellow light. Under
good conditions, the shifted light can be conducted over a meter or more of the fiber with-
out excessive loss. For circumstances in which the light must be transmitted larger distances
from the detector to the light sensor, a clear fiber with better light conduction can be
matched to the primary fiber.2!? In some designs2421> the wavelength-shifting fibers are
positioned in grooves machined into the surface of the primary scintillation detector.
Wavelength-shifting fibers can also be useful to collect the light emitted in other types of
deteciors, for example, for high-pressure gas proportional scintillation chambers?16217
where direct viewing with a light sensor may not be convenient.

One of the important properties is the quantum efficiency of the wavelength shifter, or
the probability that a wavelength-shifted photon will be emitted per absorbed photon. This
efficiency can be as high as 90% for some organic fluors, but it is more typically?18-220 i
the range of 70-80%. High quantum efficiencies are obviously needed to preserve the sta-
tistical information carried by the number of original photons.

Another important property is the decay time of the wavelength-shifting molecules.
The absorption and re-radiation of the primary scintillation light can substantially slow the

light emission if the lifetime of the wavelength shifting excited states is comparable with or
longer than that of the primary fluor. For example, in the wavelength shifter known as K27
(a green-emitting fluor), the decay time is 12 ns. Because this time is much longer than the
2-4 ns decay time of typical organic fluors, the time characteristics of the collected light are
now dominated by the wavelength shifter rather than the primary scintillator. For critical
timing situations, faster wavelength shifters can be chosen.
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PROBLEMS

8.1 Calculate the scintillation efficiency of anthracene if
1 MeV of particle energy loss creates 20,300 photons with
average wavelength of 447 nm.
8.2 Assuming a decay constant of 230 ns, how much time is
required for a Nal(T}) scintillation event to emit 99% of the
total light yield?
8.3 Assuming that the scintillation light pulse in each case is
a pure exponential, find the ratio of the maximum brightness
(rate of photon emission) of pulses generated by equal elec-
tron energy deposition in NaI(T1) and anthracene.
8.4 Make a selection between a typical inorganic scintitlator
(say, NaI(T1)] and a typical organic (say, a plastic scintillator)
on the basis of the following properties:

(a) Speed of response.

(b) Light output.

(c) Linearity of light with deposited energy.

(d) Detection efficiency for high-energy gamma rays.

{e) Cost.
8.5 Explain the function of the activator added in trace

quantities to many inorganic scintillators. Why are they not
needed in organic scintiliators?

- dissolved in a solvent, while inorganics no longer function as

scintillators if dissolved.

8.8 Scintillation light is emitted isotropically within a stab of *
plastic scintillator (see Table 8.1). If the other dimensions of
the slab are assumed to be infinite, calculate the fraction of
the light that escapes from either slab surface.

8.9 The dark-adapted human eye may be able to detect as
few as 10 visible photons as a single flash. Will an observer
with pupil diameter of 3 mm be able to see individual scin-
tiflation events caused by a 1 MeV beta particle in Nal(Tt)
while viewing the surface of the scintillator at a distance of
10 cm?

8.10 (a) A 1 MeV fast electron passes across the 0.3 mm
diameter of a plastic fiber scintillator. From the data
given in Chapter 2, estimate the deposited energy.

(b) Assuming a reasonable scintillation efficiency, cal-
culate the corresponding number of scintillation pho-
tons created along the track.

(¢) The refractive index for the core and the cladding

are 1.58 and 1.49, respectively, and the fiber has an
attenuation length of 2 m. Estimate the number of scin-

tillation photons arriving at one end of the fiber thatis

8.6 Which scintillation material is most efficient at convert-
ing the energy of a 2 MeV electron into light?

8.7 Explain the following statement: Organic crystalline

1 m from the point of interaction.
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buuuuaiun LTCIHALIY BUUU cucxgy-tu—ug'ul CONVEIICIS WIICH

REFERENCES

L X B. Birks, The Theory and Practice of Scintillation Counting,
Pergamon Press, Oxford, 1964.

2. Selected Papers on Phosphors, LEDs, and Scintillators, M. J.
Weber, ed., SPIE Optical Engineering Press, Bellingham,
‘Washington, 1998.

3. ). B. Birks and R. W. Pringle, Proc. R. Soc. Edinburgh Sect. A 70,
233 (1972). .

16. C. Manduchi, M. T. Russo-Manduchi, and G. F. Segato, Nucl.
Instrum. Meth, A243, 453 (1986).

17. E. Norbeck, T. P. Dubbs, and L. G. Sobotka, Nucl. Instrum.
Meth. A262, 546 (1987).

18. L.W. Weathers and M. B. Tsang, Nucl. Instrum. Meth. A381,567
(1996).

19. F. D. Brooks, W. A. Cilliers, and M. S. Allie, Nucl. Instrum. Meth.

4. D. B. Oliver and G. F Knoll, IEEE Trans. Nucl. Sci. NS-15(3),
122 (1968).

5. C. Zom et al., IEEE Trans. Nucl Sci. 37(2), 487 (1990).

6. J. K. Walker, Nucl. Instrum. Meth. 68,131 (1969).

A240, 338 (1985).

