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Preface

Contrary to common perception, radiation has enormous potential of benefiting
mankind. For example, use of radiation in medical diagnostics in the form of CT and
nuclear scans has enabled the physicians to perform diagnoses that would not have
been possible otherwise. Another example is the use of radiation to destroy cancerous
growths, a process generally known as radiation therapy. It is true that radiation
can induce harm as well but a close examination reveals that its benefits certainly
outweigh its potential hazards. This realization has led to rapid advancements in
theory and applications of radiation interactions and its measurements. New types
of radiation detectors and sources are being constantly developed in laboratories
around the world. Also, a number of annually held international conferences are
devoted just to the developments of radiation measuring devices.

During my career as a physicist, working primarily on radiation detectors, I
always felt a need for a book that would not only discuss the technological aspects of
the field but would also give a thorough account of the underlying physical principles.
The scarcity of such books led me to think about writing one myself. However, those
who understand the field would appreciate that writing such a book is not an easy
task due mainly to the fast paced developments in the related technologies. The
strategy that I therefore adopted was to concentrate on theories, methodologies, and
technologies that are of fundamental value in terms of understanding the conceptual
basis of the radiation devices.

The sole purpose of the book is not to introduce the reader to the working prin-
ciples of different types of radiation detectors. It has been designed and written
such that it encompasses all aspects of design, development, and effective use of the
detection devices. Therefore chapters on statistics, data analysis, software for data
analysis, dosimetry, and spectroscopy have also been included. It can be used as
a text for related courses in physics, nuclear engineering, physical chemistry, and
medical physics. It can also be used as a reference by professionals and students
working in the related fields.

Most of the courses related to radiation measurements start with an introduction
to different types of radiation and their sources. I have adopted the same strat-
egy. The first chapter introduces the reader to various types of radiation and their
sources. It also includes sections on radioactivity and its measurements. Chapter
2 deals with the mechanisms by which radiation interacts with matter. Those who
want to understand the working principles of radiation detectors, must go through
this chapter as thoroughly as possible. The next chapter introduces the reader to the
principles of gas filled detectors, such as proportional counters. Gas filled detectors
are the earliest built radiation detectors and are still extensively used in different
fields. The important concepts, such as electron-ion pair generation, recombina-
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tion, drift and diffusion of charges, avalanche creation, and breakdown have been
thoroughly discussed with necessary mathematics. Some specific types of gas filled
detectors have also been discussed. Chapter 4 deals with liquid filled detectors. Lig-
uid filled detectors have recently gained considerable popularity. This chapter gives
the reader an overview of the charge production and transport processes in liquids
and how different types of liquid filled detectors are built. Solid state detectors are
perhaps the most widely used detectors today. Chapter 5 deals with different types
of solid state detectors, such as semiconductor detectors, diamond detectors, and
thermoluminescent detectors. A major problem with solid state detectors is their
vulnerability to radiation. Radiation damage mechanisms are therefore thoroughly
discussed in this chapter. Scintillation detectors and photodetectors are the topics
of chapter 6. This chapter not only introduces the reader to the basic scintillation
mechanisms but also discusses important properties of the commonly used scintil-
lators. For subsequent photodetection, the transfer to scintillation photons are a
major issue. The topic of light guides has therefore been given due attention. De-
tection of these photons is the next step, which can be accomplished with different
types of detectors. Two such devices, that is photomultiplier tubes and avalanche
photodiode detectors have been thoroughly discussed in this chapter. Chapter 7
deals with position sensitive detection and imaging. The basic principles of posi-
tion sensitive and imaging devices as well as related techniques have been discussed
here. The reader is also introduced to a number of position sensitive and imaging
devices. Signal processing is the heart of today’s electronic radiation detectors. A
major portion of the manpower and capital is therefore invested in designing and
building electronics for detection devices. This chapter exposes the reader to the ba-
sic electronic circuitry used in radiation detectors. Different types of preamplifiers,
shapers, filters, discriminators, and analog-to-digital converters have been discussed
here. The issues of electronics noise have also been given due attention. Chapter
9 gives a detailed discussion of the statistics and data analysis techniques. The
topics related to probability, error propagation, correlation, regression, time series
analysis, and counting statistics have been discussed in detail. Chapter 10 gives
an overview of different data analysis software packages that are freely and com-
mercially available. This chapter is not intended to be a manual of these software
packages. It introduce the reader to their capabilities with regard to analyzing data
that has been acquired through radiation detection devices. Dosimetry is the topic
of chapter 11. Since dosimetry plays a central role in assuring health and safety of
individuals exposed to radiation, this chapter gives a detailed account of the sub-
ject. The harmful effects of radiation and how to guard against them have also been
discussed in this chapter. Chapter 12 introduces the reader to the topics related to
radiation spectroscopy. Different spectroscopic techniques related to different types
of particle detectors have been introduced here. Also included are topics of mass
spectroscopy and time spectroscopy. Chapter 13 deals with the topic of data acqui-
sition. The major data acquisition standards of NIM, CAMAC, VME, FASTBUS,
and PCI have been introduced.

