
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 scintilIators 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. 

S. 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. Its index 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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spectrum as prompt fluorescence but again is characterized by a much longer emissior, 
time following excitation. To be a good scintillator, a material should convert as large a1 
fraction as possible of the incident radiation energy to prompt fluorescence, while mini.;;) 
mizing the generally undesirable contributions for phosphorescence and delayed fluores
cence. Most of the emphasis in this chapter is on the pulse mode operation of scintillators. 
Here the light that can contribute to an output 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 under 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 Birks1 as an outstanding example. A use
ful collection of fundamental papers on scintilla tors is available2 that covers the period 
from the early investigation of many scintillation materials through recent reviews of scin
tillation mechanisms. In this chapter,weJimit the discussions to those processes that are 
necessary to understand the differences iD:'behavior of various types of scintillators, togeth
er with some of their important properties as practical radiation detectors. 

I. ORGANIC SCINTILLA TORS 

A. Scintillation Mechanism 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 7t-electron structure. The 
7t-electronic energy levels of such a molecule are illustrated in Fig. 8.1. Energy can be 
absorbed by exciting the electron configuration into anyone of a number of excited states. 
A series of singlet states (spin 0) are labeled as So' S1' S2" .• in the figure. A similar set of 
triplet (spin 1) electronic levels are also shown as T1, T2, T3, •• , For molecules of interest 
as organic scintilla tors, the energy spacing between So and Sl is 3 or 4 e V, 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 e V. A second subscript is often added to distinguish these vibrational states, and the 
symbol Soo 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 Soo 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 S.l Energy levels of an organic molecule with 1t-electron structure. (From 
1. 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 Sl electron state 
through radiationless internal conversion. Furthermore, any state with excess vibrational 
energy (such as Sll or Sd 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 SIO state. 

The principal scintillation light (or prompt fluorescence) is emitted in transitions 
between this SlO 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 1" represents the fluores
cence decay time for the SlO level, then the prompt fluorescence intensity at a time t fol
lowing excitation should simply be 

(8.1) 

In most organic scintillators, 'T is a few nanoseconds, and the prompt scintillation compo
nent is therefore relatively fast. 

The lifetime for the first triplet state Tl is characteristically much longer than that of 
the singlet state St. Through a transition called intersystem crossing, some excited singlet 
states may be converted into triplet states. The lifetime of Tl may be as much as 10-3 sand 
the radiation emitted in a de-excitation from Tt to So is therefore a delayed light emission 
characterized as phosphorescence. Because Tl lies below St, the wavelength of this phos
phorescence spectrum will be longer than that for the fluorescence spectrum. While in the 
Tl state, some molecules may be thermally excited back to the Sl 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 tho~ 
phot~~ energies that will be strongly absorbed in the ~aterial. Bec~use all the f1uorescen~ 
transltions represented by the downward arrows (Wlth the exceptlOn of SlO - Soo) have ~ 
lower energy than the minimum required for excitation, there is very little overlap betwee~ 
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 scintillator 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 quenching. In the fabrication and use of organic scinti!
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 Pringle3 have reviewed the energy transfer 
mechanisms in binary and tertiary organic mixtures together with their influence on scin
tillation efficiency and pulse timing characteristics. 

or 
emission 
intensity 

Wavelength A _ 
_ Photon energy hv 

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 Sclntillators 

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.4 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 Tn these cases the liquid sCintiUa-
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 
''Qlume from which most of the oxygen bas been purged. 

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,5 and 
reasonable resistance to change up to exposures as high as 105 Oy 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 
that from calbon-14 or h itium. This large field of liquid scilltillatitm ctJulltil1g is described 
further in Chapter 10. 

3. PLASTIC SCINTILLATORS 

If all OIganic scintiHatOl is dissolved in a solvent that can then be 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 polyvinyl
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 scintilla tors 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 scintilla tors 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, althou~ 
much smaller attenuation lengths are observed for some plastics.6 

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 spatial resolution. A detailed discussion of the principles and properties', 
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 
attention7-10 has been paid to the degradation in the scintillation output of plastics due to 
radiation damage. Ibis 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 scintillators, sig
nificant degradation in light yield is observed for cumulative gamma-ray exposures in the 
range of 1()3 or 1()4 Gy, whereas other radiation-resistant formulations lI show little decrease 
in light output with doses as high as 105 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 playa unique role in the field of radiation detectors. 
Because ultrathin films with a thickness as low as 20 /-Lgfcm2 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 commercially12 with thicknesses down to approximately 10 !-LID. Even thinner films can 
be produced by the user through techniques such as evaporation from a solution of plastic 
scintillatorl3-t6 or through the spin coating process. 17,18 The film can be deposited directly on 
the face of a photomultiplier tube,14,19 or the light can be collected indirectly through a trans
parent light pipe in contact with the edges of the film.20,21 Alternatively, the film can be 
placed within a reflecting cavity.20,22-25 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.16,19,26--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 particles15,22 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. 30 

5. LOADED ORGANIC SCINTILLATORS 

Organic scintilla tors 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 demonstrated31 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,32 and they have the additional advantages of fast response and low cost compared 
with mOre conventional gamma-ray scintillators.33•34 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 scintilla tors arise in connection with neutron detec
tion. Liquid or plastic scintilla tors 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 scintillator 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.l. 

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 scintilla tors such as anthracene, stilbene, and many of the commercially 
available liquid and plastic scintilla tors, 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 

104 

10 

NE-I02 

ONE PARAMETER· ... 
TWO PARAMETER
DATA POINTS I 

10° 10' 
PARTiCLE ENERGY (MeV) 

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 

l>ight Wavelength Decay 

Output ofMIUt Constant Attenuation Refractive HIC 
Eljen Bieron 'roAnthracene· Emission (nm) (ns) Length (cm) Index Ratio 

Crystal 

Anthracene 100 447 30 1.62 0.715 
Stilbene 50 410 . 4.5 1.626 0.858 

Plastic 

EJ-212 BC-400 65 423 2.4 250 1.581 1.103 

EJ-204 BC404 68 408 1.8 160 1.58 1.107 

EJ·200 BC408 64 425 2.1 380 1.58 1.104 

EJ-208 BC-412 60 434 3.3 400 1.58 1.104 
BC-420 64 391 1.5 110 1.58 1.100 

EJ-232 BC-422 55 370 1.4 8 1.58 1.102 
BC-422Q 11 370 0.7 <8 1.58 1.102 

BC·428 36 480 12.5 150 1.58 1.103 

BC-430 45 580 16.8 NA 1.58 1.108 

EJ-248 BC-434 60 425 2.2 350 1.59 0.995 

BC-436 52 425 2.2 NA 1.61 O.960D:C 

EJ-240 BC-444 41 428 285 180 1.58 1.109 

EJ-256 BC-452 32 424 2.1 150 1.58 1.134 

BC-454 48 425 2.2 120 1.58 1.169 

EJ-252 BC-470 46 423 2.4 200 1.58 1.098 

BC-490 55 425 2.3 1.58 1.107 
BC-498 65 423 2.4 1.58 1.103 

Liquid 

EJ·301 BC-50IA 78 425 3.2 1.212 

EJ·305 BC-5OS 80 425 2.5 1.331 

EJ·313 BC-509 20 425 3.1 0.0035 

EJ·321H BC-517H 52 425 2.0 1.89 

BC·517P 28 425 2.2 2.05 

EJ-325 BC·519 60 425 4.0 1.73 

EJ·331 BC-521 60 425 4.0 1.31 

EJ·339 BC-523A 65 425 3.7 1.67 

EJ-335 BC-525 56 425 3.8 1.57 

BC·S33 51 425 3.0 1.96 

BC-537 61 425 2.8 .99 (D:C) 

BC-551 40 425 2.2 1.31 

BC-553 34 425 3.8 1.47 

.Nal(TI) is 230% on this scale 

Loading Element 

0/0 by weight 

Density or dist. feature 

1.25 

1.16 

1.032 

1.032 1.8 ns time constant 

1.032 

1.032 Longest attn. length 

1.032 1.S os time constant 

1.032 1.4 os time constant 

1.032 Benzephenone. 1 % 

1.032 Green eminer 

1.032 Red emitter 

1.049 High temp 

1.130 Deuterium. 13.8% 

1.032 

1.080 Lead. 5% 

1.026 Boron.SO/O 

1.037 Air equivalent 

1.030 Cssting resin 

1.032 Applied like paint 

0.874 Pulse shape discrim. 

0.877 High light output 

1.61 F 

0.86 Mineral oil-based 

0.85 Mineral oil-based 

0.875 Pulse shape distrim. 

0.89 Gd (to 1%) 

0.93 Enriched lOB 

0.88 Gd (to 1%) 

0.8 Law temp operation 

0.954 2H 

0.902 Pb(5%w/w) 

0.951 Sn (100/0 w/w) 

Softening 

or Flash 

Point (OC) 

217 

125 

70 

70 

70 

70 

70 

70 

70 

70 

70 

100 

90 

70 

60 

60 

65 

70 

70 

26 

47 

10 

81 

115 

74 

44 

1 

64 

65 

-11 

44 

42 . 

-----

Uses 

General purpose 

Fast counting 

TOF counters. large area 

General purpose. large area. long strips 

Ultrafast timing. sheet areas 

Yery fast timing. small sizes 

Ultrafast timing. ultrafast counting 

Photodiodes and CCDs: phoswich detectors 

Silicon photodiodes and red-enhanced PMTs 

General purpose 

Thin disks 

Phoswich detectors for dF/dx studies 

X-ray dosimetry « 100 keY) 

Neutron spectrometry. thermal neutrons 

Dosimetry 

General purpose 

a . .., detection 

.., > 100 keY. fast n spectroscopy 

..,. fast n. large volume 

..,. fast n 

'Y fast n, cosmic, charged particles 

"1. fast n, cosmic, charged particles 

'Y. fast n. n-'Y discrimination 
Neutron spectroscopy. neutrino research 

Total absorption neutron spectrometry 

Neutron spectrometry. neutrino research 

.." fast n, cosmic 
Fast n. pulse shape discrimination 

..,. X-rays < 200 keY 

..,. 'C-rays 
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scintillator. At energies of a few hundred ke V, 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 
electron 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 scintilla tors to charged particles can best be described by a 
relation between dL/dx, the fluorescent energy emitted per unit path length, and dEjdx, 
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/dx), 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: 

dL dE 
-=S- (8.2) 
dx dx 

where S is the normal scintillation efficiency. To account for the probability of quenching, 
Birks then writes dE 

s-
dx dL 

d dE 
x 1 + kB

dx 

(8.3) 

Equation (8.3) is conunonly 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.37 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 

dL \ = S dE 
dxe dx ~~ 

or the incremental light output per unit energy loss is a constant 

dL 1= S 
dE e 

This is the regime in which the light output 

L == IE dL dE = SE 
o dE 

is linearly related to the initial particle energy E. 

(8.5) 

(8.6) 

On the other hand, for an alpha particle, dE/dx is very large so that saturation occurs 
along the track and Birks' formula becomes 

: lex = k: (8.7) 
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The appropriate value of kB can therefore be determined by taking the ratio of these tWJI 
responses: 

kB = dL\ jdL \ 
dE e dx ex 

(s.&] 

In order to match experimental data more closely, other formulas for dL/dx have be~ 
proposed by a number of authors. These are in effect semiempirical formulas that introdu~ 
one or more additional fitting parameters. An extensive analysis of the response of a num
ber of organic scintilla tors has been carried out by Craun and Smith.36 Their analysis is 
based largely on the data of Smith et aP8 and uses an extended version of Birks' formula 

dL 

dx 

dE 
s

dx 

1 + kB dE + C(dE)2 
dx dx 

(S.9) 

where C is 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 Czirr39 for a variety of organic scintilla tors. 
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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 Nitschke40 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. 

Clark41 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 material, 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.42 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 luminescent states in an organic molecule are formed instan-
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. I\lthough this simple representation is often ade~q'l1UellaHt~e----
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 [mite 
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 scintiIlators, 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 approach43,44 assumes 
that the population of the optical levels is also exponential and that the overall shape of 
the light pulse is given by 

(8.10) 

where Tl IS the hme constant descrlbmg the populahon of the opbca£ levels and T IS the 
time constant describing their decay. Values for these parameters for several plastic scintil
lators are given in Table 8.2. Other observations45 have concluded that the population step 
is better represented by a Gaussian functionf(t) characterized by a standard deviation {f E1' 

The overall light versus time profile is then described by 

1 
- = f(t)e- I/ T (8.11) 
10 

Best fit values for {fET 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 

Parameters for E9. (8.10) Parameters for E9. (8.11) 
Tl (rise) T(decay) f1ET T 

NEllI 0.2 ns 1.7 ns 0.2 ns 1.7 ns 

Naton 136 0.4ns 1.6 ns 0.5 ns 1.87 ns 

NE l02A 0.6ns 2.4ns 0.7 ns 2.4ns 

Data from Bengtson and Moszynski.4S 

Measured 
FWHM 

1.54 ns 

2.3 ns 

3.3 ns 

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. 
In these measurements the emphasis is on conventional plastic scintilla tors, with the small
est FWHM reported to be 1.3 ns for NE 111. Lynch44 has also reported results on light out
put and time response of a variety of liquid scintiUators. Some attentionSO-S2 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. 53-55 Also, there is evidenceS6•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 aU 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 deveiopedS8 with an unusually long decay of 225 ns, more typical of slower inor
ganic materials. 

3. PULSE SHAPE DISCRIMINATION 

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 
nanoseconds. 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 Tl in Fig. 8.1) along the track of the ionizing 



Chapter 8 Inorganic Scintillators 231 

Time inns 

Figure 8.5 The time dependence of scintillation pulses in stil
bene (equal intensity at time zero) when excited by radiations of 
different types. (From Bollinger and Thomas. 60) 

particle. Bimolecular interactions between two such excited molecules can lead to product 
molecules, one in the lowest singlet state (St) 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 slow 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 scintilIators, including stilbene crystals59 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 scintiUators 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. 

D.INORGANIC SCINTILLATORS 

i. 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 posb 
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 resulting 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 electJ;ons. 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 ionization 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 
scintilla tors 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 e V 
of charged particle energy must be lost to create one electron-hole pair. For 1 Me V of par
ticle energy deposited in the scintillator, about 5 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 Me V of energy should 
therefore yield about 1.2 X lOS eV in total light energy, or 4 X 1()4 photons with an aver
age energy of 3 e V. 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 Murray70 

and by Kaufman et al.71 

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 emission 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 scintiIIators is 
shown in Fig. 8.7, To make full use of the scintillation light, the spectrum should fall near 
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the wavelength region of maximum sensitivity for the device used to detect the light. Foi! 
reference, the responses of several common photocathodes are also plotted in Fig. 8.1 
(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 8.3. 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 scintillator 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 nearly 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-la-bela 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 NaI(Tl) and CsI(Tl) scin
tillators), but is as low as 0.20 for oxide-based materials such as BGO and GSO described 
later in this chapter.73 

B. Characteristics of AJkali Halide ScintiDators 

1. NaI(TI) 

In 1948, Robert Hofstadter79 first demonstrated 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(Tl) 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(TI) is its excellent light yield. In common with other 
typical inorganic scintillators, NaI(TI) 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 perfonnance 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 



__ "ern1is of Common Inorganic Scintillators 

Specific Wavelength of Refractive 

Gravity Max. Emission Index Decay Time (J.Ls) 

Alkali Halides 

NaI(Tl) 3.67 415 1.85 0.23 

CsI(Tl) 4.51 540 1.80 0.68 (64%), 3.34 (36%) 

CsI(Na) 4.51 420 1.84 0.46,4.18 

Li(Eu) 4.08 470 1.96 1.4 

Other Slow Inorganics 

BGO 7.13 480 2.15 0.30 

CdW04 7.90 470 2.3 1.1 (40%),14.5 (60%) 

ZnS(Ag) (polycrystalline) 4.09 450 2.36 0.2 

CaFz (Eu) 3.19 435 1.47 0.9 

Unactivated Fast Inorganics 
BaFz (fast component) 4.89 220 0.0006 

BaFz (slow component) 4.89 310 1.56 0.63 

CsI (fast component) 4.51 305 0.002 (35%),0.02 (65%) 

CsI (slow component) 4.51 450 1.80 mUltiple, up to severallLs 

CeFJ 6.16 310,340 1.68 0.005,0.027 

Cerium-Activated Fast Inorganics 

GSO 6.71 440 1.85 0.056 (90%), 0.4 (10%) 

YAP 5.37 370 1.95 0.027 

YAG 4.56 550 1.82 0.088 (72%),0.302 (28%) 

LSO 7.4 420 1.82 0.047 

LuAP 8.4 365 1.94 0.017 

Glass Scintillators 
Ce activated Li glassb 

2.64 400 1.59 0.05 to 0.1 
Tb activated glassb 3.03 550 1.5 - 3000 to 5000 

For comparison, a typical organic (plastic) scintillator: 

NE10ZA 1.03 423 1.58 0.002 

"for alpha particles 

bProperties vary with exact formulation. Also see Table 15.1. 

Source: Data primarily from Refs. 74 and 75, except where noted. 

Relati~e Pulse 

Abs. Light Yield Height Using 

in Photons/MeV Bialk. PM tube 

38000 1.00 
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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 unity at 445 keY. Perfectly linear 
response would correspond to a horizontal line on this plot. (From Mengesha 
et al.SO) 

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,8l which con
tributes about 9% to the overall light yield. Other longer-lived phosphorescence compo
nents have also been measured.82 Because the anode time constant of photomultiplier 
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 significant. 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. 



Chapter 8 Inorganic Scintillators 237 

Nal(T1} 
RELATiVE PULSE HEIGHT VS TEMPERATURE 

100· 

95 

90 
I-
J: 85 (!) 

iii 
J: 

"" ~ 80 

i2 75 
'" ~ 
5 70 

"" a: 
65 

60 

55 
20 

Figure 8.9 The temperature dependence of the light yield measured from 
two NaI(TI) 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 iodide as a function of temperature. The drop off 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 NaI(TI} 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(Tl). (From Schweitzer and Ziehl.83) 
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2. CsI(Tl) and CsI(Na) 

Cesium iodide is another alkali halide that has gained substantial popularity as a scintilla'l 
tion material. It is commercially available with either thallium or sodium as the activato~ 
element, and very different scintillator properties are produced in the two cases. Cesiwli 
iodide has a somewhat larger gamma-ray absorption coefficient per unit size compared t~ 
sodium iodide. This advantage is of primary importance for applications such as spa~ 
instrumentation where size and weight are at a premium. Because it is less brittle than sodi~ 
urn 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 cesillDl; 
iodide (both sodium and thallium activated) can be found in Ref. 84. 

A most useful property of CsI(Tl) 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.8S-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(Tl) but will deteriorate if exposed to 
water or high humidity. 

CsI(TI) also has a useful property when grown in thin layers on specially prepared pat
terned substrates. The material can be produced with a microstructure88 consisting of 
columns oriented perpendicular to the surface of the layer. Each column may have a diam
eter as small as 5 jLm, 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. 89 

The emission spectrum of CsI(TI) is peaked af a much longer wavelength than that for 
NaI(TI) (see Fig. 8.7) and is poorly matched to the response of PM tubes with S-ll or bial
kali photocathodes. For that reason, the light output is often quoted as being substantially 
lower in CsI(TI). However, when measurements are made using photodiodes with extended 
response into the red region of the spectrum, the scintillation yield is actually higher75 than 
that of any other scintillator. The absolute light yield at room temperature is measured90 to 
be about 65,000 photonslMeV, 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 components91 

with decay times and relative intensities at room temperature of 0.68 jLS (64%) and 3.34 jLS 
(36%). 

CsI(Na) has an emission spectrum that is similar to that of NaI(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 jLs, and a dependence of the 
slow to fast component ratio has been shown for various exciting particles. 92 Long-lived 
phosphorescence components in cesium iodide have also been reported.93 CsI(Na) is 
hygroscopic and must be sealed against exposure to ambient atmospheres. 

3. LiI(Eu) 

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 6Li provide for 
the efficient detection of low-energy neutrons through the 6Li(n, a) reaction. Scintillation 
properties of this material are included in Thble 8.3. 
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C. Other Slow (> 200 ns) Inorganic Crystals 

1. Bismuth GeI'manate (or BGO) 

An alternative scintillation material, Bi4Ge3012 (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/cm3) 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 NaI(TI). Furthennore, 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 NaI(Tl) are shown in Chapter 10. 

Figure 8.11 shows the time profile of the light emitted in a scintillation event in both 
BOO and NaI(Tl). 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 NaI(TI) light pulse is slightly slower than the 

1ch = 3.33ns 
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Figure 8.11 Measurements of the light pulse shapes from BGO and 
NaI(Tl). 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.94) 
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Figure S.U The dependence of the light output of some common scintillators as a function 
of temperature. Only the fast (220 nm) component from BaF2 is included (From Melcher.97) 

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(Tl).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 95 with an optical transition of the Bi3+ 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 strong! yon 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.96 The crystals are 
typically grown by the Czochralski method in which a crystal bouIe 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 NaI(TI) 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 CdWO 4 

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(TI),98.99 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 fLs 
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(40%) and 14.5 J..Ls (60%).99 The relative intensity of these components changes for differ
ent types of particleslOO 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 keY has been demonstrated for a small (1 cm3) crystaL99 Resolutions closer to 10-12% 
are more typical of larger size crystals.10l The light collection is somewhat hindered by the 
high index of refraction (2.3) that makes efficient coupling to photomultiplier tubes or 
photodiodes mOle difficult. 

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 scintiIIators. It has a very high scin
tillation efficiency comparable to that of NaI(TI) but is available only as a polycrystaIline 
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/cm 2 become unusable 
because of the opacity of the muIticrystalline 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. CaF2(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 NaI(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 BaF2 

Barium fluoride has the distinction of being the first inorganic crystal discovered to have a 
very fast component in its scintillation decay.102-10S 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 BaF2 has been known106 as a scintillation material since the early 1970s. 
However, it was not until 1983 that it was shownlo2 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 BaF2 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 aP07.108) 

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 BaF2 is only about 20% of that observed in NaI(ll), so the 
attainable energy resolution is considerably poorer. The light yield in the fast component 
is quite small, only about 1400 photons per MeV.109 However, a number of applications 
have been demonstratedll0-1l2 in which the fast timing capability coupled with the high 
density and atomic number of the material have made it the scintillation material of choice. 

2. Pure Cesium Iodide CsI 

When activated 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(TI) 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 literature113.114 for different 
samples of the material, but they are roughly comparable in yield in one study of commer
cially supplied crystals.115 The slow component is absent in other measurements of highly 
purified material,114 indicating that its origin may be related to residual impurities in some 
crystals. 

3. Cerium Fluoride CeF] 

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 (CeFj) that displays weak scintilla
tion light equivalent to about 5% of that of NaI(TI). 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,116 a second component with decay time of 
about 5 ns is also observable. The total light yield from small volume crystals is reportedl17 

to be 2100 photons per MeV. 

E. Cerium-Activated "Fast" Inorganics 

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. us 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 Gdz.SiOs (or GSO) 

This material can be grown in reasonably large sizes as single crystals119 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 welLI20 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 stat~s. The total light yield is about 
20% of that of Nal(Tl). An energy resolution of about 9% for 662 keY gamma rays has 
been reported as typical performance.12l Additional properties are given in Table 8.3. It 
also appearsl22 that GSO shows excellent radiation stability, with no appreciable radiation 
damage observed for gamma-ray exposures up to 107 Gy. 

2. Yttrium Aluminum Perovskite YAI03 (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 Nal(TI) and an 
unusually fast principal decay time of 27 ns. It dlsplays excellent physical properties of 
hardness, strength, and inertness that readily allow easy fabrication and handling. Its scin
tillation properties123--125 show the best performance for small-size crystals, and there is evi
dence126 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 )AS 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.124 (See Chapter 10.) 

3. Yttrium Aluminum Garnet Y3AIS0 12 (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 NaI(Tl), but its spectrum is somewhat unusual in that it is shifted 
toward longer wavelengths relative to many other scintilla tors. The peak in the emission 
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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 usmt 
semiconductor photodiodes. The decay shows several componentsl27, 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. 127 

4. Lutetium Oxyorthosilicate LU2(Si04)° (or LSO) 

This material was first described as a scintillator in 1991.129 It has some very interesting 
properties including a light yield approximately 75% of that of NaI(TI), a fast decay time 
of 47 ns,130 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 scintillators 
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 176Lu which is radioactive and adds an inherent background of about 300 countsjs 
per cm3 of LSO. The best energy resolution reported for 662 keY 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 known131 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.132 An unusual 
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 cerium fluorescence site. 

5. Lutetium Orthoaluminate LuA103 (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 ns134 and a relatively high light output that 
may be more than 50% of that of NaI(TI). This combination of properties would make the 
material unparalleled for many gamma-ray applications. Thus there has been a great deal of 
interestl34-139 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,l40 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 ke V was 
obtained in the same study for a 3 mrn 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-absorption133 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 LSO the potentially troublesome natural 
background caused by the radioactivity of the 176Lu component. 

R 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. 141 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 glasses142 are made from various mixtures of Si02, LiOz,A1z0 3, 

MgO, and CeZ03' with BaO sometimes added to increase the glass density. 
The absolute scintillation efficiency for converting fast electron energy to light has 

been measured143 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, aiId 9.5, respectively.144 

Despite the fact that their relative light output is quite low (typically a maximum of 
3500 photons/Me V), 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 6Li. 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 lithium depleted in 6Li 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 Me V.145 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 formulations146 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: Th~ 
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. t As a result, photomultiplier tubes or photo diodes 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 scintilla tors can be among the fastest of 
all radiation detectors. 

In addition to their fast response, gas scintiIlators 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 Nal(T1) for 
equivalent particle energy loss. They have been widely applied in the spectroscopy of heavy 
ions, often with a pressurized active volume. Some scintillation properties of several noble 
gases are given in Thble 8.4. Extensive reviews of gas scintilIators 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 scintiIlators. Results have been reported154-159 on liquid and 
solid argon, krypton, and xenon and also on liquid helium. l60 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. 'lYpical results161 show a yield of 
about 40,000 photonsjMeV, comparable to that of NaI(TI) at room temperature. 
Attenuation lengths for the scintillation light are observed162 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.163 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.158 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. 

'There is some evidencel47 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.l48 
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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 318nm 2,100 

Argon 250nm 1,100 

Helium 390nm 1,100 

Nitrogen 390nm 800 
(for comparison) 

NaI(TI) 41Snm 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 Sdntillators 

All scintillation materials 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 depenqent 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 published164 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 
(NaI(TI), CsI(TI), CsI, BaF2, BGO, and PbW04). The damage in the alkali halides was 
observed to be closely coupled with the presence of oxygen contamination leading to the 
formation of Iiydroxyl 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 1()6 Gy. Between these 
extremes, roughly in order of increasing radiation resistance, are CsF, BGO, YAP, CeF3, and 
BaF2• Radiation damage in plastic scintillators was discussed earlier in this chapter. 

m. LIGHT COLLECTION AND SCINTILLATOR MOUNTING 

t... 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 unifonnity 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, only 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 B is greater than the critical angle Be' total inter
nal reflection will occur. If B is less than Be' 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 Be is'deter
mined by the indices of refraction for the scintillation medium no and the surrounding 
medium (often air) nt: 

(8.12) 

To recapture the light that does escape from the surface, the scintillator is nonnally 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 eq uals 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 
incidence and follows a distribution given by Lambert's law: 

dI(tJt) 
-- = cos tJt (8.13) 

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

Surrounding medium (refractive Index = n,) 

/ 

Scintillator (refractive Index = no) 

Figure 8.14 Conditions at the interface of dissimilar optical media (no> n l )· 

Ray ill 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 paperl66 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 NaI 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 scintillation 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.167-170These 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 
an~ used, the additional surfaces will often introduce added reflection and can seriou~slflfY----
affect the overall uniformity of light collection. For materials that are difficult to 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 epoxy171 
or the suspension of barium fluoride powder in liquids.172 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 light 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 40K 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 Birks1· 
and Bell.173 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,175 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 scintillator 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 a1.176) 

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 fonned 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.,176 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 <Pc will be incident on the rod surface at the critical angle ee 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 <Pe is calculated as 

n 1 1"'= "'e 1 i<t>c F=-=- dil=- 21tsin4>d4> 
41t 41t '" = 0 41t 0 

= t(1 - cos 4>c) = t(1 - sin ee) 

= t(l - nl/nO) (8.14) 
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In a cylindrical rod of refractive index no = 1.5 surrounded by air (nl == 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 6c will be trapped and conducted to the slab edges by total internal reflection. 
For rays with 6 < 6c• 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 6 < 6c. 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 6c. The total escaping 
fraction of light is thus given by 

o 1 L6=6c 1 f6c 
E == 2 . - = - dO = - 21t sin 6 d6 

41t 21t 6=0 21t 0 

= 1 - cos 6c = 1 - )1 - (::Y 
The fraction of light trapped in the slab is therefore 

F-l (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 no 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 scintillation 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 adiabatic177 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. 178 and Piroue.179 
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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. 

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 

Cladding ~ Radiation 

S,'.i/''',,,~ ~ :----;::::....-----
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. l83 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 llS. 

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.l8S-I87 This approach exploits the good light yieldl88 and fast 
decay time of liquid scintillators (similar to that of plastic scintiHators), while also offering 
less susceptibility to radiation damage effects compared with plastics.189 The excellent opti
cal quality of the liquid-glass interface can result in a light loss that is as low as 10-6 per 
reflection,l90 and capillaries with inner diameter as small as 20 IJ-m can have attenuation 
length (defined below) of up to 3 meters.l9l 

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 aP92) 
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Figure 8.19 Glass capillaries fused into bundles (or "multies") and operated 
filled with liquid scintillator. (From Ferroni and Martellotti.193) 

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 1.5l. 
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 J.Lm 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,194-196 particle tracking,l97 
and neutronl98 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 

"meridional rays": pass near 
fiber center axis 

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

FIBER END VIEW: 

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 

F= t(l- ::) 
where n1 and no 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-cladding 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.199 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 YIEW AND PROPAGATION 

The factors affecting scintillation light yield from plastic, liquid, and glass scintillators are 
discussed elsewhere in this chapter. Table 8.S 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 reflected. 

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

Core material photonslkeV 'J,eak (nm) 

Glass scintillator 3-5 400 

Plastic scintillator 8-10 420 

Liquid scintillator 11-13 420 

For comparison: 

NaI(Tl) 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 a1.2OO) 

one would expect the intensity of light 1 at a distance x from the original scintillation site 
to fall off exponentially as 

1 
- = e-x/L 
10 

where 10 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 

InL ~mall distance 10 

~_-.-:. _____ '-=_- 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 levefi 
are important to be able to clearly distinguish the signal pulses under these demanding cir~ 
cumstances. Examples of successful fiber readout sensors include photomultiplier tubesj 
(often the position-sensitive type201), 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 severalo 

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 attenuate the blue end of the spectrum most severely. It has been 
observed202,203 that exposures to gamma rays of about 103-1Q4 Gyor fast neutron fluences 
of 1012 n/cm2 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 

AI; with the damage in conventional plastic scintillators discussed earlier, the magni-
tude of the effects III plastic hbers 1S strongly mfluenced by the nature of the rad1atlOn, the 
irradiation rate,202 and the presence or absence of oxygen during the exposure.20S 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 a 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 "tum 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 AJrGaP 

Aaylic Light CoIIedcr 
Rod with Wav~
Shifter 

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 r:od, 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 shifter207-210 
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 geometries2Il 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.213 In some designs,214,215 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 
detectors, for example, for high-pressure gas proportional scintillation chambers216.217 
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 typically21&-220 in 
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 Me V 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 NaI(TI) 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(TI) and anthracene. 

8.4 Make a selection between a typical inorganic scintillator 
[say, NaI(TI)] 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.S Explain the function of the activator added in trace 
quantities to many inorganic scintilla tors. Why are they not 
needed in organic scintillators? 

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 

. dissolved in a solvent, while inorganics no longer function as 
scintillators if dissolved. 

8.8 Scintillation light is emitted isotropically within a slab 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
tillation events caused by a 1 MeV beta particle in NaI(l1) 
while viewing the surface of the scintillator at a distance of 
10cm? 

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. 

(c) 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 that is 
1 m from the point of interaction. 

scintiHatOis remain good ellergr-to-lttigrhhr1-t--rC':romlllVv-ee[r1t-ee[~s"'wrhhreenn---------------------------
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Chapter 9 

Photomultiplier Tubes and 
Photodiodes 

I. INTRODUCTION 

The widespread use of scintillation counting in radiation detection and spectroscopy would 
be impossible 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 
published2 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 published3 by the IEEE. 

The simplified structure of a typical photomultiplier tube is illustrated in Fig: 9.1. An 
outer (usually glass) envelope serves as a 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 107 -10lD 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. 

2.6S 
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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
inallight 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. 

ll. 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 e V. In step 2, some of that energy will be 
lost through electron-electron collisions in the mfgration process. Finally, in step 3, there 
must be sufficient energy left for the electron to bvercome the inherent potential barrier 
that always exists at any interface between material and vacuum. This potential barrier 
(often called the J:ilOrk (uncti"!') is norma1]y 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 escape derzth) 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 Eg. (For a discussion of the band structure in semicon
ductors, see Chapter 11.) The absorption process consists simply of elevating an electron 
from the nor~ally 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 electron affinity. If an electron is to escape, it must reach the surface in 
the short time before phonon interactions 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 nc.gative 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 e V. There is a spread in this distribution, however, and those electrons at the extreme 
upper end of the distribution can occasionally have an energy t~at 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/m2 • s) 

tJhe 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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because of the relatively high potential barrier. In semicondu~rs, the lower potential bar-' 
rier leads to thermal emission rates as high as 106-1 ()8/m 2 • s. eir superior photosensitiv_ 
ity is therefore achieved only at the price of a higher noise ra e from thermally stimulated 
electron emission:<f 

On theoreticar'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. 

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. Qnantum 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 (QE) of the photocathode. The 
quantum efficiency is simply defined as 

number of photoelectrons emitted 
QE = . (9.1) 

number of incident photons 

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 



28 

24 

20 

# 16 
~ 
j 
" ,;; 
'li; 

E 12 

" ~ a 
8 

4 

o 

Chapter 9 The Photocathode 269 

\ 1\ 1\ ' \ \ \ 1\ \._- All window materials 
- -.!... Fused silica windows 

\ ~-\-ex: :-\ \" . \--~ \ . 
\ I \ ' , ,1 \ \ ,'0 '\ - Bialkali tK-Cs) 

~ 1\ IX .. \' b~ ~ ~ ~ ~ $-20 (Trialkali) - Bialkali (Na-KI pyrex only 

1\ ! 1\-r\ \ v;7-, ~ ~ S ~ "Super" 5-11 
S-1 

\ , .. \ r\"' r~ ,,>, ~, ~~ R r> "S~ " 5-10:--"" \ 

\ I~' -~ ,,' r\. !\~ ~~ ~,! ~ -'",- f"-.. ..... ,- " '. 
1\ \\ .X ~ l'\) ~ i'... "'" i'-... f'... '" 

r--..... , 
\ '\ 1"'- ,~) i'... ....... 1'-- .......... 

'" 
........... 

\\ ..... ..... 

f\ I'\. "'" 
........ ~ ~t----... ........ 

t---.... '" r-.. t---.... 
\ '" " "J \ ~ ~ t---r-.. r--r-. 

'x: -.... ......... It -.... 
~ ~ l\. --r-- ""-. 

... ~ r--

" 
_ .. 

........ -~ [\ ""-r--r--........... \.. I--
........ -- '-- kW ~ 

"11 ~ I'--. r'----~ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Wavelength (/lml 

Photon energy I I I I I I 
(eVI 4 3.6 3 2.5 2 1.5 

100 

90 

80 ~ 

70 { 
c. 

60~ 
60 'E 
40~ 

:~ 
30 .~ 

20Jl 

1 o 

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 EM! 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 :,ilica ur quartz can be used to extend the sensitivity to wavelengths as 
short as about 160 nmJ 

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 scintillation crystal, the standard 
for quotation is the number of photoelectrons produced from a given photocathode per 
keY of energy loss by fast electrons in a NaJ(Tl) crystal from which nearly all the light is 
collected. For photocathodes with peak quantum efficiency of 25-30%, measurements give 
about 8-10 photoelectrons per keY energy loss.4,5 The reciprocal of this value, or the 
average energy loss required to create one photoelectron, is therefore approximately 
100-120 eY. 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 N~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 bluel, 
region of the spectrum. A later formulation based on K2CsSb 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. 

IR. 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 
inci~nt on the surface rather than by an optical photon. 

~lectrons leaving the photocathode have a kinetic energy on the order of 1 e V 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 e V. 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. }3ecause 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 escaping.Therefore, only a small fraction of the excited electrons ultimately 
contribute to the secondary electron yield from the dynode sUrface.1 

The secondary electron yield is a sensitive function of incident erectron 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 

Primary electron energy-eV 

Figure 9.3 Variation of the secondary emission yield with primary electron energy for standard 
dynode materials (lower three curves) and an NEA material [GaP(Cs)). (From Krall et al6) 
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increasing depth, the observed electron yield will be maximized at an optimum incident 
electron energy. 