20. T. Batsch and M. Moszynski, Nucl. Instrum. Meth. 125, 231
(1975).

21. I.W. Kohl, Nucl. Instrum. Meth. 125, 413 (1975).

7. A. D Bross and A. Pla-Dalmau, JEEE Trans. Nucl Sci. 39(5), —22. K. Ettlin

1199 (1992).
8. E. Biagtan, E. Goldberg, J. Harmon, and R. Stephens, Nucl
Instrum. Meth. B93,296 (1994).
9. V.G. Vasil'chanko et al., Nucl. Instrum. Meth. A369, 55 (1996).
10. E. Biagtan et al., Nucl Instrum. Meth. B108, 125 (1996).
1L V.G. Senchishin et al., Nucl. Instrum. Meth. A364,253 (1995).
12, G. Bendiscioli et al., Nucl. Instrum. Meth. 206, 471 (1983).
13. M. L. Muga, D. J. Burnsed, and W. E. Steeger, Nucl. Instrum.
Meth. 104, 605 (1972).
14. N.N. Ajitanand and K. N. Iyengar, Nucl. Instrum. Meth. 133,71
(1976).
15. H. Geissel et al,, Nucl Instrum. Meth. 144, 465 (1977).

(1978).

23, G. Bendiscioli, V. Filippini, C. Marciano, A. Rotondi, and A.
Zenoni, Nucl. Instrum. Meth.. 227, 478 (1984).

24. A. Galindo-Uribarri et al., Nucl Instrum. Meth. A301, 457
(1991).

25. Z.Youxiong et al., Nucl. Instrum. Meth. A355, 464 (1995).

26. L. Muga, Nucl. Instrum. Meth. 124, 541 (1975).

27. M. L. Muga and J. D. Bridges, Nucl. Instrum. Meth. 134, 143
(1976).

28. 1. Kanno and T. Nakagome, Nucl. Instrum. Meth. A251, 108
(1986).



29, 1. Kanno and T. Nakagome, Nucl. Instrum. Meth, A244, 551
(1986).
30, T. Batsch and M. Moszynski, Nucl. Instrum. Meth, 123, 341
(1975).
31. C.B. Ashford, 1. B. Berlman, J. M. Flournoy, L. A. Franks, S. G.
Iversen, and 8. S. Lutz, Nucl Instrum. Meth, Phys Res A243,
131 (1986).
32. Z. H. Cho, 1. Ahn, and C. M. Tsai, IEEE Trans, Nucl, Sci, NS-
21(1),218 (1974).
33. L. A. Eriksson, C. M. Tsai, Z. H. Cho, and C. R. Hurlbut, Nucl.
Instrum. Meth. 122,373 (1974).
34. Z. H. Cho, C. M. Tsai, and L. A. Eriksson, JEEE Trans Nucl.
Sci. NS-22(1), 72 (1975).
35. E.Brannon and G. L. Olds, Radiat. Res. 16,1 (1962).
36. R. L. Craun and D. L. Smith, Nucl. Instrum. Meth. 80, 239
(1970).
37. M. Hirschberg et al., IEEE Trans. Nucl. Sci. 39(4), 511 (1992).
38, D. L. Smith, R. G. Polk, and T. G. Miller, Nucl. Instrum. Meth.
64,157 (1968).
39. 1. B. Czirr, Nucl. Instrum. Meth. 25, 106 (1963).
40, K. H. Maier and J. Nitschke, Nucl Instrum. Meth. 59, 227
(1968).
41. D, Clark, Nucl. Instrum. Meth. 117,295 (1974).
42, N, A. Weir, Int. . Appl. Radiat. Isotopes 23,371 (1972).
43. A, Raviart and V. Koechtin, Nucl. Instrum. Meth. 29,45 (1964).
44. E I Lynch, IEEE Trans. Nucl, Sci. NS-15(3), 102 (1968).
45, B. Bengtson and M. Moszynski, Nucl. Instum. Meth. 117, 227
(1974).
46. T. M. Kelly, 1. A. Merrigan, and R. M. Lambrecht, Nucl.
Instrum. Meth, 109, 233 (1973).
47. P.B. Lyons and J. Stevens, Nucl. Instrum. Meth. 114,313 (1974).
48, F J.Lynch, IEEE Trans Nucl, Sci. NS-22(1), 58 (1975).
49, S Sanyal, S, C. Pancholi, and S. L. Gupta, Nucl. Instrum. Meth.
136, 157 (1976).
50. P. B. Lyons, C. R. Hurlbut, and L. B Hocker, Nucl. Instrum.
Meth. 133, 175 (1976).
S1, P B. Lyons et al., JEEE Trans, Nucl. Sci. NS-24(1},177 (1977).
52. K. G.Tirsell et al., IEEE Trans, Nucl. Sci. NS-24(1),250 (1977).
53. M. Kurata et al., Nucl. Instrum. Meth, A349,447 (1994).
54. S, Albergo et al., Nucl. Instrum. Meth, A362, 423 (1995).
55. X.H. Yang et al., Nucl. [nstrum. Meth. A354,270 (1995).
§6. M. Moszynski and B. Bengtson, Nucl, Instrum. Meth. 142, 417
(1977).
57. B.Sipp and J. A. Miehe, Nucl. Instrum. Meth. 114,255 (1974).
58. M. Bantel et al., Nucl. Instrum, Meth. 226,394 (1984).
59. P.Harihar et al., Nucl. Instrum. Meth, A336,176 (1993).
60. L. M. Bollinger and G. E. Thomas, Rev. Sci. Instrum. 32, 1044
(1961).
61. T G, Miller, Nucl. Instrum. Meth. 63, 121 {(1968).
62. 1.B. Czicr, Nucl. Instrum. Meth. 88,321 (1970).
63. R. A, Winyard and G. W, McBeth, Nucl. Instrum. Meth. 98, 525
(1972).
64. D.B. C, B. Syme and G. 1. Crawford, Nucl. Instrum. Meth. 104,
245 (1972).
65. 1. B. Berlman and O, 1. Steingraber, Nucl. Instrum. Meth. 108,
587 (1973).
66. M. Ahmed, Nucl. Instrum. Meth. 143,255 (1977).
#67. M. Moszynski et al., Nucl. Instrum. Meth. A317,262 (1992).
8. M. Moszynski et al., Nucl. Instrum. Meth. A350,226 (1994).
i69. G. Ranucci, A, Goretti, and P. Lombardi, Nucl. Instrum. Meth.
_ Ad12,374 (1998).
70. R. B. Murray, I[EEE Trans. Nucl. Sci. N$-22(1), 54 (1975).