Writing this book has been a long and tedious process. The highly demanding
work at the Sudbury Neutrino Observatory including on-call periods did not leave
much choice other than cutting down on family time. Coming back from work and
then immediately start working on the book till midnight every day is not a very
family oriented approach. However my wife, Rahat, not only didn’t complain but
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actually kept encouraging me all the way through. Without her support, it would
not have been possible at all to write this book. My children Hiba, Shozab, and
Shanib also deserve appreciation for their understanding.

A number of academics and friends who evaluated the original book proposal
and gave valuable suggestions deserve special thanks. I thank Andy Klein, Bashar
Issa, David Hamby, Edward Waller, John Antolak, Nicholas Hangiandreou, Niko-
laj Pavel, Paul Jennesen, Robert LeClair, Steven Biegalski, Sukesh Aghara, and
Timothy DeVol for their support and highly professional suggestions.

Thanks are also due to the academics who evaluated the first draft of the complete
manuscript. Their valuable suggestions helped me modify the contents and reshape
various sections. I am highly indebted to Andrea Kritcher, David Bradley, James
Chu, Leslie Braby, Steven Biegalski, and Todd Allen for sparing time from their
busy schedules to do thorough reviews of approximately 750 pages and providing
me with highly valuable suggestions for improvement.

I would like to thank Susan Rabiner to have faith in me to complete the project
and for taking care of everything else so that I could concentrate on writing the
book. I also thank Jeremy Hayhurst for showing remarkable professionalism from
the beginning till the end of the manuscript production. Thanks are also due to
Derek Coleman, whose highly efficient and professional approach in finalizing the
manuscript has amazed me.
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Chapter 1

Properties and Sources of Radiation

Mass and energy are the two entities that make up our Universe. At the most ba-
sic level, these two entities represent a single reality that sometimes shows itself as
mass and sometimes as energy. They are intricately related to each other through
Einstein’s famous mass-energy relation, E = mc?. Just like matter, energy is also
capable of moving from one point in space to another through particles or waves.
These carriers of energy always originate from some source and continue their travel
in space until they get absorbed or annihilated by some material. The term “radia-
tion” is used to describe this transportation of mass and energy through space.

Since the realization of its potentials, radiation has played a central role in our
technological developments in a variety of fields. For example, we all enjoy the
benefits of radiation in medical diagnostics and treatment. On the other hand,
world has also witnessed the hazards of radiation in the form of atomic explosions
and radiation exposure.

Whether we think of radiation as a hazard or a blessing, its study is of paramount
importance for our survival and development. If we looked carefully at the bene-
fits and harms brought in by the use or misuse of radiation, we would reach the
conclusion that its advantages clearly outweigh its disadvantages. Radiation has
unlimited potential and its proper use can open up doors to great developments for
the mankind.

This chapter will introduce the reader to different types of radiation, their prop-
erties, and their sources. The mechanisms through which the particles interact with
matter will be discussed in detail in the next chapter.

' J 1.1 Types of Radiation

Radiation can be categorized in different ways, such as ionizing and non-ionizing,
particles and waves, hazardous and non-hazardous etc. However none of these cat-
egorizations draw solid boundaries between properties of individual particles com-
prising the radiation, rather they show the bulk behavior of particle beams. For
example, it will not be correct to assert that an electron always ionizes atoms with
which it interacts by arguing that it belongs to the category of ionizing particles.
All we can say is that if a large number of electrons interact with a large number of
atoms, the predominant mode of interaction will lead to the ionization of atoms.
Sometimes radiation is characterized on the basis of its wave and particle prop-
erties. However, as we will explore in the next section, this characterization is
somewhat vague and can be a cause of confusion. The reason is that, according to
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modern physics, one can associate a wavelength to every particle whether it car-
ries a mass or not. This implies that a particle having mass can act as a wave
and take part in the formation of interference and diffraction patterns. On the other
hand, light, which can be well described by its wave character, comprises of photons,
which are particles having no rest mass. Hence we can conclude that one should not
characterize the radiation based on its particle and wave properties.