The overall mUltiplication factor for a single dynode is given by 

number of secondary electrons emitted 
0= (9.2) 

primary incident electron 

and should be as large as possible for maximum amplification per stage in the photomulti
plier tube. A plot of 0 versus incident electron energy is given in Fig. 9.3 for several dynode 
materials. For the conventional dynode materials of BeO, MgO, and Cs3Sb, the maximum 
multiplication factor reaches about 10 for an optimum incident energy near 1 ke V, although 
values of 4-6 are more typical at conventional interdynode voltages of a few hundred volts. 

B. Negative Electron Affinity Materials 

[!he secondary emission yield of dynodes can be increased significantly through the use of neg
ative electron affinity (NEA) materials. 6-10 The most successful of these materials has been gal
lium phoophide (GaP), heavily doped to a concentration of about 1019 atoms/ cm3 with a p-type 
material such as zinc. The zinc creates acceptor sites within the bulk of the gallium phosphide. 
A thin, nearly monatomic layer of an electropositive material such as cesium is then applied to 
one surface. The acceptors at the surface attract an electron from the electropositive cesium, 
and each cesium atom becomes ionized and is held to the surface by electrostatic forces.l 
~e effect of this surface treatment can best be illustrated through the band structure 

diagram shown in Fig. 9.4. At the left is shown a conventional band diagram for undoped 
gallium phosphide, which is also representative of conventional dynode materials. The 
series of arrows on the left shows a typical history of an electron that does not escape. The 
original excitation causes a number of electrons to be elevated from the valence band to 
some point well up into the conduction band. As these electrons diffuse, they lose energy 
primarily through phonon interactions, such that within about a picosecond, these "hot" 
electrons have come into thermal equilibrium with their local environment and their energy 
has relaxed to near the bottom of the conduction band. If this electron is to escape, it must 
reach the surface with an energy greater than the potential that exists on the vacuum side 
of the surface. Once the electron drops to the bottom of the conduction band, its energy is 
normally below the vacuum potential and is too low to permit escape. In this case only a 
short time is available for the electron to escape and it cannot travel large distances from 
its point of origin. Therefore, relatively small escape depths of only a few nanometers are 
possible. However, the electron will tend to diffuse for a substantially longer time (typically 
100 ps) before dropping across the gap to rejoin the valence band.) 

On the right is shown the band bending created by the filling of acceptor sites at the sur
face by the thin cesium layer. The effect of the bending is to bring the vacuum potential below 
that of the bottom of the conduction band in the interior of the material. Therefore, electrons 

SOlid+vacuum 

+3.oev 
surtace 
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Solid-}..vacuum 
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affinity INo surface 
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Figure 9.4 Band structure near the surface for conventional semiconductors (left) 
and NEA materials (right). (Adapted from Krall et a1.6) 
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that have already dropped to the bottom of the conduction band stili have sufficient energy to 
escape if they happen to diffuse to the surface. Because the thickness of the bent-band region 
is very small, it can be less than a mean free path and the electron may escape without further 
energy loss in the surface region. The net effect is that the electrons that have already reached 
the bottom of the conduction band are stili candidates for escape and remain so for a period 
of time that is about 100 times greater than in the previous case. The average escape depth will 
therefore tend to be much greater and can reach tens or hundreds of nanometers. 

The effect of this change on the secondary electron yield is profound. The increased 
time over which electrons may escape enhances the escape probability for any typical elec
tron. Furthermore, excited electrons created deep within the dynode material remain can
didates for escape. Therefore, the secondary electron yield will continue to increase with 
increasing primary electron energy until the distance of penetration of the primary is very 
large. These effects are reflected in the yield curve for a GaP(Cs) dynode shown in Fig. 9.3. 
Secondary electron yields of 50 or 60 are readily achieved with an interstage voltage of 
1000 V, and much higher values are possible in principle if even larger voltages are per
mitted by the PM tube design. 

A secondary advantage of NEA materials is evident in PM tubes used for ultrafast tim
ing applications. Because almost all escaping electrons have previously dropped to the bot
tom of the conduction band, their average energy is lower and much more uniform than 
secondary electron energies from conventional materials. Because variations in initial 
energy contribute to the time spread in the multiplier section, a narrower distribution leads 
to less time broadening. Furthermore, the higher gain per stage permits a reduction in the 
number of stages required for a given total gain, also reducing the overall time spread. 

c. Multiple Stage Multiplication 

To achieve electron gains on the order of 106, all PM tubes employ multiple stages. 
Electrons leaving the photocathode are attracted to the first dynode and produce S elec
trons for each incident photoelectron. The secondaries that are produced at the surface of 
the first dynode again have very low energies, typically a few e V. Thus, they are quite easily 
guided by another electrostatic field established between the first dynode and a second 
similar dynode. This process can be repeated many times, with low-energy secondary elec
trons from each dynode accelerated toward the following dynode. If N stages are provided 
in the multiplier section, the overall gain for the PM tube should be given simply by 

overall gain = uSN (9.3) 

where a is the fraction of all photoelectrons collected by the mUltiplier structure. 
Conventional dynode materials are characterized by a typical value of S = 5, and a is near 
unity for well-designed tubes. Ten stages will therefore result in an overall tube gain of 510, 

or about 107• If high-yield NEA dynodes are used with S = 55, the same gain can be 
achieved with only four stages. 

The overall gain of a PM tube is a sensitive function of applied voltage V. If S were a lin
ear function of interdynode voltage, then the overall gain of a 10-stage tube would vary as VlO. 
As shown in Fig. 9.3, however, S for conventional dynodes varies as some fractional power of 
interdynode voltage so that the overall gain is more typically proportional to V6 - V9. 

D. Statistics of Electron Multiplication 

If S were strictly a constant, each photoelectron would be subject to exactly the same mul
tiplication factor. Under fixed operating conditions, all output pulses that originate from a 
single photoelectron would then have the same amplitude. In practice, the emission of sec
ondary electrons is a statistical process, and therefore the specific value of S at a given 
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dynode will fluctuate from event to event about its mean value. The shape of the single 
photoelectron pulse height spectrum observed from a real PM tube is an indirect measure 
of the degree of fluctuation in I) and has thus been the subject of extensive investigation. 

In the most simple model, the production of secondary electrons at a dynode can be 
assumed to follow a Poisson distribution about the average yield. For a single photoelec
tron incident on the first dynOde, the number of secondaries produced has a mean value of 
I) and standard deviation 0- of VB (see Chapter 3). The relative variance, defined as (0-/8)2, 
is thus equal to 1/8. When this process is now compounded over N identical stages of the 
PM tube, the mean number of electrons collected at the anode (and hence the pulse ampli
tude) is given by I)N. It can be demonstrated from the properties of Poisson statistics that 
the relative variance in this number is now 

1 1 1 1 1 
-+-+-+ ... +-i:-
I) 1)2 83 'ON 8 - 1 

(9.4) 

Thus, if 8 » 1, the relative variance or spread in the output pulse amplitude is dominated 
by fluctuations in the yield from the first dynode where the absolute number of electrons 
is smallest. 

In many applications of scintillators, hundreds or thousands of photoelectrons contribute 
to each pulse, and they are therefore much larger than single photoelectron pulses. When 
poor light collection or low-energy radiations are involved, however, signal pulses corre
sponding to only a few photoelectrons may be involved. Then the fluctuations in electron 
multiplication may interfere with the ability to discriminate against noise events, many of 
which correspond to single photoelectrons. Figure 9.S shows the expected distribution in the 
number of secondaries produced by the first dynode when struck by different numbers of 
photoelectrons. If the value of 8 is small, it is impossible to separate cleanly the events caused 
by one photoelectron from those in which more photoelectrons are involved. If the dynodes 
are characterized by a larger value of 8, however, the separation is much more distinct and it 
is possible to distinguish peaks in the distribution corresponding to discrete numbers of pho
toelectrons up to about 4 or 5. This behavior is demonstrated in Fig. 9.6 in the pulse height 
spectrum observed from a PM tube with a high-8 first dynode made from a NEA material. 

Experimental measurements of the single photoelectron pulse height spectra from PM 
tubes generally show a peaked distribution,12.13 but with a larger relative variance than that 
predicted by the Poisson model. In fact, observations made under some conditions show no 

dN 
dH 

2 

5 -25 

4 5 
No. of secondaries in photoelectron equivalents 

Figure 9.5 Statistical broadening of the secondary electron yield from the first dyn
ode of a PM tube. Numbers identify the number of incident photoelectrons. TWo cases 
are shown representing conventional dynodes (ll = 5) and NEA materials (ll = 25). 
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Figure 9.6 The measured pulse height spectrum for weak scintillation events 
obtained from a RCA 8850 photomultiplier tube. The high-gain first dynode 
results in distinguishable peaks in the spectrum corresponding to 1,2, and 3 
photoelectrons per pulse. (From Houtermans.11) 

peak at all, but rather an exponential-like distribution.I4 These discrepancies have led to 
alternate models of the multiplication statistics in which a Polya distribution15 or com
pound Poisson16•17 is substituted for the simple Poisson description of electron multiplica
tion. No universal descriptions have as yet emerged that can accommodate all experimen
tal measurements, and it is possible that differences in specific electron trajectories and 
dynode properties may preclude a general model applicable to all PM tubes. 

IV. PHOTOMULTIPUER TUBE CHARACTERISTICS 

~,St:nIcturall)llferences 

Figure 9.7 shows some representative construction details of PM tubes of various designs. 
All consist of a semitransparent photocathode, a photoelectron collection region between 
the photocathode and the first dynode, a multistage electron multiplier section, and an 
anode for collection of the amplified charge. These structures are enclosed in a glass vacu
um envelope, through which electrical leads are conducted at the base. Thbes with flat end 
plate windows are the only type in general use for scintillation counting, so cylindrical scin
tillation crystals can easily be mounted directly on the end window adjacent to the photo
cathode. Tubes are available commercially with circular photocathodes ranging in diame
ter from a few millimeters to over 20 cm.A nominaI2-in. (5 cm) diameter is one of the com
mon choices in many scintillation applications, and the widest selection is generally avail
able in this size. PM tubes with square and hexagonal photocathodes have also been intro
duced for specialized applications in which an array of tubes must be closely packed. 

The "venetian blind" type of construction is one of the oldest used for photomultipli
er tubes and is now virtually obsolete. It is readily adaptable to tubes of varying numbers 
of stages but suffers from a relatively slow response time due to low electric fields at the 
surface of the dynodes. The "box and grid" structure is also fairly old and slow, but it is still 
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Figure 9.7 Configurations of some common types of PM tubes. (a) Focused linear 
structure. (b) Circular grid. (c) Venetian blind. (d) Box-and-grid. (Courtesy of EMI 
GENCOM Inc., Plainview, NY.) 

standard in many tubes of large diameter. The circular grid and linear multiplier structures 
were introduced to speed up the electron transit time through the mUltiplier structure and 
are used in those PM tubes with the fastest response time. 

Photomultiplier tubes should be protected from excessive mechanical shock or vibration 
to avoid physical damage to internal components. Also, some modulation of the output sig
nal can be induced by vibration of the multiplier structures. Most tube manufacturers offer a 
rugged version of some of their photomultiplier tubes (often originally designed for space 
applications). These are provided with electron multiplier structures and other internal com
ponents mechanically arranged to resist vibration and shock. Standard tubes are quite ade
quate in this respect for most scintillation counting applications, but rugged versions can be 
helpful in counters designed for field use where they may be subjected to rough handling. 

Another type of specialized electron multiplier is the continuous channel, illustrated in 
Fig. 9.8. This device is extremely simple, consisting of a hollow glass tube whose inner sur
face acts as a secondary electron emitter. A potential difference is applied across the length 
of the tube, thereby attracting electrons from the entrance end to the exit end. Electrons 
entering the tube will eventually strike the wall giving rise to a pulse of secondary elec
trons. These will be further accelerated along the length of the tube until they in turn also 
strike the wall, giving rise to further secondaries. The device acts much like a photomulti
plier tube with continuous dynodes available along its entire length. The number of times 
an entering electron and its subsequent secondaries strike the wall is an accident of past 
orientation and individual trajectories and will vary considerably for different entering 
electrons. When operated at high voltages, the electron gain may be large enough so that 

z:s;;: ".,'''' .,~ :; 'w"" ,,~_ Y traJectories 

Figure 9.8 Continuous channel electron multiplier. 
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Figure 9.9 Elements of a PM tube based on microchannel plate electron multiplication. 

the resulting space charge near the exit of the channel limits the total charge per pulse to 
about lot' or 107 electrons at saturation for channels of small diameter. 

Channel multipliers must be shaped to prevent feedback problems that can arise when 
positive ions occasionally formed within the channel are accelerated in the reverse direc
tion from the electrons. By forming the channel as a curve or chevron, these ions can be 
made to strike a wall before their energy is high enough to create secondary electrons. 

Clusters of many thousands of tubes can be fabricated to form a microchannel plate. 
Each channel is of very small diameter (typically 15-50 f.Lm) and acts as an independent 
electron multiplier. Their application as the multiplier element in PM tubes is reviewed in 
Refs. 18--21. In the configuration shown in Fig. 9.9, each photoelectron generally enters a 
se arate channeL If all channels are 0 rated in char e saturation and are identical, then 
the total collected charge is proportional to the number of original photoelectrons. 

The primary advantage of PM tubes based on micro channel plates lies in their excel
lent timing properties.22- 27 The total electron transit time through a channel is a few 

I--____________ -=n:::a:::n~o"'se"_'c=o:nds, c.ompared with 20--50 ns for. conventional multiplier structures (see the fol-
lowing section). The spread in transit time, which determines timing performance, is about 
100 ps, a factor of 2 or 3 better than the fastest conventional PM tube currently available. 

B. Pulse Timing Properties 

Because the time required for photoemission in the photocathode or secondary emission 
from dynodes is very short (0.1 ns or less), the time characteristics of the PM tube are 
determined exclusively by the electron trajectories. The electron transit time of a PM tube 
is defined as the average time difference between the arrival of a photon at the photo
cathode and the collection of the subsequent electron burst at the anode. In PM tubes of 
various designs, electron transit times range from 20--80 ns. In most timing applications, 
however, the transit time itself is not of primary importance because if it were always a con
stant, it would introduce only a fixed delay in the derived signal. Instead, the spread in tran
sit time is a more important quantity because it determines the time width of the pulse of 
electrons arriving at the anode of the tube. The timing response of a typical PM tube is 
illustrated in Fig. 9.10. 
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Figure 9.10 The response of a PM tube to a short pulse of light on the photocathode. 

The region between the photocathode and first dynode is critical in determining the 
timing properties. To allow uniform collection over large photocathodes, this distance is 
kept fairly large compared with interdynode distances (see Fig. 9.11). The difference in 
paths between a photoelectron leaving the center of the photocathode and one at the edge 
is often a dominant factor in the observed spread in transit time. The photocathode is often 
curved to minimize the transit time spread across its diameter. It is convenient to have a 
flat outer surface for scintillator mounting, so an end window with a plano-concave shape 
is frequently used with the photocathode deposited on the inner curved surface. A second 
source of transit time spread arises from the distribution in initial velocities of photoelec
trons leaving the photocathode. This effect can be minimized by using a large voltage dif
ference between the photocathode and first dynOde. 

F, 

~F' 
1st 
Dynode 

Figure 9.11 Computer-generated trajectories of electrons accelerated from the photocathode 
to the first dynode in a PM tube. In this design, the photocathode is curved to minimize the 
spread in transit time. Structures labeled Fl and F2 are electrodes carrying adjustable voltage 
that electrostatically focus the electrons for optimum performance. (From Kume et aI. 28) 
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Figure 9.12 Measurements of the transit time spread obselVed from the PM 
tube shown in Fig. 9.11 as a function of the average number of photoelec
trons generated per pulse. (From KUme et al. 28) 

The amount of transit time spread observed for a specific pulse also depends on the 
number of initial photoelectrons per pulse. To simplify the analysis and comparison of dif
ferent photomultipliers, many of the measurements reported in the literature concentrate 
on the transit time spread due to a single photoelectron. This parameter does not include 
the important contribution of the cathode to first dynode space,29.30 and is only a measure 
of the time spreads introduced subsequent to the first dynode. As the number of photo
electrons increases, a larger number of samplings of various possible electron trajectories 
through the tube are made. If the distribution in the various possible transit times is 
assumed to be Gaussia~ then statistical theory predicts that the relative spread in transit 
times should vary inversely with the square root of the number of photoelectrons. In 
Fig. 9.12, this behavior is verified for a typical PM tube. Thus, high light yield from a scin
tillator is important in timing applications as well as in pulse height measurements. The 
time spread attributable to the multiplier section also decreases with increasing interdyn
ode voltage, and the best timing performance is normally obtained by operating the tube 
at maximum voltage permitted by the ratings. 

The timing performance of PM tubes is a continuing area of development, and some 
trends are reviewed in Ref. 31. Table 9.1 lists data for a number of representative tubes on 
the electron transit time and anode rise time (related to the spread in transit time). When 
used with slow inorganic scintillators, PM tubes are fast enough so that their contribution 
to the overall time response usually is not an important factor. It is only when scintiIIators 
with shorter decay times are employed to derive a fast timing signal that the PM tube can 
become a significant element in determining the resultant timing properties. 

c. Maximum Ratings 

All commercial photomultipliers are supplied with a set of maximum voltage and current 
ratings that are not to be exceeded during routine use. Detailed specifications will often 
give individual values for maximum photocathode to first dynode, dynode to dynode, last 
dynode to anode, and cathode to anode maximum voltages as well. These limits are set by 
a variety of conditions including ohmic leakage and dark current considerations. The user 
is often more interested in a single figure for the maximum applied voltage when using the 
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Table 9.1 Properties of Some Commercially Available Photomultiplier Thbes 

A B C D 

Ham 1635 10 8 

Ham 1450 19 15 

Ham 380 38 34 

Ham 1306 51 46 

Ham 3318 51 sq 45 

Ham 3336 60 h 55 

Bude 4516 19 13 

E F 

L8 BA 

LlO BA 

LIO BA 

B8 BA 

BMlO BA 

BMlO BA 

LlO BA 

G 

1250 

1500 

1250 

1000 

1000 

1000 

1500 

Bude S83010E 38 32 C10 

B8 

LIO 

B8 

TI0 

Bll 

RbCsSb 1000 

Burle S83054F 

Burle S83020F 

Bude S83079F 

Bude S83006F 

51 47 

60h 56 

76sq 

130 111 

ADIT B29B02H 29 

ADIT B51B01 51 

AUDIT B76B01 76 

ADIT B133D01 127 

En 9078 

ETL 9924 

ETL 9266 

ETL 9350 

19 

30 

52 

200 

24 

46 B10 

70 BID 

119 B10 

15 LID 

23 B11 

45 LlO 

190 Ll4 

BA 

BA 

BA 

BA 

BA 

BA 

BA 

BA 

BA 

RbCs 

BA 

BA 

800 

1100 

BOO 

1100 

1100 

1100 

1100 

1100 

900 

870 

900 

1550 

A = manufacturer: Ham = Hamamatsu, ETL = Electron Thbes Limited. 

B = model number. 

C = diameter or dimension of tube outline (sq = square, h = hex) in mm. 

D = minimum usable photocathode dimension. 

H 

1500 

1800 

1750 

1500 

1500 

1500 

1800 

1000 

1200 

1700 

1200 

1650 

1500 

1500 

1500 

1500 

1200 

1050 

1100 

2300 

I 

1.1 

1.7 

1.1 

0.27 

0.27 

0.27 

0.52 

2.4 

0.10 

0.10 

0.21 

0.Q7 

1.0 

1.0 

1.0 

1.0 

0.71 

2.1 

0.6 

67 

E = dynode structure: L = linear focused, B = box and grid, BM = box and mesh, C = circular. 

F = photocathode material: BA = bialkali. 

G = recommended operating voltage. 

H = maximum tube voltage. 

I = gain x 1(J6 at voltage in G. 

J = cathode luminous sensitivity (",AJ1rn) measured with 2854 K tungsten source. 

J 

95 

115 

95 

110 

110 

110 

66 

100 

10.5a 

71 

11.3a 

92 

70 

70 

70 

120 

70 

95 

80 

75 

K 

76 

88 

88 

95 

95 

95 

92 

103 

100 

100 

105 

80 

80 

80 

97 

90 

100 

100 

100 

,K = cathode radiant sensitivity (mAfW) measured at or near the wavelength of photocathode peak senSitivity. 

L 

1 

3 

3 

2 

2 

2 

0.2 

1 

3 

1 

3 

1 

10 

10 

10 

10 

0.1 

0.1 

0.2 

15 

M N 

0.8 8.5 

1.8 19 

2.7 37 

7.0 60 

4.8 4S 

6.0 47 

1.8 20 

2.8 32 

11 

10 

14 

22 

11 

17 

17 

17 

63 

69 

73 

105 

35 

45 

50 

50 

1.8 20 

15 80 

4 37 

5 80 

a.. = dark. current (an approximate number due to large variations in the method of measurement between different manufacturers) (nA). 

at = anode rise time at voltage in G (ns). 

}r = transit time at voltage in G (ns), 

llleathode luminous sensitivity is measured using a blue Corning c.s. No.5-58 filter. 
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manufacturer's recommended voltage divider string. Because virtually every PM tube will 
show an increase in gain as the voltage is increased, the maximum value for applied volt
age practically determines the maximum gain obtainable from the tube. 

Maximum values are also often given for photocathode current and anode current. The 
first limit is usually set by consideration of photocathode resistivity, which can give rise to 
distorted electrostatic fields at high currents, whereas the anode limit is set by heat dissi
pation considerations. In normal pulse-mode scintillation counting, current limits seldom 
are of concern because the maximum counting rate permitted by pile up and pulse resolu
tion considerations nearly always corresponds to an average current far less than the max
imum ratings. 

D. Photomultiplier Thbe Specifications 

E. Linearity 

Manufacturers will conventionally quote performance of PM tubes in terms of certain 
characteristics, which are defined here. 

1. Overall Luminous Sensitivity. Defined as the ratio of the measured anode current 
at operating voltage to the luminous flux from a tungsten light source of specified 
temperature incident on the photocathode. This quantity is an overall measure of 
the expected current from the PM tube per unit incident light from a broad-band 
source. The units are amperes per lumen (A/1m). 

2. Cathode Luminous Sensitivity. Defined as above, except that the current of photo
electrons leaving the photocathode is substituted in the numerator for the anode 
current. This quantity is again measured in amperes per lumen, is a characteristic 
only of the photocathode, and is independent of the electron multiplier structure. 

3. Overall Radiant Sensitivity. This parameter is defined as the ratio of anode current 
to radiant power at a given wavelength incident on the photocathode. Units are 
amperes per watt (A/W). 

4. Cathode Radiant Sensitivity. Defined as above, except that the photocathode cur
rent is substituted for the anode current. 

S. Dark Current. Normally specified in terms of anode current measured without pho
tocathode illumination when the tube is operated to provide a given overalliumi
nous sensitivity. 

6. Anode Pulse Rise Time. Quoted as the time taken for the output pulse to rise from 
10 to 90% of the peak when the photocathode is illuminated by a flash of light of 
very short duration. 

7. Anode Pulse Width. Normally quoted as the time width of the output pulse meas
ured at half maximum amplitude, again for short-duration illumination of the pho
tocathode. 

Table 9.1 lists specifications for a number of commercial photomultiplier tubes of signifi
cant current interest in scintillation counting. Because PM tube design remains a rapidly 
developing area, potential users should always seek up-to-date information directly from 
the tube manufacturers. 

The electron multiplication factor in nearly all PM tubes remains constant for pulses that 
range in size from a single photoelectron to many thousands. Under these conditions the 
amplitude of the pulse collected at the anode is linearly related to the number of photo
electrons, and consequently to the intensity of the scintillation light flash. Nonlinearities 
can arise for very large pulses caused by space charge effects between the last dynode and 
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anode where the nwnber of electrons is greatest. The buildup of space charge affects the 
trajectories of electrons in this region and causes some to be lost that would otherwise be 
collected. Another factor that can causenonlinearities at high pulse amplitudes is any devi
ation of dynode voltages from their equilibrium value during the course of the pulse. 
Under normal circumstances in scintillation pulse counting, these effects are seldom 
important with an adequately designed tube base (see later discussion) and the photomul
tiplier tube remains in the linear range. 

F. Noise and Spurious Pulses 

Usually the most significant source of random noise from a photomultiplier tube results 
from thermionic electrons that are spontaneously emitted by the photocathode. The pulses 
that result from this process correspond to a single photoelectron, so their amplitude is lim
ited to the lowest end of the scale. Because most scintillation counting is done under con
ditions in which a scintillation pulse corresponds to many photoelectrons, amplitude dis
crimination is usually sufficient to eliminate all contributions of this thermal noise. In appli
cations in which very-low-energy radiation is measured or in which single photons are 
detected, valid signal events may also correspond to a single photoelectron and therefore 
may be indistinguishable from thermionic noise. In that event there is no alternative but to 
try to reduce the noise contribution as much as possible. The rate at which these pulses are 
observed is proportional to the area of the photocathode, and therefore one should select 
a tube of the smallest diameter required for a specific application in order to minimize 
these dark pulses. The rate at which thermionic electrons are emitted per unit area varies 
greatly between photocathode materials, and bialkali photocathodes are among the most 
quiet. Typical spontaneous emission rates at room temperature are in the range of 102-104 

electrons/cm2 • s. The dark current specifications given in Table 9.1 largely reflect the con
tribution of thermionic electrons, and the tubes with lowest noise rates are those with the 
lowest dark currents for equivalent luminous sensitivity. 

The significance of this spontaneous electron emission from the photocathode can be 
quite different depending on whether the scintillator-PM tube combination is operated in 
pulse or current mode. Choosing for illustration a value of 1()3 electrons/s randomly emit
ted from the entire photocathode, a tube operated in pulse mode will produce small noise 
pulses with amplitude that corresponds to a single photoelectron with an average time 
spacing of 1 ms. Typical shaping times used for scintillation detectors are in the microsec
ond range, so the probability is very small that even one such photoelectron will contribute 
to a given scintillation pulse. If the single photoelectron pulses are much smaller than the 
signal pulses so that they can be amplitude discriminated, then there is no appreciable con
tribution to the noise characteristics of the measurement. In current mode, however, all the 
dark current adds to the signal current, and the fluctuation in its value can be a significant 
contributor to the uncertainty in measuring the signaL To estimate the steady-state dark 
current associated with the same example as above for the spontaneous emission rate, we 
assume a gain of 106 in the electron multiplier section of the PM tube: 

ldark = (1()3 elec/s)(106)(1.6 X 10-19 C/elec) = 160 pA 

The measurement of currents of this order of magnitude or less from the PM tube anode 
will be subject to noise introduced by the dark current fluctuations. 

For some photocathodes the rate at which thermionic electrons are emitted can be dras
tically reduced by cooling the tube. Reductions by a factor of 100 or more may be observed 
with proper temperature reduction. Dry ice or liquid nitrogen are often used for cooling, but 
self-contained refrigerators are also commercially available for this purpose. Problems that 
can arise in connection with PM tube cooling include water vapor condensation on exposed 
cold surfaces and increased photocathOde electrical resistance at lower temperatures. Large 
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photocathode resistance can distort the electrostatic field between the photocathode and 
first dynode and may lead to a loss in photoelectron collection efficiency. 

Photomultiplier tubes should be stored in the dark when not in use. Exposure to room 
light is disastrous while voltage is supplied to the tube because very high illumination levels 
lead to anode currents that greatly exceed the maximum ratings and that can quickly damage 
the multiplier structures. Incident light, especially from fluorescent tubes, is to be avoided even 
when no voltage is applied to the tube because of the temporary increase in dark pulses that 
will result. It is not unusual to observe an increase of 100 or mOre in the rate of dark pulses 
immediately after exposure to intense room light, and a measurable increase can persist for 
several hours. It appears that the major cause of this increased noise rate is the emission of 
light from phosphorescence states in the glass envelope of the PM tube. 

Another source of dark pulses originates with natural radioactivity in the structure of 
the tube itself. The most important components are usually 40K and thorium contained in 
the glass envelope. A beta particle produced in radioactive decay will give rise to a flash of 
Cherenkov radiation, which can liberate photoelectrons from the photocathode in much 
the same way as normal scintillation events. For applications in which the ultimate in low 
background is a necessity, special tubes with low-activity glass to minimize these events are 
available. Scintillation or Cherenkov light produced in the glass by external radiation can 
also be a significant Source of dark pulses.32•33 One such source is cosmic radiation (see 
p. 761), which generally results in dark pulses of small amplitude from Cherenkov light pro
duced in the thin end window of the tube. Because of the low specific energy loss of the 
secondary cosmic radiations and the low light yield from the Cherenkov process, the COr
responding dark pulses correspond to only a few photoelectrons and are therefore usually 
discarded by amplitude discrimination in typical scintillation applications. However, if very 
weak scintillation events must be recorded, these dark pulses can be of the same size as the 
signal. In such cases, the rate from cosmic radiation can be minimized by operating the tube 
with its major axis oriented horizontally so that the end window presents minimum cross 
section to the cosmic secondaries that are directed preferentially in a downward vertical 
direction. 

Afterpulses are another type of noise sometimes observed in PM tubes.34 These are 
satellite pulses that will sometimes follow a true signal pulse after a short delay period. One 
mechanism that can give rise to afterpulsing is the emission of light from the latter stages 
of the multiplier structure, which finds its way back to the photocathode. Such afterpulses 
will be delayed by a time characteristic of the electron transit time through the tube, or 
roughly 20-50 ns. Because these pulses often correspond to a single photon, their ampli
tude is usually quite smaU. Another cause of afterpulsing can be an imperfect vacuum with
in the tube. Traces of residual gas can be ionized by the passage of electrons through the 
multiplier structure. The positive ions that are formed will drift in the reverse direction and 
some may find a path back to the photocathode. Typical ions will liberate tens Or hundreds 
of photoelectrons when they strike the photocathode, and the resulting pulse will be of 
rather large size. Because the velocity of the positive ion is relatively low, the time it takes 
to drift back to the photocathode can range from hundreds of nanoseconds to a microsec
ond or more. The time spacing between the primary pulse and the afterpulse from this 
mechanism is therefore relatively large. Because the amount of residual gas can vary 
considerably between tubes of identical design, problems caused by afterpulsing in some 
applications may often be eliminated by simple substitution of another tube. The probabil
ity of production of an afterpulse increases linearly with primary pulse amplitude in at least 
one tube design but is usually no more than a few percent. Afterpulsing is therefore of lit
tle consequence in ordinary scintillation spectroscopy but can become a serious perturbing 
effect in timing measurements where the pulses of interest follow a preceding high
intensity burst of radiation. Discussions of the afterpulsing characteristics of some PM tubes, 
together with electronic means of afterpulse suppression, may be found in Refs. 35-39. 
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G. Photocathode Nonuniformities 

Direct measurement (e.g., see Ref. 9,40, or 41) has shown that the sensitivity of photo
cathodes, especially those with large diameters, is far from uniform across the entire pho
tocathode area. This problem is further compounded by the difficulties of achieving uni
form photoelectron collection to the first dynode from the entire photocathode area. The 
combination of these two effects can lead to situations in which the anode pulse observed 
for a given flash of light may vary by as much as 30-40% as the position of the illumina
tion is moved across the photocathode area. This nonuniformity is a potentially serious 
problem in scintillation counting because response variations will tend to spoil the energy 
resolution of the system. One means of reducing the problem is to place a light pipe 
between the scintillator and end window of the PM tube. This is especially important for 
thin scintillators and tends to spread light from any scintillation event over the entire pho
tocathode, thereby averaging out much of the nonuniformity. 

H. Gain Variations with Counting Rate 

Another nonideality of PM tubes of which the user should be aware is the possibility of 
gain changes during the course of a measurement. The most common situation is one in 
which the counting rate changes by a large factor. If the divider string current is too low 
(see p. 284), changes in count rate can lead to gain changes due to resulting variations in 
the dynode potentials.42 Even if this effect is totally eliminated, the tube may require sev
eral hours to stabilize at a constant count rate as thermal and space charge effects created 
by the electron current through the multiplier structure of the tube reach equilibrium.43 

The gain changes may not be fully reversible, and hysteresis effects have been observed 
experimentally.44 Photomultiplier structures can be designed to minimize these drifts, and 
a good tube will not change its gain by more than 1 % as the counting rate is varied from 
103 to 1()4 per second.3 Specifications of this type can often be found for many PM tube 
deSIgns. The gradual drift in tube gain that often follows a large change in tube current or 
counting rate is called fatigue45, 46 and can be a serious problem if the tube current changes 
by orders of magnitUde during the course of the measurement. 

V. ANCILLARY EQUIPMENT REQUIRED WITH PHOTOMULTIPLIER TUBES 

A. High-Voltage Supply and Voltage Divider 

An external voltage source must be connected to the PM tubes in such a way that the pho
tocathode and each succeeding multiplier stage are correctly biased with respect to one 
another. Because electrons must be attracted, the first dynode must be held at a voltage 
that is positive with respect to the photocathode, and each succeeding dynode must be held 
at a positive voltage with respect to the preceding dynode. For efficient photoelectron col
lection, the voltage between photocathode and first dynode is often several times as great 
as the dynode-to-dynode voltage differences. 

The interstage voltage requirements of a PM tube may, in principle, be supplied by 
individual voltage sources, such as a multicell battery. Battery supplies are practical in some 
applications where counting rates are low, but often are unattractive because of the rapid 
discharge rates due to the current demands of the latter stages of the PM tube. The inter
nal current in the PM tube is at a maximum between the last dynode and the anode, so the 
battery cell that supplies the voltage to the last dynode must be capable of a current drain 
equal to the average dc current leaving this dynode. 

In the vast majority of cases, the voltage differences are provided instead by a resistive 
voltage divider and a single source of high voltage. Figure 9.13a shows a typical wiring dia
gram for the base of a PM tube in which a positive polarity high voltage is used. In this case 
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Figure 9.13 1Ypical wiring diagrams for the base of a PM tube. Scheme (a) utilizes positive high 
voltage and a grounded photocathode. Scheme (b) uses negative high VOltage, and the photo
cathode must be isolated from ground. Values of the divider string resistors RD are chosen using 
criteria given in the text. The equivalent anode load resistance is RL in (b), and the parallel com
bination of RL and R'L in (a). Other identifications are given in the text. 

the cathode of the PM tube is grounded, and the divider string supplies successively 
increasing positive voltages to each dynode down the multiplying string. The anode is at a 
dc potential equal to the supply voltage, and signal pulses must therefore be capacitively 
coupled from the anode to allow the pulse component to be passed on at ground potential 
to succeeding electronic devices. The load resistor RL can be chosen by the experimenter 
so that the resulting anode circuit time constant is of proper magnitude. The anode capac
itance C A usually is not a physical capacitor, but only the stray capacitance associated with 
the anode structure and connecting cables. An analysis of the pulse shape expected from 
this anode circuit is given later in this chapter. 

The direct current through the divider string is determined simply by the ratio of the 
applied high voltage and the summed resistance of all the resistors in the divider string. In 
order to use the simplest and least expensive voltage supply, one would like to keep this 
current at a minimum. Small currents also minimize problems caused by heat dissipation 
in the divider resistors. However, the divider string current should in principle be kept large 
compared with the internal PM tube current represented by the pulse of electrons flowing 
from dynode to dynode. If the internal current at the peak of a pulse becomes comparable 
with the divider current, the voltages of the dynodes normally will begin to deviate from 
their equilibrium values, leading to drift of the PM tube gain. This problem is especially 
serious for the last few stages of the PM tube where peak currents are at a maximum. To 
suppress this effect, it is commonplace to provide stabilizing capacitors (labeled as Cs in 
Fig. 9.13) to the stages of the divider string near the anode to help hold these latter dynode 
voltages at a constant value throughout the pulse. The stabilizing capacitor momentarily 
supplies the current lost from the dynode during the pulse and is recharged by the divider 
string current during the period between pulses. To prevent a more than 1 % interdynode 
voltage change, the charge stored on the stabilizing capacitor (given by the product of 
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capacitance value and the interdynode voltage) must be 100 times greater than the charge 
emitted by that dynode during the pulse. 

A numerical example is instructive at this point. Assume we start with a scintillation 
event that liberates 1000 photoelectrons from the photocathode of the PM tube. Further 
assume that the PM tube provides an overall gain of 106, so that 109 electrons per pulse leave 
the last dynode and are collected by the anode. If these scintillation pulses are occurring at 
a rate of lOS per second, then the average dc anode current can easily be calculated as 

9 electrons coulomb pulses 
I v = 10 x 1.6 X 10-19 X 105--
a g pulse electron second 

= 1.6 X 10-5 A = 0.016 rnA (9.5) 

Because this current appears in discrete pulses, however, the peak current during a pulse is 
substantially higher. As an extreme case, assume we have a very fast organic scintillator 
whose decay time combined with the transit time spread in the PM tube produces a nar
row electron pulse of 5-ns width. The peak pulse current is then approximately 

coulomb 1 
Ipeak = 109 electrons X 1.6 X 10-19 X 9 

electron 5 X 10- s 

= 0.032 A = 32 rnA (9.6) 

For photomultipliers operated in either current or pulse mode, the current through the 
voltage divider string should be kept large compared with the average dc signal current. In 
the example shown, this criterion can easily be met with a voltage supply capable of a few 
tenths of a milliampere. In pulse mode, however, the instantaneous demands in the last few 
stages of the PM tube can be many times greater. In the case of the example above, it would 
be impractical to attempt to design the divider string with a dc current much larger than 
the maximum pulse current as well. In that case, a divider string current of 10 or 20 rnA 
might be used and stabilizing capacitors provided for the last few stages in which the peak 
pulse current is greater than 1-2 mAo Alternate schemes which employ zener diodes or 
transistors to stabilize the dynode voltages are described in Refs. 47 and 48. 