Chapter 8 References 261

71. R. G. Kaufman, W. B, Hadley, and H. N. Hersh, JEEE Trans.
Nucl. Sci. NS-17 (3), 82 (1970).
72. C. L. Melcher et al., IEEE Trans. Nucl Sci, NS-32(1), 529
(1985).
73. E. V. Sysoeva, V. A, Tarasov, O. V. Zelenskaya, and V. A. Sulga,
Nucl. Instrum. Meth, Ad14,274 (1998).
74, E.Sakai, [EEE Trans. Nucl. Sci, NS-34(1), 418 (1987).
75. L. Holl, E. Lorenz, and G, Mageras, IEEE Trans. Nucl. Sci.
35(1), 105 (1988).
76. W. W. Moses and S, E. Derenzo, JEEE Trans. Nucl. Sci. 36(1),
173 (1989).
71. S. Brollo, G, Zanella, and R, Zannoni, Nucl Instrum. Meth,
A293, 601 (1990).
78. M. Moszynski et al,, JEEE Trans. Nucl Sct. 44(3), 1052 (1997).
79. R. Hofstadter, Phys. Rev. 74, 100 (1948). .
80. W. Mengesha, T. D, Taulbee, B. D. Rooney, and J. D. Valentine,
1EEE Trans. Nucl. Sci. 45(3), 456 (1998).
81. S. Koicki, A. Koicki, and V. Ajdacic, Nucl. Instrum. Meth. 108,
297 (1973).
82, C.F G.Delaney and A. M. Lamki, Int. J. Appl. Radiat. Isotopes
19, 169 (1968).
83. 1. S. Schweitzer and W. Ziehl, IEEE Trans Nucl. Sci. NS-30(1),
380 (1983).
84, C. J. Crannell, R. J. Kurz, and W, Viehmann, Nucl. Instrum.
Meth. 115, 253 (1974).
85. S. Usuda, A. Mihara, and H. Abe, Nucl. Instrum. Meth. A321,
247 (1992).
86. M. Moszynski et al., Nucl. Instrum. Meth. A336, 587 (1993).
87. B.Ye et al,, Nucl. Instrum. Meth. A345,115 (1994).
88. V.V.Nagarkar et al, IEEE Trans. Nucl, Sci, 45(3), 492 (1998).
89. T.lJing et al, JEEE Trans. Nucl. Sci. 39(5), 1195 (1992).
90. J. D. Vaientine, D, K. Wehe, G. F. Knoll, and C. E. Moss, [EEE
Trans, Nucl. Sci. 40(4), 1267 (1993).
91. J. D. Valentine et al., Nucl {nstrum. Meth. A325, 147 (1993).
92, S. Keszthelyi-Landori and G. Hrehuss, Nucl. Instrum. Meth. 68,
9 (1969).
93. P E. Francois and D.T. Martin, /nt. /. Appl. Radiat. Isotopes 21,
687 (1970).
94. M. Moszynski et al., Nucl. Instrum. Meth. 188,403 (1981).
95. M. J. Weber and R. R. Monchamp, J. Appl. Phys. 44, 5495
(1973).
96. R. G. L. Barnes et al.,, [EEE Trans. Nucl. Sci. NS-31(1), 249
(1984).
97. C. L. Melcher, Nucl, Instrum. Meth, B40/41, 1214 (1989),
98. M. Kobayashi, M. Ishii, Y. Usvki, and H. Yahagi, Nucl. Instrum,
Meth, A349, 407 (1994).
99. D. R. Kinloch, W. Novak, P. Raby, and L. Toepke, [EEE Trans.
Nuel, Sci. 41(4), 752 (1994).
100. T. Fazzini et al., Nucl Instrum. Meth, A410, 213 (1998).
101. S. Ph. Burachas et al., Nucl. Instrum. Meth. A369, 164 (1996).
102. M. Laval et al., Nucl. Instrum. Meth. 206, 169 (1983).
103. K. Wisshak and F Kaeppeler, Nucl. Instrum. Meth. 227, 91
(1984).
104. Y. C Zhu et al,, Nucl. Instrum. Meth. A244, 577 (1986).
105. H. J. Karwowski et al., Nucl. Instrum. Meth. A245, 207 (1986).
106. M. R, Rarukhi and C. F Swinehart, JEEE Trans. Nucl Sci. NS-
18(1),200 (1971).
107. P. Schotanus et al., Nucl. Instrum. Meth. A238, 564 (1985).
108. P. Schotanus et al., Nucl. Instrum, Meth. A259, 586 (1987).
109. P.Dorenbos et al., IEEE Trans, Nucl. Sci. 40(4), 424 (1993).
110. M. Moszynski et al., Nucl. Instrum. Meth. 226, 534 (1984).