Let us have a look at the third category we mentioned above: hazardous and non-
hazardous. There are particles that pass through our bodies in large numbers every
second (such as neutrinos from the Sun) but do not cause any observable damage.
Still, there is a possibility that some of these particles would cause mutations in our
body cells, which could ultimately lead to cancer!. On the other hand there are
particles, such as neutrons, that are known to be extremely hazardous to the body
but no one can ever be absolutely certain that a neutron entering our body would
in deed cause any harm. In fact, due to background radiation around us, our bodies
get small doses of neutrons all the time and still majority of us do not experience
any adverse effects.

Based on the above arguments it is safe to say that the categorization of radiation
found in the literature on these basis should not be considered to represent individual
particles. What this really means is that if we have a very large number of a certain
kind of particles, there is a high probability that most of them would behave in the
manner characteristic of their categorization. Long exposure from a highly intense
beam of neutrons would most definitely cause skin burns and most probably cancer
but it would be wrong to assume that a single neutron would do the same.

The words probability and chance were mentioned in the preceding paragraphs.
What does particle interaction have to do with chance? Well, the theoretical foun-
dations of particle interaction is quantum mechanics, which quantifies the variables
related to particle motion, such as momentum, energy, and position, in probabilistic
terms. We talk about the probability of a particle being present at a specific place
at a specific time. Nothing is absolute in quantum mechanics. We will learn more
about this when we study the concept of cross section in the next chapter.

1.2 Waves or Particles?

If we think about light without any prior knowledge, we would assume it to be
composed of waves that are continuously emitted from a source (such as a light
bulb). In fact, this was the dominant perception amongst scientists until the start
of the 20th century. During those days a major problem of theoretical physics
had started boggling the minds of the physicists. They had found it impossible
to explain the dependence of energy radiated by a black body (a heated cavity)
on the wavelength of emitted radiation if they considered light to have continuous
wave characteristics. This mystery was solved by Max Planck who developed a
theory in which light waves were not continuous but quantized and propagated in
small wave packets. This wave packet was later called a photon. This theory and the
corresponding mathematical model were extremely successful in explaining the black
body spectrum. The concept was further confirmed by Einstein when he explained

IThis is a purely hypothetical situation and no data exists that could verify this assertion. The argument
is based on the interaction mechanisms of particles.
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the photoelectric effect, an effect in which a photon having the right amount of
energy knocks off a bound electron from the atom.

Max Planck proposed that the electromagnetic energy is emitted and absorbed
in the form of discrete bundles. The energy carried by such a bundle (that is, a
photon) is proportional to the frequency of the radiation.

E=hv (1.2.1)

Here h = 6.626 x 1073*Js is the Planck’s constant that was initially determined by
Max Planck to solve the black body spectrum anomaly. It is now considered to be
a universal constant. Planck’s constant has a very important position in quantum
mechanics. The frequency v and wavelength A\ of electromagnetic radiation are
related to its velocity of propagation in vacuum ¢ by ¢ = v . If radiation is traveling
through another medium, its velocity should be calculated from

v =nU, (1.2.2)

where n is the refractive index of the medium. The refractive index of most materials
has a nonlinear dependence on the radiation frequency.

These experiments and the consequent theoretical models confirmed that some-
times radiation behaves as particles and not continuous waves. On the other hand
there were effects like interference, which could only be explained if light was con-
sidered to have continuous wave characteristics.

To add to this confusion, de Broglie in 1920 introduced the idea that sometimes
particles (such as electrons) behave like waves. He proposed that one could associate
a wavelength to any particle having momentum p through the relation

A=—. (1.2.3)
b
For a particle moving close to the speed of light (the so called relativistic particle)
and rest mass mg (mass of the particle when it is not moving), the above equation
can be written as

A= —/1— —. (1.2.4)

A= —. (1.2.5)

De Broglie’s theory was experimentally confirmed at Bell Labs where electrons
diffraction patterns consistent with the wave picture were observed. Based on these
experiments and their theoretical explanations, it is now believed that all the enti-
ties in the Universe simultaneously possess localized (particle-like) and distributed
(wave-like) properties. In simple terms, particles can behave as waves and waves
can behave as particles?. This principle, known as wave-particle duality, has played
a central role in the development of quantum physics.