The polarity (+ or -) of the high voltage used with PM tubes is in some sense an arbi
trary choice. In the example given previously, the photocathode end of the divider string was 
grounded, which then required the application of positive high voltage to the anode end of 
the string. Exactly the same interdynode voltages can be achieved by grounding the oppo
site (or anode) end of the divider string and applying negative high voltage to the photo
cathode end. This latter arrangement is shown in Fig. 9.13b. The designer of the tube base 
circuit must choose one of these alternatives, and both are in common use. It is therefore 
important that users be aware of wmeh convention has been chosen by the manufacturer of 
their own tube base before initial use of the equipment with a PM tube. Mistakenly apply
ing the wrong polarity to a PM tube is not usually fatal to the tube, but electrons will refuse 
to swim uphill and the PM tube will not work. Designing the tube base for positive high volt
age is in some ways simpler because it allows the photocathode of the PM tube to be 
grounded. Because this end is often in contact with a scintillation crystal whose cover must 
be exposed, it is convenient to keep the crystal at ground potential as well. Operating the 
tube with negative high voltage means that the photocathode will be at the full high voltage 
supplied to the tube, and care must be taken to prevent spurious pulses due to high-voltage 
leakage through the glass tube envelupe to nearby grounded structures. A high electric field 
across the tube end window can also induce spurious pulses in some tubes due to electrolu
minescence in the glass. An advantage that stems from use of negative high voltage is the 
elimination of the coupling capacitor (Cc in Fig. 9.13a) required if positive polarity is used. 
The anode is now at ground potential, and signal pulses can be direct-coupled into 
subsequent measuring circuits. This advantage is particularly important for fast pulse 
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applications in which it is often desirable to couple the anode directly into a 50-ohm trans
mission line structure. It is also the necessary choice when the tube is to be dc-coupled to 
allow its operation in current mode. 

Because the gain of a PM tube is extremely sensitive to changes in voltage, it is very 
important that sources of high voltage be well regulated and free of ripple. Drifts in the 
high voltage will show up as corresponding changes in tube gain and can, if sufficiently 
large, deteriorate the energy resolution of a scintillation counter. Any ripple is likely to be 
superimposed on the output signal, especially if the tube is operated with the photocath
ode grounded. In that case, any fluctuations in the supply voltage can be capacitively cou
pled directly onto the signal output If the tube is operated with negative high voltage, the 
anode end of the tube is at ground potential, and ripples in the high voltage supply are 
important only to the extent that they modulate the overall gain of the tube. 

The very large changes in gain that accompany changes in voltage with a PM tube are 
often a great convenience in setting up a counting system. Although the timing properties 
of the tube are optimized only when operated near the recommended voltage, other gen
eral properties such as linearity and relative signal-to-noise are not seriously changed over 
wide ranges of voltage. Therefore, it is often possible to operate a PM tube well below its 
recommended voltage without appreciably hurting its performance. The experimenter can 
therefore conveniently change the gain of the PM tube by orders of magnitude to suit the 
needs of the remainder of the signal chain simply by changing the applied voltage. This pro
cedure is often followed in simple scintillation counters to determine counting plateaus and 
optimum operating conditions. 

In those cases in which the tube voltage is likely to be varied Over wide regions, the 
performance sometimes can suffer at the lower voltages due to reduced gain at the critical 
first dynode. It is here that the statistical properties of the PM tube are largely determined. 
In these cases a zener diode is sometimes used in conjunction with the divider string to 
hold the voltage between the photocathode and first dynode at a constant value, whereas 
the remainder of the divider. string is varied. 

In the usual case, the electrical signal from a PM tube is derived from the anode. The 
burst of electrons in the last stage of the PM tube is simply collected, resulting in a charge Q 
of negative polarity. As shown in Section VII of this chapter, a corresponding voltage pulse 
is then developed across the load resistance in the anode circuit In some specialized appli
cations, there may be some advantage in deriving an alternative signal from a preceding dyn
ode. At each dynode stage, a net positive charge is induced during a pulse since more elec
trons leave the stage than were originally collected. This positive charge becomes progres
sively larger for each succeeding dynode stage due to the electron multiplication produced 
by each dynode. If a load resistor is placed between a given dynode and the voltage divider 
chain shown in Fig. 9.13, then a positive voltage pulse of smaller amplitude than the negative 
anode pulse can be observed. There has been some demonstration22. 49, 50 that a dynode sig
nal taken several stages before the anode has some advantage in fast timing measurements. 
However, the vast majority of scintillation pulses are taken from the PM tube anode, and the 
analysis of pulse shape beginning on p. 292 applies equally well to dynode or anode pulses. 
For simplicity, the analysis assumes that the anode pulse also corresponds to a positive charge 
Q, even though in practice the polarity of the anode pulse will be negative. 

B. Magnetic Shielding 

The electron optics within a PM tube are particularly sensitive to stray magnetic fields 
because of the low average energy (on the order of 100 e V) of the electrons traveling from 
stage to stage. Even the influence of the earth's magnetic field is sufficient to have an 
appreciable effect on the trajectories of these electrons. In situations in which the tube is 
likely to be physically moved or brought near equipment with stray magnetic fields, it is 
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essential that a magnetic shield be provided to prevent gain shifts of the PM tube. The most 
common form consists of a thin cylinder of mu-metal that fits closely around the outside 
glass envelope of the PM tube. For most tube designs, this shield must be held at photo
cathode potential in order to avoid noise due to electroluminescence in the glass envelope. 

VI. PHOTODIODES AS SUBSTITUTES FOR PHOTOMULTIPLIER TUBES 

A. Potential Advantages 

Photomultiplier tubes are the most common light amplifiers used with scintilla tors, both in 
pulse and current mode operation. However, advances in the development of semiconduc
tor photo diodes have led to the substitution of solid-state devices for PM tubes in some 
applications. In general, photodiodes offer the advantages of higher quantum efficiency 
(and therefore the potential for better energy resolution), lower power consumption, more 
compact size, and improved ruggedness compared with PM tubes used in scintillation 
counting. Photo diodes are also virtually insensitive to magnetic fields and therefore can 
sometimes be substituted in experiments where magnetic fields prevent the use of PM 
tubes. Because of the relatively small dimensions over which charges must move in these 
devices, their time response is comparable to that of conventional PM tubes, and they can 
be used to good advantage in coincidence and other timing applications. 

There are two general designs that have received attention as possible substitutes for 
PM tubes. Conventional photodiodes have no internal gain and operate by directly con
verting the optical photons from the scintillation detector to electron-hole pairs that are 
simply collected. Avalanche photo diodes incorporate internal gain through the use of higher 
electric fields that increase the number of charge carriers that are collected. 

B. Conventional Photo diodes 

Reference 51 presents a useful review of the application of conventional photodiodes for 
scintillator readout. When light is incident on a semiconductor, electron-hole pairs are gen
erated in a manner similar to that detailed in Chapter 11 for incident ionizing radiation. 
Photons corresponding to typical scintillation light carry about 3-4 eV of energy, sufficient 
to create electron-hole pairs in a semiconductor with a bandgap of approximately 1-2 eV. 
(This process of conversion of visible light to electrical carriers is the basis of the common 
solar celL) The conversion is not limited by the need for charge carriers to escape from a 
surface as in a conventional photocathode, so the maximum quantum efficiency of the 
process can be as high as 60-80%, several times larger than in a PM tube. This high quan
tum efficiency also spans a much wider wavelength range than is typical for photocathodes 
in PM tubes, so a much higher primary charge usually is created by the light from the 
scintillator. However, there is no subsequent amplification of this charge as in a PM tube, 
so the output signal is smaller by orders of magnitude. 

A common configuration for a silicon photodiode is shown in Fig. 9.14. Light is inci
dent on ap-layer entrance window that is kept as thin as possible to enhance transmission 
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Figure 9.14 Basic configuration of a conventional photodiode. 
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of the light to the active volume of the silicon. Electrons and holes (see Chapter 11) pro
duced by the light are collected. at the boundaries of the central i-region driven by the elec
tric field resulting from the applied voltage. The corresponding induced charge is processed 
in an attached preamplifier to produce the output signal pulse. 

In a typical scintillation event, only a few thousand visible photons are produced, so the 
size of the charge pulse that can be developed is limited at best to no more than the same 
number of electronic charges. Because of the small signal amplitude, electronic noise is a 
major problem in pulse mode operation, especially for large-area detectors and low-energy 
radiations. In an extensive study of the performance of many different scintillators with a sil
icon photodiode, Sakai5 measured energy resolution values at 662 keY that were always 
much poorer (often by a factor of 2) than in equivalent measurements with a PM tube. 
Differences were smaller for higher-energy gamma rays, but the PM tube performance was 
always superior. Successful applications to date have largely been limited to high-energy 
radiations52- 55 and/or small-diameter diodes56-60 for which the associated dark current and 
capacitance are also small. In current mode, the cumulative effect of many scintillation events 
at high rates can override the inherent noise, resulting in excellent operational characteris
tics. For example, photodiodes have become the light detector of choice for current mode 
scintillators used in X-ray computed tomography (Cf) scanners for medical imaging.61,62 

Because photodiodes are similar to the silicon particle detectors discussed in Chapter 11, 
they share many of the same properties. Photodiodes are generally designed as fully deplet
ed detectors, consisting of high purity p- or n-type silicon with highly doped p- and n-type 
contacts on opposite surfaces. This so-called PIN configuration is discussed in further detail 
in Chapter 11. The noise behavior also follows that of other semiconductor detectors and a 
detailed description is given in Chapter 17. Briefly, the noise arises largely from two separate 
sources. The first, generally called series noise, primarily originates from sources within the 
preamplifier input stage. Its relative importance increases with detector capacitance. For that 
reason, photodiodes with area beyond about 1 cm2 show high noise levels and therefore are 
not used widely in the readout of scintillators. A second noise source, generally called paral
lel noise, is due largely to fluctuations in the leakage current in the photodiode. Since the 
leakage current will also tend to increase with the size of the photodiode, this second source 
of noise also inhibits the use of large areas. The capacitance of the photodiode will decrease 
as its thickness is increased, but the leakage current will tend to increase. Photodiodes com
mon for scintillator applications are fabricated using silicon wafers of 300-500 J.l.m thickness 
as something of a compromise between these conflicting trends. This thickness is much 
greater than would be required simply to be opaque to the incident light. 

The relative contributions of series and parallel noise also depend on the shaping time 
constant chosen in the pulse processing electronics. Longer shaping times will tend to 
reduce the relative importance of series noise but will increase the importance of parallel 
noise (see Fig. 17.16). There will be an optimum in the choice of shaping time that will min
imize the noise contribution. There are other considerations that enter this choice, however, 
such as the need to keep the shaping time longer than the scintillator decay time to avoid 
signal loss or the preference for short shaping times to minimize pulse pileup at high rates. 

The spectral response of a typical silicon photodiode is plotted in Fig. 9.15. The quan
tum efficiency reaches higher values and extends much farther into the long wavelength 
region than that of typical photocathodes. 1bis extended spectral response is particularly 
importal'lt for scintillators (such as CsI(TI) or BOO) with emission spectra that have sig
nificant yield at longer wavelengths (see Fig. 8.7). The relative light yields for various scin
tillation materials given previously in Table 8.3 were measured using a typical PM tube 
photocathode response, and the values change significantly when measured with a photo
diode. For example, the pulse amplitUde from CsI(TI) is smaller than the equivalent pulse 
from NaI(TI) when measured with PM tubes but becomes over twice as large if the meas
urement is made with a silicon photodiode.5 
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Figure 9.15 A comparison of the quantum efficiency of a silicon pho
todiode (labeled #458) with representative biaIkaIi and S-20 photo
cathode quantum efficiencies. The emission spectrum from a BGO 
scintillator is shown for reference. (From Groom.63) 

For typical photodiodes fabricated from silicon, the noise levels are much larger than 
in an equivalent photomultiplier tube. Since the dark current is one of the contributors to 
the noise, its contribution and the overall noise figure can be reduced by cooling the 
photodiode (see Fig. 9.16). The rapid rise in dark current above room temperature has gen
erally prevented the use of silicon photodiodes in applications requiring operation at ele-
vated temperatures. . 

Another way to reduce dark current is to choose semiconductor materials with a wider 
band gap than silicon. For example, successful photo diodes have been fabricated using mer
curic iodide crystals that have several orders of magnitude lower dark current. As a result, 
excellent energy resolution has been demonstrated65--67 in scintilla tors coupled to small 
mercuric iodide photodiodes. The attainable energy resolution, because of the high quantum 
efficiency of the semiconductor material, is actually superior to that obtainable even with 
the best photomultiplier tubes. One example,66 a 1.27-cm diameter mercuric iodide photo
diode coupled to a...csI(Tl) scintillator, achieved an energy resolution of 4.58% at 662 keY. 

An alternative approach to improve the noise figure in photodiodes is to reduce their 
capacitance. One interesting possibility68, 69 is to choose the silicon drift configuration 
described in Chapter 13. These "drift photodiodes" have the combined property of rela
tively large area (up to 1 cm2) and exceptionally low capacitance. To further reduce their 
noise, the leakage current can be suppressed by modest cooling to around O°C. While still 
limited to small diameters, silicon drift photodiodes coupled to CsI(Tl) have shown the 
best energy resolution (4.34% at 662 keY) observed to date from any scintillation 
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Figure 9.16 The temperature dependence of the leakage current for 
some typical silicon photodiodes. (From Bian et al.64) 

detector. Again, much of the improved energy resolution arises because of the improved 
statistics resulting from the high-quantum efficiency of the photodiode. 

The rise time of the pulse from a conventional photodiode is ultimately limited by the 
charge collection time from the active volume, typically only a few nanoseconds. However, 
timing resolution is normally determined by the uncertainties introduced by the relatively 
high noise level. Because series noise tends to be dominant, best spectroscopic behavior is 
obtained by using long shaping times (see Chapter 17). Techniques for generating timing 
pulses generally dictate a somewhat shorter shaping time and hence introduce a larger 
degree of noise into the signal. 

Because noise considerations limit the size of photo diodes to relatively small sizes 
(typically i-em diameter or less) it is difficult to obtain good light collection from larger 
size scintillators that are more typical of gamma-ray spectroscopy applications. It is tempt
ing to think about the alternative of using multiple photodiodes to cover a greater fraction 
of the exit window of the scintillator, and to then add together the signals from all the pho
todiodes. It turns out that this approach is not very satisfactory, since not only the signal but 
also the noise will be additive from the multiple diodes. First stated as Groom's theorem,63 
the light collection and hence the signal will increase roughly in proportion to the total area 
of photodiodes, but the noise will also increase by the same factor. The net result is very lit
tle change in the signal-to-noise ratio. 

Both conventional and avalanche photodiodes respond directly to ionizing radiation in a 
manner similar to that described in Chapter 11 for silicon junction detectors. When used to 
read out the light from scintillators, there is the possibility that, in addition to registering the 
pulses of light, the photodiode may also respond directly if the incident radiation can pene
trate the scintillator and reach the photodiode active volume. This so-called nuclear counter 
effect can be particularly troublesome because the size of the pulse produced by these direct 
interactions in the silicon will always be many times greater than the pulses produced from the 
scintillator light Direct interactions in the silicon produce an electron-hole pair for every 3.6 
eV deposited, while 15 to 20 times that energy deposition is needed in a good scintillator to 



Chapter 9 Photodiodes as Substitutes for Photomultiplier Thbes 291 

produce the same charge. The difference comes about because scintilla tors typically convert 
only about 5-10% of the particle energy into light, not all that light enters the photodiode, and 
there is less than 100% quantum effici~ncy in converting 1:hat light into electron..,hole pairs. In· 
order to minimize this nuclear counter effect, the photodiode should be kept thin. However, 
the capacitance of the diode increases as its thickness is decreased, adding to the noise leveL 
Thus some compromise must be struck between avoidance of these direct interactions and the 
preservation of reasonable energy resolution. 

C. Avalanche Photodiodes 

The small amount of charge that is produced in a conventional photodiode by a typical 
scintillation event can be increased through an avalanche process that occurs in a semi
conductor at high values of the applied voltage. The charge carriers are accelerated suffi
ciently between collisions to create additional electron-hole pairs along the collection 
path, in much the same way that gas multiplication occurs in a proportional counter. (This 
same process is described in Chapter 13 in connection with avalanche diode detectors for 
ionizing radiations.) The internal gain helps pull the signal up from the electronic noise 
level and permits good energy resolution in pulse mode at lower radiation energy than pos
sible using conventional photodiodes. Because the gain factor is very sensitive to tempera
ture and applied voltage, avalanche photodiodes require well-regulated high-voltage sup
plies for stable operation. For current mode applications, the inherent stability of conven
tional photodiodes (without gain) is usually preferred. 

Avalanche photo diodes can be fabricated in a number of different ways, but a common 
choice known as the reach-through configuration is shown in Fig. 9.17. Light enters through 
the thin p+ layer on the left of the diagram and interacts somewhere within the 1t region 
that constitutes most of the diode thickness. The results of interactions are electron-hole 
pairs, and the electron is drawn to the right through the drift portion and into the mUltiplying 
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Figure 9.17 The reach-through configuration for an avalanche photodiode is sketched at the 
top of the figure. Below is a plot of the resulting electric field when a bias voltage is applied. 
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region where a high electric field exists. Here additional electron-hole pairs are created. 
increasing the measured signal. Gain factors of a few hundred are typical under normal cir
cumstances. This enhancement of the signal is sufficient to allow much lower light levels to~ 
be sensed, Or lower energies measured in their use with scintiIIators. Through. 
the use of antireflective coatings on the external surface of the photodiode, quantum: 
efficiencies as high as 80% are achievable at the peak wavelength of the response, typical
ly in the 500-600 nm range. Enhanced shorter wavelength response is important for scin
tiIIators, many of which have their peak emission in the blue region of the spectrum. 
Measures can be taken70 to enhance the blue sensitivity of photodiodes by proper choice 
of antireflective coating and the minimization of surface dead layer thickness. 

In the multiplication process, electrons are drawn through the high field region and 
create additional electron-hole pairs. The electrons continue on in the same direction, but 
the holes will be attracted in the opposite direction. At sufficiently high field values, the 
holes can also multiply and, since hole multiplication also produces additional free elec
trons, this process leads to a runaway. That occurs at the breakdown voltage, and the 
applied voltage under normal circumstances is kept somewhat below this level. In this 
region, the overall gain will be an exponential function of applied voltage, accounting for 
the extreme sensitivity to applied voltage. The gain factor is also a strong function of tem
perature,71 decreasing by a few percent per degree as the temperature is increased. 

The timing properties of avalanche photodiodes can be quite favorable. In ideal cases, 
the limiting factor will be the variations in the electron drift time with position of interac
tion of the incident photon within the photodiode. These variations lead to a typical vari
ability on the order of a nanosecond in the time at which the avalanche is triggered. In 
addition, the noise present with the signal also leads to timing uncertainty that often dom
inates the achievable timing performance. In favorable circumstances, a timing resolution 
of well under a nanosecond can be obtained,72 but it is more typically a few nanoseconds 
or more.73 Because of the higher signal/noise provided by the gain, shorter shaping times 
can be used with avalanche photodiodes than would be possible with an equivalent con
ventional photodiode, permitting higher rate operation and better timing resolution. 

The multiplication process in an avalanche photodiode involves electrons undergoing 
collisions at random positions throughout the avalanche. When an ionizing collision occurs, 
one free electron is increased to two. The pulse-to-pulse fluctuations in gain are somewhat 
more significant than those observed from a typical PM tube. We have seen from Eq. (9.4) 
that the relative fluctuations in the gain of a PM tube decrease as the gain per dynode 8 
increases. Although the analogy is not exact, avalanche multiplication can be thought of as 
having a 8 value of 2, much lower than the values typical for PM tube dynodes, and there
fore the overall fluctuations might be expected to be larger. These .fluctuations can be a sig
nificant contributor to the overall energy resolution observed when avalanche photodiodes 
are used with scintilla tors. The same categories of electronic noise previously mentioned 
for standard photodiodes are also still present, potentially degrading the energy resolution. 
On the other hand, the high quantum efficiency of avalanche photodiodes compared with 
PM tubes helps to offset these disadvantages, and excellent energy resolution has been 
demonstrated74-76 in their use with small-volume scintiIIators. 

YD. SCINTILLATION PULSE SHAPE ANALYSIS 

rtThe shape of the voltage pulse produced at the anode of a PM tube following a scintilla-
. l.!fion event depends on the time constant of the anode circuit. As discussed in Chapter 4, 

two extremes can be identified, both of which are commonly used in connection with 
scintillation counting. The first corresponds to those situations in which the time constant 
is chosen to be large compared with the decay time of the scintillator. This is the situation 
usually chosen if good pulse height resolution is a major objective and pulse rates are not 
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excessively high. Then each pulse of electrons is integrated by the anode circuit to produce 
a voltage pulse whose amplitude is equal to Qle, the ratio of the collected electron charge 
to the anode circuit capacitance. The second extreme is obtained by setting the anode cir
cuit time constant to be much smaller than the scintillator decay time. As the following 
analysis will show, a much faster pulse results, which can often be an advantage in fast tim
ing applications or when high pulse rates are encountered. At the same time, a sacrifice is 
then made in pulse amplitude and resolution.)) 

The anode circuit can be idealized as shown in Fig. 9.18~ represents the capacitance 
of the anode itself, plus capacitance of the connecting cable and input capacitance of the 
circuit to which the anode is connected. The load resistance R may be a physical resistor 
wired into the tube base (see Fig. 9.13) or, if none is provided, the input impedance of the 
connected circuit. The current flowing into the anode i(t) is simply the current of electrons 
from a single pulse, assumed to begin at t = O. The shape of i(t) will obviously influence the 
shape of the anode voltage pulse, and we choose for analysis a simplified representation of 
a typical electron pulse following a scintillation event. The principal component of emitted 
light from most scintillators can be adequately represented as a simple exponential decay. 
If the spread in transit time of the PM tube is small compared with this decay time, then a 
realistic model of the electron current arriving at the PM tube anode is simply 

(9.7) 

where A is the scintillator decay constant')he initial current io can be expressed in terms of 
the total charge Q collected over the entire pulse by noting 

Q = [ i(t) dt = io ("" e-I..t dt = io (9.8) 
o k A 

Therefore 

io = AQ (9.9) 

and 

i(t) = AQe-l..t (9.10) 

To derive the voltage pulse V(t) expected at the anode, we first note that the current 
flowing into the parallel RC circuit must be the sum of the current flowing into the capac
itance ic and the current through the resistance iR 

i(t) = ic + iR (9.11) 

dV(t) V(t) 
i(t) = e ---;ft + R (9.12) 

Figure 9.18 Simple paralIe~!ljt representing a PM tube anode circuit 
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Inserting Eq. (9.10) for i(t) and dividing by C, we obtain 

dV(t) 1 "ll.Q 
-- + -V(t) = - e- IU 

dt RC C 
(9.13~ 

The solution to this first-order inhomogeneous differential equation with initial condi~ 
tion V(O) = 0 can be shown to be 

1 "ll.Q 
V(t) = -- . - (e-&t - e-ht) (9.14) 

"II. - 6 C 
1 

where 6 == - is the reciprocal of the anode time constant. 
RC 

Case 1. Large Time Constant 
If the anode time constant is made large compared with the scintillator decay time, then 
6 « "II. and Eq. (9.14) can be approximated by 

Q 
V(t) == -(e-&t - e-ht ) (9.15) 

C 

A plot of this pulse form is shown in Fig. 9.19. Because e « A, the first exponential in 
Eq. (9.15) decays slowly and the short time behavior is approximately 

V(t) == ~ (1 - e- ht) (t « ~ ) (9.16) 

After a sufficiently long time, the second exponential decays to zero, and the long-time 
behavior is determined by the first exponential: 

V(t) == ~ e-&t (t» ±) (9.17) 

The following important observations can now be made: 

1. The leading edge of the pulse has the time behavior (1 - e-ht) and its rise time 
therefore is determined by the scintillator decay constant "II. • Fast scintillators have 
large A values that lead to fast-rising pulses. 

2. The tail of the pulse has the time behavior e-&t and therefore decays away at a rate 
determined by the anode circuit time constant RC:= 1/6. 

3. The amplitude of the pulse is given simply by Q/C, but this value is reached only if 
6 « "II. , Restated, the anode circuit time constant must be large compared with the 
scintillator decay time. 

Most scintillation counting is carried out in this mode because the pulse height is max
imized and subsequent sources of noise will have minimum degrading effect on pulse 
height resolution. Furthermore, the pulse amplitude achieved is not sensitive to changes in 
load resistance or to small changes in time characteristics of the electron pUlse. 

The experimenter must then choose a time constant that is at least 5-10 times greater 
than the scintillator decay time but that is not excessively long to prevent needless pulse 
pileup with the tail from a preceding pulse at high rates. The time constant is determined 
by the product RC, and either the anode capacitance or load resistance can be varied to 
change its value. In most applications, however, it is the resistance that must be tailored to 
achieve the desired time constant because the capacitance is intentionally held at its mini
mum value to maximize the pulse amplitude (Q/C). 
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Figure 9.19 For the assumed exponential light pulse shown at the 
top, plots are given of the anode pulse Vet) for the two extremes of 
large and small anode time constant. The duration of the pulse is 
shorter for Case 2, but the maximum amplitude is much smaller. 

Case 2. Small Time Constant 
In the opposite extreme, the anode time constant is set at a small value compared with the 
scintillator decay time, or 6 » lI. . Now Eq. (9.14) becomes 

(9.15a) 

This pulse shape is also graphed in Fig. 9.19. The behavior at small values of t is now 

whereas for large t 

V(t) = ~. ~ (1 - e-et) (t « i) (9.16a) 

lI. Q 
V{t) = - . -e-At 

9 C 
(9.17a) 
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The following general conclusions now apply: 

1. The leading edge of the pulse has the time behavior (1 - e-9t), which is determined 
by the anode time constant RC == 1/e. 

2. The tail of the pulse has the time behavior e-'At, which is identical to that of the scin
tillator light. 

3. The maximum amplitude of the pulse is now (A.Q/eC), a great deal smaller than the 
Case 1 maximum (Q/C) because, by definition of Case 2, A. « e. 

The voltage pulse is now of much shorter duration than in Case 1, and its shape approaches 
that of the scintillator-produced PM tube current as the time constant is made smaller and 
smaller. This short duration comes at the price of a much reduced pulse amplitude, which 
varies linearly with the time constant and inversely with the scintillator decay time. Under 
fixed conditions, however, the pulse amplitude still is a linear measure of the charge Q col
lected by the anode, although it is more likely to be subject to fluctuations due to noise and 
component instabilities. 

The simplified model we have used assumes a continuous and smooth current i(t), 
which does not fully represent the discreteness or "clumped" nature of the anode current 
that ultimately arises from discrete photoelectrons. In Case 1, effects of the discreteness are 
largely smoothed out by the current integration process that takes place. In Case 2, how
ever, no integration is carried out and the pulse form is much more sensitive to fluctuations 
that originate from the statistical nature of the photoelectron production. These fluctua
tions in pulse shape and amplitude are most serious for weak scintillation events, which 
produce only a small number of photoelectrons. The effect is illustrated in Fig. 9.20. When 
the anode time constant is very small, no significant integration of the current occurs, and 
the anode voltage signal reproduces the time dependence of the current shown at the middle 
of the figure. Only those photoelectrons contribute to the amplitude of the output pulse 
that, when broadened by the transit time spread of the PM tube, pile up during the early 
part of the scintillation event. Thus the light generated later in the decay of the scintillator 
does not contribute to the pulse amplitude. In contrast, the pulse shown at the bottom of 
the figure is taken with a large enough anode time constant to fully integrate all the light 
from the scintillator, and the statistical fluctuations in its amplitude will be minimized. 

Even if a long anode time constant is chosen, the effective number of photoelectrons 
contributing to a typical pulse may be reduced in the pulse shaping step carried out in the 
subsequent pulse processing electronics. To avoid compromising the measured energy reso-

~IIIIII I I I 
time 

1\ 

Individual elo;,trons 
leaving photocathode 

Current at anode 
after transit through 
multiplying structure 

Leading edge of 
voltage pulse across 
anode circuit with 
long time constant 

Figure 9.20 The sketch at the top represents the emission of electrons from the photocathode as 
a function of time following a scintillation event. The resulting current arriving at the anode is 
shown in the middle plot, and the bottom curve is the leading edge of the voltage pulse produced 
by integrating this current on an anode circuit 'with a long time constant. 
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lution, shaping times must be chosen that are several times longer than the scintillator decay 
time to ensure that most of the amplitude infonnation survives through the shaping process. 
In order to have 95 % of the scintillation light contribute to the pulse amplitude, an effective 
integration time that is three times the decay constant is required. Even using pulse shaping 
methods such as delay line clipping or gated integration (see Chapter 16) that lead to inte
grated pulses of minimum width, this requirement sets a lower limit on the pulse width, which 
in turn determines the maximum counting rate that can be tolerated. At a fundamental level, 
it is the overlap of the light itself from successive events within the scintillator that sets this 
limit. As an example, NaI(TI) with a decay time of 230 ns thus requires a minimum pulse 
width of 690 ns for near-complete integration of the light. In order to avoid losing more than 
10% of these pulses to pile-up (see Chapter 17), the counting rate must be held to below 
74,000/s. To extend scintillation spectroscopy to higher rates, either complex pulse shape 
analysis schemes77 must be employed to separate the pulses that fall near each other (not yet 
a common practice), or a scintillation material with faster decay time must be substituted. 

vm. HYBRID PHOTOMULTIPLIER TUBES 

An interesting variant of the traditional photomultiplier tube (PMT) design is most fre
quently called the hybrid photomultiplier tube (HPMT) or, alternatively, the hybrid photo
diode (HPD). As shown in Fig. 9.21, the basic principle involves a fundamentally different 
way of multiplying the charges created in a photocathode by incident light. As in a con
ventional PMT, the light is converted to electrons with a wavelength-dependent quantum 
efficiency in a photocathode. The conventional electron multiplier structure is now 
replaced by a silicon detector (of the type described in Chapter 11) placed in the same 
vacuum housing. A large voltage difference, typically between 10 and 15 kY, is applied 
between the photocathode and the silicon detector to accelerate electrons through the 
vacuum between the two elements of the tube. Photoelectrons emerge from the photo
cathode with very little energy-typically 1 e V or less. However, as they are drawn toward 
the silicon detector, they undergo continuous acceleration through the vacuum and strike 
the silicon detector front surface as high energy electrons. For example, if a voltage of 
10 kV is applied, then the electrons arrive with a kinetic energy of 10 ke V. As detailed in 
Chapter 11, an energetic electron of this type will lose its energy in the silicon detector 
through the creation of multiple electron-hole pairs. A lO-ke V electron will create about 
2800 such pairs if its entire energy is deposited in the active volume of the detector. Since 
each pair carries an electronic charge, the process just described effectively results in the 
multiplication of the unit charge of each photoelectron by a factor of 2800. Although this 
level of amplification is far less than that typical of PMTs (106-107), it nonetheless can pro
duce signals of sufficient size to be successfully amplified in the succeeding electronic 
components. 

:..:: I;~~~l;f.il 
f Detector bias 

(8) (b) 

Figure 9.21 Elements of hybrid photomultiplier tubes. Part (a) shows the electrostatic focusing 
arrangement, while part (b) shows a proximity-focused configuration. (From Basa, et al,18) 
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A. HPMT Designs 

The fabrication of HPMrs involves overcoming potential difficulties of compatibility of 
the components in the same high vacuum environment. The photocathode is easily "poi
soned" or made inefficient by trace residual gas impurities, and the silicon detector can 
develop high noise levels if surface contaminants produce excess leakage current. 
Overcoming these difficulties has led to the commercial availability of HPMT beginning in 
the 1990s. 

As shown in Fig. 9.21, there are two general types of HPMTs: those that employ elec 
trostatic focusing, and those that are proximity-focused. The first type uses focusing elec
trodes to create electron optics that guide the electrons from the large-area photocathode 
to a small-area silicon detector. This design has the advantage that the small silicon diode 
has a low capacitance and leakage current, and therefore operates at a relatively low noise 
level. The second type (proximity-focused) uses a larger silicon detector of about the same 
diameter as the photocathode and provides a much smaller gap between the two. In this 
case, the electrons are drawn from the photocathode to the detector along electric field 
lines that are essentially parallel to the tube axis. Proximity-focused tubes may incorporate 
a gap of only a few millimeters and therefore can be very compact with overall length of 
3 em or less. This type, with its short and parallel electron paths, is perturbed by external 
magnetic fields much less than electrostatically focused designs, particularly when they are 
oriented with the magnetic field parallel to the tube axis. 

B. Operational Characteristics 

HPMTs have been successfully demonstrated to read out the light from typical scintillation 
gamma spectrometers79 and are often applied in situations in which the detected light levels 
are very low. The most striking advantage of the HPMT over conventional tubes is the much 
lower statistical spread in the amplitude of the output pulse. As previously illustrated in Fig. 
9.5, this statistical spread is determined almost exclusively by the number of charge carriers 
produced per incident electron in the first stage of amplification. The larger this number, the 
smaller will be the relative statistical broadening. In ordinary PMTs, a typical number for the 
first stage multiplication might be 5, while in high gain NEA dynode materials it could be as 
large as 25. The corresponding number in the HPMT is typically 2500-3500. Thus if repeated 
events occur in which exactly a fixed number of photoelectrons are released from the pho
tocathode, the pulse height spectrum recorded from these events will be much broader from 
a PMr than from a HPMr. One way of illustrating the statistical effects is to record the pulse 
height spectrum while.the tube is illuminated with a weak light source that creates a series 0.£ 
pulses whose average number of photoelectrons is relatively small. One example of this type 
of spectrum was given previously for a NEA dynode PM tube in Fig. 9.6. With a perfect light 
sensor, the recorded spectrum would consist of a series of separately resolved peaks corre
sponding to 1,2,3, ... photoelectrons per pulse. Because of statistical spreading, the spectrum 
resolves only the first three of these peaks. Contrast that circumstance with the spectrum 
shown in Fig. 9.22, taken from a HPMT. Here the peaks are separately resolvable all the way 
to a value of 14 photoelectrons. These peaks are seen to be superimposed on a broad con
tinuum that arises largely because some of the incident electrons are backscattered from the 
silicon detector before they deposit all their energy. For incident 13 ke V electrons, about 18 % 
of the electrons are backscattered.8O 

One of the major benefits of the superior statistical behavior of the amplification is the 
ability to better separate those events that correspond to a single photoelectron from those 
that arise from multiple photoelectrons. For example, thermionic noise arises from single 
photoelectrons emitted randomly in time from the photocathode, and therefore such noise 
pulses will appear in the single photoelectron peak. If that peak is cleanly separated from 
those corresponding to multiple photoelectrons, then a simple pulse height discrimination 



Chapter 9 Hybrid Photomultiplier Thbes 299 

Number of photoelectrons 

7000 ri-0--j-l-.:;2--,3r-4T-T5-;:6-,7;-8T-T9 -::rlO,-;1r:-l-,Ir:2-.:r13,14:.......:;15;-....:1;:-6_1:r,7 

<D.>....,=6.74 

2000 3000 4000 7000 8000 

Channel number 

Figure 9.22 Pulse height spectrum taken from a hybrid photomultiplier tube when illuminated by 
light pulses of low intensity. Separate peaks can be distinguished for events that originate from the 
discrete number of photoelectrons shown along the top of the plot. (From D'Ambrosio et al.SO) 

can eliminate the thermionic noise without sacrificing more than absolutely necessary of 
the signal events. The clean resolution of single photon events from electronic noise has 
also been exploited in many applications in which the signal itself consists of only single 
photoelectrons released from the photocathode. If the only broadening effects were statis
tical, the individual photoelectron peaks shown in Fig. 9.22 should have a predicted pulse 
height resolution of under 1 % (see discussion of energy resolution in Chapter 11). The 
widths actually observed are much broader than this because of the added contribution of 
electronic noise in the amplifying elements necessary to process these low-level signals. 

HPMTs also have a number of other operational advantages. Because the gain factor 
depends only on the energy deposited in the silicon detector, it should vary linearly with 
the value of the applied high voltage. This behavior is observed experimentally if allowance 
is made for the energy loss of the electrons in the entrance window of the detector (typi
cally a few hundred to a thousand e V). In contrast, for a conventional PMT the gain typi
cally varies as the voltage raised to the seventh or eighth power [see Eq. (9.3)]. Thus there 
is much less sensitivity to instability or drift in the voltage supply. Furthermore, the only 
current drawn from the high voltage supply is the internal current represented by the flow 
of photoelectrons. This current is many orders of magnitude smaller than the current typi
cally required in the resistive divider string of a PMT to stabilize the interdynode voltages. 
For these reasons, much simpler and more compact high voltage supplies can be used with 
HPMTs, despite the somewhat higher values of the voltages required. The simplicity of the 
single-stage multiplication also generally results in much less temperature sensitivity of the 
gain than in a conventional tube. 

