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Photomultipliers are constructed from a glass vacuum tube which houses a photocatnode,
several dynodes and an anode as shown in Figure 7.9. Incident photons strike the photocathode
of the PM tube. and electrons are produced as a consequence of the photoelectric effect. The
photocathode is generally coated with either antimony-rubidium-cesium or antimony-potassium-
c6sium. These electrons are directed by the focusing electrode towards the electron multiplier,
where electrons are multiplied by the process of secondary emission.
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Figure 7.9 Photomultiplier tube.

The electron multiplier consists of a number of electrodes, called dynodes. Each dynode is
held at a more positive voltage than the previous one (50 to 100 V). The electrons are ejected by
the photocathode. As they move towards the first dynode, they are accelerated by the electric
field and arrive with much greater energy. On striking the first dynode, more low energy electrons
are emitted and these. in turn. are accelerated towards the second dynode. The geometry of the
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dynode chain is such that a cascade occurs with an ever-increasing num'ber of electrong bein
produced at each stage. Finally the anode is reached where the accumul}z:ngn of charge results i,
a sharp current pulse indicating the arrival of a photon at the photocathode.

7.6.3 Electronic Circuitry

A block diagram of a complete Nal(T1) y-ray spectrometer fs sh(?Wn in Flgurg 7.10. In this figure,
pre-amp is a pre-amplifier. The purpose of the pre-amplifier is to mat.ch Impedance betweep
photomultiplier and amplifier. Amplificr amplifies the signal arriving at its input. lThe amplifieq
output of the amplifier is in direct proportion to the energy depqsured by y-rays in sglnti]]atiOn
detector. For example, if energy absorbed in the Nal(TI) detector is 100 keV, the amplifier gives
output pulse of 1 V (say) and if the energy deposited in the Nal(TI) is 600 kc.V. the output py|e
would be 6 V and so on. The SCA stands for single channel analyzer. It gives the number of
pulses in a certain voltage interval, for example, the number of pulses between voltage interva|
500mV and 600 mV, etc., depending upon the setting of SCA. These pulses are fed to counter/
timer, which counts the number of pulses for a fixed time. A typical y-ray spectrum of 376
emitting one y-ray of 662 keV is shown in Figure 7.11. The resolution of the scintillation
Spectrometer at 662 keV is 75 keV. Similarly the y-ray spectrum of *’Co emitting two y-rays of
1172 and 1332 keV is shown in Figure 7.12. The two peaks are clearly visible in the spectrum,
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Figure 7.10 Block diagram of a scintillation spectrometer.
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Figure 7.11 Photo peak (662 keV) of 7-1ay spectrum of 1¥7(s

as recorded by a scintillation
spectrometer, The photo peak

shows an energy resolution of ~75 keV,
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Figure 7.12 Photo peaks of y-ray spectrum of ®Co. It has two y-rays of 1172 keV and 1332 keV.

7.6.4 Uses of Scintillation Detectors

Inorganic scintillation detectors are used to measure the energy of X- and y-rays.
Organic scintillation detectors are used to detect § and o-particles.

They generally have high efficiency. Efficiency is nearly 100% in case of Nal(Tl)
detectors. ,L{‘f'
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e They are rugged and can with mechanical jerks. ¢
o Scintillation detectors have very short dead time (~ 107 s) permitting very high counting
rates.

7.6.5 Limitations of Scintillation Detectors

o Energy resolution of these detectors is poor. For example, in case of Nal(TI) detector, the
energy resolution is 8—10% at 662 keV.
o . The Nal(Tl) detector is hygroscopic. If it absorbs moisture, it is completely damaged.

7.7 SEMICONDUCTOR RADIATION DETECTORS | "
Sis Cie " ,4n£KM~‘MJj/’J

The field of nuclear physics has been completely revolutionalized with the development of
semiconductor radiation detectors. A semiconductor radiation detector is a solid-state version of
a_gaseous ionization chamber. It is simply a reverse biased p-n junction diode. In these diodes,
ionizing radiations produce electron-hole pairs in the depletion region. This process is just like
creation of electron-ion pairs in ionization chamber. These pairs are collected by the electric field
applied and thus the detector gives an electric pulse. The amplitude of this pulse is proportional
to the energy of i ionizing radiation. Since semiconductor detector is a , therefore,
the signal is much larger than the noise due to leakage current.
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The electronic structure of semiconductors is such that, at ordinary temperatures, nearly all
electrons are tied to specific sites in the crystalline lattice and are occupying the valence band. At
any given time. a few electrons gain sufficient thermal energy to break loose from localized sites

in the valence band and shift to conduction band
and are called conduction electrons. Since some
energy must be expended in freeing an electron
from its normal place in the covalent lattice of a
crystal as there is a band gap that separates
bound valence electrons from free conduction
electrons (see Figure 7.13). In pure crystals no
clectrons can have energy within this gap. In
silicon_the band-gap is about 1.1 eV. and in
germanium it is about 0.7 eV. In perfect
materials held at absolute zero temperature, all
electrons are theoretically bound to specific
lattice sites. so that the valence band is
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Figure 7.13