2A more correct statement would be: all particles, regardless of being massless or massive, carry both
wave and particle properties.
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Example:

Compare the de Broglie wavelengths of a proton and an alpha particle moving
with the same speed. Assume the velocity to be much smaller than the
velocity of light. Consider the mass of the a-particle to be about 4 times the
mass of the proton.

Solution:
Since the velocity is much slower than the speed of light, we can use the
approximation 1.2.5, which for a proton and an a-particle becomes

h

Ap = ——

mpv

h

and A\, = .
)

Dividing the first equation with the second gives

Ap _ Ma

Ao My

An «-particle comprises of two protons and two neutrons. Since the mass
of a proton is approximately equal to the mass of a neutron, we can use the
approximation m, ~ 4m, in the above equation, which then gives

Ap & g,

This shows that the de Broglie wavelength of a proton is around 4 times larger
than that of an a-particle moving with the same velocity.

D 1.3 Radioactivity and Radioactive Decay

Radioactivity is the process through which nuclei spontaneously emit subatomic
particles. It was discovered by a French scientist Henri Bacquerel in 1896 when he
found out that an element, uranium, emitted something invisible that fogged his
photographic plates. The term radioactivity was suggested by Marie Curie about 4
years later. Originally three types of radiation were discovered:

» o-rays (helium nuclei with only 2 protons and 2 neutrons)
» (-rays (electrons)
» ~-rays (photons)

Later on it was found that other particles such as neutrons, protons, positrons and
neutrinos are also emitted by some decaying nuclei. The underlying mechanisms
responsible for emission of different particles are different. To add to this complica-
tion, a particle can be emitted as a result of different modes of decay. For example,
a common decay mode resulting in the emission of neutrons is spontaneous fission.
During this process a heavy nucleus spontaneously splits into two lighter nuclides
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called fission fragements and emits several neutrons. But this is not the only mode
of neutron decay. Another particle just mentioned was neutrino. Neutrino is an
extremely light and low interacting chargeless particle that was discovered in 1952.
It solved the mystery of the variable electron energy in beta decays: the electron,
being very light as compared to the other heavy decay product in beta decays, was
supposed to carry the same energy in each decay. However, it was observed that
the emitted electrons had a whole spectrum of energy with a cut off characteristic
to the decaying atom. It took several decades for scientists to discover that some of
the energy is actually taken away by a very light particle called neutrino. Now we
know that this particle in beta decays is actually anti-neutrino®.

When nuclei emit subatomic particles, their configuration, state, and even iden-
tity may change. For example, when a nucleus emits an alpha particle, the new
nucleus has 2 protons and 2 neutrons less than the original one. Except for y-decay,
in which the nucleus retains its identity, all other decays transform the nucleus into
a totally different one. This process is called radioactive decay .

There are a number of naturally occurring and man-made radioactive elements
that decay at different rates. Although the underlying mechanism of these decays
is fairly complicated, their gross outcome can be easily predicted by considering the
conservation of electrical charge. Before we write general decay equations, let us
first have a look at some examples.

Alpha decay: 22Ra  — HRn + «a
Beta decay: 131[ — 131Xe + e + v
Gamma decay: 515(532Dy* — 152Dy + 5y
Spontaneous fission: 35Fm — [1°Xe + 1PPPd + 4n

Here 5P X represents an element X with p protons and n neutrons. X* represents
an atom in an excited state.

The term beta decay as used in the above example is sometimes conventionally
used to represent only emission of electrons. However, there are actually three kinds
of beta decays: electron decay, electron capture, and positron decay. The first two
involve electrons while the third involves the emission of the anti-electron or positron,
which we will represent by e™ in this book. A positron has all the properties of an
electron with the exception of electrical charge, which is positive in this case. In this
book the symbol e will be used to represent either the electron or the unit electrical
charge.

Electron capture occurs when a nucleus captures one of the electrons orbiting
around it and as a result goes into an excited state. It quickly returns to the ground
state by emitting a photon and a neutrino. The positron emission is very similar to
the electron decay with the exception that during this process instead of an electron
a positron is emitted. Let us have a look at examples of these two processes.

3 Anti-neutrino is the antiparticle of neutrino. The presence of neutrino in 3-decays was suggested by
Wolfgang Pauli. It was named neutrino by Enrico Fermi.
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Electron capture: §iKr+e — 8§1Br + ~y + v
Positron decay: BK — PAr + et 4+ v

The electron captured in the first of these reactions actually transforms a proton
into a neutron, that is
pt+e—n+v.

That is why the daughter nuclide has one proton less and one neutron more than
the parent nucleus. Electron capture transforms the nuclide into a different element.
In a similar fashion, the positron emission is the result of transformation of a proton
into a neutron, that is

p—n—+ et +u.