The timing properties of HPMTs are also quite favorable. In either the electrostatic
focused or proximity-focused tubes, there is very little spread in the transit time compared 
with that observed from conventional PMTs. The accelerated photoelectrons are stopped 
near the entrance of the silicon detector, forming electron-hole pairs. The silicon detector, 
which typically might be 300 fLm thick, is normally biased to collect positive charges (holes) 
at the front surface and negative charges (electrons) at the rear. Thus the holes are quickly 
collected, and it is the flow of electrons through most of the thickness of the depletion 
region that gives rise to the observed signal current (see discussions in Chapter 11). The 
corresponding current pulse from small-diameter (low capacitance) silicon detectors has a 
duration of a few nanoseconds with rise and fall times of less than 1 ns.TIming precision of 
100 ps has been demonstrated,S1 but best performance is only achieved in applications for 
which large light pulses are produced because of the influence of the electronic noise in the 
external electronics on the timing precision. 



300 Chapter 9 Photomultiplier Tubes and Photodiodes 

C. Variants of the HPMT 

Several other versions of the HPMT have been investigated that employ different types of 
silicon detectors. Because the gain achievable using a conventional silicon detector is only 
a few thousand, designs have been produced that substitute an avalanche silicon detector 
that provides an additional internal gain factor. Small diameter avalanche photodiodes are 
capable of providing an internal gain of several hundred, thereby boosting the overall gain 
of the tube to over lOS. This type of amplification is now much more typical of conventional 
PMTs, and overcomes many of the problems oflow amplitude pulses. However, the statis
tics of the gain multiplication caused by avalanching adds a large broadening to the output 
pulses, and the individual photoelectron peaks illustrated in Fig. 9.22 can no longer be 
observed. Another variation is to substitute a position-sensitive silicon detector. This 
implementation converts the HPMT into a position-sensitive PMT of the type discussed in 
the next section. In one such design,82 1024 separate pixels were provided on the silicon 
detector, each bonded to its own read-out electronics. Further developments of this type 
should be expected in this rapidly developing area of technology. 

IX. POSmON-SENSING PHOTOMULTIPLIER TUBES 

In ordinary scintillation counting, the light from a typical scintillation event is spread over 
the entire PM tube photocathode, and therefore the point of interaction within the photo
cathode is of no particular interest. However, there are some specialized applications, for 
example, in particle physics or in nuclear medicine, in which the position of the arriving 
photon on the photocathode carries some information. For these applications, there has 
been interest in developing PM tubes that can provide some position infonnation regard
ing the incident light. 

A first requirement in any such design is to use an electron-multiplying structure that 
maintains spatial separation between the multiplied electron clouds originating from pho
toelectrons generated at separate locations on the photocathode. This requirement rules 
out the common multiplier structures such as those illustrated in Fig. 9.7 in which electrons 
from all areas of the photocathode are focused onto a common dynode. However, several 
of the electron multiplier structures we have already discussed meet this requirement of 
confining the mUltiplied electrons to a localized position. These include the microchannel 
plate multiplier in which each multiplied electron cloud is confined to a single small chan
nel, and the hybrid photomultiplier tube in which electrons from the photocathode are 
accelerated onto a corresponding position on a silicon detector. PMTs based on these mul
tiplier configurations are commercially available and can be used in position sensing or 
imaging applications. 

Other specialized dynode multiplier structures have also been developed specifically 
to produce position-sensitive photomultiplier tubes. The first of these consists of a fine 
mesh structure in which as many as 16-20 stages of multiplication are produced by layer
ing metal dynodes that are perforated with many holes, as illustrated in Fig. 9.23. When an 
appropriate surface treatment is given to the dynode structures and they are operated at 
optimum potential between layers, secondary electron yields of about three per stage are 
achievable. Thus an overall gain of lrf'-109 can be realized,83 using up to 20 stages. With this 
configuration, there is a natural tendency for the charge to spread as the multiplication 
takes place from stage to stage. This spreading is clearly undesirable if the ultimate in spa
tial resolution is needed. Thus other dynode designs have evolved using fine meshes84,85 or 
a metal channel dynode structure (see Fig. 9.24) that do a better job of confining the 
multiplied charge to a narrow spot. A concern in the design of this type of position-sensitive 
PMT is the uniformity of response to light across the entrance area of the photocathode. 
Factors of two deviation in the gain of the tube can be observed87 in some types of tubes. 
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Figure 9.23 Cross section of a focused mesh electron multiplier. Each cusp
shaped dynode layer has an associated guard plate with its holes aligned over 
the points of the cusps. The guard plate helps focus the emitted secondary 
electrons onto the next dynode layer and also stops any secondary ions (the 
upward arrow shown) from causing ion feedback. (From VaIlerga et al.83) 

These variations involve not only the nonuniforrnity of the photocathode but also variations 
in the probability of collecting a photoelectron depending on its emission position. 

At the anode end or output of the tube, several schemes can be used to retain the posi
tion information. The most direct method is to simply divide the anode into separate dis
crete anodes or pixels, each with its own individual readout connection. As long as the 
cross-talk caused by electron spreading is kept small, an array of 8 X 8 anodes is equiva
lent to packaging 64 separate photomultiplier tubes in a common vacuum enclosure. Such 
tubes have been made available commercially that have sufficient pulse height resolution 
to distinguish the peak in the spectrum from the detection of single photons. An alterna
tive method is to provide two layers of anode wires, each layer consisting of multiple par
allel wires. The two layers are oriented with their wires perpendicular to those in the other 
layer to produce separate x and y position coding. This "crossed anode wire" readout is 
widely used for position-sensitive PM tubes because the charge division scheme illustrated 
in Fig. 9.25 can be used to reduce the number of readout channels to four. Alternatively, 
each separate anode wire can be read out with its own preamplifierS7 to allow greater flex
ibility for correction of inevitable nonlinearitie~ ir: the (:p',tia' signa15 using the charge 
sharing technique. 

Figure 9.24 Cross section of a metal channel dynode 
structure. (From Yoshizawa and Takeuchi.86) 
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Figure 9.25 Illustration of the crossed-wire scheme for readout of a position-sensing pho
tomultiplier tube. A resistor chain interconnecting all the wires running in one dimension 
is provided with preamplifiers on each end. Carrying out the operations shown produces a 
pulse that ideally is proportional only to the event coordinate in that dimension. 

X. PHOTOIONIZATION DETECTORS 

There is another alternative to PM tubes that has been exploited for applications in which 
the light to be detected is in the ultraviolet portion of the spectrum. Certain organic com
pounds in the gaseous phase can be ionized by UV photons to form ion pairs. If the organic 
vapor is incorporated as a component of the fill gas of a conventional detector that is sen
sitive to ionization (such as a proportional counter), then the signal pulse amplitude will 
reflect the number of incoming photons that have undergone conversion to ions. 
Furthermore, if position-sensitive detectors such as multiwire proportional counters are 
used, the spatial position of the conversion point can also be determined. 

Some organic compounds that are of interest as photoionization agents are listed in 
Table 9.2. Of these, TMAE and TEA have received the most attention. It has been shown 
that each can be successfully incorporated into standard proportional gases with typical 
concentration of up to 3%. In the case ofTMAE, its vapor pressure of 0.35 torr at 20°C 
(Ref. 89) is a limit on its room temperature absolute concentration in the gas phase. At that 
partial pressure, its quantum efficiency is approximately 2 % per mm of path length for the 
fast component of the emission spectrum (see Fig. 8.13) from BaF2 (Ref. 90). The vapor 
reacts with oxygen and organic materials such as vacuum grease and O-rings, so that some 
care is needed in chamber design and ga~ handling proredures. TEA is somewhat easier to 
handle and has a higher vapor pressure, but its higher photoionization potential limits its 
response to shorter wavelengths. 

Table 9.2 Some Organics Potentially Useful in Photoionization Detectors 

Acronym 

TMAE 

TMBI 

'!MAB 

'!MPD 

TEA 

Vapor Phase Ionization 
Chemical Name Potential (eV) 

Tetrakis( dimethylamino )ethylene 5.36 

1,1 ~3,3' -Tetramethyl-2,2' -biimidazolidinylidene 5.41 

1,1,4,4-Tetrakis( dimethylamino )butadiene 5.60 

N ,N,N:N' -tetramethyl-p-phenylenediamine 620 

Triethylamine 7.5 

Data as tabulated by Policarpo.88 

Long-Wavelength 
Cutoff (nm) 

231 

229 

221 

200 

165 
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Photoionization detectors are not commercially available, but they can offer interest
ing properties for specialized applications. They can be made in almost unlimited size with 
excellent uniformity of response over the large area entrance window. Good spatial reso
lution can also be achieved (of interest in imaging applications) by incorporating the posi
tion-sensing techniques discussed in Chapter 5 for large-area proportional detectors. They 
have found useful application in the detection of UV emissions from scintillators,90-92 
Cherenkov detectors,93-95 and gas proportional scintillation counters.SS,93 

PROBLEMS 

9.1. Calculate the long-wavelength limit of the sensitivity of 
a photocathode layer with work function of 1.5 eY. 

9.2. Find the transit time for an electron between typical 
dynodes in a PM tube if the interdynode spacing is 12 mm 
and the potential difference is 150 V per stage. For simplici
ty, assume a uniform electric field. 

9.3. Using the data plotted in Fig. 9.3, find the total applied 
voltage necessary for a PM tube with a six-stage multiplier 
using GaP(Cs) dynodes to achieve an electron gain factor of 
1()6. 

\>.4. The dark current from a PM tube with electron gain of 
I ()6 is measured to be 2 nA. What is the corresponding elec
:ron emission rate from the photocathode? 

J.S. The gain per dynode 8 of a 10-stage PM tube varies as 
VO.6 where V is the interdynode voltage. If the tube is oper
Ited at an overall voltage of 1000 V, how much voltage fluc
.uation can be tolerated if the gain is not to change by more 
han l%? 

•. 6. The decay time (inverse of the decay constant) for scin
illations in NaI(TI) is 230 ns. Neglecting any time spread 
ntroduced by the PM tube, find the maximum value of the 
'oltage pulse amplitude for anode circuit time constants of 
.0, 100, and 1000 ns. Express your answer as a ratio to the 
unplitude that would be observed for an infinite time con
tanto What is the minimum value of the time constant if this 
'atio is to be at least 0.9? 

1.7. A current pulse of the following shape flows into a par
lIlel RC circuit: 

jet) = I Ost<T 

i(t)=O Tst 

~ind the general solution V( t) for the voltage appearing 
lcrOSS the circuit, assuming V(O) = O. Sketch the solution in 
he two limits: 

(a) RC» T. 

(b) RC« T. 

9.8. Calculate the amplitude of the signal pulse expected 
from a NaI(TI)-PM tube combination under the following 
circumstances: 

Radiation energy loss: 1.2 MeV. 

Light collection efficiency: 70%. 

Photocathode quantum efficiency: 20%. 

PM tube electron gain: 100,000. 

Anode capacitance: 100 pF. 

Anode load resistance: UP ohms. 

Any other physical parameters you may need can be found 
in the text. 

9.9. What is the principal advantage of microchannel plate 
PM tubes compared with more conventional designs? 

9.10. The bandgap energy in silicon at room temperature is 
1.11 eY. Calculate the longest wavelength of light that is 
energetically capable of exciting an electron across this gap 
to create an electron-hole pair in a photodiode. 

9.11. A scintiIlator absorbs an incident flux of 5 MeV alpha 
particles that totals 1()6 particles/so The scintillation efficien
cy for these particles is 3%, and the average wavelength of 
the emitted light is 420 nm. If the scintiIlator is coupled to a 
photodiode with an average quantum efficiency of 75% for 
the scintillation light and the light collection efficiency is 
80%, estimate the expected signal from the phot6diode 
when operated in current mode. 

9.U. Estimate the acceleration voltage required for a hybrid 
photomUltiplier tube using a silicon diode to have a charge 
gain of 5000. 
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:hapter 10 

Radiation Spectroscopy 
with Scintillators 

The widespread availability in the early 1950s of thallium-activated sodium iodide scin
tillation detectors allowed the spectroscopy of gamma rays to be carried out for the first 
time with small, portable instruments. With this development, a practical detector was 
available that could provide a high efficiency for the detection of gamma rays and, at the 
same time, was capable of sufficiently good energy resolution to be useful in separating the 
contributions of polyenergetic gamma-ray sources. Gamma-ray spectroscopy using scintil
lators has since developed into a mature science with applications in an impressive array 
of technical fields. 

Despite the fact that it was virtually the first practical solid detection medium used for 
gamma-ray. spectroscopy, NaJ(Tl) remains the most popular scintillation material for this 
application. This extraordinary success stems from its extremely good light yield, excellent 
linearity, and the high atomic number of its iodine constituent. Other scintillators men
tioned in Chapter 8, notably cesium iodide and some of the newer inorganic scintillators, 
have also achieved some success in gamma-ray spectroscopy, but the combined use of all 
other materials extends to only a small fraction of the cases in which sodium iodide is 
found. In the sections that follow, we concentrate on NaI(Tl), with the understanding that 
most of the discussion and general conclusions can be extended to other scintillation mate
rials by taking into account the differences in their gamma-ray interaction probabilities and 
scintillation properties. 

Useful textbook reviews of scintillation spectroscopy of gamma radiation have been 
published by Birks,l Shafroth? and Siegbahn.3 

GENERAL CONSIDERATIONS IN GAMMA·RAY SPECTROSCOPY 

An X-ray or gamma-ray photon is uncharged and creates no direct ionization or excitation 
of the material through which it passes. The detection of gamma rays is therefore critically 
dependent on causing the gamma-(ay photon to undergo an interaction that transfers all 
or part of the photon energy to an electron in the absorbing material. These interaction 
processes are detailed in Chapter 2 and represent sudden and major alterations of the pho
ton properties, as opposed to the continuous slowing down of heavy charged particles or 
electrons through many simultaneous interactions. 

Because the primary gamma-ray photons are "ipvisible" to the detector, it is only the 
fast electrons created in gamma-ray interactions that provide any clue to the nature of the 
incident gamma rays. These electrons have a maximum energy equal to the energy of the 
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incident gamma-ray photon and will slow down and lose their energy in the same:l' '. 
a.s any other fast electron, such as a beta particle, Energy loss is therefore through in, 
tIOn and excitation of atoms within the absorber material and through bremsstr .: 
emission (see Chapter 2). 

In order for a detector to serve as a gamma-ray spectrometer, it must carry out twl'f-. 
tinct functions. First, it must act as a conversion medium in which incident gamma rays ItI 
a reasonable probability of interacting to yield one or more fast electrons; second, it if 
function as a conventional detector for these secondary electrons. In the discussion that 
lows, we first assume that the detector is sufficiently large so that the escape of secon . 
electrons (and any bremsstrahlung created along their track) is not significant. For inci~ ... ,'. 
gamma rays of a few MeV, the most penetrating secondary electrons will also be created' 
a few MeV kinetic energy. The corresponding range in typical solid detector media is a t~ 
millimeters (niost bremsstrahlung photons generated along the electron track will be cOl. 
siderably less penetrating). The assumption of complete electron absorption therefdl 
implies a detector whose minimum dimension is at least about a centimeter. Then only 
small fraction of the secondary electrons, which are created more or less randomly througl 
out the volume of the detector, lie within one range value of the surface and could possib. 
escape. Later in this chapter we discuss the complicating effects of electron aI 

bremsstrahlung escape in small detectors as a perturbation on the simpler model that folloVo 
The following discussions are kept relatively general so that they apply not only 1 

other scintillation materials but also to other solid or liquid detection media used ' 
gamma-ray spectroscopy. Chapters 12 and 13 discuss semiconductor detectors, which all 
have been widely applied to gamma-ray spectroscopy. The following section serves as 
general introduction to these chapters as well, because the basic modes of gamma-n 
interactions are identical for all detector types. 

Because of the low stopping power of gases, the requirement of full energy absorptic 
for the secondary electrons generally rules out gas-filled detectors for the spectroscopy' 
gamma rays. Exceptions to this statement are possible only if the gas is at very high pre 
sure (see the discussion of high pressure xenon chambers in Chapter 19) or if the incide 
photon has very low energy. The penetration distance of a 1 Me V electron in STP gases 
several meters, so normal gas-filled detectors of practical size can never come close 
absorbing all the secondary electron energy. To complicate the situation further, me 
gamma-ray-induced pulses from a gas-filled counter arise from gamma-ray interactio: 
taking place in the solid counter wall, following which the secondary electron finds its w: 
to the gas. Under these conditions, the electron loses a variable and indeterminate amou 
of energy in the wall, which does not contribute to the detector output pulse, and virtual 
all hope of relating the electron to incident gamma-ray energy is lost. 

II. GAMMA-RAY INTERACTIONS 

Of the various ways gamma rays can interact in matter, only three interaction mechanisI 
have any real significance in gamma-ray spectroscopy: photoelectric absorption, Compt( 
scattering, and pair production. As detailed in Chapter 2, photoelectric absorption pI 
dominates for low-energy gamma rays (up to several hundred keV), pair production pI 
dominates for high-energy gamma rays (above 5-10 MeV), and Compton scattering is t1 
most probable process over the range of energies between these extremes. The atorr 
number of the interaction medium has a strong influence on the relative probabilities 
these three interactions, as can be seen from the formulas and plots given in Chapter 2.11 
most striking of these variations involves the cross section for photoelectric absorptio 
which varies apprOximately as Z4.5. As we shall see from the following discussion, becau 
photoelectric absorption is the preferred mode of interaction, there is a premium on choc 
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ing detectors for gamma-ray spectroscopy from materials that incorporate elements with 
high atomic number. 

. Photoelectric Absorption 

Photoelectric absorption is an interaction in which the incident gamma-ray photon disap
pears. In its place. a photoelectron is produced from one of the electron shells of the 
absorber atom with a kinetic energy given by the incident photon energy hv minus the 
binding energy of the electron in its original sheli (Eb). This process is shown in the dia
gram below. For typical gamma-ray energies, the photoelectron is most likely to emerge 
from the K shell, for which typical binding energies range from a few ke V for low-Z mate
rials to tens of keY for materials with higher atomic number. Conservation of momentum 
requires that the atom recoils in this process, but its recoil energy is very small and usually 
can be neglected .. 

The vacancy that is created in the electron shell as a result of the photoelectron emis
sion is quickly filled by electron rearrangement. In the process, the binding energy is liber
ated either in the form of a characteristic X-ray or Auger electron. In iodine, a characteris
tic X-ray is emitted in about 88% of the cases.4 The Auger electrons have extremely short 
range because of their low energy. The characteristic X-rays may travel some distance (typ
ically a millimeter or less) before being reabsorbed through photoelectric interactions with 
less tightly bound electron shells of the absorber atoms. Although escape of these X-rays 
can at times be significant. for now we assume that they are also fully absorbed in keeping 
with our simplified model. 

Thus, the effect of photoelectric absorption is the liberation of a photoelectron, which 
carries off most of the gamma-ray energy. together with one or more low-energy electrons 
corresponding to absorption of the original binding energy of the photoelectron. If noth
ing escapes from the detector, then the sum of the kinetic energies of the electrons that are 
created must equal the original energy of the gamma-ray photon. 

Photoelectric absorption is therefore an ideal process if one is interested in measuring 
the energy of the original gamma ray. The total electron kinetic energy equals the incident 
gamma-ray energy and will always be the same if monoenergetic gamma rays are involved. 
Under these conditions, the differential distribution of electron kinetic energy for a series 
of photoelectric absorption events would be a simple delta function as shown below. The 
single peak appe~rs at a total electron energy corresponding to the energy of the incident 
gamma rays. 



310 Chapter 10 Radiation Spectroscopy with Scintillators 

B. Compton Scattering 

The result of a Compton scattering interaction is the creation of a recoil electron an. 
tered gamma-ray photon, with the division of energy between the two dependent .i1~ 
scattering angle. A sketch of the interaction is given below. 

Before After 

The energy of the scattered gamma ray hv' in terms of its scattering angle 9 is given bYi 

hv 
hv' = 1 + (hv/m

o
c'2)(l _ cos 9) (10;lj 

where moc2 is the rest lIlasS energy of the electron (0.511 MeV). The kinetic energy of tb,~ 
recoil electron is therefore 

( 
(hv/moc2)(1 - cos 9) ) 

E _ = hv - hv' = hv 
e 1 + (hv /mo c'2)(1 - cos 9) 

Two extreme cases can be identified: 

1. A grazing angle scattering, or one in which 9 == O. In this case, Eqs. (10.1) and (10.2 
predict that hv' == hv and Ee- == O. In this extreme, the recoil Compton electron ha: 
very little energy and the scattered gamma ray has nearly the same energy as the 
incident gamma ray. 

2. A head-on collision in which 9 = 1t. In this extreme, the incident gamma ray i 
backscattered toward its direction of origin, whereas the electron recoils along the 
direction of incidence. This extreme represents the maximum energy that can be 
transferred to an electron in a single Compton interaction. Equations (10.1) ane 
(10.2) yield for this case 

hv'l = hv 
e = 1t 1 + 2hv/moc2 

(10.3 

( 
2hv/moc2 ) 

E _I = hv 
e e = 1t 1 + 2hv /moc

2 (10.4 

In normal circumstances, all scattering angles will occur in the detector. Therefore, , 
continuum of energies can be transferred to the electron, ranging from zero up to the maJ! 
imum predicted by Eq. (10.4). Figure 10.1 shows the shape of the distribution of Compto) 
recoil electrons predicted by the Klein-Nishina cross section (Chapter 2) for several dit 
ferent values of the incident gamma-ray energy. For anyone specific gamma-ray energ~ 
the electron energy distribution has the general shape shown in the sketch below. 
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Figure 10.1 Shape of the Compton continuum for various gamma-ray energies. 
(From S. M. Shafroth (ed.), Scintillation Spectroscopy of Gamma Radiation. 
Copyright 1964 by Gordon & Breach, Inc. By permission of the publisher.) 

The gap between the maximum Compton recoil electron energy and the incident 
gamma-ray energy is given by 

hv 
E == hv - E I = (10.5) 

C e- a = 1t 1 + 2hv/moc2 

In the limit that the incident gamma-ray energy is large, or hv » moc
2/2, this energy dif

ference tends toward a constant value given by 

moc2 

Ec == -2- (= 0.256 MeV) (10.6) 

The preceding analysis is based on the assumption that Compton scattering involves 
electrons that are initially free or unbound. In actual detector materials, the binding ener
gy of the electron prior to the scattering process can have a measurable effect on the shape 
of the Compton continuum. These effects will be particularly noticeable for low incident 
gamma-ray energy. They involve a rounding-off of the rise in the continuum near its upper 
extreme and the introduction of a finite slope to the abrupt drop of the Compton edge. 
These effects are ofttln masked by the finite energy resolution of the detector but can be 
evident in the spectra from detectors with high inherent resolution (see Fig. 13.9). The 
finite momentum of orbital electrons also causes gamma-ray photons that are scattered at 
a fixed angle from a monoenergetic source to have a narrow distribution in their energy 
(the "Doppler spread"), as contrasted with a single energy predicted by Eq. (10.1). 
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C. Pair Production 

The third significant gamma-ray interaction is pair production. The process "",.,,~"'~<lI 
intense electric field near the protons in the nuclei of the absorbing material and 
sponds to the creation of an electron-positron pair at the point of complete ,-u.>aI'IJt;d: 

of the incident gamma-ray photon. Because an energy of 2moc2 is required to 
electron-positron pair, a minimum gamma-ray energy of 1.02 MeV is required to 
process energetically possible. If the incident gamma-ray energy exceeds this 
excess energy appears in the form of kinetic energy shared by the electron-positron 
Therefore, the process consists of converting the incident gamma-ray photon into 
and positron kinetic energies, which total 

(lQ~1 
For typical energies, both the electron and positron travel a few millimeters at most befol 
losing all their kinetic energy to the absorbing medium. A plot of the total (electron •... ,.: .. ~ 
positron) charged particle kinetic energy created by the incident gamma ray is again a simp'~ 
delta function, but it is now located 2moc2 below the incident gamma-ray energy, as ill ,." 
trated in the sketch below. In our simple model, this amount of energy will be deposit~ 
each time a pair production interaction occurs within the detector. As introduced in ma 
next section, this energy corresponds to the position of the double escape peak in actuij 
gamma-ray pulse height spectra. 

I", 

I The pair production process is complicated by the fact that :he positron is not a stable,i 
I particle. Once its kinetic energy becomes very low (comparable to the thermal energy oi; 

normal electrons in the absorbing material), the positron will annihilate or combine with Ii 

.
I ____________________ ~n~oilr~m~aul~edl~ec~t~r~olin~iwnLUth~e~aub~so~r~b,~in~g~lDue~d~i~u~m~A~t~tllbi~s~p~Q~iwn~t~b8o~tllh~d~i~sa~p~pne~a~r~,~anlld~t~b~e~yJa~rki~-----
~ replaced by two annihilation photons of energy moc2 (0.511 MeV) each. The time required 

L for the positron to slow down and annihilate is small, so that the annihilation radiation 
appears in virtual coincidence with the original pair production interaction. 

-_._-- - ---. ----~-------------------------- .---,~- '--------- ---

ID. PREDICTED RESPONSE FUNCTIONS 

A. "Small" Detectors 

As an example of one extreme in gamma-ray detector behavior, we first examine the expected 
response of detectors whose size is small compared with the mean free path of the secondary 
gamma radiations produced in interactions of the original gamma rays. These secondary radia
tions consist of Compton scattered gamma rays, together with annihilation photons formed at 
the end of the tracks of positrons created in pair production. Because the mean free path of the 
secondary gamma rays is typically of the order of several centimeters, the condition of "small
ness" is met if the detector dimensions do not exceed 1 Or 2 em. At the same time, we retain our 
original simplifying assumption that all charged particle energy (photoelectron, Compton elec
tron, pair electron, and positron) is completely absorbed within the detector volume. 

The predicted electron energy deposition spectra under these conditions are illustrated 
in Fig. 10.2. If the incident gamma-ray energy is below the value at which pair production 
is significant, the spectrum results only from the combined effect of Compton scattering 
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Figure 10.2 The "small detector" extreme in gamma-ray spectroscopy. The 
processes of photoelectric absorption and single Compton scattering give rise to 
the low-energy spectrum at the left. At higher energies, the pair production 
process adds a double escape peak shown in the spectrum at the right. 

and photoelectric absorption. The continuum of energies corresponding to Compton scat
tered electrons is called the Compton continuum, whereas the narrow peak corresponding 
to photoelectrons is designated as the photopeak. For the "small" detector, only single 
interactions take place, and the ratio of the area under the photopeak to the area under the 
Compton continuum is the same as the ratio of the photoelectric cross section to the 
Compton cross section in the detector material. 

If the incident gamma-ray energy is sufficiently high (several MeV), the results of pair 
production are also evident in the electron energy spectrum. For a small detector, only the 
electron and positron kinetic energies are deposited, and the annihilation radiation 
escapes. The net effect is to add a double escape peak to the spectrum located at an energy 
of 2moc2 (-1.02 MeV) below the photopeak. The term double escape refers to the fact that 
both annihilation photons escape from the detector without further interaction. 

Very Large Detectors 

As an opposite extreme case, imagine that gamma rays could be introduced near the cen
ter of a very large detector, perhaps in an arrangement resembling that of Fig. 10.3. The 
detector dimensions are now assumed to be sufficiently large so that all secondary radia
tions, including Compton scattered gamma rays and annihilation photons, also interact 
within the detector active volume and none escape from the surface. For typical gamma
ray energies, this condition would translate into requiring detector dimensions on the order 
of many tens of centimeters, unrealistically large for most practical cases. 
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Figure 1().3 The "large detector" extreme in gamma-ray spectroscopy. All gamma
ray photons, no matter how complex their mode of interaction, ultimately deposit all 
their energy in the detector. Some representative histories are shown at the top. 

Nonetheless, it is helpful to see how increasing the detector size greatly simplifies il 
response function. Some typical histories, obtained by following a particular source gamm 
ray and all subsequent secondary radiation, are sketched in Fig. 10.3. If the initial interactio 
is a Compton scattering event, the scattered gamma ray will subsequently interact at som 
other location within the detector. This second interaction may also be a Compton scattel 
ing event, in which case a scattered photon of still lower energy is produced. Eventually, 
photoelectric absorption will occur and the history is terminated at that point. 

It is important to appreciate the small amount of time required for the entire history t. 
take place. The primary and secondary gamma rays travel at the speed of light. If the averag' 
migration distance of the secondary gamma rays is of the order of 10 cm, the total elapsel 
time from start to finish of the history will be less than a nanosecond. This time is substan 
tially less than the inherent response time of virtually all practical detectors used in gamma 
ray spectroscopy. Therefore, the net effect is to create the Compton electrons at each scat 
tering point and the final photoelectron in time coincidence. The pulse produced by thl 
detector will therefore be the sum of the responses due to each individual electron. If the 
detector responds linearly to electron energy, then a pulse is produced which is proportiona 
to the total energy of all the electrons produced along the history. Because nothing escape: 
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from the detector, this total electron energy must simply be the original energy of the 
gamma-ray photon, no matter how complex any specific history may be. The detector 
response is the same as if the original gamma-ray photon had undergone a simple photoelec-
tric absorption in a single step. . 

The same type of argument can be used if the history involves a pair production event. 
The annihilation photons formed when the positron is stopped are now assumed to inter
act through Compton scattering or photoelectric absorption elsewhere in the detector. 
Again, if the detector is large enough to prevent any secondary radiation from escaping, 
the sum of the kinetic energies of the electron-positron pair and subsequent Compton and 
photoelectrons produced by interaction of the annihilation radiation must equal the origi
nal gamma-ray photon energy. Therefore, the detector response is again simply propor
tional to the original gamma-ray energy. 

The conclusion to be reached is therefore very simple: If the detector is sufficiently large 
and its response linearly dependent on electron kinetic energy, then the signal pulse is iden
tical for ali gamma-ray photons of the same energy, regardless of the details of each indi
vidual history. This circumstance is very fortunate because the detector response function 
now consists of the single peak shown in Fig. 10.3 rather than the mOre complex function 
shown in Fig. 10.2, The ability to interpret complex gamma-ray spectra involving many dif
ferent energies is obviously enhanced when the response function consists of a single peak. 

By common usage, the corresponding peak in the response function is often called the 
photopeak, just as in the case of the small detector. It should be realized, however, that in 
addition to simple photoelectric events, much more complex histories involving multiple 
Compton scattering or pair production also contribute pulses that fall within this peak. A 
better name is the full-energy peak because it represents all histories in which all of the 
original gamma-ray energy is fully converted to electron kinetic energy. 

lntermediate Size Detectors 

Real detectors of the sizes in commOn use for gamma-ray spectroscopy are neither small 
nor large by the standards given above. For usual geometries in which the gamma rays are 
mCldent externally On the surface of the detector, even large-volume detectors appear 
finite because some interactions will take place near the entrance surface. Normal detector 
response functions therefore combme some of the properties discussed for the two prevI
ous cases, as well as additional features related to partial recovery of the secondary gamma
ray energy. Some representative histories that illustrate these added possibilities are shown 
in Fig. 10.4, together with corresponding features in the response function. 

The spectrum for low to medium gamma-ray energies (where pair production is not 
significant) again consists of a Compton' continuum and photopeak. Now, however, the 
ratio of the area under the photopeak to that under the Compton continuum is signifi
cantly enhanced over that for the very small detector due to the added contribution of mul
tiple events to the photopeak. The lower the incident gamma-ray energy, the lower will be 
the average energy of a Compton scattered photon and the corresponding average distance 
of migration. Thus, even detectors of moderate size will appear to be large, and the relative 
area under the photopeak increases with decreasing incident photon energy. At very low 
energies (say, < 100 keY) the Compton continuum may effectively disappear. 

At medium energies, the pOSSibility of multiple Compton scattering followed by escape 
of the final scattered photon can lead to a total energy deposition that is greater than the 
maximum predicted by Eq. (10.4) for single scattering. These multiple events can thus par
tially fill in the gap between the Compton edge and the photopeak, as well as distort the 
shape of the continuum predicted for single scattering. . 

If the gamma-ray energy is high enough to make pair production significant, a more 
complicated situation prevails. The annihilation photons now may either escape or under-
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Figure 10.4 The case of intermediate detector size in gamma-ray spectroscopy. In addi
tion to the continuum from single Compton scattering and the full-energy peak, the 
spectrum at the left shows the influence of multiple Compton events followed by pho
ton escape. The full-energy peak also contains some histories that began with Compton 
scattering A t the right, the single escape peak corresponds to initial pair prod1Jction 
interactions in which only one annihilation photon leaves the detector without further 
interaction. A double escape peak as illustrated in Fig. 10.2 will also be present due to 
those pair production events in which both annihilation photons escape. 

go further interaction within the detector. These additional interactions may lead to eith 
partial or full-energy absorption of either one or both of the annihilation photons. 

If both annihilation photons escape without interaction, events occur that contribute' 
the double escape peak discussed previously. Another relatively frequent occurrence is 
history in which one annihilation photon escapes but the other is totally absorbed. The 
events contribute to a single escape peak, which now appears in the spectrum at an eneq 
of mrj?- (0511 MeV) below the photopeak~ A continuous range of other possibilities exis 
in which one or both of the annihilation photons are partially converted to electron eneq 
through Compton scattering and subsequent escape of the scattered photon. Such even 
accumulate in a broad continuum in the pulse height spectrum lying between the doub 
escape peak and the photopeak. 
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The response function to be expected for a real gamma-ray detector will depend on the 
size, shape, and composition of the detector, and also the geometric details of the irradia
tion conditions. For example, the response function will change somewhat if a point 
gamma-ray source is moved from a position close to the detector to one that is far away. 
The variation is related to the differences in the spatial distribution of the primary inter
actions that occur within the detector as the source geometry is changed. In general, the 
response function is too complicated to predict in detail other than through the use of 
Monte Carlo calculations, which simulate the histories actually taking place in a detector 
of the same size and composition. 

Some properties of the response function are of general interest in gamma-ray spec
troscopy. The photofraction is defined as the ratio of the area under the photopeak (or full
energy peak) to that under the entire response function. It is a direct measure of the prob
ability that a gamma ray that undergoes interaction of any kind within the detector ulti
mately deposits its full energy. Large values of the photofraction are obviously desirable to 
minimize the complicating effects of Compton continua and escape peaks in the spectrum. 

At high gamma-ray energies, the single and double escape peaks are quite prominent 
parts of the response function and can, under some circumstances, become larger than the 
photopeak. The ratio of the area under the single or double escape peak to the area under 
the photopeak is also a widely quoted property of the response function that can help in 
the interpretation of complex spectra . 

. Complications in the Response Function 

1. SECONDARY ELECTRON ESCAPE 

If the detector is not large compared with typical secondary electron ranges, a significant 
fraction of the electrons may leak from the detector surface and their energy will not be 
fully collected. This effect is enhanced for high gamma-ray energies for which the average 
secondary electron energy is also high. Electron leakage will tend to distort the response 
function by moving some events to a lower amplitude from that which would be observed 
if the entire electron energy were collected. The shape of the Compton continuum will 
therefore be altered somewhat to favor lower amplitudes. Because some events will be lost 
from the photopeak, the photofraction will be reduced as compared with the situation in 
which electron leakage is not important. 

2. BREMSSTRAHLUNG ESCAPE 

One of the mechanisms by which secondary electrons lose energy is by the radiation of 
bremsstrahlung photons.{the fraction lost by this process increases sharply with electron 
energy and becomes the dominant process for electrons with energy over a few MeV. 
Bremsstrahlung production scales approximately as Z2 of the absorber [see Eq. (2.11)] so 
its importance is greatest in detectors with high atomic number. Even though the electron 
itself may be fully stopped within the detector, there is a possibility that some fraction of 
the bremsstrahlung photons may escape without being reabsorbed. The effects on the 
response function are similar to those described in the previous paragraph for electron 
escape and are again most important when the incident gamma-ray energy is large. For 
both secondary electron or bremsstrahlung escape, the effects are to change the shape of 
the response function somewhat, but additional peaks or sharp features are not introduced} 

3. CHARACTERISTIC X-RAY ESCAPE 

In the photoelectric absorption process, a characteristic X-ray often is emitted by the 
absorber atom. In the majority of cases this X-ray energy is reabsorbed near the original 
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interaction site. If the photoelectric absorption occurs near a surface of the detector;tm. 
ever, the X-ray photon may escape as shown in the sketch below. 