262 Chapter 8 Scintillation Detector Principles

111. H. Mach, R. L. Gill and M, Moszynski, Nucl. Instrum. Meth.
A280, 49 (1989).
112. R.Novotny, IEEE Trans. Nucl. Sci. 38(2), 379 (1991).
113. S.Kubota, S. Sakuragi, S. Hashimoto, and J. Ruan (Gen), Nucl.
Instrum. Meth. A268, 275 (1988).
114, S. Keszthelyi-Landori et al., Nucl Instrum. Meth. A303, 374
(1991).
P. Schotanus, R. Kamermans, and P. Dorenbos, IEEE Trans.
Nucl. Sci. 37(2), 177 (1990).
116. D.F. Anderson, Nucl. Instrum. Meth. A287, 606 (1990).
117. E. Auffray et al., Nucl Instrum. Meth. A383,367 (1996).
118. C. W. E. van Eijk, Nucl. Instrum. Meth. A392, 285 (1997).
119. H.Ishibashi et al., IEEE Trans, Nucl. Sci. 45(3), 518 (1998).
120. M.Tanaka et al., Nucl Instrum. Meth. A404, 283 (1998).
121. S.Nakayama et al., Nucl. Instrum. Meth. A404, 34 (1998).
122. M. Kobayashi and M. Ishii, Nucl Instrum. Meth. B61, 491
(1991).
123. S Baccaro et al., Nucl Instrum. Meth, A361, 209 (1995).
124, M. Kapusta, I. Pawelke, and M. Moszynski, Nucl Instrum.
Meth. A404,413 (1998).
125. M. Moszynski et al., Nucl. Instrum. Meth. A404, 157 (1998).
126. A. Del Guerra, G. Di Domenico, R. Pani, and G. Zavattini,
IEEE Trans. Nucl. Sdi. 44(6), 2415 (1997).
127. M. Moszynski et al., Nucl. Instrum. Meth. A345, 461 (1994).
128. T. Ludziejewski et al., Nucl. Instrum. Meth. A398, 287 (1997).
129. C. L. Melcher and 1. S. Schweitzer, Nucl. Instrum. Meth. A314,
212 (1992).
130. T. Ludziejewski et al., IEEE Trans. Nucl Sci. 42(4), 328 (1995).
131. P.Dorenbos et al,, IEEE Trans. Nucl. Sci. 41(4), 735 (1994).
132, H. Suzuki, T. A. Tombrello, C. L. Melcher, and J. S. Schweitzer,
1EEE Trans Nucl. Sci. 40(4), 380 (1993).
133. A. Lempicki and J. Glodo, Nucl. Instrum. Meth. A416, 333
(1998).
134. M. Moszynski et al., Nucl. Instrum. Meth, A385,123 (1997).
135. W. W. Moses et al., IEEE Trans. Nucl Sci. 42(4),275 (1995).
136. A.Lempicki et al., JEEE Trans Nucl. Sci. 42(4), 280 (1995).
137. A.Lampicki et al., IEEE Trans. Nucl. Sci. 43(3), 1316 (1996).
138. K. S. Shah, P. Bennett, and M. R. Squillante, [EEE Trans. Nucl.
Sci, 43(3), 1267 (1996).
139, C. Dujardin et al., IEEE Trans. Nucl Sci 45(3), 467 (1993).
140. M. Kapusta, M. Balcerzyk, M. Moszynski, and J. Pawelke, Nucl.
Instrum. Meth. Ad21, 610 (1999).
141. L. M. Bollinger, G. E. Thomas, and R. J. Ginther, Nucl Instrum.
Meth. 17,97 (1962).-
142, A.D.Bross, Nucl Instrum. Meth. A247,319 (1986).
143. A.W.Dalton, Nucl. Instrum. Meth. A259, 545 (1987).
144. A.W. Dalton, Nucl Instrum. Meth. A254, 361 (1987).
145. P. Pavan, G. Zanella, R. Zannoni, and P. Polato, Nucl. Instrum.
Meth. B61, 487 (1991).
146. C. Greskhovich and S Duclos, Annu. Rev. Mater, Sci. 27, 69
(1997).
147. P. Lindblom and O. Solin, Nucl Instrum. Meth. A268, 204
(1988).
148, P. Lindblom and O. Solin, Nucl Instrum. Meth. A268, 212
(1988).
149. M. Mutterer, Nucl. Instrum. Meth. 196, 73 (1982).
150. M, Mutterer, I. Pannicke, K. Scheele, W. Spreng, I. P. Theobald,
and P. Wastyn, JEEE Trans. Nucl Sci NS-27(1), 184 (1980).
151. M. Suzuki, J. Ruangen, and S. Kubota, Nucl Instrum. Meth. 192,
565 (1982).
152. M. Suzuki, Nucl Instrum. Meth. 215, 345 (1983).

115,

153. P. Grimm, F.-J. Hambsch, M. Mutterer, J. P. Theobald, and §,
Kubota, Nucl Instrum. Meth. A262, 394 (1987).

154, P. Belli et al,, Nucl. Instrum. Meth. A310, 150 (1991).