This implies that in case of positron emission the daughter nuclide has one proton
less and one neutron more than the parent nuclide. This is also apparent from the
positron emission example of potassium-40 given earlier. It is interesting to note
that in this reaction the mass of the proton is less than the combined mass of the
neutron, positron, and the neutrino*. This means that the reaction is possible only
when enough energy is available to the proton. That is why there is a threshold
energy of 1.022 MeV needed for positron emission. Below this energy the nuclide
can decay by electron capture, though.

Note that the electron capture reaction above shows that a photon is also emitted
during the process. This photon can be an x-ray or a 7-ray photon. The x-ray
photon is emitted as one of the electrons in the higher orbitals fills the gap left
by the electron captured by the nucleus. Since in most cases a K-shell electron is
captured by the nucleus, the orbital is quickly filled in by another electron from one
of the higher energy states. The difference in the energy is released in the form of
an x-ray photon. It can also happen that the nucleus being in an excited state after
capturing an electron emits one or more v-rays. The electron capture reaction then
should actually be written as a two step process, that is

géKT—i—e — g%Br* +v
81 o, % 81
s Br’ — 3Br+y

In general, the subsequent y-decay is not specific to electron capture. It can
occur in a nucleus that has already undergone any other type of decay that has left
it in an excited state. It is a natural way by which the nuclei regain their stability.
Sometimes it takes a number of v-decays for a nucleus to eventually reach a stable
state.

Although ~-emission is the most common mode of de-excitation after a decay, it
is not the only one. Another possible process is the so called internal conversion. In
this process, the excess energy is transferred to an orbital electron. If the supplied
energy is greater than the binding energy of this electron, the electron gets expelled
from the orbital with a kinetic energy equal to the difference of the atom’s excess
energy and its binding energy.

4As of the time of writing this book, the neutrino mass is still unknown. However it has been confirmed
that the mass is very small, probably 100,000 times less than the mass of an electron. We will also learn
later that there are actually three or more types of neutrinos.



1.3. Radioactivity and Radioactive Decay 7

The process of internal conversion can occur to electrons in any electronic orbit.
If an electron from one of the inner shells is expelled, it leaves behind a vacancy
that could be filled up by an electron in one of the higher shells. If that happens,
the excess energy is emitted in the form of an x-ray photon. This photon can either
escape the atom or can knock off another electron from the atom. The knocked-off
electron is known as Auger electron. The process of internal conversion followed by
emission of an Auger electron is graphically depicted in Fig.1.3.1. Auger electron
emission is not specific to the decay process. It can happen whenever an electron
from one of the inner electronic orbitals leaves the atom. An example of such a
process is the photoelectric effect, which we will study in some detail in the next
Chapter.

Internal Conversion
Electron

Auger Electron
Orbital Electron

Figure 1.3.1: Depiction of internal conversion leading to the emission of an
Auger electron. The internal conversion electron from the K-shell creates
a vacancy that must be filled in order for the atom to regain stability.
Another electron from the M-shell fills this gap but releases some energy in
the process (shown as a photon). This photon is shown to have knocked
off another electron from the M-shell. The end result is the emission of an
internal conversion electron and an Auger electron.

At this point the reader might be wondering why the radioisotopes emitting
neutrons and protons have not been mentioned so far. These decays are in fact
possible. However, such isotopes are not found in nature except for the ones that
undergo spontaneous fission. On the other hand, one can produce such a radionuclide
by bombarding a suitable material with high energy particles, something that can
be done at a particle accelerator. The basic idea behind such a process is to depart
enough energy to a nucleus abundant in protons and neutrons such that it becomes
unstable. This instability forces it to eventually decay by emitting a proton or a
neutron. There are also some 3-decays, which are followed by proton emission. Such
a process is generally known as beta-delayed proton emission. An example of the
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decay by proton emission is the decay of Indium-109, which decays with a half life
% of only 103 us.

K1 17+
This extremely small half life is actually typical of all of the known proton emitters
with the exception of a few that have half lives in the range of a few hundred
milli-seconds. Such short half lives severely limit the usefulness of such materials as
proton sources.

Just like proton emitters, it is also possible to produce isotopes that decay by
neutron emission. They suffer from the same extremely short half lives typical of
proton emitters, rendering them useless as neutron sources in normal laboratory
environments. Exception to this are a few isotopes, which decay by spontaneous
fission and in the process also emit neutrons. The most common example of this is
californium-252, which with a half live of 2.65 years is commonly used in laboratories
as a source of neutrons.