Characteristic 
X-ray energy 

Phatoelectric \ 

absorption . \ 

~~~brllE 
In this event, the energy deposited in the detector is decreased by an amount equal to < 

X-ray photon energy. Without the X-ray escape, the original gamma ray WOuld have , 
fully absorbed and the resulting pulse would have contributed to the photopeak. wr 
escape, a new category of events is created in which an amount of energy equal to the 0 • 

inal gamma-ray energy minus the characteristic X-ray energy is repeatedly deposited in '~< 
detector. Therefore, a new peak will appear in the response function and will be located"'
a distance equal to the energy of the characteristic X-ray below the photopeak. The~ 
peaks are generally labeled "X-ray escape peaks" and tend to be most prominent at 10; 
incident gamma-ray energies and for detectors whose surface-to-volume ratio is lar '" 
Examples are shown in the spectra of Figs.1O.lD and 13.7. 

For gamma rays whose energies are above the K-shell binding energy of the absorbetj 
most photoelectric absorptions involve these most tightly-bound electrons in the atom. Th~ 
main characteristic X-ray escape peak is therefore located below the full-energy peak b~ 
an amount given by the K-shell binding energy. More subtle effects are also present in p~ 
ciple because of interactions in and transitions to the more weakly-bound electron shellSJ 
but corresponding escape peaks are usually difficult to resolve from the full-energy peaQ! 
because of the much lower X-ray energies that are involved. 

4. SECONDARY RADIATIONS CREATED NEAR THE SOURCE 

a. Annihilation Radiation 
If the gamma-ray source consists of an isotope that decays by positron emission, an addi-:! 
tiona I peak in the spectrum at 0.511 MeV is to be expected from the annihilation photon~ 
created when the positron is stopped. Most standard gamma-ray sources are encapsulated,! 
in a covering sufficiently thick to fully stop all the positrons, and thus they undergo anni, 
hilation in the region immediately surrounding the source. This region therefore acts as ~ 
source of 0.511 Me V annihilation radiation, which is superimposed on the gamma-ray spec] 
trum expected from decay of the source itself. For detector geometries in which it is possi~ 
ble to detect both annihilation photons from a single decay simultaneously (as in a well! 
counter), then a peak at 1.022 MeV may also be observed in the recorded spectrum. 

b. Bremsstrahlung 
Most commonly-available gamma-ray sources decay by beta-minus emission, and the; 
source encapsulation is usually also thick enough to stop these beta particles. In othei 
cases, an external absorber may be used to prevent the beta particles from reaching the1 
detector where their energy deposition would needlessly complicate the gamma-ray spec
trum. In the absorption process, however, some secondary radiation in the form of 
bremsstrahlung will be generated and may reach the detector and contribute to the meas
ured spectrum. In principle, the bremsstrahlung spectrum may extend to an energy equal 
to the maximum beta particle energy, but significant yields are confined to energies that are 
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Figure 10.5 Shape of the bremsstrahlung spectra produced by beta 
particles with the indicated endpoint energies. (From Heath.S) 

much lower than this value. Some examples of bremsstrahlung energy spectra are given in 
Fig. 10.5, which illustrates the shape of the spectrum favoring low-energy bremsstrahlung 
photon emission. Because these spectra are continua, they do not lead to peaks in the 
recorded spectra but rather can add a significant continuum on which all other features of 
the gamma-ray spectra are superimposed. Because the bremsstrahlung contribution can
not simply be subtracted as a background, its inclusion can lead to errors in quantitative 
measurements of areas under peaks in the gamma-ray spectrum. To minimize the genera
tion of bremsstrahlung, the use of beta absorbers made from low atomic number materials, 
such as beryllium, is often preferred. 

s. EFFECTS OF SURROUNDING MATERIALS 

In any practical application, a detector used for gamma-ray spectroscopy is surrounded by 
other materials that can have a measurable influence on its response. At a very minimum. 
the detector is encapsulated to provide a barrier against moisture and light or is mounted 
within a vacuum enclosure. To reduce natural background, most gamma-ray detectors are 
also operated within a shielded enclosure. The gamma-ray source itself is often part of a 
larger sample of material or is contained within some type of encapsulation. All these 
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Figure 10.6 Influence of surrounding materials on detector response. In addition to 
the expected spectrum (shown as a dashed line), the representative histories shown at 
the top lead to the indicated corresponding features in the response function. 

materials are potential sources of secondary radiations that can be produced by intera( 
tions of the primary gamma rays emitted by the source. If the secondary radiations reac 
the detector, they can influence the shape of the recorded spectrum to a noticeable exten 
Some possibilities are illustrated in Fig. 10.6. 

a. Backscattered Gamma Rays 
Pulse height spectra from gamma-ray detectors often show a peak in the vicinity c 
0.2-0.25 Me V, called the backscatter peak. The peak is caused by gamma rays from th 
source that have first interacted by Compton scattering in one of the materials surround 
ing the detector. Figure 10.7 shows the energy dependence of these scattered gamma ray 
as a function of the scattering angle. From the shape of these curves, it can be seen that an: 
scattering angle greater than about 110-120° results in scattered photons of nearly identi 
cal energy. Therefore, a monoenergetic source will give rise to many scattered gamma ray 
whose energy is near this minimum value, and a peak will appear in the recorded spectrum 
The energy of the backscatter peak will correspond 'to Eq. (10.3): 

hv 
hv'l =--

e = It 1 + 2hv/mQc2 
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Figure 10.7 Variation of scattered gamma-ray energy with scattering angle. 

In the limit that the primary gamma-ray energy is large (hv » moc
2/2), this expression 

reduces to . 

m c2 
hv'l =_0_ 

9 = It 2 

Thus, the backscatter peak always occurs at an energy of 0.25 MeV or less. 

b. Other Secondary Radiations 

(10.8) 

In addition to Compton scattering, other interactions of the primary gamma rays in the sur
rounding materials can give noticeable peaks in the recorded spectrum. For example, pho
toelectric absorption in the materials immediately surrounding the detector can lead to 
generation of a characteristic X-ray that may reach the detector. If the atomic number of 
the material is high, the X-ray photon will be relatively energetic and can penetrate signif
icant thicknesses of intervening material. Therefore, high-Z materials should be avoided in 
the immediate vicinity of the detector. On the other hand, the most effective shielding 
materials are those with high atomic numbers such as lead. A graded shield is one in which 
the bulk of the shield is made from high-Z materials, but the inner surface is lined with a 
material with lower atomic number. This inner lining serves to absorb the characteristic X
ray emitted by the bulk of the shield, at the same time emitting only low-energy or weakly 
penetrating X-rays of its own. 
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If the energy of the primary gamma rays is high, pair production within 
rounding materials can give a significant yield of annihilation radiation. A peak can 
fore appear at 0.511 Me V in the spectrum from the detection of these secondary 
There is a danger of confusing this peak with that expected from annihilation 
produced by radioactive sources that are positron emitters, and care must 
exercised in identifying the source of these annihilation photons. 

E. Summation Effects 

Additional peaks caused by the coincident detection of two (or more) gamma-ray ph 
may also appear in the recorded pulse height spectrum. The most common situation occ 
applications involving an isotope that emits multiple cascade gamma rays in its decay, as' 
trated in Fig. 10.8. If we assume that no isomeric states are involved, the lifetime of the in 
mediate state is generally so short that the two ganuna rays are, in effect, emitted in co' 
dence. It is then quite possible for both gamma-ray photons from a single decay to interact 
deposit all their energy within a time that is short compared with the response time of 
detector or the resolving time of the following electronics. If enough of these events 0 

sum coincidence peak will be observable in the spectrum that occurs at a pulse height that 
responds to the sum of the two individual gamma-ray energies. A continuum of sum ev 
will also occur at lower amplitudes due to the summation of partial energy loss interactio 

The relative number of events expected in the sum peak depends on the branc . 
ratio of the two gamma rays, the angular correlation that may exist between them, and 
solid angle subtended by the detector. A complete analysis is often quite complex, but t 
following simplified derivation illustrates the general approach that can be applied. 

Let El be the intrinsic peak efficiency of the detector for gamma ray <D, and let !l 
the fractional solid angle (steradians/41t) subtended by the detector. Then the full-ener 
peak area for gamma ray <D in the absence of summing effects is 

,'II - EjOSYI (1O.9l 

where S is the number of source decays over the observation period and YI is the yield ~ 
gamma ray <D per disintegration. Applying the same definitions to gamma ray @, we obtain) 

~ 

N2 = E2!lSY2 (10.1014 '. 
The probability of simultaneous detection of both gamma rays is the product of both indi~i 
vidual detection probabilities, multiplied by a factor W(OO) to account for any angul~ 
correlation between the gamma-ray photons. W(OO) is defined as the relative yield of "12 pet'j 

I
EB 

1'2 

Ground state 0 

Figure 10.8 Simplified nuclear decay scheme which can lead to summation 
effects in gamma spectra. Provided the intermediate state (at EB) is short
lived, 'Vi and 'V2 are emitted in virtual coincidence. 
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unit solid angle about the 0° direction defined by the detector position, given that "II is 
emitted in the same direction. Then the sum peak area should be 

N12 = S (€lD.YJ)(€ZD.yZ)W(OO) 

= SEl€2Yly2D.2W(00) (10.11) 

The summation process not only creates the sum peak but also removes events that 
would otherwise fall within individual gamma-ray full-energy peaks. The remaining num
ber of full-energy events for "II is [from Eqs. (10.9) and (10.11)] 

Nllwith = N] - N12 
summation 

(10.12) 

Because a coincident event of any kind from "12 (not just a photopeak event) will remove 
a count from NJ> the detection efficiency E2 should now be interpreted as the intrinsic total 
efficiency. For these losses to remain small, the fractional solid angle D. is often restricted 
to small values to keep the second term in the above equation much smaller than the first. 
If the solid angle is too large, quantitative measurements based on determination of the 
area under full-energy peaks can be in error unless an accounting of the second terih is 
provided.6 

The summation process described above involves multiple radiations from the same 
nuclear decay event and therefore is classified as a true coincidence by the definitions given in 
Chapter 17. Another process can also lead to summed pulses due to the accidental combina
tion of two separate events from independent decays that occur closely spaced in time. 
Because the time intervals separating adjacent events are randomly distributed, some will be 
less than the inherent resolving time of the detector or pulse-processing system. These chance 
coincidences increase rapidly with increasing counting rate and will occur even in the absence 
of true coincidences. A corresponding sum peak can therefore appear in spectra from isotopes 
that emit only a single radiation per decay. For both true coincidence and chance summing, 
there will also be many cases in which a second interaction involves partial rather than full 
energy absorption in the detector. For this category of events, the first event (assumed here to 
be a full-energy absorption) still is lost from the peak where it normally would be expected in 
the absence of summing. Now, however, the summed pulse is stored into a continuum that lies 
above the expected peak and it does not contribute to a sum peak in the spectrum. 

Chance coincidences will occur if a second pulse arrives within the resolving time tr 
following a typical signal pulse. For a random pulse rate of IS and 'iT « 1, the rate at which 
coinciden.:.:es OCCUI' &hould be the fraction of all time that lies within t, of a preceding pulse 
(given by 'St,) multiplied by the rate of pulse arrival ('S), or 

(10.13) 

Therefore, the accidental sum peak will have an intensity that is proportional to the square 
of the counting rate, whereas both the true sum peak or normal photopeaks will be linear
ly related to the counting rate. When multiple radiations are involved, accidental sum peaks 
may potentially occur at all possible combinations of any two single energies. At normal 
rates and typical detector solid angles, however, sum peaks are usually lost in fluctuations 
in the continua and background present from other energies, except at the upper energy 
extremes of the' spectrum where such backgrounds are low. 

As a practical matter, the resolving time tr is normally set by the shaping time constants 
of the linear amplifier used in the pulse-processing chain from the detector. The chance 
coincidences therefore take the form of pulse pile-up in the amplifier, which is further 
detailed in the discussions of Chapter 17. 
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E Coincidence Methods in Gamma-Ray Spectrometers 

1. CONTINUUM REDUCTION 

For an ideal gamma-ray detector, the response function would simply be a single) 
resolved peak with no associated continuum. Then the pulse height spectrum from a,~ 
plex gamma-ray source could be most easily interpreted, and the presence of high-e t 

gamma rays would not hinder the detection of weak radiations at lower energies. --
At the price of added complexity, some steps can be taken to approach this ideal me 

closely, even for gamma-ray detectors with response functions that are inherently mo 
complicated. These methods involve placing other detectors around the primary detect 
and employ coincidence or anticoincidence techniques to select preferentially those ever 
that are most likely to correspond to full-energy absorption. For the case of sodium iodil 
spectrometers, the most common methods involve the use of an annular detector St\ 
rounding the primary crystal for Compton suppression by anticoincidence, or the use . 
two or more adjacent crystals in the sum-coincidence mode. Representative descriptions· 
sodium iodide spectrometers in which one or both of these methods of continuum su' 
pression have been applied are given in Refs. 7-11. -

An explanation of these techniques is postponed until Chapter 12, where their use wil 
germanium detectors is detailed. Although significant improvements in peak-to-continuu: 
ratios can be achieved by applying these methods to NaI(TI) spectrometers, current attel 
tion has focused on their application to germanium systems where continua are much mOl 
prominent and greater gains can be achieved through their suppression. 

2. THE COMPTON SPECTROMETER 

The combination of two separated gamma-ray detectors operated in coincidence, as show 
in Fig. 10.9, is another configuration that can simplify the response function at the expens 
of detection efficiency. A collimated beam of gamma rays is allowed to strike the fin 

Del. CD 
hv 

[~ 11-c05 0) ] 
Ec :=: 11~ _m.;;.:oc-:-2 __ ~_ 

1 + ~ 11 -cos 0) 
mac 

Del. G) 

I 
..... '1 , 

dN .... --- I II 
dE -------- I /I 

I /1 
I /I 
I II 
I 11 

E 

Figure 10.9 The geometry of the Compton spectrometer is shown at the top. The spec
trum of those events from detector <D that are in coincidence with pulses from detector 
@ is shown as the solid peak at the bottom. The normal spectrum from detector (j) is 
shown as the dashed curve. 
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detector in which the desired mode of interaction is now Compton scattering. Some frac
tion of the. scattered gamma rays will travel to the second detector where they may also 
interact to give a second pulse. Because the separation distance is normally no greater than 
a few tens of centimeters, the pulses are essentially in time coincidence. By selectively 
recording only those pulses from the first crystal that are in coincidence with a pulse from 
the second crystal, the recorded spectrum largely reflects only single Compton scattering 
events. Because the angle of scattering is fixed, a constant amount of energy is deposited 
for each scattering interaction involving monoenergetic incident gamma rays. Photoelectric 
absorption and all other events that do not lead to coincidence between the two detectors 
are excluded. The response function is thus reduced to a single peak, which appears at a 
position within the original Compten continuum determined by the scattering angle. For 
typical gamma ray energies, the Doppler spread in the scattered photon energy (see p. 311) 
is usually small compared with the broadening effects of the variation in scattering angles 
introduced by the finite sizes of the detectors. 
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Figure 10.10 Pulse height spectrum from a NaI(Tl) scintillator for gamma rays emitted 
by S7eo at 122 and 136 ke\Z 'The iodme X-ray escape peak lies 28 keV below the Corte-
sponding full energy peak and is evident only for the more intense 122 keV gamma ray. 
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Figure 10.11 Response functions for a 7.62 cm X 7.62 cm cylindrical NaI(Tl) scintilla
tor for gamma rays from 0.335 to 2.75 MeV. (From Heath.S) 
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IV. PROPERTIES OF SCINTILLATION GAMMA-RAY SPECTROMETERS 

A. Response Function 
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Sodium iodide gained much of its early popularity because the relatively high atomic 
(Z = 53) of its iodine constituent ensures that photoelectric absorption will be a 
important process. The corresponding high intrinsic detection efficiency and large 
tion have contributed to the success of sodium iodide scintillation spectrometers. Other 
rials, such as cesium iodide or BGO, have even higher density or effective atomic 
therefore the response function for these materials shows an even greater detection 
cy and photofraction. However, the relatively high light output and smaller decay time 
led to the dominance of N aI(TI) in spectroscopy with scintillators. 

The importance of many of the factors that influence the shape of the response fun~' 
~or NaI(Tl) SCintillators, is detailed by Mueller and Maeder. 12 ~n ext~nsive catalog of e', 
lmentally measured gamma-ray spectra for nearly 300 radlOnuchdes as recorded by;' 
3 in. x 3 in. NaI(TI) spectrometer has been published by Heath.s A later compilation ~ 
Adams and Dams6 contains spectra for both 3 in. x 3 in. and 4 in. X 4 in. cylindrical sodi' 
iodide crystals. These published data can be of considerable help in predicting the responj, 
function to be expected from a scintillation spectrometer when applied to gamma-ray-emitf 
ting isotopes. Examples of gamma-ray spectra are given in Figs. lD.lD through 10.13. Ma'ii~ 
of the features described in the previous discussion can be observed in these spectra." 

A direct comparison of gamma-ray spectra observed under similar conditions froDl 
equal size crystals of sodium iodide and BGO is shown in Fig. lD.14. The considerably be(; 
ter energy resolution of sodium iodide is evidenced by the smaller widths of the peaks in th~ 
bottom spectrum. The higher efficiency of BGO is apparent, especially at the higher ener~ 
from the larger area under the photopeaks in the upper spectrum. The larger photofractiob 
of BGO also results in less prominent Compton continua and annihilation quanta escaPll 
peaks. A collection of spectra from gamma rays covering the range from 124 keY to 
11.67 MeV taken with 2.54 x 2.54 and 7.62 x 7.62 cm BGO detectors can be found in Ref. 14: 

Because of the lack of suitable sources, it is often difficult experimentally to measure 
the response function for all gamma-ray energies of potential interest. It is then necessary 
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Figure lO.U Pulse height spectra recorded from NaI(l1) scintillation detectors. (a) A spectrum for a 86Rb source 
(1.08 MeV gamma rays) showing the contribution at the lower end of the scale from bremsstrahlung generated in 
stopping the beta particles emitted by the source. (b) Spectrum from a 6OCo source (1.17 and 1.33 Me V gamma rays 
emitted in coincidence) taken under conditions in which the solid angle subtended by the detector is relatively large, 
enhancing the intensity of the sum peak at 2.50 MeV. (From F. Adams and R. Dams, Applied Gamma-Ray 
Spectrometry, 2nd ed. Copyright 1970 by Pergamon Press, Ltd. Used with permission.) 
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Figure 10.13 Pulse height spectrum from a NaI(TI) scintillator for gamma rays emitted by 
24Na at 1369 and 2754 keY. The s!ngle and double escape peaks corresponding to pair pro
duction interactions of the higher energy gamma rays are very apparent, as is the annihilation 
radiation peak at 511 keY due to pair production interactions in surrounding materials. 
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Figure 10.14 Comparative pulse height spectra measured for BGO (top) and NaI(Tl) (bottom) 
scintillators of equal 7.62 cm X 7.62 cm size for gamma rays from 24Na. (From Moss et al.13) 
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Figure 10.15 A comparison of a measured pulse height spectrum (points) with a theoretical 
spectrum calculated by Monte Carlo methods. (From Berger and Seltzer.15) 
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Figure 10.16 Calculated response fUnctions for a NaI(T1) scintillation detector extending 
to 20 MeV. (From Berger and Seltzer,15) 
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to resort to calculations to derive the response function. Because of the complexity of the 
situation in which mUltiple interactions play an important role, virtually all practical calcu
lations are done using the Monte Carlo method. The work of Berger and Seltzer15 is a good 
example of such a calculation for sodium iodide cylindrical detectors. This publication also 
contains an extensive list of references to prior experimental and calculational efforts. 
Figure 10.15 shows the good match to experimental data that can be obtained when the 
computational model contains sufficient detail to provide adequate representation of all 
important interactions taking place within the detector. Figure 10.16 illustrates a set of cal
culated response functions for a sodium iodide scintillator extending to relatively high 
gamma-ray energies. The gradual disappearance of the photopeak and the broadening of 
the escape peaks as the gamma-ray energy increases is clearly illustrated by this series of 
plots. The photopeak disappears because pair production becomes the dominant mode of 
interaction, and the high-energy pair that is produced is difficult to absorb fully because of 
losses from bremsstrahlung emission and leakage from the surface of the crystal. The 
broadening of the escape peak is due to the additional statistical fluctuations in the num
ber of photoelectrons produced as their number increases (see Section B.2 below). 

~nergy Resolution 

In contrast to the theoretical energy deposition spectra shown in Figs. 10.2 to 10.4, .the 
measured response functions shown above contain the "blurring" effects due to the finite 
energy resolution of the detector. The most striking difference is the fact that all peaks now 
have some finite width rather than appearing as narrow, sharp lines. 

As introduced in Chapter 4, the energy resolution R is defined as 
FWHM 

R=---
Ho 

(10.14) 

where FWHM = full width at half maximum of the full-energy peak 
Ho = mean pulse height corresponding to the same peak 

The energy resolution of scintillators is the poorest of any commonly used detector, and 
therefore the spectra have relatively broad peaks. 

1. ORIGINS OF RESOLUTION LOSS 

From the arguments of Chapter 4, the finite energy resolution of any detector may contain 
contributions resulting from the separate effects of charge collection statistics, electronic 
noise, variations in the detector response over its active volume, and drifts in operating 
parameters over the course of the measurement. For scintillation detectors, the fluctuations 
in PM tube gain from event to event (see p.273) can also add to the measured resolution. 
Also in some scintillators, the departure from exact proportionality between absorbed par
ticle energy and light yield can be a significant contributor to the energy resolution for 
measurements on gamma rays (see p. 332). For the majority of applications of scintillators 
to gamma-ray spectroscopy, the first of these sources is normally the most significant. 
Contributions of electronic noise are usually negligible, so that preamplifiers and other 
electronic components used with scintillators need not include elaborate schemes for noise 
reduction. Variations in the light collected from scintillation events over the volume of the 
crystal can be a significant problem, so the techniques discussed in Chapter 8 for promot
ing uniform light collection are quitdmportant. In commercially prepared trystals of typ
ical sizes, these nonuniformities normally are a small part of the total peak width. Drifts in 
the operating parameters are usually associated with the PM tube and can be severe if the 
detector is subject to large changes in counting rate or temperature. Some methods of spec
trum stabilization discussed in Chapter 18 can be applied in these cases but usually are nec
essary only under extreme conditions. 
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2. PHOTOELECTRON STATISTICS 

Statistical spreads are therefore left as the single most important cause of peak 
ing in scintillators. The statistical fluctuations will be most significant at the point in 
nal chain at which the numbers of information carriers are at a minimum. For 
counters, this point is reached after conversion of the scintillation light to electrons 
photocathode of the PM tube. 

A representative numerical example is helpful in illustrating this point. In the 
chain illustrated below, it is assumed that exactly 0.5 MeV of electron energy is 
by the gamma-ray photon in the scintillation crystal. In thallium-activated sodium 
the scintillation efficiency is about 12%. In the example, 60 keY is thus converted by 
scintillator into visible light with an average photon energy of about 3 e V Therefore, 
20,000 scintillation photons are produced per pulse. With allowance for some light 
the crystal surface and at the crystal-photo tube interface, perhaps 15,000 of these 
photons ultimately reach the photocathode. If we assume that the average quantum 
ciency of the photocathode over the scintillation spectrum is 20%, then 3000 
trons are produced. This number is now the minimum in the signal chain because 
quent stages in the PM tube multiply the number of electrons. 

Scintillator PM tube 

h. ~+;! I L.:..Il,.-,-_30_0_0_
P

h_O-:-toe_l_ec_tro_n_s __ 

20,000 
photons 

The amplitude of the signal produced by the PM tube is proportional to this number' 
of photoelectrons. For repeated events in Which exactly the same energy is deposited in the 
crystal, the pulse amplitude will fluctuate as a result of the inherent statistical variation in' 
the number of photoelectrons collected for each event. If we assume that Poisson statistics 
hold, then the standard deviation of the number of photoelectrons should be the square 
root of the mean number produced. Therefore, in our example we would expect a standard 
deviation of Y30oo, or about 1.8% of the mean value. Energy resolution is formally defined 
in terms of the full width at half maximum of the peak rather than its standard deviation. 
For an assumed Gaussian shape, the FWHM is 2.35 values of the standard deviation, and 
therefore the statistical contribution to the energy resolution for the example should be 4.3 %. 

In many practical cases, the statistical broadening of the peak predominates over other 
potential sources of resolution loss. In that event, the variation of the resolution with gamma
ray energy can be predicted simply by noting that the FWHM of the peak is proportional to 
the square root of the gamma-ray photon energy. The average pulse height produced is direct
ly proportional to the gamma-ray energy. Therefore, from the definition of energy resolution, 

FWHM YE K 
R == Ho = K E = YE (10.15) 

where K is a constant of proportionality. The energy resolution should thus be inversely 
proportional to the square root of the gamma-ray energy. If we take the logarithm of both 
sides of Eq. (10.15), we derive 

InR=lnK-tlnE (10.16) 

Therefore, a plot of in R versus in E should be a straight line with slope of -to 
Figure 10.17 shows a plot of experimentally determined resolution values for a sodium 

iodide scintiitator as a function of the gamma-ray energy at which they were measured. The 
data adhere fairly closely to a straight line, but the slope is not as steep as predicted. 
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Figure 10.17 Experimentally measured resolution R from a NaI(TI) scintillation 
detector for various gamma-ray energies E. (From Beattie and Byrne.16) 

indicating the influence of nonstatistical sources of the peak broadening. A more adequate 
representation of measured data can take the form 

(ex + I3E)1I2 
R= (lim 

E 

where ex and 13 are constants particular to any specific scintillator-PM combination. 

3. OTHER FACTORS IN ENERGY RESOLUTION 

Other sources of resolution loss in scintillation spectrometers are conveniently categorized 
into three groups: those that are characteristic of the crystal itself (the intrinsic crystal res
olution), those effects that are characteristic of the PM tube, and the variable probability 
that a visible photon generated by a scintillation event in the crystal produces a photo
electron that is collected by the first dynOde of the PM tube (the transfer variance). 

The intrinsic crystal resolution includes any variation caused by local fluctuations in 
the scintillation efficiency of the crystal. With modern fabrication techniques, the unifor
mity of sodium iodide crystals is generally sufficiently good so that the line broadening 
caused by this effect alone would be very small (less than 2%). More significant fluctua
tions arise because of the less-than-perfect reflection conditions that exist at the surface of 
the crystal. The consequent nonuniform light collection efficiency can introduce significant 
line broadening, especially in crystals of large size. 

The variance introduced by the photomultiplier tube can be a significant contribution. 
Uniformity of photoelectron collection from the photocathode is an important factor, as is 
the statistical fluctuation in the electron multiplication. There is considerable variation in 
the performance of different photomultipliers in this regard, even among different samples 
of the same design. For example, in a study of several hundred PM tubes sampled from a 
few standard types, Persyk and Moi17 observed an average NaI scintillator energy resolu
tion of 10-11 % for 57Co radiation (122 keY). The best PM tube included in the sample, 
however, gave a corresponding value of 8.5%. 
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A more subtle component of the intrinsic crystal resolution arises from the 
in the response of most scintillation materials (see Fig. 8.8). If all incident 
underwent an interaction in which their entire energy were converted to a single 
this nonlinearity would not be a source of resolution loss. However, the incident 
ray energy may be subdivided among two or more secondary electrons through 
mUltiple Compton scattering followed by photoelectric absorption. Furthermore, 
simple photoelectric absorption occurs, the excited atom that remains may convert its 
tation energy in a number of ways which lead to varying electron energy spectra, 
in the form of Auger electrons. Consequently, even a monoenergetic flux of 
gamma rays wiIllead to a wide distribution of electron energies within the crystal. 
response of the crystal is not linear with electron energy, the total light yield will be 
ent from event to event, depending on details of the energy subdivision between the 
ous electrons that are produced. A number of studies18•19 conclude that the effects of 
linearity can have a significant impact on the observed energy resolution from ~"'"'lLll.l"L' 
As one example, Fig. 10.18 shows that the calculated effect of nonproportionality in 
iodide can be as large a contributor to the overall energy resolution as the ,-v"",.·'UULllU'U 

photoelectron statistics at energies above about 300 keY. This source of peak br()adeDl~ 
would clearly be more serious in scintillators with a larger degree of nonlinearity than 
in NaI(Tl). In discussing the effects of nonlinearity of scintillators, it is important to 
guish between the response to fast electrons as opposed to the response to X-rays 
gamma rays. The first is expected to be an intrinsic property of the scintillator, whereas 
second depends on the particular mix of secondary electrons produced by photon int"r~II'';'~ 
tions. Since this mix can change with the size of the crystal because of the increased 
tance of multiple scattering, the two behaviors will not be expected to be identical.2° 
should also be careful to distinguish between the terms nonlinearity and TIn"",mf.'" 

ity.20 A linear behavior between light output and energy deposited merely requires that' 
straight-line fit can be made to the data, whereas the term proportionality requires that, 
addition, the best-fit line pass through the origin. The response of a given scintillator 
be perfectly linear over a range of energies, but there can still be some contribution 
gamma-ray peak broadening unless the response is also proportional to energy. 

Because the energy resolution varies with energy, values are usually specified at a fixed) 
gamma-ray energy for comparison purposes. It is conventional to quote the energy resolu-.c 
tion for gamma.rays from 137 Cs (0.662 MeV) as a standard. The energy resolution for other 
gamma-ray energies can then be estimated through the use of Eq. (10.15). 

Good quality solid sodium iodide scintillators coupled to modem PM tubes can achieve 
an energy resolution of about 6-7% at 0.662 Me Y. If the shape of the crystal is more compli
cated than a simple right cylincit;r, the add(;;d difficulty of attaining uniformity in light collec-
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Figure 10.18 A comparison of the predicted contributions of scintillator nonpro· 
portionaJity and Poisson photoelectron statistics to the energy resolution of a 
2.54 cm x 2.54 cm NaI(TI) scintillator. The points labeled "Total" are measured 
resolution values. (From Valentine et aI.19) 
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tion will often make the resolution somewhat worse. For example, the energy resolution for 
crystals with. a center well is generally 1-3% larger than the equivalent solid cylinder. 

4. PREVENTION OF RESOLUTION LOSS CAUSED BY LONG-TERM DRIFT 

In scintillator measurements that must extend over many hours or days, some resolution 
loss can be experienced as a result of drifts in the gain of the PM tube and other circuit 
components. Some electronic methods that can be used to minimize or completely elimi
nate these effects are outlined in Chapter 18. These techniques work best when there is a 
single isolated peak in the spectrum from which an error signal can be derived to adjust a 
variable gain component in the signal chain. If a strong isolated peak does not exist in the 
measured spectrum, or if the counting rates are low, these methods may be impractical. 

For scintillation counters, an alternative method can be used, which is based on pro
viding a reference light source within the scintillation package to produce an artificial peak 
in the spectrum. If the light pulses are of constant intensity, a feedback signal can be gen
erated to adjust the system gain to hold the resulting peak at a constant position in the 
measured spectrum. Light sources used for this purpose fall into two general categories: 
those that consist of a combination of a radioactive isotope with a suitable phosphor, and 
those that are basically electronic in design. A common requirement is that their yield be 
extremely stable over long periods of time because any change in light output will be inter
preted as a drift in the gain of the counting system. Discussions of the design of light 
sources used for this purpose are given in Refs. 21-25 . 

For all scintillators, the scintillation efficiency or amount of light generated per unit energy 
loss (dL/dE) depends both on the particle type and its kinetic energy. For an ideal spec
trometer, dL/dE would be a constant independent of particle energy. The total light yield 
would then be directly proportional to the incident particle energy, and the response of the 
scintillator would be perfectly linear. 

For electrons in NaI(Tl), the scintillation efficiency does vary mildly with electron 
energy (see Fig. 8.8). For direct electron spectroscopy, some significant nonlinearity should 
thus be expected. In gamma-ray measurements, monoenergetic gamma rays create varied 
combinations of secondary electrons with widely different energies. Figure 8.8 is therefore 
sampled at many points over the energy scale even for a single photon energy, and some of 
the nonlinearity is averaged out. The average pulse height observed for gamma rays is 
therefore closer to being linear with photon energy, but measurable nonlinearities remain. 

Figure 10.19 shows some experimental results for linearity measurements with gamma 
rays on NaI(Tl). This nonlinearity must be taken into account when relating the pulse 
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Figure 10.19 The differential linearity measured for a NaI(TI) scintillator. (From Heath. 5) 
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Figure 10.20 Measured light output per unit deposited energy for NaI(Tl), nonnalized to 
unity at 88 keY. (From Wayne et a1.26) 

height scale to gamma-ray energy. In practice, a calibration is usually carried out in w~_ '_ 
peak positions are plotted versus known gamma-ray energies. Because Fig. 10.19 rep -:
sents the slope of this calibration line, a small degree of curvature or nonlinearity sho . 
be expected. For interpolation between narrowly spaced peaks of known energy, howev~j 
the assumption of linearity normally leads to a negligible error. 

Figure 10.20 shows the measured relative light output from sodium iodide over the IO'!1i 
energy range. The dip that is evident in this plot occurs near the K-shell absorption edge-6.!l 
iodine. The response of the scintillator really depends on the energy that is deposited by seC~ 
ondary electrons produced by the incident photon, and a complex mix of photoelectro~ 
and/or Auger electrons will result from various types of photon interactions as illustrated ~j 
Fig. 10.21. The detailed yields of these secondary electrons will change abruptly at the; 
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Figure 10.21 Representation of the possible origins of electrons and photons following the 
photoelectric absorption of an incident X-ray or gamma ray with energy E that is above the 
K-shell binding energy of 33.17 keY. (From Rooney and Valentine. 27) 
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K-shell absorption edge, so it is not surprising that the discontinuities in the observed light 
output also occur near this energy. 

D. Detection Efficiency 

One of the marked advantages in using scintillation crystals for gamma-ray measurements 
is the fact that many standard size detectors can be mass produced with virtually identical 
properties. Because the physical dimensions of these crystals can be controlled to within 
very small tolerances, the interaction probability for gamma rays will be identical for all 
crystals of the same size and shape. 

One of the cornmon applications of sodium iodide scintillators is to measure the 
absolute intensity of a given source of gamma rays. From the discussion in Chapter 4, such 
a measurement based on simple counting data requires a prior knowledge of the efficiency 
of the radiation detector. Undoubtedly, there are more published data available on the 
detection efficiency of sodium iodide scintillators for gamma rays than for any other detec
tor type or application. The number of different sizes and shapes of NaI(TI) crystals in rou
tine use is relatively limited so that reasonably complete data can be compiled on each of 
the common configurations. 

1. CRYSTAL SHAPES 

Two general crystal shapes are in widespread use for applications in gamma-ray detection. 
The solid right circular cylinder is simple to manufacture and encapsulate and can be 
mounted directly to the circular face plate of most PM tubes. If the height-to-diameter ratio 
of the cylinder does not greatly exceed unity, the light collection properties are quite favor
able in this geometry. If the height-to-diameter ratio is much less than 1, the pulse height 
resolution can often be improved by interposing a light pipe between the crystal and pho
tomultiplier tube to spread the light more uniformly from each scintillation event over the 
entire photocathode, averaging out spatial variations of its quantum efficiency. 

A well crystal is a right circular cylinder into which a cylind.rical well has been 
machined, usually along the cylindrical axis. A significant advantage of this geometry is the 
very high counting efficiency that can be achieved by placing the samples to be counted at 
the bottom of the well. In this position, almost all the gamma rays that are emitted isotrop
ically from the source are intercepted by at least a portion of the crystal. For low-energy 
gamma rays, the counting efficiency in this geometry can therefore approach 100%. At 
higher energies, some of the advantage is lost because the average path length through the 
crystal is somewhat less than if the gamma rays were externally incident on a solid crystal. 
Because the efficiency for sources near the bottom of the well is not a sensitive function of 
position, well counters ~an also simplify the cOllnting of multiple samples with different 
physical properties while providing nearly identical counting efficiency. 

2. EFFICIENCY DATA 

Data on detector efficiency are commonly presented in the form of a graph of the effi
ciency value as a function of gamma-ray energy. Some examples are shown in Figs. 10.22 
through 10.25. It is important to point out those parameters that must be specified before 
using this type of data: 

1. The specific category of efficiency which is being tabulated must be clearly identi
fied. As defined in Chapter 4, detector efficiencies are classified as either absolute 
or intrinsic, with the latter being the more common choice. An additional specifica
tion must be made that deals with the type of event accepted by the counting sys
tem. Here the most cornman choices are either peak or total efficiencies, with 
the distinction hinging on whether only full-energy events or all events are accepted 
(see Chapter 4). 
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Figure 10.24 The intrinsic total efficiency of various thicknesses of NaJ(TI) for gamma rays 
perpendicular to its surface. 

2. The size and shape of the scintillation crystal have a strong influence on the count
ing efficiency. Although the major influence on the intrinsic efficiency is the thick
ness of t)le crystal in the direction of the incident gamma radiation, mild variation 
with other detector dimensions should also be expected. 

3. The size and physical nature of the source also influence the counting efficiency. 
Data are widely available for the relatively simple case of an isotropic point 
gamma-ray source located a specified distance from the detector face along its axis. 
Although absolute efficiencies are quite sensitive to the source-detector spacing, 
this dependence is much milder for intrinsic efficiencies and vanishes entirely if the 
source is sufficiently far from the detector. Other common source conditions for 
which data can be found include the case of a parallel beam of gamma rays uni
formly irradiating one surface of the detector (equivalent to a point source at an 
infinite distance) and a narrowly collimated beam (a "pencil beam") incident at a 
specified point on the detector surface. Limited data also are available for distrib
uted sources consisting of disks or volumetric sources under specified source--detec
tor geometries. 

4. Any absorption taking place between the point of gamma-ray emission and the 
scintillation crystal will also influence the detection efficiency. Published data nor
mally neglect the effects of the crystal housing and other material between the 
source and detector, but some data can be found that account for self-absorption 
within large-volume gamma-ray sources. 

There are two general methods by which efficiency data may be generated. The most 
straightforward is simply to measure the appropriate counting rate induced by a gamma