Valence band

Energy gap between conduction
and valence band for silicon.
-sign indicates electrons and
+sign indicates holes.

completely filled and the conduction band is empty. The thermal energy available at ordinary
temperatures allows some electrons to be freed from specific sites and be elevated across the
band gap to the conduction band. Therefore. for cach conduction electron that exists, an electron
is missing from a normally occupied valence site. This electron vacancy is called a /ole, and in
many ways it behaves as though it is a point positive charge. If an electron jumps from a nearby
bond to fill the vacancy. the hole can be thought of as moving in the opposite direction. Both
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electrons in the conduction band and holes in the valence band can be made to drift in a preferred
direction under the influence of an electric field.

In semiconductor detectors. an electric field is present throughout the active volume, i.e. the
volume of the detector or total volume of the depletion region, where incident radiations are
detected. The subsequent drift of the electrons and holes toward electrodes on the surface of the
semiconductor material generates a current pulse, in much the same manner as the motion of ion-
pairs in a gas-filled ion chamber.

The minimum energy required for the creation of an electron-hole pair is the band-gap
energy of about | eV. Experimental measurements show that, as in the production of an ion-
pair in a gas, about three times the minimum energy is requ1rcd on the average to form an
electron-hole pair. Thus. a_1-MeV charged particle losing all its* energy in a semiconductor
creates about &Me_lwimns;[ his number is about 10 times larger than the
number of ion-pairs that would be formed by the same particle in a gas. As a consequence, the
charge packet for equivalent energy loss by the incident particle is 10 times larger, thus
improving the signal-to-noise ratio as compared with a pulse-type ion chamber. More
significant is the improvement in energy resolution. The statistical fluctuations in the number
of charge carriers per pulse (that often limit energy resolution) become a smaller fraction as the
total number of carriers increases. Thus, semiconductor detectors offer the best energy
resolution provided by common detectors, and values of a few tenths of a per cent are not
uncommon.
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Another benefit is derived from the fact that the detection medium is a solid rather than a gas.
In. solids, the range of heavy charged particles such as alphas is only tens or hundreds of
micrometers, as opposed to a few centimetres in atmospheric pressure gases. Therefore, the full
energy of the particle can be absorbed in a relatively thin detector. More importantly. it is
practical to fully absorb fast electrons such as beta particles. As opposed to ranges of metres in
gases, fast electrons travel only a few millimetres in solids., and semiconductor detectors can be
fabricated that are thicker than this range. Therefore, spectroscopic methods can be employed to
measure the energies of fast electrons.

Semiconductor detectors offer many advantages over scintillation or gas-filled detectors.

Some of the Vz;q_\!/’ﬁ_gla_gs_are:
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5.
Initially, these detectors were developed for detection of heavy cha

Excellent energy resolution.
Linear response over wide-energy range of incident radiation.

These detectors are generally compact and are small in size.

These detectors are fast detectors. The mobility of electrons is about 1500 cm?/V s and
the mobility of holes is about 500 em?/V s. which is much faster compared to mobility
ions in gas counters.

These detectors can be fabricated in a wide range of sensitive depth and geometry.
rged particles. Later on,

with the advancement in semiconductor technology, detectors were developed for detection of

electrons, X- and yrays. Let us discuss some commonly used semiconductor detecto
detail.
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7.6 SCINTILLATION DETECTORS °_~

We are familiar with ZnS screen used by Rutherford in his famous « scattering experiment.
orparticles, when fall on ZnS, produce light flashes or scintillations. These flashes can be seen
with a microscope. ZnS was the first scintillation detector put to actual use. Another most
common and familiar example of the use of scintillation mechanism is the television screen,
which emits visible photons under electron bombardment in a cathode ray tube.

It was found later on that along with ZnS, there are a large number of materials which exhibit
the property of scintillations. Some of them are sodium iodide, cesium iodide, anthracene,
naphthalene, etc. Some gases particularly noble gases like xenon, etc. also exhibit this property.
Scintillation detectors became the most powerful and widely used radiation detectors with the
development of photo multiplier (PM) tubes. These PM tubes are extremely sensitive detectors
of light. Thus, there is no need of using a microscope to view the scintillations.

A scintillation spectrometer consists of three components:

1. Scintillation detector/crystal
2. Photomultiplier tube
3. Electronic circuitry

Below we discuss these components one by one.