155. M. Miyajima, S. Sasaki, H. Tawara, and E. Shibamura, JEEE
Trans. Nucl. Sci. 39(4), 536 (1992).

156. R. van Sonsbeck, C. W. E. var Eijk, and R. W. Hollander, NucL
Instrum. Meth. A367,362 (1995).

157. J. Seguinot, J, Tischhauser, and T. Ypsilantis, Nucl Instrum,
Meth. A354,280 (1995).

158. S. Kubota et al., Nucl. Instrum. Meth. 196, 101 (1982).

159. W, Baum, S. Gotz, H. Heckwolf, P. Heeg, M. Mutterer, and 1. P,
Theobald, IEEE Trans, Nucl. Sci. 35(1), 102 (1988).

160. A. Helaly et al., Nucl. Instrum. Meth, A241, 169 (1985).

161, T. Doke, K. Masuda, and E. Shibamura, Nucl. Instrum. Meth.
A291, 617 (1990).

162. N.Ishida et al., Nucl Instrum. Meth, A384, 380 (1997).

163. N.Ishida et al., Nucl. Instrum. Meth. A327,152 (1993).

164. R.Zhu, Nucl. Instrum. Meth. A413, 297 (1998).

165. M. Ishii and M. Kobayashi, Prog. in Crystal Growth and Char.
of Mat. 23(1-4), 245 (1992).

166. F.Tonetto el al., Nucl Instrum. Meth. A420, 181 (1999).

167. J. Bea et al., Nucl Instrum. Meth. A350,184 (1994).

168. V. A, Baranov, V. V. Filchenkov, A. D. Konin, and V, V. Zhuk,

Nucl. Instrum. Meth. A374,335 (1996).

C. E. Ordonez, W. Chang, 1. Liu, and D. Gunter, IEEE Trans

Nucl. Sci. 44(3), 1237 (1997).

170. D. Vozza, C. Moisan, and S. Paquet, JEEE Trans Nucl. Sci
44(2), 179 (1997).

171. S. A. McElhaney, J. A. Ramsey, M. L. Bauer, and M. M. Chiles,
Nucl. Instrum. Meth. A299, 111 (1990).

172. D.R. Winn and M. Whitmore, IEEE Trans. Nucl. Sci. 36(1), 256
(1989).

173. P. R. Bell, “The Scintillation Method,” in Beta- and Gamma-
Ray Spectroscopy (K. Siegbahn, ed.), Elsevier-North Holland,
Amsterdam, 1955.

174. G. Keil, Nucl. Instrum. Meth, 87, 111 (1970).

175. S.P. Ahlen, B. G. Cartwright, and G. Tarle, Nucl Instrum. Meth.
143,513 (1977).

176. A. I Kilvington, C. A. Baker, and P. Illinesi, Nucl. Instrum.
Meth. 80, 177 (1970).

177. R. L. Garwin, Rev. Sci. Instrum. 23,755 (1952).

178. P. Dougan, T. Kivikas, K. Lugner, W. Ramsay, and W. Stiefler,
Nucl Instrum. Meth. 78,317 (1970).

179. P. A. Piroue, Conference on Instrumentation Techuiques it
Nuclear Pulse Analysis, National Academy of Sciences,
National Research Council Publication 1184 (Nuclear Science
Series Report #40) 1964.

180 T. O. White, Nucl. Instrum. Meth. A273, 820 (1988).

181. R. Ruchti, Nuclear Physics B. (Proc. Suppl.) 44, 308 (1995).

182. H. Leutz, Nucl, Instrum. Meth. A364, 422 (1995).

183. A. P. Ivashkin, Yu. G. Kudenko, O. V. Mineev, and J. Imazato,
Nucl. Instrum. Meth. A394, 321 (1997).

184. Ph. Rebourgeard et al., Nucl. Instrum. Meth. A427,543 (1999).

185, S.V. Golovkin et al., Nucl. Instrum. Meth. A305,385 (1991).

186. M. Adinolfi et al., Nucl. Instrum. Meth. A315,177 (1992).

187. P. Annis et al,, Nucl. Instrum. Meth. A367,377 (1995).

188. A. Cardini et al., Nucl. Instrum. Meth. A361, 129 (1995).

189. S.V.Golovkin et al., Nucl Instrum. Meth. A362,283 (1995).

190. P Annis et al., Nucl. Instrum. Meth. A386,72 (1997).

191. S Buontempo et al., Nucl Instrum. Meth. A360,7 (1995).

192. B. Baumbaugh et al., Nucl. Instrum. Meth. A345,271 (1994).

169.