ray source of known activity. Sets of "standard" gamma-ray sources can be purchased 
whose absolute activity can be quoted to about 1 % precision. If the experimenter has a set 
of such sourceS available covering the energy range of interest, then an effiCiency curve can 
be determined experimentally for the specific detector in use. In many cases, however, a set 
of absolutely calibrated sources is not available or they do not adequately represent the 
geometric irradiation conditions of the actual experiment. Then the experimenter must 
turn to published efficiency data, which can include a greater variety of energies and exper
imental conditions. 
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Figure 10.25 Peak-to-total ratio (or the photofraction) for various solid cylinders of 
NaI{Tl) for a point gamma-ray source 10 em from the scintillator surface. (Courtesy of 
Harshaw Chemical Company.) 

A second meanS of obtaining efficiency data is through calculation based on an 
assumed knowledge of the various gamma-ray interaction probabilities. The simplest case 
is the total efficiency, willch is completely determined by the total linear absorption coeffi· 
cient fJ. that characterizes the detector material. The intrinsic total efficiency is just the 
value of the gamma-ray interaction probability (1 - e-IJ.i) integrated over all path length! 
I taken by those gamma rays that strike the detector. For simple geometries, this integra· 
tion can be carried out analytically. In most cases, however, the peak efficiency is of greatel 
interest. Because more complex processes involving multiple interactions contribute tc 
full-energy events, the peak efficiency, in general, no longer can be calculated analytically 
Instead, reCOUrse must be made to Monte Carlo calculations, which attempt to simulate the 
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behavior of gamma-ray photons based on knowledge of the individual probabilities for 
photoelectric absorption, Compton scattering, and pair production. Because each Monte 
Carlo calculation is, in effect, a computer experiment, the results obtained are subject to 
statistical uncertainties determined by the number of histories that have been calculated. 
Furthermore, the results are specific to the detector geometry and gamma-ray energy 
assumed and cannot be generalized further. 

Extensive tables and graphs of sodium iodide detector efficiencies can be found in 
Refs. 5, 6, and 29. A good review of both experimentally determined and calculated effi
ciencies for solid cylindrical sodium iodide crystals has been published by Orosswendt and 
WaibePo Extensive references are also tabulated in Refs. 31 and 32 for calculations and 
measurements of efficiencies for well-type crystals, and in Ref. 33 for other crystal shapes. 

When the gamma-ray-emitting sample is not negligibly small, self-absorption effects 
Can substantially reduce the efficiency that would be obtained for point sources. The usual 
procedure is to apply a mUltiplicative correction factor to standard efficiencies to account 
for absorption within the sample itself.34 This approach gives adequate representation for 
a wide range of physical situations.35 Reviews of scintillator efficiencies for absorbing disk 
sources are given in Refs. 36 and 37. 

Most of the available efficiency data concern sources that are located along the axis of 
symmetry of the detector, and only limited data are available regarding the directional 
response of scintillation crystals to off-axis sources. One such analysis for cylindrical 
scintillators is given in Ref. 38, which ;llso contains references to other previously published 
data on directional characteristics. 

Efficiency data can also be found for scintillation materials other than sodium iodide. 
Some measurements comparing cesium iodide with sodium iodide are shown in Figs. 10.26 
and 10.27. CsI(TI) exhibits both a higher efficiency and a greater photofraction, but its 
somewhat lower light output (as measured USing standard PM tubes) leads to a poorer 
energy resolution. Corresponding differences are even more extreme in the case of BOO. 
Figure 10.28 shows that the intrinsic peak efficiency for an equivalent size BOO crystal can 
be greater by almost a factor of 10 than for sodium iodide at high gamma-ray energies, but 
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Figure 10.26 Relative intrinsic peak efficiencies of 7.62 cm X 7.62 cm cylindrical crystals of 
CsI(TI) and NaI(T1); d is the crystal-source distance. (From Irfan and Prasad. 39) 
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the energy resolution is even poorer than in cesium iodide. Gamma-ray detection efficien
cies for NE-213 organic liquid scintillators are given in Refs. 41 and 42, for plastic scintilla
tors in Ref. 43, and for lead-doped plastic scintillators in Ref. 44. 

3. PEAK AREA DETERMINATION 

To apply the peak efficiency data for any detector, the area under the full-energy peaks 
that appear in its spectrum must be deteonined. Even after subtraction of the noonal back
ground, nearly all such peaks will be superimposed on a continuum caused by many of the 
complicating effects described earlier in tbis chapter It is therefore not always a simple 
task to determine the number of events that contribute to a given full-energy peak. 

If the peak were a simple isolated one without any superimposed continuum, as shown 
in Fig. 10.29a, its area could be determined by simple integration between the limits shown. 
When the spectrum is recorded in a multichannel analyzer, the equivalent process is a 
simple addition of the content of each channel between the indicated limits. If a continuum 
is also present, as in Fig. lO.29b, some additional unwanted counts are included in this 
process and must be subtracted. Some shape must therefore be assumed for the continuum 
within the region under the peak, and a number of fitting procedures of varying degrees of 
complexity can be applied. A linear interpolation between the continuum values on either 
side of the peak is the easiest approach and will give sufficient accuracy for many purposes. 
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Figure 10.29 Methods of obtaining peak areas from multichannel spectra. 
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At times, closely spaced or overlapping peaks do not allow the 
mation method to be applied. More complex methods must then be used to 
individual contributions of each of the closely lying peaks. These methods normally 
fitting an analytic shape to that portion of the peak that can be clearly resolved, and 
ing that the remainder of the peak is described by the fitted function. A Gaussian 
ted to the points that lie within one standard deviation on either side of the peak value 
quately represents the shape of the measured photopeak from a Nal(TI) scintillator 
an assortment of source geometry and counting conditions.45 More complex shapes 
sometimes necessary for spectra recorded at high rates or under nonideal ClT1CUrnstanl::e 

V. RESPONSE OF SCINTILLATION DETECTORS TO NEUTRONS 

Some types of scintillators specifically designed to be used as neutron detectors arl 
described in Chapters 14 and 15. However, virtually any scintillation material will respong 
to some extent if exposed to a neutron flux. Fast neutrons are sometimes unavoidably pre~ 
ent in gamma-ray measurements made around accelerators or reactors, and the pulses thej 
produce can be an undesirable background. These pulses fall into two general categories: 
prompt pulses that are produced within a few nanoseconds of the time the neutron enter! 
the scintillator, and pulses that occur after some delay. 

In NaI(Tl) and BGO, the prompt pulses are principally caused by the detection of gamrn~ 
rays produced in inelastic scattering interactions of the neutron with the scintillator.46 Figure 
10.30 shows the detection efficiency corresponding to the prompt pulses in these two materi· 
a1s. BGO has a better gamma ray to neutron sensitivity ratio compared with NaI(TI). 

The delayed pulses can be triggered by two categories of events. A neutron first ma1 
be moderated (requiring perhaps 100 ..... s) and then captured in the detector as a thenna 
neutron. The resulting capture gamma rays may lead to a detected pulse. Pulses that occUl 
after a much longer delay may result if the neutron capture produces a radioactive specie: 
that subsequently decays. Examples with their corresponding half-lives are 24Na (15 h) an< 
1281 (25 min) in sodium iodide, and 7SGe (83 min) and 77Ge (11.3 h) in BGO. 
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Figure 10.30 The prompt pulse response to fast neutrons in 7.6 cm X 7.6 cm scintillation 
detectors of NaJ(TI) and BGO. (From Hausser et al. 46) 
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'I. ELECTRON SPECTROSCOPY WIm SCINTILLATORS 

Scintillators can also be applied to the measurement of fast electrons (such as beta parti
cles) that are incident on one surface of the crystal. Although it has become more common 
to use lithium-drifted silicon detectors for this purpose (see Chapter 13), applications 
sometimes arise in which the size limitation of silicon detectors or other considerations dic
tate the use of scintillators. 

The nature of the electron response function depends on the scintillation material, its 
physical thickness, and the angle of incidence of the electrons. Electrons from an external 
source normally must pass through some protective covering andlor light reflector before 
reaching the surface of the scintillator itself. In the discussion that follows, the energy loss 
that may occur in these intervening materials is not explicitly considered but may be 
important if the electron energy is small. We also assume that the scintillators under con
sideration are thicker than the maximum range of the incident electrons. Even so, the 
detector may not be totally opaque to the secondary bremsstrahlung photons that will be 
generated along the path of the electron. 

In general, the response functions show a pronounced full-energy peak corresponding 
to the total absorption of the incident electron energy, together with a tail extending to 
lower energies. The major cause of such partial energy absorption is backscattering, in 
which the electron reemerges from the surface through which it entered after having 
undergone only partial energy loss. Other events that contribute to the tail are those elec
trons that are fully stopped within the scintillator but that generate bremsstrahlung pho
tons that escape from the front or back surface of the detector. 

Both the probability of backscattering and the fraction of the electron energy loss due 
to bremsstrahlung increase markedly with the atomic number of the scintillator. Because 
both processes detract from the full-energy peak and add the unwanted tail to the response 
function, scintillators with low atomic number are generally preferred for electron spec
troscopy Gust the opposite criterion than that desired for gamma-ray spectroscopy). 
Therefore, organic scintilla tors such as anthracene or plastics are most commonly applied 
in electron measurements. Table 10.1 lists the probability for backscattering of normally 
incident electrons for some common scintillator materials. The much lower backscattering 
probabilities for the low-Z materials are evident. 

Figure 10.31 shows measured pulse height spectra in both cesium iodide and a plastic 
scintillator for normally incident 1 MeV electrons. The low-energy tail is more pronounced 
for cesium iodide because of its higher atomic number. Additional data for other scintilla
tion materials, electron energies, and varying angles of incidence are given in Ref. 47. 

ble 10.1 Fraction of Nonnally Incident Electrons Backscattered from Various Detector Surfaces 

Electron Energy (Me V) 

ntillator 0.25 0.50 0.75 1.0 1.25 

stic 0.08:t 0.02 0.053 :t 0.010 0.040 :t 0.007 0.032 :t 0.003 0.030 :t 0.005 

thracene 0.09 :t 0.02 0.051 :t 0.010 0.038 :t 0.004 0.029 ± 0.003 0.026 :t 0.004 

I{TI) 0.450 :t 0.045 0.410 ± 0.010 0.391 ± 0.014 0.375 ± 0.008 0.364 ± 0.007 

'CTI) 0.49 :t 0.06 0.455 ± 0.023 0.430 ± 0.013 0.419 :t 0.018 0.404 :t 0.016 

tfee: 11tus.47 
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Figure 10.31 Experimental pulse height spectra from CsI{Tl) and plastic scintil
lators for 1.0 MeV electrons at normal incidence. The spectra are normalized to 
the same maximum pulse height. (From TItus. 47) 

VII. SPECIALIZED DETECTOR CONFIGURATIONS BASED ON 
SCINTILLATION 

A. The Phoswich Detector 

The combination of two dissimilar scintillators optically coupled to a single PM tube is 
often called a phoswich (or phosphor sandwich) detector. The scintillators are chosen to 
have different decay times so that the shape of the output pulse from the PM tube is 
dependent on the relative contribution of scintillation light from the two scintillators. Most 
applications involve the use of this pulse shape difference to distinguish events that have 
occurred in only one scintillator from those that occur in both. For example, lightly pene
trating radiations can be made to stop fully in the first scintillator, but more penetrating 
particles may generate light in both. Sodium iodide and cesium iodide are often chosen as 
the two materials because their decay times are quite different (0.23 versus 0.68 + 3.34 ""s), 
and pulses arising from only one decay are easily distinguished from those with both com
ponents, using the pulse shape discrimination methods of Chapter 17. Other common scin
tillator combinations include BOO and cesium iodide48,49 or two different plastic scintilla
tors,SO,51 one with a fast decay time and the other with a slow decay. Examples of additional 
combinations that have been used include CsI(Na) with OSO,52 BOO with OSO,53 plastic 
scintillator with BaF2,54-56 and YSO with LSO.57 Phoswich detectors employing pulse 
shape discrimination have proved to be useful in suppressing background in the counting 
of X-rays and beta particles. 58. 59 

Alternatively, separate electronic pulses may be derived from the fast and slow compo
nents of the PM tube signaI.51,60 Independent measurements of the energy deposited in each 
scintillator can then be obtained without the need for a second PM tube. Using a thin fast scin· 
tillator in front of a thick slow scintillator allows simultaneous measurements of dE/dxand E 
for particles that penetrate the thin detector. The particle identification techniques describec 
on p. 3% can then be applied to distinguish one type of heavy charged particle from another 

A somewhat simpler version of a phoswich detector has been commercially imple· 
mented as a combined alpha/beta particle probe. It consists of a thin ZnS(Ag) screer' 
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mounted behind a thin aluminum entrance window to serve as the alpha particle detector. 
This screen is thick enough tO,stop the alphas, but thin enough so that incident beta parti
cles deposit a very small amount of energy while passing through. A plastic scintillator that 
is a few millimeters thick is mounted behind this screen and provides the useful response 
to beta particles. The two scintilla tors are in optical contact and are viewed by a single pho
tomultiplier tube. The contributions of the alpha and beta particles can be separated by 
simple amplitude selection because the energy of the alpha particles is generally much larg
er than the betas, and the scintillation efficiency of the ZnS(Ag) scintillator is much high
er than that of the plastic scintillator 

B. The Moxon-Rae Detector 

Another type of gamma-ray detector can be built based on the detection of secondary elec
trons produced by ganuna-ray interactions in a converter that is external to the detector. 
Although the resulting detection efficiency is typically quite low, the efficiency versus energy 
dependence can be tailored in certain ways to suit the needs of specialized applications. For 
example, Moxon and Rae61 first described the properties of a thick low-Z converter used 
to produce secondary electrons that were then detected by a thin plastic scintillator. By 
choosing a converter that consisted of graphite with a small component of bismuth, they 
found that the detection efficiency could be made nearly proportional to the incident 
gamma-ray energy. This proportionality allows a simplified analysis to be carried out for a 
class of experiments involving neutron capture because the detection probability of any 
given radiative capture event becomes independent of the specific de-excitation cascade 
mechanisms following the capture.61 The proportionality of efficiency with gamma-ray 
energy results from the combined probabilities of electron production within the converter 
and of their escape from the surface facing the electron detector. Detailed analyses of the 
theory and performance of Moxon-Rae detectors can be found in Refs. 61-63. 

::. Liquid Scintillation Counters 

The liquid scintillation media discussed in Chapter 8 can be applied to avoid some of the 
difficulties that arise when measuring low-energy beta particles or alpba particles using 
conventional methods. The approach, sometimes called internal source liquid scintillation 
counting, involves dissolving the sample to be counted directly into the liquid scintillator. 
Under these conditions, problems relating to sample self-absorption, attenuation of particles 
by detector windows, and beta backscattering from the detector are completely avoided. 
These advantages are particularly important for low-energy radiations such as the beta 
particles emitted by tritium and 14C The endpoint energies for these beta spectra are 18 
and 160 keY, respectively, and average beta energies are about one-third these values. 
Because these isotopes are particularly important in chemical and biomedical applications, 
much of the development of the liquid scintillation technique has taken place in connec
tion with these sciences. Several texts have been published64-66 that thoroughly review the 
fundamental principles of liquid scintillation counting. 

The first step in the technique involves incorporation of the sample within a suitable 
liquid scintillation solution. Problems can often arise in this step because most liqUid scin
tillation solutions are based on toluene or other organic solvents, whereas many samples 
are often more conveniently prepared in an aqueous solution. Detailed discussions of var
ious methods for obtaining stable solutions through the use of solubilizing or complexing 
agents are given in Refs. 67 and 68. A common problem is that the introduction of the sam
ple tends to reduce the scintillation light output compared with the pure scintillator. This 
phenomenon, commonly called quenching, often limits the amount of sample material that 
can effectively be incorporated within the scintillator solution. The quenching can be due to 
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eitho< "'t""ti~n of th, opti<al p,"p,m" of th, ~oIution by the ',,"pI, (,ofo, qu",~. : 
mterference With the energy transfer process WIthIn the sCIntillator ItSelt Insoluble ml(' 
a1s can sometimes be introduced as a suspension of fine particles. In those cases where r ~ 
settling of the suspension is a problem, some methods have been developed that in,,' 
converting the solution to a gel immediately after preparation of these suspensions. .f" 

After the sample has been prepared, the solution is normally loaded into a glass 
and placed in a light-tight enclosure viewed by one or more PM tubes. Because of 
effects of quenching and the fact that typical applications involve radiations of low 
pulses produced in the PM tube often correspond to no more than a few phIDtalel~:ctr'oil!1I 
Under these circumstances, the measurements are potentially very sensitive to sources 
noise that may interfere with accurate and reproducible counting of the sample. . 
sources of noise are thermally generated electrons from the photocathode of the PM 
long-lived phosphorescence in the scintillator, and chemiluminescence (light generated . 
chemical reactions within the sample-scintillator solution). Virtually all these noise 
correspond to the generation of only a single electron per pulse, so they can normally 
rejected by placing a discrimination level in the signal chain to eliminate those 
whose amplitude corresponds to a single photoelectron. However, because the signal also; 
consists of only a few photoelectrons, there is a risk that this discrimination process will 
also eliminate some of the signal. 

Because all beta particles emitted by the sample pass through some portion of the scin~' 
tillator, and the great majority are fully stopped within the solution, the counting efficiency' 
can potentially be close to 100%. The degree to which the few-photoelectron signal can be 
distinguished from single-electron noise determines the practical counting efficiency. As a 
gauge of the development of the technique, it is interesting to note the improvement in the 
counting efficiency for tritium as improvements in PM tube design and other techniques 
have been implemented. A counting efficiency of about 20% in 1960 was improved to about 
60% in 1970 through the use of low-noise bialkali PM tubes, and to a value of about 90% 
through the application of PM tubes with gallium phosphide high-gain dynodes.69 

One method of eliminating the PM tube noise is to use two PM tubes to view the scin
tillator from opposite sides. Only those pulses that are observed in coincidence between 
the two tubes are counted. Because the noise generated in each tube will be uncorrelated, 
a true coincidence will not be observed for these events, and the recorded counts will cor
respond only to events generated within the liquid scintillator. The summed output from 
both PM tubes can then be used to record the pulse height spectrum for the sample. 

Although most commonly applied to samples emitting beta particles or conversion elec
trons, liquid scintillation counting has also been used to count samples that are alpha 
active.70-72 Although the best reported energy resolution71 of S--E% is much inferior to that 
attainable with semiconductor diode detectors, the advantages of high counting efficiency 
and uniform counting geometry offer some attraction for applications such as counting low
level environmental samples.72 Because typical alpha energies are several MeV, the light 
output is much greater than for low-energy beta particle counting, and therefore a counting 
efficiency that approaches 100% is relatively easy to achieve. Pulse shape discrimination can 
be applied to eliminate backgrounds due to beta particles or gamma-ray-induced events.73 

By using these techniques, an exceptionally low background level of 0.01 count/min has 
been reported71 while maintaining essentially 100% counting efficiency for alpha particles 
within the sample. To provide an even cleaner separation between the alpha particle events 
and those from the background, the use of a system with a two-parameter multichannel ana
lyzer74-76 has been shown to be very effective. Simultaneous measurements are made of the 
pulse amplitude and rise time that allow a cleaner separation by defining areas of interest 
in a two-dimensional memory. The background can then be as low as 0.001 counts/min. An 
illustration of the principle of this technique is given later in Fig. 18.13. 
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). Position-Sensitive Scintillators 

1. ONE~DIMENSIONAL POSITION SENSING 

Because the light from a scintillator is generated along the track of the ionizing particle, it 
is possible to sense the position of interaction by localizing the source of the scintillation 
light. For sensing position in one dimension, a long rod or bar of scintillation material can 
be used with PM tubes or photo diodes positioned at either end as in the sketch below: 

I~ L -\ 
PM CD/ Scintillator I PM @ 

I 
x 

~ 

In this type of geometry, it is generally observed that the intensity of the light measured at 
one end of the rod drops off exponentially with the distance at which the scintillation light 
is generated. Thus, we can write for the signal from PM tube (i) 

where 

E P 
El = --y - exp [-a(L/2 + x)] 

Eo 

E-y = energy deposited by gamma ray 

(10.18) 

P = probability that light quantum produced at one end will generate a 
photoelectron in adjacent tube 

Eo = energy deposited per light photon created in scintillator 

a = light attenuation coefficient 

Similarly, for PM tube @, 

EP 
E2 = --y- exp [-a(L/2- x)] 

Eo 
By dividing one signal by the other. we obtain 

E2 exp [-a(L/2- x)] 
___ -'-_....c..:.. = exp( + 2ax) 

El exp [-a(L/2 + x)] 

E 
In 2 = 2ax 

El 
1 E2 

x=-ln-
2a El 

(10.19) 

(10.20) 

Therefore. by electronically deriving the logarithm of the ratio of the two PM tube signals. 
we obtain a linear indication of the position at which the scintillation occurs. 

By multiplying Eq. (10.18) and (10.19). we obtain 

E2 = E E (Eo)2enL 
-y I 2 P 

Now taking the square root of both sides, we obtain 

E 
E-y = V EIE2 ; en L/ 2 (10.21) 
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Thus, the square root of the product of the two PM tube signals serves as a measure of. 
total scintillation light, independent of the position within the bar. . 

For best spatial resolution,17 the light attenuation coefficient a in the expressi, 
above should have an optimal value of 2.9/L. This light attenuation can be accomplis:t':: 
either by adjusting the reflection conditions at the surface of the scintillator or by alIo 
some absorption of the light to occur in the bulk of the scintillator. In a typical appIic 
of this technique,77 a spatial resolution of 10 mm was obtained in a 500 mm long sodi 
iodide rod, using gamma rays of 662 ke V energy. 

An alternative method of sensing the scintil1ation position in one dimension is to usf& 
the same geometry described above but to exploit the fact that there will be a slight ~i 
ference in the time of arrival of the scintillation light at the two ends of the bar, 1ms t~ 
difference is maximum for an event that occurs at either end of the bar and decreases Iin~ 
early to zero for an event at the center. 'The time differences are small, since the velocity o~ 
propagation of the light traveling directly from the scintillation site is cln, where c is thci 
velocity of light and n is the index of refraction of the scintiHation medium. For typical scin
tiHators, this corresponds to a flight time of about 5 ps/mm. However, most of the light is: 
reflected many times from the surface of the scintillator as it travels along the length of the 
bar and therefore the actual flight path and propagation time are substantial1y extended. 
In one application of this method using a 250-mm long plastic scintiHator rod,78 a spatial 
resolution of between 17 and 23 mm was obtained for 511 ke V gamma rays. 

2. TWO-DIMENSIONAL POSITION SENSING (IMAGING DETECTORS) 

In nuclear medicine, it is often necessary to form the image of the distribution of gamma
ray-emitting isotopes distributed throughout the patient, The gamma-ray camera is a 
device that senses the two-dimensional coordinates of a gamma-ray photon as it interacts 
in a large-area detector and forms an image through the accumulation of many such events 
over the exposure time. A lead pinhole or parallel hole collimator is used to restrict the 
gamma rays that strike the detector so that the image can be directly interpreted as the spa
tial distribution of the emitting isotope. 

Lead collimator 

',", "",j"';'-:iJ'PMtubes 

Figure 10.32 Elements of a two-dimensional position-sensitive scintillation 
detector, commonly called a gamma camera. 
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The most common type of gamma-ray camera is based on an original design by 
Anger.79 Its basic elements are diagrammed in Fig. 10.32. The detection medium consists 
of a flat single scintillation crystal (generally sodium iodide) with length and width up to 
50 em and thickness of about 1 em. The light generated by gamma-ray interactions in this 
crystal is sensed by an array of PM tubes that completely cover one of its flat faces. The 
two-dimensional position of each event across the area of the crystal is deduced from the 
relative size of the signals produced from these tubes. 

Each scintillation event will generate output pulses of significant amplitude from all 
the PM tubes that are near the location of the interaction. The largest signal will generally 
be from the tube nearest the position, with smaller pulses from tubes at a greater distance. 
The "center of gravity" of the light is interpolated from these signals using either a charge 
division process in which a portion of each signal is coupled to X and Y output lines, or 
through the use of readout schemes based on delay line encoding of the position.80 The 
resulting analog X and Y position signals are typically digitized using fast analog-to-digital 

F1gure 10.33 Example of a human bone scan produced by using a gamma camera to 
image the distribution of methylene diphosphonate labeled with 99mTc. The upper and 
lower halves of the image each were produced by recording approximately 106 counts 
over a 3-min period. (Courtesy of W. L. Rogers, University of Michigan Medical Center.) 
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converters and accumulated in a two-dimensional digital memory to form the image'I' 
summed output from all the tubes is a good measure of the total energy deposited in, ' 
crystal and is normally passed through a single-channel analyzer to record selectively·' 
those. events that correspond to the full source energy. This selection eliminates loss of~' 
trast m the image caused by gamma rays that have initially scattered in the patient or e ,.' 
where before reaching the camera and would therefore give a false position indication> 

An example of an image from a typical gamma-ray camera is given in Fig. 10.33. 'Ihi 
intrinsic spatial resolution of the camera when recording the most common type of imagi 
generated by 99mTc (140 ke V) is limited to about 3-mm FWHM. In practice, additional sp~ 
tial resolution loss normally occurs due to the geometric uncertainties in the source posi~ 
tion when it is some distance from the face of the collimator. 

PROBLEMS 

10.1 A gamma-ray photon after Compton scattering 
through an angle of 90° has an energy of 0.5 MeV. Find its 
energy before the scattering. 

10.2 A 2 MeV gamma-ray photon is incident on a detector, 
undergoes two sequential Compton scatterings, and then 
escapes. If the angles of scattering are 30° and 60°, respec
tively, how much total recoil electron energy is deposited in 
the detector? Does the answer change ifthe sequence of the 
scattering angles is reversed? 

10.3 Find the maximum energy that can be deposited by a 
1 MeV gamma-ray photon if it undergoes two successive 
Compton scattering events and then escapes the detector. 

10.4 Estimate the time that separates two successive 
gamma-ray scattering interactions that are 3 cm apart in 
sodium iodide. Compare with the characteristic decay time 
for the light that is generated in the same material. 

10.5 The cross sections for photoelectric, Compton, and pair 
production interactions in sodium iodide at 2 MeV are in the 
ratio 1:20:2. respectively. Will the pulse height spectrum from 
2 MeV gamma rays incident on a sodium iodide scintillator 
give a peak-to-total ratio of less than, more than, or about 
equal to 1/23? 

10.6 If the energy resolution of a particular NaI(Tl) scintil
lation detector is 7% for l37Cs gamma rays (0.662 MeV), 
estimate its energy resolution for the 1.28 MeV gamma rays 
from 22Na. 

10.7 The mass attenuation coefficient of NaI at 0.5 MeV is 
0.955 cm2/g. Find the intrinsic total efficiency of a slab detec
tor 0.50 cm thick at this energy. If the photofraction is 40% 
at the same energy, what is the intrinsic peak efficiency? 

10.8. (a) Find the energy of the Compton edge for the 1.17 
MeV gamma rays from 6OCo. 

(b) Calculate the backscatter peak energies correspon
ding to incident gamma rays of 1, 2, and 3 MeV. 

10.9 Listed below are a number of parameters of interest in 
gamma-ray spectroscopy using scintillation detectors: 

(a) Density of the detector medium. 

(b) Kinetic energy required to create a scintillation pho
ton in the crystal. 

(c) Average atomic number (Z-value) of the detector 
medium. 

(d) Geometry of the source-detector system. 

(e) Gain of the photomultiplier tube. 

(I) Quantum efficiency of the photocathode in the pho
tomultiplier. 

(g) Gain of the amplifier used between the detector and 
pulse analysis system. 

(h) Fraction of light generated in the crystal that reaches 
the photocathode of the PM tube (light co!lection effi
ciency). 

Identify those parameters from this list that have a major 
influence on the detector intrinsic peak efficiency. Repeat, 
but now identify those that have a major influence on ener
gy resolution. 

10.10 Calculate the pulse amplitUde from the anode of a PM 
tube used with a NaI(TI) scintillator under the following 
conditions: A 1-Me V electron loses all its energy in the scin
tillator, the light collection efficiency to the photocathode is 
50%, the average quantum efficiency of the photocathode is 
20%. and 80% of the photoelectrons are collected at the first 
dynode. Assume that the PM tube has 10 stages with a mul
tiplication factor B = 2.5 per stage. The anode load resistance 
is 100 kn, and the anode capacitance is 100 pF. 

10.11 A particular radiOisotope emits two coincident 
gamma rays, each with 100% yield per decay, with no angu
lar correlation between the photon directions. A sample is 
placed 10 cm from the surface of a 5 cm radius cylindrical 
detector along its axis. The intrinsic peak efficiency of the 
detector for 'VI is 50%, and for 'V2 it is 30%. 

(a) If the sample activity is low enough so that chance 
coincidences are negligible, calculate the ratio of the 
counts under the sum peak in the recorded pulse height 
spectrum to the counts under the 'VI full-energy peak. 

(b) Calculate the rate at which events are recorded in the 
sum peak if the source activity is 100 kBq. For a detector 
resolving time of 3 IlS, what additional rate should be 
expected from chance coincidences between 'Vi and 'V2? 



10.n From Fig. 2.14,estimate the range of a I-MeV electron 
in sodium iodide. From your answer, calculate the percent
age of the total volume of a 5.08 cm X 5.08 cm cylindrical 
crystal that lies near enough to the surface so that electron 
escape is possible. 

10.13 A radioisotope source is known not to emit any 
gamma-ray photons with energy of 511 keV, but a peak is 
observed at this position in the recorded gamma-ray spec
trum. Give two possible origins for this peak. 

10.14 If the energy resolution of a scintillator is 8.5% at 662 
keY, find the standard deviation (in energy units) of the 
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Chapter 11 

Semiconductor Diode Detectors 

In many radiation detection applications, the use of a solid detection medium is of great 
advantage. For the measurement of high-energy electrons or gamma rays, detector dimen
sions can be kept much smaller than the equivalent gas-filled detector because solid den
sities are some 1000 times greater than that for a gas. Scintillation detectors offer one pos
sibility of providing a solid detection medium, and their application to the detection and 
measurement of various radiations has been described in Chapter 10. 

One of the major limitations of scintillation counters is their relatively poor energy res
olution. The chain of events that must take place in converting the incident radiation energy 
to light and the subsequent generation of an electrical signal involves many inefficient 
steps. Therefore, the energy required to produce one information carrier (a photoelectron) 
is of the order of 100 e V or more, and the number of carriers created in a typical radiation 
interaction is usually no more than a few thousand. The statistical fluctuations in so small 
a number place an inherent limitation on the energy resolution that can be achieved under 
the best of circumstances, and nothing can be done about improving the energy resolution 
beyond this point. As detailed in Chapter 10, the energy resolution for sodium iodide scin
tillators is limited to about 6% when detecting 0.662 Me V gamma rays and is largely deter
mined by the photoelectron statistical fluctuations. 

The only way to reduce the statistical limit on energy resolution is to increase the num
ber of information carriers per pulse. As we show in this chapter, the use of semiconductor 
materials as radiation detectors can result in a much larger number of carriers for a given 
incident radiation event than is possible with any other common detector type. 
Consequently, the best energy resolution from radiation spectrometers in routine use is 
achieved using semiconductor detectors. The fundamental information carriers are 
electron-hole pairs created along the path taken by the charged particle (primary radiation 
or secondary particle) through the detector. The electron-hole pair is somewhat analogous 
to the ion pair created in gas-filled detectors. Their motion in an applied electric field gen
erates the basic electrical signal from the detector. 

Devices employing semiconductors as the basic detection medium became practically 
available in the early 196Os. Early versions were called crystal counters, but modern detec
tors are referred to as semiconductor diode detectors or simply solid-state detectors. 
Although the latter term is somewhat ambiguous in the sense that technically scintillation 
counters can also be thought of as solid-state detectors, it has come into widespread use to 
characterize only those devices that are based on electron-hole pair collection from semi
conductor media. 

In addition to superior energy resolution, solid-state detectors can also have a number 
of other desirable features. Among these are compact size, relatively fast timing character
istics, and an effective thickness that can be varied to match the requirements of the 
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application. Drawbacks may include the limitation to small sizes and the relatively high~Sl. 
ceptibility of these devices to perfonnance degradation from radiation-induced U==~l:;1 

Of the available semiconductor materials, silicon predominates in the diode 
used primarily for charged particle spectroscopy and discussed in this chapter. 
is more widely used in the gamma-ray measurements described in Chapter 12, 
devices that use other semiconductor materials are covered in Chapter 13. 

Severa! comprehensive books are available on the topic of solid-state detectors, inclu~~.'~.' 
ing Refs. 1-6. Each of these contains a rather complete citation of the literature up to :" 
time of publication, and the other references in these chapters are largely limited to thoS(, 
that have appeared more recently. ., 

I. SEMICONDUCTOR PROPERTIES 

A. Band Structure in Solids 

The periodic lattice of crystalline materials establishes allowed energy bands for electrons 
that exist within that solid. The energy of any electron within the pure material must be 
confined to one of these energy bands, which may be separated by gaps or ranges of for
bidden energies. A simplified representation of the bands of interest in insulators or semi
conductors is shown in Fig. 11.1. The lower band, called the valence band, corresponds to 
those outer-shell electrons that are bound to specific lattice sites within the crystal. In the 
case of silicon or germanium, they are parts of the covalent bonding that constitute the 
interatomic forces within the crystal. The next higher-lying band is called the conduction 
band and represents electrons that are free to migrate through the crystal. Electrons in this 
band contribute to the electrical conductivity of the material. The two bands are separated 
by the bandgap, the size of which determines whether the material is classified as a semi
conductor or an insulator. The number of electrons within the crystal is just adequate to fill 
completely all available sites within the valence band. In the absence of thennal excitation, 
both insulators and semiconductors would therefore have a configuration in which the 
valence band is completely full and the conduction band completely empty. Under these 
circumstances, neither would theoretically show any electrical conductivity. 

In a metal, the highest occupied energy band is not completely full. Therefore, elec
trons can easily migrate throughout the material because they need achieve only small 
incremental energy to be above the occupied states. Metals are therefore always charac
terized by very high electrical conductivity. In insulators or semiconductors, on the other 
hand, the electron must first cross the bandgap to reach the conduction band and the 
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Figure 11.1 Band structure for electron energies in insulators and semiconductors. 
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conductivity is therefore many orders of magnitude lower. For insulators, the bandgap is 
usually 5 eV or more, whereas for semiconductors, the bandgap is considerably less. 

B. Charge Carriers 

At any nonzero temperature, some thermal energy is shared by the electrons in the crys
tal. It is possible for a valence electron to gain sufficient thermal energy to be elevated 
across the bandgap into the conduction band. Physically, this process simply represents the 
excitation of an electron that is normally part of a covalent bond such that it can leave the 
specific bonding site and drift throughout the crystal. The excitation process not only cre
ates an electron in the otherwise empty conduction band, but it also leaves a vacancy 
(called a hole) in the otherwise full valence band. The combination of the two is called an 
electron-hole pair and is roughly the solid-state analogue of the ion pair in gases. The elec
tron in the conduction band can be made to move under the influence of an applied elec
tric field. The hole, representing a net positive charge, will also tend to move in an electric 
field, but in a direction opposite that of the electron. The motion of both of these charges 
contributes to the observed conductivity of the material. 

The probability per unit time that an electron-hole pair is thermally generated is given by 

where 

p('D = CT3/2 exp (- Eg ) (11.1) 
2kT 

T = absolute temperature 

Eg = bandgap energy 

k = Boltzmann constant 

C = proportionality constant characteristic of the material 

As reflected in the exponential term, the probability of thermal excitation is critically 
dependent on the ratio of the bandgap energy to the absolute temperature. Materials with 
a large bandgap will have a low probability of thermal excitation and consequently will 
show the very low electrical conductivity characteristic of insulators. If the bandgap is as low 
as several electron volts, sufficient thermal excitation will cause a conductivity high enough 
for the material to be classified as a serniconductor.lJn the absence of an applied electric 
field, the thermally created electron-hole pairs ultimately recombine, and an equilibrium is 
established in which the concentration of electron-hole pairs observed at any given time is 
proportional to the rate of formationJFrom Eq. (11.1), this equilibrium concentration is a 
strong function of temperature and will decrease drastically if the material is cooled.t 

After their formation, both the electron and the hole take part in a random thermal 
motion that results in their diffusion away from their point of origin. If all electrons (or 
holes) were initially created at a single point, this diffusion leads to a broadening distribu
tion of the charges as a function of time. A cross section through this distribution would be 
approximated by a Gaussian function with a standard deviation (J given by 

(11.2) 

tBecause the ionization potential for gases is typically 15 eV or more, the probability of a thermally generated ion 
pair is negligibly small in gas ionization chambers. even at room temperature. 
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where D is the diffusion coefficient and t is the elapsed time. Values for D can be prediCfl 
ed from the relationship • 

kT 
D=flo

e 
(11 .• 

where flo is the mobility of the charge carrier, k is the Boltzmann constant, and T is thi\I 
absolute temperature. At 200e (293K), the numerical value of kT/e is 0.0253 V. " 

C. Migration of Charge Carriers in an Electric Field 

If an electric field is applied to the semiconductor material, both the electrons and holes wilL 
undergo a net migration. The motion will be the combination of a r~dom thermal velocity 1 
and a net drift velocity parallel to the direction of the applied field.{!be motion of the con-,~ 
duction electrons is a relatively easy process to visualize, but the fact that holes also contribute i 
to conductivity is less obviouSfA hole moves from one position to another if an electron leaves· 
a normal valence site to fi.lr'an existing hole. The vacancy left behind by the electron then 
represents the new position of the hole. Because electrons will always be drawn preferential~; 
ly in an opposite direction to the electric field vector, holes move in the same direction as the,. 
electric field. This behavior is consistent with that expected of a point positive charge, because 
the hole actually represents the absence of a negatively charged electron 

At low-to-moderate values of the electric field intensity, the drift velocity v is propor
tional to the applied field. Then a mobility flo for both electrons and holes can be defined by 

(11.4) 

(11.5) 

where $ is the electric field magnitude. In gases, the mobility of the free electron is much 
larger than that of the positive ion, but in semiconductor materials the mobility of the elec