7.6.1 Scintillation Detector/Crystal

Scintillators are available in many forms. Some commonly used scintillators are
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1. Inmorganic crystals . X The
® Na[(TI): This is the most commonly used scintillator for y-ray wor 'fthe
efficiency for the conversion of the energy deposited into li.ght output is onf1 zizes
highest among all known scintillators. It is available in a variety of shapes a: o e
One drawback with this scintillator is that it is hygroscopic a_nd ther'efore 1.115 ?jsensity
sealed in airtight containers. Another drawback of this scintillator is that i
is low (~ 3.67 g/em?).
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. Sosllrf‘”)l“all).c;n?ociha(t oiz Nal(T1). T!]e o'nly difficulty with these scintillators is ‘EaI
growing big single crystals is quite dlfﬁcult'.

o CaF(Eu): This again is a non-hygroscopic ¢rys
energy (<100 keV) X- or yrays. ) .

o 7ZnS: It was the first scintillator used in nuclear physics. However, making big
transparent single crystals is quite difﬁcultt ) '

o Bi,Ge;Op, (BGO): Tt is non-hygroscopic. mechanically and che;mcally more
durable compared to Nal (T1). Its density is much larger (7:13 g/em’) than that of
Nal(T) scintillator. This would enable us to usc a smgller size crystal compared to
Nal(T1) erystal having the same efficiency. However, it has low light output and s
energy resolution is inferior compared to that of Nal(Tl). They are more expensive
than Nal(Tl) detectors.

Organic scintillators: Common organic scintillators are anthracence, stilbenek, etc,

These scintillators have very poor efficiency compared to Nal(Tl) detector. However, in

these scintillators. the decay time of light produced due to fonizing radiations is much

shorter compared to that in Nal(T1) detector. These detectors can be operated at higher
count rate. These detectors are practically more suitable to p counting.

Liquid scintillators: In these detectors. scintillator material is dissolved in certain

suitable liquid. In some applications. radioactive source is thoroughly mixed with liquid

scintillator. These detectors are mostly used to count very low activities specially that of

B-particles.

tal and it is useful to detect |qy,
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Many scientists have studied the mechanism of light emission by scintillators in detail.
Without going into the detailed mechanism of light emission, certain terms commonly used while
working with scintillation detectors are discussed.

{The process by which visible light is emitted by the scintillator within 10* s of falling of
radiations is known as prompt fluorescence or simply fluorescence. There is another mechanism
of visible light emission known as plosphorescence. in which the light of longer wavelength is
emitted and this process occurs in a time which is much longer (few seconds to few minutes).
There is a third mechanism, which is known as delayed fluorescence in which the light emitted
is of the same wavelength as in fluorescence but its emission time is longer (hours to days).

Another term commonly used in scintillators is the scintillation efficiency. It is defined as the
fraction of the energy deposited by the incident radiation that is converted into light.

A good scintillator should have high scintillation efficiency and should convert a larger
fraction of the emitted light by the process of prompt fluorescence. Single crystal of sodium
iodide with traces of thallium written as Nal(TI) is one such crystal, which is extensively used for
detecting and measuring the energy of y-rays. Tl in scintillators is also known as wave length
shiffer. The emission spectrum of pure sodium iodide has maxima at a wavelength of 303 nm.
Most of the photomultiplier tubes are not sensitive to this wavelength. Addition of a small
quantity of T1 (0.1 to 0.5% mole fraction of TI) shifts this wavelength to 410 nm. Most of the
photomultiplier tubes are sensitive to this wavelength.

Incident-charged particles falling on the scintillator lose all the energy in the scintillator and
light photons are produced. However, if the incident radiations are X- or yrays, they interact with
the scintillator in mainly three different ways (Chapter 5).
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1. Photoelectric effect
2. Compton effect
3. Pair production

In all these' three processes, electrons are produced and ultimately total energy of X- or y-rays is
converfed into the. klpeufz energy of electrons. These electrons give up their kinetic energy in
jonization and excitation in the scintillator material, resulting in production of scintillations in the
scintillator.

Scintillators are available in a variety of shapes and sizes. Scintillators commonly used in
laboratories have dimensions as 1”7 x 1”7 or 1'4” X 14”. 1” x 1” means it is a cylinder of base
diameter of 17 and height of 17, etc.

All the light produced in the scintillator should reach the photomultiplier tube. For this
purpose, the scintillator is covered with light reflector MgO from all sides except one and this
uncovered side is optically coupled to PM tube. Optical coupling means that the whole of the
light photons produced in the scintillator reaches the photo cathode of the PM tube without any loss.

7.6.2 Photomultiplier Tubes

Photomultiplier tubes (PMTs) are extremely sensitive detectors of light in the ultraviolet, visible
and near infrared. These detectors multiply the signal produced by incident light by as much as
105 to 10%. The combination of high gain, low noise and large area of collection means that these
devices find applications in nuclear and particle physics.