193. F. Ferroni and G. Martellotti, Nucl Instrum. Meth. A368, 224
(1995).

194. H. Shao, D.W. Miller and C. R. Pearsall, IEEE Trans. Nucl. Sci.
38(2), 845 (1991).

195. P. Ottonello, G. A. Rottigni, G. Zanella, and R. Zannoni, Nucl.
Instrum. Meth. A323,485 (1992).

196. G. Gennaro, M. Malvestio, G. Zanella, and R. Zannont, Nucl,
Instrum. Meth. A382, 567 (1996).

197. C. D’Ambrosio, H. Leutz, T. Shimizu, and O. Shinji, Nucl
Instrum. Meth. A325,161 (1993).

198. P. L. Reeder et al., Nucl Instrum. Meth. A402,155 (1998).

199. M. Kuhlen et al,, Nucl. Instrum. Meth. A301,223 (1991).

200. A.J. Davis et al,, Nucl. Instrum. Meth. A276, 347 (1989).

201. V. Agoritsas et al., Nucl. Instrum. Meth. A357,78 (1995).

202. K. Wick et al,, Nucl Instrum. Meth. B61, 472 (1991).

203. A. Murakami, H. Yoshinaka, and M. Goto, IEEE Trans Nucl
Sci. 40(4), 495 (1993).

204. A. Cardint et al., Nucl Instrum. Meth. A346, 163 (1994).

205. K. G. Young et al.,, IEEE Trans. Nucl. Sci. 40(4), 461 (1993).

206. V.Eckardt et al., Nucl Instrum. Meth. 155, 389 (1978).

207. W.Selove, W, Kononenko, and B. Wilsker, Nucl. Instrum. Meth.

Chapter 8 References 263

161,233 (1979).

208, W. Viehmann and R. L. Frost, Nucl. Instrum. Meth. 167, 405
(1979).

209. W. Kononenko, W. Selove, and G. E. Theodosiou, Nucl Instrum.
Meth. 206,91 (1983).

210. C. Aurouet et al., Nucl. Instrum. Meth. 211, 309 (1983).

211. V. 1. Kryshkin and A. T. Ronzhin, Nucl Instrum. Meth. A247,
583 (1986). )

212. G. Keil, Nucl. Instrum. Meth. 83, 145 (1970).

213. T. Asakawa et al., Nucl. Instrum. Meth. A340, 458 (1994).

214. K. Hara et al,, Nucl. Instrum. Meth. A365,370 (1995).

215. D.V. H. Bengis and R. M. Sealock, IEEE Trans. Nucl. Sci. 42(4),
374 (1995).

216. A.Parsons et al., IEEE Trans, Nucl Sci. 36(1), 931 (1989).

217. T. K. Edberg et al,, Nucl. Instrum. Meth. A316, 38 (1992).

218. P. L. Hink et al., SPIE Proceedings 1549, 193 (1991).

219. A. Pla-Dalmau, G. W. Foster, and G. Zhang, Nucl. Instrum.
Meth. A361,192 (1995).

220. C. H. Lally, G. J. Davies, W. G. Jones, and N. J. T. Smith, Nucl.
Instrum. Meth. B117, 421 (1996).



Chapter 9

Photomultiplier Tubes and
Photodiodes

L INTRODUCTION

The widespread use of scintillation counting in radiation detection and spectroscopy would
be impaossible without the availability of devices to convert the extremely weak light out-
put of a scintillation pulse into a corresponding electrical signal. The photomultiplier (PM)
tube accomplishes this task remarkably well, converting light signals that typically consist
of no more than a few hundred photons into a usable current pulse without adding a large
amount of random noise to the signal. Although there has been some progress (described
later in this chapter) in the development of semiconductor photodiodes for use with scin-
tillators, the PM tube remains the most widely used device for this purpose. A great vari-
ety of commercially available PM tubes are sensitive to radiant energy in the ultraviolet,
visible, and near-infrared regions of the electromagnetic spectrum. They have many appli-
cations in optical spectroscopy, laser measurements, and astronomy. Useful reviews of PM
tube properties and design characteristics can be found in Ref. 1. In this chapter the dis-
cussion is limited to those designs of primary interest for scintillation counting. Morton has
published? a very readable historical account of the development of tubes for this purpose.
Useful guides and standards for the testing of PM tubes for scintillation counting have
been developed as part of a series of such standards published® by the IEEE.

The simplified structure of a typical photomultiplier tube is illustrated in Fig: 9.1. An
outer (usually glass) envelope serves as & pressure boundary to sustain vacuum conditions
inside the tube that are required so that low-energy electrons can be accelerated efficiently
by internal electric fields. The two major components inside the tube are a photosensitive
layer, called the photocathode, coupled to an electron multiplier structure. The photocath-
ode serves to convert as many of the incident light photons as possible into low-energy
electrons. If the light consists of a pulse from a scintillation crystal, the photoelectrons pro-
duced will also be a pulse of similar time duration. Because only a few hundred photo-
electrons may be involved in a typical pulse, their charge is too small at this point to serve
as a convenient electrical signal. The electron multiplier section in a PM tube provides an
efficient collection geometry for the photoelectrons as well as serving as a near-ideal ampli-
fier to greatly increase their number. After amplification through the multiplier structure,
a typical scintillation pulse will give rise to 1071010 electrons, sufficient to serve as the
charge signal for the original scintillation event. This charge is conventionally collected at
the anode or output stage of the multiplier structure.
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Figure 9.1 Basic elements of a PM tube. (From Ref. 1.)

Most photomultipliers perform this charge amplification in a very linear manner, pro-
ducing an output pulse at the anode that remains proportional to the number of original
photoelectrons over a wide range of amplitude. Much of the timing information of the orig-
inal light pulse is also retained. Typical tubes, when illuminated by a very short duration
light pulse, will produce an electron pulse with a time width of a few nanoseconds after a
delay time of 20-50 ns.

PM tubes are commercially available in a wide variety of sizes and properties. We
begin our discussion with the important elements of PM tube design and their influence on
overall performance.