tron and hole are roughly of the same order. Numerical values for common semiconductor 
mat~rials ar!! giv!!n in TaM!! 11.1. 

t.At higher electric field values, the drift velocity increases more slowly with the field. 
Eventually, a saturation velocity is reached which becomes independent of further increas
es in the electric field. Figure 11.2 shows the dependence of the drift velocity on field mag
nitude for silicon and germanium) 

Many semiconductor detectors are operated with electric field values sufficiently high 
to result in saturated drift velocity for the charge carriers. Because these saturated veloci
ties are o~ the order of 107 cm/s, the time required to collect the carriers over typical dimen
sions of 0.1 cm or less will be under 10 ns. Semiconductor detectors can therefore be among 
the fastest-responding of all radiation detector types. 

In addition to their drift, the charge carriers will also undergo the influence of diffu
sion mentioned in the previous section. Without diffusion, all charge carriers would travel 
to the collecting electrodes following exactly the electric field lines that connect their point 
of origin to their collection point. The effect of diffusion is to introduce some spread in the 
arrival position that can be characterized as a Gaussian distribution whose standard devi
ation can be predicted by combining Eqs. (11.2), (11.3), and (11.4) 

fI = J2kTX 
e,ff 

(11.6) 

where x represents the drift distance. In small-volume detectors, a typical value for fI would 
be less than 100 flom. This diffusion broadening of the charge distribution limits the preci
sion to which position measurements can be made using the location at which charges are 
collected at the electrodes in semiconductor detectors. 
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Table 11.1 Properties of Intrinsic Silicon and Germanium 

Atomic number 

Atomic weight 

Stable isotope mass numbers 

Density (300 K); gjcm3 

Atoms/cm3 

Dielectric constant (relative to vacuum) 

Forbidden energy gap (300 K); e V 

Forbidden energy gap (0 K); eV 

Intrinsic carrier density (300 K); cm·3 

Intrinsic resistivity (300 K);.o. . em 

Electron mobility (300 K); cm2jV . s 

Hole mobility (300 K); cm2/V . s 

Electron mobility (77 K); cm2jV . s 

Hole mobility (77 K); cm2jV . s 

Si 

14 

28.09 

28-29-30 

2.33 

4.96 x 1022 

12 

1.115 

1.165 

1.5 x 1010 

2.3 x lOS 

1350 

480 

2.1 x 1()4 

1.1 x 1()4 

Energy per electron-hole pair (300 K); eV 3.62 

Energy per electron-hole pair (77 K); eV 

Fano factor (77 K) 

3.76 

0.143 (Ref. 7) 

0.084 (Ref. 8) 

0.085 } 
to (Ref. 12) 

0.137 

0.16 (Ref. 13) 

Ge 

32 

72.60 

70-72-73-74-76 

5.32 

4.41 x 1022 

16 

0.665 

0.746 

2.4 x 1013 

47 

3900 

1900 

3.6 x 1()4 

4.2 x 104 

2.96 

0.129 (Ref. 9) 

0.08 (Ref. 10) 

< 0.11 (Ref. 11) 

0.057 } 
(Ref. 12) 

0.064 

0.058 (Ref. 14) 

Source: O. Bertolini and A. Coche (eds.), Semiconductor Detectors, Elsevier-North Holland, Amsterdam,1968, 
except where noted. 

The collection time of the charges is also spread out by diffusion by an amount that can 
be estimated from the spatial broadening divided by the drift velocity, or generally less 
than 1 ns for small volumes. In many cases, these diffusion effects are negligible, and the 
charges can be pictured as moving along the electric field lines, all with the same drift 
velocity. However, the consequences of diffusion can become significant for large-volume 
detectors or when position or timing measurements of high precision are involved. 

I). Effect of Impurities or Dopants 

1. INTRINSIC SEMICONDUCTORS 

In a completely pure semiconductor, all the electrons in the conduction band and all the holes 
in the valence band would be caused by thermal excitation (in the absence of ionizing radia
tion). Because under these Conditions each electron must leave a hole behind, the number of 
electrons in the conduction band must exactly equal the number of holes in the valence band. 
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Figure 11.2 Drift velocity as a function of electric field applied parallel to the (Ill) 
crystallographic direction. Absolute temperature is the parameter for the different 
curves. (a) Electrons in silicon; (b) holes in silicon; (c) electrons in gennanium; 
(d) holes in gennanium. (From Ottaviani et a1.1S) 

Such material is called an intrinsic semiconductor. Its properties can be described theoretically, 
but in practice it is virtually impossible to achieve. The electrical properties of real materials 
tend to be dominated by the very small levels of residual impurities; this is true even for sili
con and germaniwn, which are the semiconductors available in the highest practical purities. 

Dn the discussions that follow, we let n represent the concentration (number per unit 
volwne) of electrons in the conduction band. Also, P represents the concentration of holes 
in the valence band::JIn the intrinsic material (subscript i), the equilibrium established by 
the thermal excitation of electrons from the valence to conduction band and their subse
quent recombination leads to equal numbers of electrons and holes, or 

(11.7) 

The quantities ni and Pi are known as the intrinsic carrier densities. From Eq. (11.1), it 
is clear that these densities will be lowest for materials with large bandgap energy and 
when the material is used at low temperature[intrinsic hole or electron densit~es at room 
temperature are 1.S X 1010 cm-3 in silicon, and 2.4 X 1013 cm -3 in germaniurriJ 
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Figure 11.2 (Continued) 

(In a metallic conductor, only the flow of negatively charged electrons contributes to its 
electrical conductivity. In contrast, the flow of both negatively charged electrons and posi
tively charged holes contribute to the conductivity of an intrinsic semiconductorJIhe value 
of the conductivity (or its inverse, the resistivity p) is determined by the intrinsic carrier 
density nj and the mobilities J.i.h and lLe of the holes and electrons. If we have a slab of a 
semiconductor with thickness t and surface area A, the current I that will flow when a volt
age V is applied across the thickness is 

AV 
1=

pt 
or 

AV 
p=

It 

The current is made up of two separate components: the current due to the flow of holes 
Ih and that due to the flow of electrons Ie. Note that, although the two types of charge car
riers move in opposite directions, the separate currents are additive because of the oppo
site charges of holes and electrons. Thus an external measurement of the current by itself 
cannot distinguish between the flow of holes or electrons. The total observed current will 
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be their sum, with each term given by the product of the area, intrinsic carrier density, elllJ 
tronic charge e, and the drift velocity of the charge carrier. Thus 

I = Ie + Ih = Anje(ve + vh) 

From Eqs.11.2 and 11.3 

Combining 

1 
p=---

enj(ll-e + Il-h) 

Inserting numerical values for intrinsic silicon at room temperature: 

1 
p=-----------,---------:--

(1.6 X 10-19C)(1.5 X 1010/cm3)(1350 + 480) cm2jV' S 

V·s·cm 
p = 2.3 X lOs = 230,000 n· cm 

C 

(11.&) 

Presently available silicon material of the highest purity falls short of achieving this resis
tivity value because of the effect (discussed in the following sections) of residual impurities. 

2. n-TYPE SEMICONDUCTORS 

To illustrate the effect of doping on semiconductor properties, we use crystalline silicon as 
an example. Germanium and other semiconductor materials behave in a similar way. 
Silicon is tetravalent and in the normal crystalline structure forms covalent bonds with the 
four nearest silicon atoms. A sketch of this situation is shown in Fig. 11.3a, where each of 
the dashes represents a normal valence electron involved in a covalent bond. Thermal exci
tation in the intrinsic material consists of breaking loose one of these covalent electrons, 
leaving behind an unsaturated bond or hole. 

We now consider the effect of the small concentration of impurity that may be present 
in the semiconductor either as a residual amount after the best purification processes, or as 
a small amount intentionally added to the material to tailor its properties. We first assume 
that the impurity is pentavalent or is found in group V of the periodic table. When present 

Conduction band 

Donor levelS 

Valence band 

(a) fbI 

Figure 11.3 (a) Representation of a donor impurity (phosphorus) occupying a substitutional 
site in a silicon crystal. (b) Corresponding donor levels created in the silicon bandgap. 
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in smail concentrations (of the order of a few parts per million or less) the impurity atom 
will occupy a substitutional site within the lattice, taking the place of a normal silicon atom. 

C!}ecause there are five valence electrons surrounding the impurity atom, there is one left 
over after all covalent bonds have been formed. This extra electron is somewhat of an 
orphan and remains only very lightly bound to the original impurity site. It therefore takes 
very little energy to dislodge it to form a conduction electron without a corresponding hole. 
Impurities of this type are referred to as donor impurities because they readily contribute 
electrons to the conduction band. Because they are not part of the regular lattice, the extra 
electrons associated with donor impurities can occupy a position within the normally for
bidden gap)These very loosely bound electrons will have an energy near the top of the gap 
as shown in Fig. 11.3b. The energy spacing between these donor levels and the bottom of 
the conduction band is sufficiently small so that the probability of thermal excitation given 
by Eq. (11.1) is high enough to ensure that a large fraction of all the donor impurities are 
ionized. In nearly all cases, the concentration of impurity ND is large compared with the 
concentration of electrons expected in the conduction band for the intrinsic material. 
Therefore, the number of conduction electrons becomes completely dominated by the con
tribution from the donor impurities, and we can write 

(11.9) 

The added concentration of electrons in the conduction band compared with the intrinsic value 
increases the rate of recombination, shifting the equilibrium between electrons and holes. As a 
result, the equilibrium concentration of holes is decreased by an amount such that the equilib
rium constant given by the product of nand p is the same as for the intrinsic material: 

(11.10) 

For example, in room-temperature silicon, the intrinsic carrier densities are about 
1010 cm-3• If a donor impurity is present at a concentration of 1017 atoms/cm3 (about 

par s per ml ton, e ensl y 0 con uc ton e ec rons n WI e cm an e con-
centration of holes p will be 1()3 cm-3. Because the total number of charge carriers of both 
types is now much greater (1017 cm-3 versus 2 X 1010 cm-3), the electrical conductivity of 
a doped semiconductor is always much larger than that of the corresponding pure material. 

Even though conduction electrons now greatly outnumber the holes, charge neutrality is 
maintained because of the presence of ionized donor impurities. These sites represent net 
positive charges that exactly balance the excess electron charges. They are not, however, to 
be confused with holes because the ionized donors are fixed in the lattice and cannot migrate. 

CIne net effect in n-type material is therefore to create a situation in which the number 
of conduction electrons is much greater and the number of holes much smaller than in the 
pure materi~e electrical conductivity is then determined almost exclusively by the flow 
of electrons, and holes playa very small role. In this case, the electrons are called the major
ity carriers and holes the minority carriers'] 

The resistivity of doped material can be calculated from the dopant concentration and 
the mobility of the majority carrier, since only the flow of majority carriers is important in 
measured currents. As an example, assume we have silicon with a donor density of 1013/cm3, 
which will also be the concentration of conduction electrons. Then the resistivity will be 

1 
p=-

eNDiJ-e 

1 

p = (1.6 X 1O-19C)(1Q13/cm3)(1350cm2jV' s) 

p = 463 n'cm 

(11.11) 
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3. p-TYPE SEMICONDUCTORS 

The addition of a trivalent impurity such as an element from group III of the periodic tab I" 
t~ a s~licon l~ttic:e results in a situation sketched in Fig.l1.4a. If the impurit7. occupies a su~; 
shtutlOnal sIte, It has one fewer valence electron than the surroundmg slltcon atoms an 
therefore one covalent bond is left unsaturated. This vacancy represents a hole similar t~ 
that left behind when a normal valence electron is excited to the conduction band, but its! 
energy characteristics are slightly different. If an electron is captured to fill this vacancy,.~·." 
participates in a covalent bond that is not identical to the bulk of the crystal because oni! 
of the two participating atoms is a trivalent impurity. An electron filling this hole, althougif, 
still bound to a specific location, is slightly less firmly attached than a typical valence elec
tron. Therefore, these acceptor impurities also create electron sites within the normally for-, 
bidden energy gap. In this case, the acceptor levels lie near the bottom of the gap because 
their properties are quite close to sites occupied by normal valence electrons. 

Normal thermal excitation in the crystal ensures that there will always be some elec
trons available to fill the vacancies created by the acceptor impurities or to occupy the 
acceptor sites shown in Fig. 11.4b. Because the energy difference between typical acceptor. 
sites and the top of the valence band is smaU, a large fraction of all the acceptor sites are; 
filled by such thermally excited electrons. These electrons come from other normal cova
lent bonds throughout the crystal and therefore leave holes behind in the valence band. To 
a good approximation, an extra hole is created in the valence band for every acceptor' 
impurity that is added. If the concentration NA of acceptor impurities is made to be large 
compared with the intrinsic concentration of holes Pi' then the number of holes is com
pletely dominated by the concentration of acceptors, or 

(11.12) 

The increased availability of holes enhances the recombination probability between con
duction electrons and holes and therefore decreases the equilibrium number of conduction 
electrons. Again, the same equilibrium constant discussed earlier holds, and np = niPi' In 
p-type material, holes are the majority carrier and dominate the electrical conductivity. The 
filled acceptor sites represent fixed negative charges that balance the positive charge of the 
majority holes. 

The equilibrium that is at work between electrons and holes is illustrated by the nomo
gram in Fig. 11.5. Two logarithmic scales are shown, on the left the concentration of con-
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(a) 

Conduction band 

___ Acceptor levels 
____ -K. ___ -
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Figure 11.4 (a) Representation of an acceptor impurity (boron) occupying a substitutional 
site in a silicon crystal. (b) Corresponding acceptor levels created in the silicon bandgap. 
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lOIS 1Ols/cm3 
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Figure 11.5 Nomogram showing the relationship between electron and hole concen
trations in a semiconductor. Lines connecting points on the two logarithmic scales 
always pass through the center of the diagram for any type or degree of doping. 

duction electrons, and on the right the concentration of holes. In intrinsic or perfectly com
pensated (see following section) semiconductors, the concentrations are equal and have a 
value given by the intrinsic carrier density. In silicon at room temperature, that value is 
1.5 x 101O/cm3• Intrinsic (or perfectly compensated) material can thus be represented as a 
horizontal line connecting the points on the scales at about 1010/cm3• Doping the material 
will tip the equilibrium so that one carrier dominates, but the product of the concentrations 
of electrons and holes must still be the same as shown in Eq. (11.10). Since the scales are 
logarithmic on the nomogram, the two concentrations will be linked by a line that passes 
through the center of the previous line. The same statement can be made for any level of 
doping, whether with donors or acceptors, so this point at the center of the nomogram acts 
as a "pivot point" that is common to all lines. Material that is n-type will result in lines with 
negative slope, while p-type material corresponds to lines with positive slope. 

Figure 11.5 also illustrates that the total concentration of charge carriers (electrons 
plus holes) is at a minimum for the intrinsic material. This condition corresponds to a min
imum in electrical conductivity if the mobilities of the two carriers are about the same. 
Tipping the equilibrium in either direction due to the presence of either donors or accep
tors will raise the majority carrier concentration by an absolute amount that is always 
greater than the amount by which the minority carrier concentration is decreased. The 
effect is shown in Fig. 11.6, where the minimum conductivity occurs for the pure or intrin
sic material, and either excess donors or acceptors result in a higher conductivity. Thus one 
measure of the impurity level of semiconductor materials is the electrical conductivity, or 

1O"~ 7~ 
1010 '-~ 1010 

1015 1011 1011 1015/cm3 

-NA ND-

Figure lL6 Plot using logarithmic scales of the conductivity of a semiconductor as a 
function of the net concentration of acceptors (NA ) or iionors (ND ). 
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its inverse, the resistivity. For the intrinsic material in which all the charge carriers are PI',",_" , 

duced through thermal excitation, the resistivity value can be calculated from Eq. (1]., 
using the intrinsic carrier density and mobilities~ The corresponding values for silicon"' 
germanium are listed in Table 11.1. In practice, these theoretical values of resistivity 1$ , 

never observed because of the unavoidable residual impurities. Using the most advance! 
purification methods available at this writing, silicon resistivity of about 50,000 U-cm can 
be achieved, compared with a theoretical value of over 200,000 O-cm. 

4. COMPENSATED MATERIAL 

If donor and acceptor impurities are present in a semiconductor in equal concentration, the 
material is said to be compensated. Such material has some of the properties of an intrin
sic semiconductor because electrons contributed by donor impurities are removed to some 
extent by their capture at the site of acceptor impurities. Despite the potential confusion 
with purified intrinsic material, compensated regions in semiconductors are commonly 
given the designation i because of their near intrinsic properties. 

In practice, it is impossible to achieve exact compensation at the time of fabrication of, 
the doped material because any small imbalance in the acceptor or donor concentration, 
quickly leads to n-type or p-type behavior. At present, the only practical means for achieving 
compensation over large volumes in silicon or germanium is through the lithium ion drifting' 
process after the crystal has been fabricated. This procedure is discussed in Chapter 13. 

5. HEAVILY DOPED MATERIAL 

Thin layers of semiconductor material that have an unusually high concentration of impu
rity are often given a special notation. Thus, n+ and p+ designate heavily doped n- and 
p-type layers that, as a result, have very high conductivity. These layers are often used in mak
ing electrical contact with semiconductor devices, because the very low minority carrier 
density allows their application as "blocking" contacts described later in this chapter. 

E. Trapping and Recombination 

€?nce electrons and holes are formed in a semiconductor, they will tend to migrate either 
spontaneously or under the influence of an applied electric field until they are either col
lected at an electrode or recombination takes place. There are theoretical predictions16 

that the average lifetime of charge carriers before recombination in perfectly pure semi
conductors could be as large as a second. In practice, lifetimes at least three or four 
orders of magnitude smaller than a second are actually observed that are dominated 
entirely by the very low level of impurities remaining in the material. Some of these 
impurities, such as gold, zinc, cadmium, or other metallic atoms occupying substitutional 
lattice positions, introduce energy levels near the middle of the forbidden gap. They are 
therefore classified as "deep impurities" (as opposed to acceptor or donor impurities 
that, because the corresponding energy levels lie near the edges of the forbidden band, 
are called shallow impurities). These deep impurities can act as traps for charge carriers 
in the sense that if a hole or electron is captured, it will be immobilized for a relatively 
long period of time. Although the trapping center ultimately may release the carrier back 
to the band from which it came, the time delay is often sufficiently long to prevent that 
carrier from contributing to the measured pulse. 

Other types of deep impurities can act as recombination centers. These impurities are 
capable of capturing both majority and minority carriers, causing them to annihilate. An 
impurity level near the center of the forbidden gap might, for example, first capture a 
conduction electron. At a slightly later time, a hole from the valence band might also be 
captured, with the electron then filling the hole. The impurity site is thus returned to its 
original state and is capable of causing another recombination event. In most crystals, 
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recombination through such centers is far more common than direct recombination of 
electrons and holes across the full bandgap. 

Both trapping and recombination contribute to the loss of charge carriers and tend to 
reduce their average lifetime in the crystal. For the material to serve as a good radiation 
detector, a large fraction (preferably 100%) of all the carriers created by the passage of the 
incident radiation should be collected. This condition will hold provided the collection time 
for the carriers is short compared with their mean lifetime. Collection times of the order of 
10-7 to 10-8 s are fairly common, so that carrier lifetimes of the order of 10-5 s or longer 
are usually sufficient. 

Another widely quoted specification is the trapping length within the material. This 
quantity is simply the mean distance traveled by a carrier before trapping or recombina
tion and is given by the product of the mean lifetime and the average drift velocity. In order 
to have an acceptable detector, the trapping length should be long compared with the phys
ical dimensions over which the charge must be collected. 

In addition to impurities, structural defects within the crystal lattice can also lead to 
trapping and charge carrier loss. These imperfections include point defects such as vacan
cies or interstitials that tend to behave as acceptors or donors, respectively. Carrier loss may 
also occur at line defects or dislocations that may be produced in stressed crystals. A dislo
cation represents the slippage of one crystal plane with respect to another, and its inter
section with the surface of the crystal leads to a pit upon chemical etching. The density of 
these etched pits is often quoted as a measure of the crystalline perfection of a semicon
ductor sampleJ 

n. THE ACTION OF IONIZING RADIATION IN SEMICONDUCTORS 

A. The Ionization Energy 

When a charged particle passes through a semiconductor with the band structure shown in Fig. 
11.1, the overall significant effect is the production of many electron-hole pairs along the track 
of the particle. The production process may be either direct or indirect, in that the particle pro
duces high-energy electrons (or delta rays) that subsequently lose their energy in producing 
more electron-hole pairs. Regardless of the detailed mechanisms involved, the quantity of 
practical interest for detector applications is the average energy expended by the primary 
charged particle to produce one electron-hole pair. This quantity, often loosely called the ion
ization energy and given the symbol E, is experimentally observed to be largely independent of 
both the energy and type of the incident radiation. This important simplification allows inter
pretation of the number of electron-hole pairs produced in terms of the incident energy of the. 
radiation, provided the particle is fully stopped within the active volume of the detector. 

When radiation interacts in a semiconductor, the energy deposition always leads to the 
creation of equal numbers of holes and electrons. This statement holds regardless of 
whether the host semiconductor is pure or intrinsic, or doped as p-type or n-type. Just as 
equal numbers of free electrons and positive ions are created in a gas, every conduction elec
tron produced in a semiconductor must also create a hole in the valence band, leading to an 
exact balance in the initial number of created charges. It shOUld also be emphasized that the 
doping levels typical in p- or n-type semiconductors are so low that these atoms play no sig
nificant role in determining the nature of the radiation interactions in the material. Thus p
type or n-type silicon of equal thickness will present identical interaction probabilities for 
gamma rays, and the range of charge particles in either type will also be the same. 

The dominant advantage of semiconductor detectors lies in the smallness of the ioniza
tion energy. The value of E for either silicon or germanium is about 3 eV (see Table 11.1), com
pared with about 30 e V required to create an ion pair in typical gas-filled detectors. Thus, the 
number of charge carriers is 10 times greater for the semiconductor case, for a given energy 
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deposited in the detector. The increased number of charge carriers has two beneficial efi 
on the attainable energy resolution. The statistical fluctuation in the number of carriers, ' 
pulse becomes a smaller fraction of the total as the number is increased. This factor oft 
predominant in determining the limiting energy resolution of a detector for medium to 
radiation energy. At low energies, the resolution may be limited by electronic noise in the p 
amplifier, and the greater amount of charge per pulse leads to a better signal/noise ratio. 

More detailed examination shows that e depends on the nature of the incident radiatiotW 
Most detector calibrations are carried out using alpha particles, and the values for e shown iii; 
Table 11.1 are based on this mode of excitation. All experimental values obtained using oth~ 
light ions or fast electrons seem to be fairly close,17-19 but differences as large as 2.2% havii; 
been reported20 between proton and alpha particle excitation in silicon. These observed dif~ 
ferences point up the need to carry out detector calibration using a radiation type that is iden·' 
tical to that involved in the measurement itself if precise energy values are required. 

A much larger difference is measured for e when heavy ions Or fission fragments are 
involved. The value of e is significantly higher than for alpha particle excitation, leading to 
a lower than anticipated number of charge carriers. The physical origins of this pulse height 
defect are discussed later in this chapter. 

The ionization energy is also temperature dependent. For the most significant detector 
materials, the value of e increases with decreasing temperature. As shown in Table 11.1, e in sil
icon is about 3% greater at liquid nitrogen temperature compared with room temperature.l8 

There is also evidence 21-23 that the ionization energy can be dependent on the energy 
of the radiation, especially in the soft X-ray energy range. It appears that its value increases 
with decreasing X-ray energy beiow about 1 keY, and that the Fano factor (described 
below) also increases significantly with decreasing energy in this range. 

B. The Fano Factor 

In addition to the mean number, the fluctuation or variance in the number of charge carriers 
is also of primary interest because of the close connection of this parameter with energy res
olution of the detector. As in gas counters, the observed statistical fluctuations in semicon
ductors are smaller than expected if the formation of the charge carriers were a Poisson 
process. The Poisson model would hold if all events along the track of the ionizing particle 
were independent and would predict that the variance in the total number of electron-hole 
pairs should be equal to the total number produced, or E/e. The Fano factor F is introduced 
as an adjustment factor to relate the observed variance to the Poisson predicted variance: 

observed statistical variance 
F= -----;--~-' 

E/e 
(11.13) 

For good energy resolution, one would like the Fano factor to be as small as possible. 
Although a complete understanding of all the factors that lead to a non unity value for F 
does not yet exist, rather sophisticated models have been developed24 that at least qualita
tively account for experimental observations. Some numerical values for silicon and ger
manium are given in Table 11.1. 

There is considerable variation in reported experimental values, particularly for sili
con. The Fano factor is usually measured by observing the energy resolution from a given 
detector under conditions in which all other factors that can broaden the full-energy peak 
(such as electronic noise or drift) can be estimated and taken into account. The assumption 
is then made that the residual width can be attributed to statistical effects only. If nonsta
tistical residual factors remain, however, the Fano factor will appear to be larger than it 
actually is. This may explain the historical trend toward lower values as measurement pro
cedures are refined. It has also been postulated13 that the value of the Fano factor may 
depend on the nature of the particle that deposits the energy. Some measurements25 
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suggest that its value in silicon may also vary significantly with radiation energy, especially 
in the energy range typical of X-ray photons. 

m. SEMICONDUCTORS AS RADIATION DETECTORS 

A. Pulse Formation 

When a particle deposits energy in a semiconductor detector, equal numbers of conduction 
electrons and holes are formed within a few picoseconds along the particle track. The 
detector configurations that are discussed in the following sections all ensure that an elec
tric field is present throughout the active volume, so that both charge carriers feel electro
static forces that cause them to drift in opposite directions. The motion of either the elec
trons or holes constitutes a current that will persist until those carriers are collected at the 
boundaries of the active volume. With the simplifying assumption that all charge carriers 
are formed at a single point, the resulting currents can be represented by the plot at the top 
of Fig. 11.7. Since the charge collection times are not likely to be the same because of dif
ferences in drift distance and carrier mobilities, one of the two currents will persist for a 
longer time than the other. When these currents are integrated On a measuring circuit with 
long time constant, the measured induced charge has the time characteristics shown in the 
lower plot in Fig. 11.7. This time profile will also be that of the rise of the pulse produced 
by a conventional preamplifier used to process the pulses from the detector. This pulse pro
file is similar to that derived in Chapter 5 for ion chambers (see Fig. 5.16), with the excep
tion of the time scale. In gases, the collection time for the positive charges (ions) is greater 
by orders of magnitude than that for the negative (free electron) charges, so the ion motion 
adds a very long component to the pulse rise and, as a practical matter, does not contribute 
to the output pulse. In silicon or germanium semiconductor detectors, the hole mobility is 
within a factor of about 2 or 3 of the electron' mobility, so the collection times are much 
closer to be ing equivalent. As a result, while pulse-type ion chambers almost never include 
the motion of the ions in the output pulse, standard silicon and germanium semiconductor 
detectors rely on complete integration of the currents due to both the electrons and holes. 
Both carrier types must therefore be completely collected for the resulting pulse to be a 
faithful measure of the energy deposited by the particle. 
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Figure 11.7 The upper plot shows an idealized representation of the electron and hole cur
rents flowing in a semiconductor following the creation of No electron-hole pairs. In the 
lower plot, II represents the collection time for the carrier type (either electrons or holes) that, 
is collected first, and t2 is the collection time for the other carrier. If both are fully collected, 
a charge of eNo is induced to form the signal, where e is the electronic charge. 
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B. Electrical Contacts 

In order to construct a practical radiation detector, some means must be provided to ! 
lect the electrical charges created by the radiation at either boundary of the semicond; . 
t?r material. An ohmic contact is. a nonrectifying :lectrode thro~gh which charges of eitH,', 
sign can flow freely. If two ohmic contacts are fitted on opposite faces of a slab of se' 
conductor and connected to a detection circuit, the equilibrium charge carrier concenti~ 
tions in the semiconductor will be maintained. If an electron or hole is collected at ort~ 
electrode, the same carrier species is injected at the opposite electrode to maintain th~~ 
equilibrium concentrations in the semiconductor. . 

The steady-state leakage currents that are observed using ohmic contacts are too hi~ 
even with the highest resistivity material available (see following section), to permit theit; 
general application to silicon or germanium detectors. Instead, nan injecting or blackin" 
electrodes are universally employed to reduce the magnitude of the current through thel 
bulk of the semiconductor. If blocking electrodes are used, charge carriers initia\ly~ 
removed by the application of an electric field are not replaced at the opposite electrode,( 
and their overall concentration within the semiconductor will drop after application of an 
electric field. The leakage current can thus be reduced to a sufficiently low value to allow 
the detection of the added current pulse created by the electron-hole pairs produced along 
the track of an ionizing particle. 

The most appropriate type of blocking contacts are the two sides of a p-n semicon
ductor junction. It is very difficult to inject electrons from the p side of this junction 
because holes are the majority carrier and free electrons are relatively scarce. At the oppo
site side, electrons are the majority carrier and holes cannot readily be injected. In this 
chapter, we discuss detectors that are created by placing the p- and n-type materials in 
direct contact, forming a p-n junction. In Chapters 12 and 13, detectors in which the p and 
n regions are separated by an intrinsic or compensated region (the i region) are described. 

C. Leakage Current 

In order to create an electric field large enough to achieve an efficient collection of the 
charge carriers from any semiconductor detector, an applied voltage of typically hundreds 
or thousands of volts must be imposed across the active volume. Even in the absence of 
ionizing radiation, all detectors will show some finite conductivity and therefore a steady
state leakage current will be observed. Random fluctuations that inevitably occur in the 
leakage current will tend to obscure the small signal current that momentarily flows fol
lowing an ionizing event and will represent a significant source of noise in many situations. 
Methods of reduciIfg the leakage current are therefore an important consideration in the 
design of semiconductor detectors. 

The resistivity of the highest purity silicon currently available is about 50,000 .a-cm.1f 
a I-mm thick slab of this silicon were cut with l-cm2 surface area and fitted with ohmic con
tacts, the electrical resistance between faces would be 5000 n. An applied voltage of 500 V 
would therefore cause a leakage current through the silicon of 0.1 A. In contrast, the peak 
current generated by a pulse of lOS radiation-induced charge carriers would only be about 
10-6 A. It is therefore essential to reduce this bulk leakage current greatly through the use 
of blocking contacts. In critical applications, the leakage current must not exceed about 
10-9 A to avoid significant resolution degradation. 

At these levels, leakage across the surface of the semiconductor can often become 
more significant than bulk leakage. Great care is taken in the fabrication of semiconductor 
detectors to avoid contamination of the surfaces, which could create leakage paths. Some 
configurations may also use grooves in the surface or guard rings to help suppress surface 
leakage (see Chapter 5). 
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D. The Semiconductor Junction 

1. BASIC JUNCTION PROPERTIES 

The radiation detectors described in this chapter are based on the favorable properties that 
are created near the junction between n- and p-type semiconductor materials. Charge car
riers are able to migrate across the junction if the regions are brought together in good 
thermodynamic contact. Simply pressing together two pieces of the material will not suf
fice because gaps will inevitably be left that will be large compared with the interatomic 
lattice spacing. In practice, the junction is therefore normally formed in a single crystal by 
causing a change in the impurity content from one side of the junction to the other. 

As an illustration, assume that the process begins with a p-type crystal that has been 
doped with a uniform concentration of acceptor impurity. In the concentration profile at 
the top of Fig. 11.8, this original acceptor concentration NA is shown as a horizontal line. We 
now assume that the surface of the crystal on the left is exposed to a vapor of an n-type 
impurity that diffuses some distance into the crystal. The resulting donor impurity profile 
is labeled ND on the figure and falls off as a function of distance from the surface. Near the 
surface, the donor impurities can be made to outnumber the acceptors, converting the left 
portion of the crystal to n-type material. 

The approximate variation of equilibrium charge carrier concentration is also plotted 
at the top of Fig. 11.8 and labeled as p (hole concentration) and n (conduction electron con
centration). These profiles are subsequently altered in the vicinity of the p-n junction 
because of the effects of charge carrier diffusion. In the n-type region at the left, the den
sity of conduction electrons is much higher than in p-type. The junction between the two 
regions therefore represents a discontinuity in the conduction electron density. Wherever 
such a sharp gradient exists for any carrier that is free to migrate, a net diffusion from 
regions of high concentration to those of low concentration must take place. Thus, there 
will be some net diffusion of conduction electrons into the p-type material, where they will 
quickly combine with holes. In effect, this annihilation represents the capture of the con
duction electron by one of the vacancies existing in the covalent bonds in the p-type mate
rial. The diffusion of conduction electrons out of the n-type material leaves behind immo
bile positive charges in the form of ionized donor impurities. A similar and symmetric argu
ment leads to the conclusion that holes (the majority in the p-type material) must also dif
fuse across the junction because they also see an abrupt density gradient. Each hole that is 
removed from the p side of the junction leaves behind an acceptor site that has picked up 
an extra electron and therefore represents a fixed and immobile negative charge. The com
bined effect is to build up a net negative space charge on the p side and a positive space 
charge on the n side of the junction. 

The accumulated space charge creates an electric field that diminishes the tendency for 
further diffusion. At equilibrium, the field is just adequate to prevent additional net diffu
sion across the junction, and a steady-state charge distribution is therefore established. 

The region over which the charge imbalance exists is called the depletion region and 
extends into both the p and n sides of the junction. If the concentrations of donors on the n 
side and acceptors on the p side are equal, the diffusion conditions are approximately the 
same for both holes and electrons, and the depletion region extends equal distances into both 
sides. Usually, however, there is a marked difference in the doping levels on one side of the 
junction compared with the other. For example, if the donor concentration in the n-type 
material is higher than that of acceptor atoms in the p-type, the electrons diffusing across the 
junction will tend to travel a greater distance into the p-type material before all have recom
bined with holes. In this case, the depletion region would extend farther into the p side. 
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Figure 11.8 The assumed concentration profiles for the n-p junction shown at the top are 
explained in the text. The effects of carrier diffusion across the junction give rise to the illus
trated profiles for space charge p(x), electric potential <p(x), and electric field $(x). 

The buildup of net charge within the region of the junction leads to the establishment 
of an electric potential difference across the junction. The value of the potential <p at any 
point can be found by solution of Poisson's equation 

(11.14) 

where e is the dielectric constant of the medium, and p is the net charge density. In one 
dimension, Eq. (11.14) takes the form 

d2<p = _ p(x) 

dx2 e 
(11.15) 
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so that the shape of the potential across the junction can be obtained by twice integrating 
the charge distribution profile p(x). Graphical examples are shown in Fig. 11.8. At equilib
rium, the potential difference across the junction (called the contact potential) amounts to 
nearly the full bandgap value of the semiconductor material. The direction of this potential 
difference is such that it opposes the further diffusion of electrons from left to right and 
holes from right to left in Fig. 11.8. 

Where a difference in electrical potential exists, there mllst also be an electric field "£ 
Its magnitude is found by taking the gradient of the potential 

which, in one dimension, is simply 

Iff = -grad <p 

d<p 
Iff(x) = - dx 

(11.16) 

(11.17) 

The electric field will extend over the width of the depletion region, in which charge imbalance 
is significant and the potential has some gradient. Its variation is also sketched in Fig. 11.8. 

The depletion region exhibits some very attractive properties as a medium for the 
detection of radiation. The electric field that exists causes any electrons created in or near 
the junction to be swept back toward the n-type material, and any holes are similarly swept 
toward the p-type side. The region is thus "depleted" in that the concentration of holes and 
electrons is greatly suppressed. The only significant charges remaining in the depletion 
region are the immobile ionized donor sites and filled acceptor sites. Because these latter 
charges do not contribute to conductivity, the depletion region exhibits a very high resis
tivity compared with the n- and p-type materials on either side of the junction. 
Electron-hole pairs that are created within the depletion region by the passage of radia~ 
tion will be swept out of the depletion region by the electric field, and their motion consti
tutes a basic electrical signal. 

The thermal generation of charge carriers will continue to take place in the depletion 
region, contributing a component sometimes called the generation current to the observed 
leakage current. These charges are swept away typically within a few nanoseconds, however, 
a time that is many orders of magnitude shorter than the time required to establish ther
mal equilibrium. Thus, the steady-state concentration of carriers is strongly reduced in the 
depletion region because the removal of charges is a much faster process than their 
creation. The small concentration of carriers created by an ionizing particle is therefore 
easily detected above this highly suppressed, thermally generated concentration. 

2. REVERSE BIASING 

Thus far, we have discussed a semiconductor diode junction to which no external voltage 
is applied. Such an unbiased junction will function as a detector, but only with very poor 
performance.[The contact potential of about 1 V that is formed spontaneously across the 
junction is inaoequate to generate a large enough electric field to make the charge carriers 
move very rapidly. Therefore, charges can be readily lost as a result of trapping and recom
bination, and incomplete charge collection often result~The thickness of the depletion 
region is quite small, and the capacitance of an unbiased junction is high. Therefore, the 
noise properties of an unbiased junction connected to the input stage of a preamplifier are 
quite poor. For these reasons, unbiased junctions are not used as pulse mode radiation 
detectors, but instead, an external voltage is applied in the direction to cause the semicon
ductor diode to be reverse biased. 