IL. THE PHOTOCATHODE

A. The Photoemission Process

The first step to be performed by the PM tube is the conversion of incident light photons
into electrons. This process of photoemission can be thought of as occurring in three
sequential stages: (1) the absorption of the incident photon and transfer of energy to an
electron within the photoemissive material, (2) the migration of that electron to the sur-
face, and (3) the escape of the electron from the surface of the photocathode.
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The energy that can be transferred from the photon to an electron in the first step is
given by the quantum energy of the photon hv. For blue light typical of that emitted by
many scintillators, the quantum energy is about 3 eV. In step 2, some of that energy will be
lost through electron—electron collisions in the migration process. Finally, in step 3, there
must be sufficient energy left for the electron to overcome the inherent potential barrier
that always exists at any interface between material and vacuum. This potential barrier

(often called the work function) is normally greater than 3 or 4 eV for most metals but can
be as low as 1.5-2 eV for suitably prepared semiconductors.

From these energy considerations, some general comments can be made regarding
photocathodes. First, the finite potential barrier in step 3 imposes a minimum energy on the
incoming light photon even if all other energy losses are zero. All photocathodes therefore
have a long-wavelength (small v) cutoff that is usually in the red or near-infrared portion
of the spectrum.t Even for higher-energy light photons, the surface barrier should be as low
as possible to maximize the number of escaping electrons. The rate of energy loss as the
electron migrates to the surface should be kept small in order to maximize the depth in the
material (called the.gscape depth) at which electrons may originate and still reach the sur-
face with sufficient energy to overcome the potential barrier. The rate of energy loss in
metals is relatively high, and an electron can travel no more than a few nanometers before
its energy drops below the potential barrier. Therefore, only the very thin layer of material
lying within a few nanometers of the surface will contribute any photoelectrons from com-
mon metals. In semiconductors, the rate of energy loss is much lower and the escape depth
can extend to about 25 nm. This, however, is still a very small thickness even with respect
to stopping visible light. Photocathodes of this thickness are semitransparent and will cause
less than half the visible light to interact within the photosensitive layer. Therefore, such
photocathodes cannot come close to converting all the visible light photons into electrons,
no matter how low the potential barrier may be.

In order for an incident light photon to be absorbed in a semiconductor, its energy
must exceed the bandgap energy E,. (For a discussion of the band structure in semicon-
ductors, see Chapter 11.) The absorption process consists simply of elevating an electron
from the normally populated valence band to the conduction band. Within about a picosec-
ond, these electrons rapidly lose energy through phonon interactions with the crystal until
their energy is at the bottom of the conduction band. In normal semiconductors, the elec-
tron potential outside the surface is higher than the bottom of the conduction band by an
amount called the ron affinity. If an electron is to escape, it must reach the surface in
the short time before phonon nteractions have reduced its energy to the bottom of the
conduction band. The electron, however, will remain at the bottom of the conduction band
for perhaps another 100 ps before recombining with a hole and dropping to the valence
band. The use of gegative electron affinity materials, discussed more fully later in this chap-
ter, leads to a much greater escape depth by allowing electrons that have dropped to the
bottom of the conduction band to also escape if they reach the surface (see Fig. 9.4).

B. Spontaneous Electron Emission

The surface potential barrier influences another important property of photocathodes:
thermionic noise. Normal conduction electrons within the photocathode material will
always have some thermal kinetic energy that, at room temperature, will average about
0.025 eV.There is a spread in this distribution, however, and those electrons at the extreme
upper end of the distribution can occasionally have an energy that exceeds the potential
barrier. If that electron is close enough to the surface, it may escape and give rise to a spon-
taneous thermally induced signal. In metals, the thermal emission rate is low (~100/m? - 5)

¥The presence of low concentrations of impurity states in some photocathode materials can result in a small but
measurable sensitivity beyond the normal cutoff wavelength into the infrared region of the spectrum.
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rier Jeads to thermal emission rates as high as 106-108/m? - s{Their superior photosensitiv-
ity is therefore achieved only at the price of a higher noise rate from thermally stimulated
electron emission‘j

On theoretical grounds, the rate of thermionic emission should rise exponentially with
photocathode temperature. The observed rate of spontaneous electron emission does
increase with temperature, but the dependence is generally much milder than this predic-

tion, indicating the influence of nonthermal effects in determining the overall emission
rate.

because of the relatively high potential barrier. In semicondu$rs, the Jower potential bar.

C. Fabrication of Photocathodes

Photocathodes can be constructed as either opaque or semitransparent layers. Each type is
used in a somewhat different geometric arrangement. An opaque photocathode is normally
fabricated with a thickness somewhat greater than the maximum escape depth and is sup-
ported by a thick backing material. Photoelectrons are collected from the same surface on

which the light is incident. Semitransparent photocathodes generally are no thicker than the
escape depth and are deposited on a transparent backing (often the glass end window of the
PM tube). Light first passes through the transparent backing and subsequently into the pho-
tocathode layer, and photoelectrons are collected from the opposite surface. Because they
are more readily adaptable to tube designs that use a flat end window, semitransparent pho-
tocathodes are more common in PM tubes designed for scintillation counters.

An important practical property of photocathodes is the uniformity to which their
thickness can be held over the entire area of the photocathode. Variations in thickness give
rise to corresponding changes in the sensitivity of the photocathode and can be one source
of resolution loss in scintillation counters. This problem is especially serious for large-
diameter PM tubes.

D. Quantym Efficiency and Spectral Response

The sensitivity of photocathodes can be quoted in several ways. When applied to dc light
measurements, it is traditional to quote an overall photocathode efficiency in terms of cur-
rent produced per unit light flux on its surface (amperes per lumen). A unit of greater sig-
nificance in scintillation counting is the quantum efficiency (QFE) of the photocathode. The
quantum efficiency is simply defined as

E number of photoelectrons emitted 91
number of incident photons @1
The quantum efficiency would be 100% for an ideal photocathode. Because of the limita-
tions mentioned earlier, practical photocathodes show maximum quantum efficiencies of
20-30%.

The quantum efficiency of any photocathode will be a strong function of wavelength
or quantum energy of the incident light, as shown in Fig. 9.2. To estimate the effective quan-
tum efficiency when used with a particular scintillator, these curves must be averaged over
the emission spectrum of the scintillator. One consideration in selecting a photocathode is
to seek a high quantum efficiency over the wavelength range in which the emission spec-
trum of the scintillator is concentrated.

[;[he sensitivity at the long-wavelength or low photon energy end of the scale is large-
ly limited by the reduced absorption of light in the photocathode and the low energy
imparted to the photoelectron. At a sufficiently high A this electron no longer has sufficient
energy to escape the surface of the photocathode and the response drops to zero. The
response at the opposite end of the scale is normally not a function of the photocathode
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Figure 9.2 The spectral sensitivity of a number of photocathode materials of interest
in PM tubes. The use of silica or quartz windows is necessary to extend the response
into the ultraviolet region. (Courtesy of EMI GENCOM Inc., Plainview, NY.)

itself but rather of the window through which the light must enter to reach the photoemis-
sive layer. For normal glass, the cutoff will be at a wavelength in the region of 350 nm,
which is usually adequate for most scintillation materials. For some scintillators (e.g., noble
gases), however, a significant part of the emission spectrum can be in the ultraviolet region
with shorter wavelength. For such applications, special PM tubes with entrance windows
made from fused silica or quartz can be used to extend the sensitivity to wavelengths as
short as about 160 nm.

An alternative measure of quantum efficiency is sometimes quoted for PM tubes used
in scintillation counting. The number of photoelectrons produced per unit energy lost in a
scintillator mounted with close optical coupling to the photocathode is proportional to the
quantum efficiency averaged over the emission spectrum of the scintillator. Because of the
widespread use of thallium-activated sodium iodide as a scintitlation crystal, the standard
for quotation is the number of photoelectrons produced from a given photocathode per
keV of energy loss by fast electrons in a NaI(TI) crystal from which nearly all the lght is
collected. For photocathodes with peak quantum efficiency of 25-30%, measurements give
about 8-10 photoelectrons per keV energy loss.* The reciprocal of this value, or the
average energy loss required to create one photoelectron, is therefore approximately
100-120eV. As emphasized elsewhere in this text, this value for the energy loss required to
produce one basic information carrier in a typical scintillation detector is much larger than
the equivalent value in gas-filled or semiconductor detectors.
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Presently available materials for photocathodes include a multialkali material based
on the compound Na,KSb. Prepared by activation with a small amount of cesium, this;
material was the first to show a relatively high quantum efficiency of up to 30% in the blue:
region of the spectrum. A later formulation based on K,CsSb activated with oxygen and
cesium is given the name bialkali and can show an even higher efficiency in the blue.
Furthermore, thermionic emission from bialkali photocathodes tends to be significantly:
lower than that from the multialkali materials, leading to lower spontaneous noise rates
from tubes with this photocathode.

L ELECTRON MULTIPLICATION

A. Secondary Electron Emission

The multiplier portion of a PM tube is based on the phenomenon of secondary electron
emission (see p. 42). Electrons from the photocathode are accelerated and caused to strike
the surface of an electrode, called a dynode. If the dynode material is properly chosen, the
energy deposited by the incident electron can result in the reemission of more than one
electron from the same surface. The process of secondary electron emission is similar to
that of photoemission discussed in the previous section. In this case, however, electrons
within the dynode material are excited by the passage of the energetic electron originally
incident on the surface rather than by an optical photon.

lectrons leaving the photocathode have a kinetic energy on the order of 1 eV or less.
Therefore, if the first dynode is held at a positive potential of several hundred volts, the
kinetic energy of electrons on arrival at the dynode is determined almost entirely by the
magnitude of the accelerating voltage. The creation of an excited electron within the dyn-
ode material requires an energy at least equal to the bandgap, which typically may be of
the order of 2-3 eV. Therefore, it is theoretically possible for one incident electron to cre-
ate on the order of 30 excited electrons per 100 V of accelerating voltage. Because the
direction of motion of these electrons is essentially random, many will not reach the sur-
face before their de-excitation. Others that do arrive at the surface will have lost sufficient
energy so that they cannot overcome the potential barrier at the surface and are therefore
incapable of escapingyTherefore, only a small fraction of the excited electrons ultimately
contribute to the secondary electron yield from the dynode surface.

The secondary electron yield is a sensitive function of incident electron energy. If a rel-
atively low-energy electron strikes the dynode surface, little energy is available for trans-
fer to electrons in the dynode material, and relatively few electrons will be excited across
the gap between the valence and conduction bands. At the same time, because the distance
of penetration is not large, most of these excited electrons will be formed near the surface.
For incident electrons of higher energy, more excited electrons will be created within the
dynode but at greater average depth. Because the probability of escape will diminish with
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