The p-n junction is most familiar in its role as a diode. The properties of the junction 
are such that it will readily conduct current when voltage is applied in the "forward" direc
tion, but it will conduct very little current when biased in the "reverse" direction. In the 
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~onfi?urati.on of Fig. 11.8, first a.ssume that a p~sitiv~ voltage is applied to theF side 0lf .... '.· ..•. 
Junction with respect to the n side. The potential will tend to attract conduction electrO' . 
from the n side as well as holes from the p side across the junction. Because, in both c ~,. 
these are the majority carriers, conductivity through the junction is greatly enhanced. Tij' . 
contact potential shown in Fig. 11.8 is reduced by the amount of the bias voltage that~ 
applied, which tends to lessen the potential difference seen by ail electron from one side oi 
the junction to the other. This is the direction of forward biasing, and only small values 01 
the forward bias voltage are needed to cause the junction to conduct large currents. 

If the situation is reversed, and the p side of the junction is made negative with respeCt 
to the n side, the junction is reverse biased. Now the natural potential difference from:: 
one side of the junction to the other is enhanced, as shown in Fig. l1.9c. Under these: 
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Figure 11.9 (a) The variation of electric potential across an n-p junction from Fig. 11.8. 
(b) The resulting variation in electron energy bands across the junction. The curvature 
is reversed because an increase in electron energy corresponds to a decrease in conven
tional electric potential 'I'(x) defined for a positive charge. (c) The added displacement 
of the bands caused by application of a reverse bias V across the junction. 
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circumstances, it is the minority carriers (holes on the n side and electrons on the p side) 
that are attracted across the junction and, because their concentration is relatively low, the 
reverse current across the diode is quite small. Therefore, the p-n junction serves as a reC
tifying element, allowing relatively free flow of current in one direction while presenting a 
large resistance to its flow in the opposite direction. If the reverse bias is made very large, 
a sudden breakdown in the diode will occur and the reverse current will abruptly increase, 
often with destructive effects. 

3. PROPERTIES OF THE REVERSE BIAS JUNCTION 

When a reverse bias is applied to the junction, virtually all the applied voltage will appear 
across the depletion region, because its resistivity is much higher than that of the normal n
and p-type material. Because the effect of the reverse bias is to accentuate the potential dif
ference across the junction, Poisson's equation [Eq. (11.14)] demands that space charge must 
also increase and extend a greater distance on either side of the junction. Thus, the thickness 
of the depletion region is also increased, extending the volume over which radiation
produced charge carriers will be collected. Practical detectors are almost always operated with 
a bias voltage that is very large compared with the contact potential, so that the applied volt
age ~ompletely dominates the magnitude of the potential difference across the junction. 

In the analysis that follows, we first assume that the semiconductor wafer in which the 
junction is formed is sufficiently thick so that the depletion region does not reach either sur
face and is contained within the interior volume of the wafer. This condition holds for par
tially depleted detectors in which some portion of the wafer thickness remains undepleted. 
Many semiconductor detectors are operated with sufficient reverse bias voltage so that the 
depletion region extends through the full wafer thickness, creating a fully depleted (or totally 
depleted) detector. These configUrations share many of the properties derived below, except 
that the depletion region is obviously limited by the physical thickness of the wafer. 

Some properties of the reverse bias junction can be derived if we represent the charge 
distribution sketched in Fig. 11.8 by the idealized distribution shown below: 

{
eND ( -a < x :5 0) 

p(x) = -eN
A 

(0 < x:5 b) 

p(x) 

x 

Here the electron diffusion is assumed to result in a uniform positive space charge (the ion
ized donor sites) over the region -a < x :5 0 on the n side of the junction. A correspon
ding negative space charge (the filled acceptor sites) resulting from hole diffusion is 
assumed to extend over the region 0 < x :5 b on the p side. Because the net charge must 
be zero, NDa = NAb. 

Equation (11.15Lapplied to this case takes the form 

(-a < x:5 0) 

(0 < x:5 b) 
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We now carry out an integration and apply the boundary conditions that the electric fiell 
~ = -dcp/dx must vanish at both edges of the charge distribution: 

dcp dcp 
dx(-a)=O and dx(b)=O 

The result is then 

{

eND 
--(x+a) dcp E 

-= 
dx eNA 

+-(x-b) 
E 

(-a < x:s 0) 

(0 < x:S b) 

The corresponding shape of the electric field ~ = -dcp/dx is sketched below: 

&~ 
-a 0 b x 

Another integration will now yield the electric potential cp(x). The difference in potential 
from the n side to the p side of the junction, if we neglect the relatively small contact potential, 
is just the value of the applied reverse bias V. We can therefore apply the boundary conditions 

cp(-a)=V and cp(b)=O 

The solution then takes the form 

{

eND 
--(x+ a)2+ V 

cp(x) = 2E 
eNA 

+-(x - b)2 
2E 

(-a < x::::; 0) 

(0 < x::::; b) 

x 

Since the solutions for either side of the junction must match at x = 0, we can write 

or 

eNDa2 eNAb2 
V---=--

2e 2e 

2eV 
N b2 + N a2 =--

A D e 

Now since NDa = NA b, the expression above can be rewritten: 

2eV 
(a + b)b =-

eNA 
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The total width of the depletion region d is the entire di~tance over which the space charge 
extends, or d := a + b. 

For purposes of the present example, we have assumed that the n-side doping level is 
much higher than on the p side, so that ND » NA. Because NDa = NA b, it follows that 
b » a, and therefore the space charge extends much farther into the p side than the n side. 
Then d ~ b and we can write 

d ~ (2EV)1/2 
eNA 

If we had started from the opposite assumption that the p-side doping level was 
predominant, a similar result would be obtained except that NA in the above expression 
would be replaced by ND• A generalized solution for the thickness of the depletion region 
is therefore 

d ~ (:~y/2 (11.18) 

In this expression, N now represents the dopant concentration (either donors or acceptors) 
on the side of the junction that has the lower dopant level. (For surface barriers described 
later in this chapter, N is the dopant concentration in the bulk of the crystal.) 

The resistivity Pd of the doped semiconductor [see Eq. (11.11)] is given by l/ell-N, 
where Il- is the mobility of the majority carrier. Equation (11.18) may thus be written 

(11.19) 

Because one often would like the largest depletion width possible for a given applied volt
age, it is advantageous to have the resistivity as high as possible. This resistivity is limited 
by the purity of the semiconductor material before the doping process, because enough 
dopant must be added to override the nonuniform effects of the residual impurities. A pre
mium is therefore placed on obtaining detectors fabricated from the highest purity mate
rial possible. 

Because of the fixed charges that are built up on either side of the junction, the deple
tion region exhibits some properties of a charged capacitor. If the reverse bias is increased, 
the depletion region grows thicker and the capacitance represented by the separated 
charges therefore decreases. The value of the capacitance per unit area is 

(11.20) 

Good energy resolution under conditions in which electronic noise is dominant depends on 
achieving a small detector capacitance and is thus promoted by using the largest possible 
applied voltage, up to the point that the detector becomes fully depleted. 

The maximum electric field will occur at the point of transition between the n- and p
type material. Its magnitude is given by 

tf. ~ 2V = (2VNe)1/2 
max d E (11.21) 

and can easily reach 106-107 V/m under typical conditions. For partially depleted junc
tions, the depletion layer thickness d is proportional to Yv so that the value of tB'max 
increases with applied voltage as Yv. 

The interrelation between these parameters is illustrated in the nomogram for silicon 
detectors given in Fig. 11.10. Also shown are scales corresponding to the ranges of various 
charged particles to allow selection of conditions required to produce a depletion depth 
that exceeds the range. 



376 Chapter 11 Semiconductor Diode Detectors 

~ Specific DI(IIeIiIn Partlde-1IIII(f liB 
Raistace Capacita u,. flIrRqt.of Map 
iBiJlllll.cm In Dept!! DepIttiDa Dept!! II 

D'1Jpt p.tY1II 'II"'" is JIll! ill leY Yalls 
Si Si (lI p e 

30 
2.0 

100 25 

to '" eo 20 

70 '.0 .. 
60 IS .. 

• 7 
'0' 0., JO 

104 _, 
'0' .6 

- .S , 40 to 
" , • .4 , , , , 

30 , , 7 .3 , 
2s _t. 

, ,2O s 
" .2 

IS 
'4, 

'.IS 0' 
'.0 to' 

to' 3 , , 
to 
• ., 
• .00 

7 .08 

6 1.5 
.07 

.06 

.0' 
'.0 

.00 '0 ,0 to 
'0' 

.03 

1.S .s 

'.0 .02 

o.s .0!5 , .. l· I 
0.21 

'.0 .O, 
10 

1 Pili Si=O.2325 1II1/aa' 
1 IIIl/aa'SI=-4.3pra 

Figure UIO Nomogram illustrating interrelation between parameters for silicon 
junction detectors. (Similar to nomogram originally published by Blankenship.26) 

The maximum operating voltage for any diode detector must be kept below the break
down voltage to avoid a catastrophic deterioration of detector properties. Commercially 
manufactured detectors are supplied with a maximum voltage rating that should always be 
strictly observed. Additional protection can be provided by monitoring the leakage current 
during application of the voltage (see the discussion later in this chapter). 

To summarize, the reverse biased p-n junction makes an attractive radiation detector 
because charge carriers created within the depletion region can be quickly and efficiently" 
collected. The width of the depletion region represents the active volume of the detector 
and is changed in partially depleted detectors by varying the reverse bias. The variable 
active volume of semiconductor junctions is unique among radiation detectors and some
times is used to good advantage. The capacitance of a partially depleted detector also varies 
with applied VOltage, and stable operation therefore requires the use of charge sensitive 
preamplifiers (see Chapter 17). 
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Iv. SEMICONDUcrOR DETECTOR CONFlGURATIONS 

A. Diffused Junction Detectors 

One common fabrication method for semiconductor diode detectors starts with a homo
geneous crystal of p-type material. One surface is treated by exposing it to a vapor of 
n-type impurity (typically phosphorus), which then converts a region of the crystal near 
the surface from p-type to n-type material. A junction is therefore formed some distance 
from the surface at the point at which the n- and p-type impurities reverse their relative 
concentration. Typical depths of the diffused n-type layer range from 0.1 to 2.0 f.Lm. 
Because the n-type surface layer is heavily doped compared with the p-type original crys
tal, the depletion region extends primarily into the p side of the junction. Therefore, much 
of the surface layer remains outside the depletion region and represents a deatllayer er 
window through which the incident radiation must pass before reaching the depletion 
region. In charged particle spectroscopy, this dead layer can be a real disadvantage 
because a portion of the particle energy will be lost before the active region of the detec
tor is reached. Methods for experimentally determining its thickness are given later in this 
chapter. 

To avoid the disadvantages of the dead layer, diffused junction detectors have been 
replaced in many applications by other configurations described in the following sections. 
Diffused junction detectors are still commercially manufactured, however, and offer some 
advantage over surface barrier detectors. They are somewhat more rugged and less prone 
to the problems that can arise due to the accumulation of oil or other foreign matter on the 
surface ofthe detector. 

B. Surface Barrier Detectors 

The role of the p-type material in forming the junction can be assumed by a high density 
of electron traps formed at the surface of an n-type crystal. The reSUlting depletion region 
behaves in much the same way as discussed earlier for a diffused junction detector. 
Formation of the surface states is carried out using recipes that have evolved somewhat 
empirically. One such set of typical procedures is described in Ref. 27. The usual treatment 
is etching of the surface, followed by evaporation of a thin gold layer for electrical contact. 
Best results are obtained if the evaporation is carried out under conditions that promote 
slight oxidation of the surface; the resulting oxide layer between the gold and silicon appar
ently plays an important role in the resulting properties of the surface barrier. Surface bar
riers can also be produced by starting with a p-type crystal and evaporating aluminum to 
form an equivalent n-type contact. The very thin dead layers that characterize surface bar
rier detectors are further discussed later in this chapter. 

One potential disadvantage of surface barriers is their sensitivity to light The thin 
entrance windows are optically transparent, and photons striking the detector surface can 
reach the active volume. The energy of visible light photons of 2-4 e V is greater than the 
bandgap energy of most semiconductors, and electron-hole pairs can therefore be produced 
by photon interactions. A very high noise level is produced by normal room lighting, but the 
vacuum enclosure required for most charged particle applications usually reduces light
induced noise to insignificant levels. The thin entrance window also makes the detector sensi
tive to damage from exposure to vapors, and the front surface must never be directly handled. 

A cross-sectional diagram of a typical mounting arrangement for a surface barrier 
detector is shown in Fig. 1l.l1a. The outer housing and front surface are normally ground
ed, and an electrical lead from the back surface of the semiconductor wafer attaches to the 
center electrode of the coaxial connector at the rear. Because normal surface barriers are 
usually created on n-type crystals. a positive polarity voltage is required to reverse bias the 
junction. 



378 Chapter 11 Semiconductor Diode Detectors 

H 

s 

c 

M 

(al (bl 

Figure 11.11 Construction and mounting of silicon junction detectors shown in cross
sectional view. (a) Surface barrier mount with coaxial connector (M) at rear. The silicon 
wafer (S) is mounted in a ceramic ring (I) with electrical contact made between either 
side of the junction and opposite metalized surfaces of the ring. The front surface is con
nected to the outer case (C) and grounded, whereas the back surface is connected to the 
center conductor of the coaxial connector. (b) Cutaway view of a transmission mount, in 
which both surfaces of the silicon wafer are accessible. The coaxial connector is placed 
at the edge of the ceramic ring. (Courtesy of EG & G ORTEC, Oak Ridge, TN.) 

C. Ion Implanted Layers 

An alternative method of introducing doping impurities at the surface of the semiconduc
tor is to expose that surface to a beam of ions produced by an accelerator. This method is 
known as ion implantation and can be used to form n+ Or p+ layers by accelerating, for 
example, either phosphorus or boron ions, respectively. At a fixed accelerator voltage (typ
ically about 10 kV) monoenergetic ions are produced that have a well-defined range in the 
semiconductor material. By changing the energy of the incident ions, the concentration 
profile of the added impurity can be closely controlled. Following exposure to the ion 
beam, an annealing step is normally carried out to reduce the effects of radiation damage 
caused by the incident ions. One of the advantages of ion implantation is that the anneal
ing temperature required (less than SOO°C) is considerably lower than that needed for the 
therma1diffusion of dopants to form a diffused junction. The ShuctUlI! 0; the "rystal i5-
therefore less disturbed, and carrier lifetimes are not unnecessarily reduced. Compared 
with surface barriers, ion-implanted detectors tend to be more stable and less subject to 
ambient conditions. Also, they can be formed with entrance windows as thin as 34 nm sili
con equivalent28,29 and they are available commercially. A review of the use of ion implan
tation to fonn radiation detectors can be found in Ref. 30. 

D. Fully Depleted Detectors 

As shown by Eq. (11.18), the width of the depletion region associated with a p-n junction 
increases as the reverse bias voltage is increased. If the voltage can be increased (ar 
enough, the depletion region eventually extends across virtually the entire thickness of the 
silicon wafer, resulting in a fully depleted (or totally depleted) detector. Because of the sev
eral advantages this configuration presents over partially depleted detectors, the fully 
depleted configuration is the preferred type in most applications. 
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In the usual case, one side of the junction is made up of a heavily doped n+ or p+ layer 
or, alternatively, a surface barrier. The opposite side of the junction generally consists of 
high-purity semiconductor material that is only mildly n or p type. (Such material is often 
designated v or 1t respectively.) The reason that high-purity material is important is reflect
ed in Eq. (11.18). For a given applied voltage, the depletion depth is maximized by mini
mizing the concentration of doping impurities on the higher-purity side of the junction. 
Thick depletion regions can therefore only be obtained by starting from semiconductor 
material with the lowest possible impurity concentration. Also, with a large difference in 
the doping levels, the depletion layer essentially extends only into the high-purity side of 
the junction. The heavily doped layer can then be very thin, providing an entrance window 
for weakly penetrating radiations. 

In Fig. 11.12, we assume that we have such a junction formed between a heavily doped 
p+ surface layer and a high-purity n-type silicon wafer. As the reverse bias voltage applied 
to the detector is raised from zero, the depletion region extends further from the p+ sur
face into the bulk of the wafer. For low values of the voltage, the wafer is only partially 
depleted and the electric field goes to zero at the far edge of the depletion region. Between 
this point and the back surface of the wafer, a region of undepleted silicon exists in which 
there is no electric field. This region then represents a very thick dead layer from which 
charge carriers are not collected. For all practical purposes, partially depleted detectors are 
therefore only sensitive to charged particles incident on the front surface. 

If the applied voltage is increased further, the depletion region may be made to extend 
all the way to the back surface of the wafer. The voltage required to achieve this condition 
is sometimes called the depletion voltage. Its value is found by setting the depletion depth 
din Eq. (11.18) equal to the wafer thickness T: 

eNT2 
Vd =--

2e 

When this stage is reached, a finite electric field exists all the way through the wafer, and 
the back dead layer thickness is reduced to that of the surface electrical contact that is 
employed. This condition is represented by the middle plot in Fig. 11.12. Once the wafer is 
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Figure 11.12 The electric field shape in a reverse bias semiconductor detector. Three plots 
are shown for bias voltages that are below, equal to, and above the depletion voltage Vd' 
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fully depleted, raising the applied voltage further simply results in a constant increase ii]i 
the electric field everywhere in the wafer. At voltages much larger than the depletion volt~ 
age, the electric field protile therefore tends to become more nearly uniform across ~ 
entire wafer thickness. Under these conditions, the detector is sometimes said to be ove~ 
depleted. Because of the advantages of having a high electric field everywhere within the! 
detector active volume, virtually all totally depleted detectors are operated at sufficient 
voltage to achieve this condition. 

Figure 11.13 shows several configurations that are typical of fully depleted detectors, 
together with the corresponding electric field profile through the wafer. In order to deplete 
the wafer fully at as Iowa voltage as possible, one normally starts with material with the high
est available purity, either n or p type. The junction is then formed by providing a heavily 
doped surface layer of the opposite type. 'This is often called the rectifying contact. Because 
of its high doping level, it also serves as an excellent blocking contact in which the minority 
carrier concentration is very low. In the nearly pure bulk of the wafer, however, the minority 
carriers are not highly suppressed and an additional blocking contact is normally provided at 
the opposite face of the wafer. If the high-purity silicon is mildly n type, then a thin n+ layer 
is provided at this back surface. Since both materials are n type, no semiconductor junction 
exists at this surface. Instead, the n+ layer provides the noninjecting conditions necessary to 
suppress leakage current due to minority carrier motion across the junction. 

As shown on the right in Fig. 11.13, the roles of the n+ and p+ surface layers are 
reversed if one starts with high-purity material that is mildly p type. In both cases, the elec
tric field is a maximum at the rectifying contact and decreases linearly to a minimum at the 
blocking contact. Shown in the center in Fig. 11.13 is the case in which intrinsic or perfectly 
compensated material is used for the wafer. In this case, the distinction between the two 
contacts disappears and the electric field is uniform throughout the entire wafer. The detec
tor is fully depleted even for very low values of applied voltage. This p-i-n configuration is 
discussed in connection with lithium-drifted detectors in the next chapter. 

Fully depleted silicon detectors are very useful as transmission detectors for incident 
particles that have sufficient energy to pass completely through the wafer. The pulse ampli
tude then indicates the energy lost by the incident radiation during its transit through the 
device. Totally depleted silicon detectors are commercially available in thicknesses from 
about 50 to 2000 p.m. TI-ansmission mounts of the type shown in Fig. 11.11b allow access to 
both surfaces of the wafer. 

Several properties of totally depleted detectors are of primary importance. The dead 
layers must be as small as possible at both the front and rear surfaces of the detector if the 
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Figure lL13 The electric field shapes for fully depleted planar semicon
ductor detectors of different configurations. 
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pulse is to indicate accurately the energy loss of the particle during its transit. An empiri
cal test is often carried out to determine the minimum bias voltage at which these detec
tors are totally depleted. The pulse height from a monoenergetic source of charged parti
cles is recorded for the particles incident on both the front and back face of the detector. 
When the detector is totally depleted, the pulse height should be approximately the same 
for either orientation. In interpreting such measurements, allowance must be made for the 
fact that the inherent window thicknesses of the front and back contacts of these detectors 
are often not the same. 

In partially depleted detectors, the thickness uniformity of the crystal from which the 
detector is fabricated is not critical because the active volume of the detector is determined 
by the limited depletion depth. In fully depleted detectors, however, the wafer thickness 
must be kept quite uniform to avoid energy loss variations across the surface of the detec
tor. Consequently, considerable effort is taken to provide uniform crystal wafers when 
totally depleted configurations are produced. 

Fully depleted detectors have other advantages over partially depleted configurations 
in which there is an undepleted back dead layer. The finite electrical resistance of this dead 
layer is a source of Johnson noise that can contribute to the degradation of energy resolu
tion. It is eliminated in a fully depleted detector by extending the depletion region all the 
way to the back contact. Timing properties also tend to be superior in fully depleted con
figurations. In a partially depleted detector, the electric field drops to zero at the edge of 
the depletion region. Charge carrier velocities therefore become very low in these low-field 
regions, slowing the rise of t~e signal pulse. In a totally depleted detector, the electric field 
can be maintained at a high value everywhere within the detector volume. Finally, some 
added stability results from the fact that the active volume and capacitance of a fully 
depleted detector are no longer functions of the applied voltage as they are in a partially 
depleted configuration. 

The thickness of wafer that can be fully depleted using voltages short of catastrophic 
breakdown depends on the purity of the semiconductor. In this respect, there is a signifi
cant difference between silicon and germanium. Using ultrapure germanium described in 
the following chapter, a depletion thickness of several centimeters can be achieved. The 
impurity levels in currently available silicon are somewhat higher, and depletion thick
nesses are generally limited to no more than several millimeters. Greater thicknesses in sil
icon are currently possible only through the use of material compensated by the lithium
drifting process described in Chapter 13. 

E. Passivated Planar Detectors 

The newest method of fabricating silicon junction detectors combines the techniques of ion 
implantation and photolithography to produce detectors with very low leakage currents 
and excellent operational characteristics. 31-33 Methods that were first developed in the 
semiconductor industry to produce integrated circuits have now been adapted successful
ly34.35 to the fabrication of detectors. The techniques described below lend themselves to 
the batch production of multiple detectors simultaneously starting with a large-area silicon 
wafer, thus providing potential cost savings. These techniques can also accommodate the 
type of complex electrode geometry required, for example, in the silicon microstrip detec
tors described in Chapter 13. 

The planar fabrication process generally begins with high-purity silicon that is mildly 
n type due to residual donor impurities. The steps in the fabrication process are shown in 
Fig. 11.14. After the wafer has been polished and cleaned, the surface is "passified" through 
the creation of an oxide layer at elevated temperature. Next, the techniques of photoli
thography are used to remove selectively areas of the oxide where the entrance windows 
of the finished detectors are to be located. The junction is then formed by converting a very 



382 Chapter 11 Semiconductor Diode Detectors 

n-Si _ n-SiWAFER 

I SiO. 

[::::~::.::::.,:::: J OXIDE PASSIVATION 

r , 
I I B I I I 

~ 
t t A. t t t 

r::~ 
~' 

~ AL 

OPENING OF WINDOWS 

DOPING BY ION IMPLANTATION 
B : 15 keV 5x10'4 em-' 
As : 30 keV 5x10'5 em-2 

ANNEALING AT SOO·C, 30 MIN 

AL METALLIZATION 

AL PATTERNING ATTHE FRONT 

AL - REAR CONTACT 

Figure 11.14 Steps in the fabrication of passivated planar silicon diode detectors. (From Kemmer.34) 

thin layer of silicon within the windows into p-type material through the implanting of 
acceptor ions (boron) using an accelerator. To serve as a blocking electrical contact, the 
rear surface of the wafer is converted into n+ material through implantation of donor (As) 
ions. The radiation damage in the implanted layers is next removed through annealing at 
elevated temperature. Finally, aluminum is evaporated and patterned by photolithography 
to provide thin ohmic electrical contacts at the front and rear surfaces. The individual 
detectors are then separated and encapsulated. 

One advantage of this planar fabrication process is that the junction edges are defined 
by the ion irp.plant.ati9D pattefll and can be kept within the bulk of the wafer. The oxide
passivated surface keeps leakage currents much lower than in surface barner detectors, 
where the junction edge extends all the way to the edge of the wafer. Much of the leakage 
current in these designs then occurs where these edges are encapsulated in epoxy or simi
lar material. Formation of the p+ layer through ion implantation also provides planar 
detectors with a very thin and uniform entrance window or dead layer, an important con
sideration in preserving good energy resolution for the detector. The aluminized front sur
face is more rugged and less subject to damage compared with the gold front surface used 
in surface barrier fabrication. 

V. OPERATIONAL CHARACfERISTICS 

A. Leakage Current 

When voltage is applied to a junction detector in the normal fashion, that is, to reverse bias 
the junction, a small current of the order of a fraction of a microampere is normally 
observed. The origins of this leakage current are related both to the bulk volume and 
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surface of the detector. Bulk leakage currents arising internally within the volume of the 
detector can be caused by either of two mechanisms. 

The direction of the electric field across the depletion region is such that any majority 
carriers that diffuse from the normal p and n regions of the detector to the edges of the 
depletion region will be repelled away from the junction. However, the minority carriers in 
either case are attracted and will therefore be conducted across the junction. Because the 
minority carriers are generated continuously on both sides of the junction and are free to 
diffuse, a steady-state current will result that will be roughly proportional to the area of the 
junction. In most cases, the minority carrier current is small and is seldom an important 
leakage source. 

A second source of bulk leakage is the thermal generation of electron-hole pairs with
in the depletion region. This rate will obviously increase with the volume of the depletion 
region and can be reduced only by cooling the material. Silicon detectors of usual dimen
sions have a sufficiently low thermally generated current to allow their use at room tem
perature, but germanium detectors, because of the lower gap energy, must always be oper
ated at reduced temperatures. 

Surface leakage effects take place at the edges of the junction where relatively large 
voltage gradients must be supported over small distances. The amount of surface leakage 
can vary greatly, depending on such factors as the type of detector encapsulation used, 
humidity, and any contamination of the detector surface by fingerprints, vacuum pump oil, 
or other condensable vapors. Guard rings analogous to those described in Chapter 5 are 
sometimes incorporated into the design of semiconductor diode detectors36,37 to reduce the 
surface leakage, but in commercial detectors the normal approach is to rely on clean encap
sulation techniques to keep the surface leakage within tolerable levels. The introduction of 
the planar fabrication process has allowed the production of detectors in which the junction 
edges are buried within the silicon wafer. As a result, leakage current is reduced to a small 
fraction of that typically observed in either diffused junction or surface barrier devices. 

In addition to the effects on energy resolution discussed in the following section, the 
leakage current has another practical influence on detector operation. The bias voltage to 
the detector is always supplied through a large-value series resistor (R L in Fig. 17.5) for sig
nal isolation purposes. Therefore, the true bias voltage applied to the junction is reduced 
from that of the voltage source by the product of the leakage current and the series resist
ance. If the leakage current is large enough, the drop across the resistor can appreciably 
diminish the actual voltage applied to the detector, and the supply voltage must then be 
raised to compensate for this loss It is therefore a fairly common practice to monitor the 
leakage current with an ammeter in series with the voltage supply. 

Monitoring the leakage current can also detect the onset of abnormal detector behav
ior. During steady operation, the leakage should normally maintain a steady value, and any 
abrupt change or increase in the leakage current can indicate a change in detector per
formance, which may degrade the energy resolution. Also, it is useful to monitor the leak
age current as the bias voltage is first applied to the detector. Normally, the leakage cur
rent will increase as the bias voltage is raised. However, any sudden increases can signal the 
approach of the breakdown of the diode, and the voltage should therefore be reduced to a 
lower value. Finally, the long-term behavior of the leakage current is often a useful moni
tor on the degree of radiation damage suffered by a given detector when used under con
ditions in which such damage is significant. 

B. Detector Noise and Energy Resolution 

Sources of electronic noise in spectroscopic measurements faU into two main categories: 
series noise and parallel noise. A discussion of the distinctions between these categories and 
their variations with operating parameters such as the choice of electronic shaping time is 
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postponed until Chapter 17. For the type of silicon diode detectors used for charged particle 
measurements, three main contributors to the electronic noise are most significant: 

1. Fluctuations in the bulk generated leakage current, a component of parallel noise. 
2. Fluctuations in the surface leakage current, another component of parallel noise. 
3. Noise associated with series resistance or poor electrical contacts to the detector, a 

contributor to series noise. 

The relative importance of these sources will depend on the magnitude of the leakage cur
rents for the specific detector, the capacitance of the detector, and whether the diode is par
tially or fully depleted. The overall peak broadening due to electronic noise is often meas
ured experimentally by injecting the output of a stable pulse generator into the preampli
fier input while the detector remains conne(:ted. If the pulse generator has negligible 
spread in the amplitude of its output pulses, then the width of the corresponding "pulser 
peak" in the recorded spectrum is a direct measure of the electronic noise contribution. 

This noise width combines in quadrature with other sources of peak broadening, such 
as the contributions of charge carrier statistics and fluctuations in particle energy loss in 
dead layers to determine the peak widths actually observed. Examples of the energy reso
lution attainable with semiconductor diode detectors are given in the section on alpha par
ticle spectroscopy later in this chapter. 

If trapping effects become significant in the detector, it is usually evidenced by the 
appearance of low-energy tails on the peaks observed from monoenergetic sources of radi
ation. These tails correspond to pulses in which less than the total amount of charge gener
ated by the radiation has been collected. Because the amount of trapping varies according 
to the distance traveled by the carriers before reaching the collection electrodes, the amount 
of energy loss is variable and the full-energy peaks are spread only to the low-energy side. 

C. Changes with Detector Bias Voltage 

When the bias voltage and electric field are low, the pulse height from radiations that are 
fully stopped within the depletion layer continues to rise with applied voltage. This varia
tion is caused by the incomplete collection of charge carriers because of trapping or recom
bination along the track of the incident particle. The fraction that escape collection will 
decrease as the electric field is increased. Similar losses to recombination are observed in 
a gas-filled ion chamber at low values of the electric field. Once the electric field is suffi
ciently high, charge collection becomes complete and the pulse height no longer changes 
with further increases in the detector bias voltage. This region of operation is called the sat
uration region and corresponds to the region of ion saturation in a gas-filled ion chamber. 

If radiations of a single energy and type are involved, it is sometimes possible to oper
ate the detector at a bias voltage that is short of true saturation without significant deterio
ration in the energy resolution, because the fraction of charge lost for each event is likely to 
be nearly constant. When measuring radiations of diverse energy and specific ionization, 
however, it is quite important to ensure that the detector is operating in the region of true 
saturation to avoid significant deterioration in the energy resolution. To reach the satura
tion region, somewhat higher electric fields are generally required as the detector under
goes radiation damage.38 

If the electric field is made sufficiently high, multiplication effects can be induced in a 
semiconductor detector that are analogous to gas multiplication in proportional counters 
or Geiger-Mueller tubes. The multiplication arises when electrons liberated in the initial 
radiation interaction gain sufficient energy from the field to create further electron-hole 
pairs as they drift toward the collecting electrodes. These multiplication effects are dis
cussed in some detail in Ref. 39 and are the basis of operation for silicon avalanche detec
tors described in Chapter 13. 
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D. Pulse Rise Tune 

Semiconductor diode detectors are generally among the fastest of all commonly used radi
ation detectors. A general review of theoretical and experimental work on their timing 
properties is given in Ref. 40. Under normal conditions, the observed pulse rise time is of 
the order of 10 ns or less. The detector contribution to this rise time is composed of the 
charge transit time and the plasma time. 

The charge transit time corresponds to the migration of the electrons and holes formed 
by the incident radiation across the region of high electric field in the depletion region. The 
rise time of the output pulse is therefore limited by the time required for complete migra
tion of these charges from their point of formation to the opposite extremes of the deple
tion region. These times are minimized in detectors with high electric fields and small deple
tion widths. In totally depleted detectors, the depletion width is fixed by the physical thick
ness of the silicon wafer, and therefore the transit time is decreased as the bias voltage is 
increased. In partially depleted detectors, however, the depletion width increases with 
increasing bia~ [see Eq. (11.18)], and therefore the effect of a larger bias voltage is to 
increase both the electric field and the distance over which charges must be collected. 
Furthermore, because the electric field is not uniform, the drift velocity of electrons and 
holes will vary as they move across the depletion region. The dependence of the charge tran
sit time on bias voltage in these detectors is therefore somewhat more complicated, but it 
can be shown to be independent of the voltage if certain simplifying assumptions are 
made.41 A derivation is given in Chapter 12 (see p. 421) of the time profile of the signal pulse 
attributable to charge migration in solid-state detectors in which the electric field is uniform. 

For the case of a particle range that is much less than the width of the depletion region, 
all the charge carriers are created near one boundary. The collection time of one type of 
carrier corresponds to its migration across the entire depletion region and is therefore 
much longer than that for the other carrier. For a surface barrier on an n-type crystal, it is 
thus the electron collection time that dominates the time response for weakly penetrating 
particles. 

A second component called the plasma time is observed when heavy charged particles, 
such as alpha particles or fission fragments, comprise the incident radiation. For these radi
ations, the density of electron-hole pairs along the track of the particle is sufficiently high 
to form a plasma-like cloud of charge that shields the interior from the influence of the 
electric field. Only those charge carriers at the outer edge of the cloud are subject to the 
influence of the field, and they begin to migrate immediately. The outer regions are gradu
ally eroded away until the charges at the interior are finally subject to the applied field and 
also begin to drift. The plasma time is roughly defined as the time required for the charge 
cloud to disperse to the point where normal charge collection proceeds. 

A number of theoretical models have been developed to describe the plasma erosion 
process;42-47 it is predicted42 that the plasma time should vary inversely with the electric 
field strength at the position of the track and increase as the cube root of the linear carrier 
density along the track. The effects of the plasma formation are observed to be a fixed 
delay of several nanoseconds between the time of track formation and the onset of the rise 
of the output pulse together with a slowing of the rise time of the output pulse. 
Measurements of the delay time with silicon surface barrier detectors,4S-53 give typical val
ues of 1-3 ns for alpha particles, and 2-5 ns for heavy ions and fission fragments. 

The actual rise time observed from a detector-preamplifier combination may also be 
influenced by the preamplifier properties. The time constant of the equivalent input circuit 
must be short if the rise time is to be held to that determined by the detector charge col
lection and plasma time properties only. One contributor to the input time constant is the 
series resistance of the undepleted region in partially depleted detectors. Therefore, fully 
depleted detectors in which the series resistance is largely eliminated are often favored in 
fast-timing situations. 
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E. Entrance Window or Dead Layer 

F. Channeling 

When heavy charged particles or other weakly penetrating radiations are involved, the 
energy loss that may take place before the particle reaches the active volume of the detec
tor can be significant. Because the thickness of the dead layer includes not only the metal
lic electrode but also an indeterminate thickness of silicon immediately beneath the elec
trode in which charge collection is inefficient, the dead layer can be a function of the 
applied voltage. Its effective thickness must often be measured directly by the user if accu
rate compensation is to be made. 

The simplest and most frequently used technique is to vary the angle of incidence of a 
monoenergetic charged particle radiation. When the angle of incidence is zero (i.e., per
pendicular to the detector surface), the energy loss in the dead layer is given by 

dEo flEo = dx t (11.22) 

where t is the thickness of the dead layer. The energy loss for an angle of incidence of e is 
given by 

!lEo 
flE(e) =

cose 
(11.23) 

Therefore, the difference between the measured pulse height for angles of incidence of 
zero and e is given by 

E' = (Eo - flEo) - (Eo - flE(e)) 

E' = !l.Eo (_1_ -1) 
cos e 

(11.24) 

If a series of measurements are made as the angle of incidence is varied, a plot of E' as a 
function of (1/cos e - 1) should be a straight line whose slope is equal to !l.Eo' Using tab
ular data for dEo/dx for the incident radiation, we can calculate the dead layer thickness 
from Eq. (11.22). 

One possible flaw in this method involves the assumption that the energy loss through 
the dead layer depends only on the total path length traversed and not on the relative ori
entation of the particle path with respect to the detector axis. There is some evidence that 
recombination should be more severe for particle paths parallel to the direction of the elec
tric field in the detector compared with paths perpendicular to the field. This recombina
tion would tend to cause a lower than expected response for paths near normal incidence 
and should be evidenced by a curvature in the plot described above. 

The thinnest dead layers are produced in semiconductor detectors of the ion implanted 
or surface barrier types. 1}rpical values of 100 nm of silicon eqUivalent correspond to an 
energy loss of 4 ke V for 1 Me V protons, ] 4 ke V for 5 Me V alpha particles, and several hun
dred keY for fission fragments. Because variations in this energy loss due to straggling or 
variable angle of incidence will potentially detract from energy resolUtion, thin dead layers 
are quite important in high-resolution charged particle spectroscopy. Using special tech
niques, dead layers of less than 30 nm have been successfully fabricated.54 

In crystalline materials, the rate of energy loss of a charged particle can depend on the ori
entation of its path with respect to the crystal axes.55 Particles that travel parallel to crystal 
planes can, on the average, show a rate of energy loss that is lower than that for particles 
directed in some arbitrary direction. Therefore, these "channeled" particles can penetrate 