It is now worthwhile to write general equations for different types of radioactive
decays. For anucleus X with p protons, n neutrons and e electrons, which transforms
into another nucleus Y, the general decay equations can be written as follows.

Alpha decay: ;H'p X — Zfé’ e ‘R
Electron decay: 57X - Y 4+ e + v
Electron capture: ;,Hp X+e — fo Y + v 4+ v
Positron decay: ;H'p X — fo Y + et + v
Gamma decay: np X - PPX 4+ g
Proton emission: ;+p X — fo y o+

Here we have deliberately avoided using the term proton decay to describe the decay
by proton emission. The reason is that proton decay is explicitly used for the
decay of the proton itself, a process that is expected to occur in nature, albeit
with an extremely low probability. Dedicated detectors have been built around the
world to observe such a phenomenon. The reader is encouraged to verify that in all
these reactions the total electrical charge is always conserved. This conservation of
electrical charge is one of the fundamental laws of nature.

The general equation for spontaneous fission process can not be written as there
are a number of modes in which a nucleus may fission. That is, there is generally a
whole spectrum of nuclides in which a decaying nucleus may split. Also the number
of neutrons emitted is variable and depends on the particular mode of decay.

It should be remembered that during radioactive decays the emitted particles
originate from the nuclei. For example during the process of electron decay, a neutron
inside the nucleus decays into a proton, an electron and an anti-neutrino. The proton
stays inside the nucleus while electrons and anti-neutrino are emitted out. Similarly,
during gamma decay, the photon is emitted from the nucleus and is not the result

5Half life is the time taken by half of the sample atoms to decay. The term will be formally defined later
in the Chapter.
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of electronic transitions between atomic levels. The particles that are not emitted
from the nucleus can be byproducts of a decay but should not be confused with the
direct decay products.

Example:
Write down equations for alpha decay of Thorium-232 and electron decay of
Sodium-24.

Solution:
Using the general decay equations defined above and the periodic table of
elements we find the required decay equations.

86°Th — 3@ Ra+a
#UNa — ZMg+e+v

1.3.A Decay Energy or ()-Value

Decay energy is a term used to quantify the energy released during the decay process.
It can be used to determine whether a certain decay mode for a nucleus is possible
or not. To understand this, let us suppose a nucleus X goes through a decay mode
that transforms it into a nucleus Y with a subsequent emission of a particle d. This
reaction can be written as

X =Y +d (1.3.1)

According to the law of conservation of energy, the total energy before and after the
decay should be equal, that is

Eox +Tx = Eoy + Ty + Eg g+ T4, (1.3.2)

where Fy stands for the rest energy and T represents the kinetic energy. The rest
energy can be computed from the Einstein relation Ey = mgc?, with mg being the
rest mass. Since the decaying nucleus X can be assumed to be at rest therefore we
can safely use Tx = 0 in the above relation. If we represent the rest masses of X
and Y by mx and my, the above equation would read

(mX — My — md)02 =Ty + Ty. (1.3.3)

Now, it is evident that the left hand side of this relation must be positive in order for
the kinetic energy to be positive and meaningful. In other words, the decay would
be possible only if the left hand side is positive valued. Both the left and right hand
sides of this relation are termed as the decay energy or the Q-value. That is

Qe = Ty +1y (1.3.4)
or Qg = (mx—my —mg)ct (1.3.5)

The first relation above requires the knowledge of the kinetic energy taken away
by the decaying nucleus and the emitted particle. These energies are difficult to
determine experimentally, though. Therefore, generally one uses the second relation
containing the mass terms to determine the decay energy for any decay mode the
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isotope is expected to go through. If the energy comes out to be negative then the
decay is not possible unless energy is supplied through an external agent, such as
by bombarding the material with high energy particles. A positive Q-value signifies
that the isotope is unstable with respect to that particular mode of decay. Note
that if a nucleus has a positive @)-value for one decay mode, it does not guarantee
that it can decay through other modes as well (see example below).

Since atomic data tables list isotope masses in a.m.u. therefore one must multiply
masses in the above equation by a.m.u. to kg conversion factor. We can also sub-
stitute this conversion factor, the value of ¢, and the conversion factor for Joules to
MeV in the above relation to transform it into a more computationally convenient
form.

Qs = (mx —my —mg)8.94 x10'¢ J (m in kg) (1.3.6)
= (mx —my —mg)931.502 MeV (m in a.m.u.) (1.3.7)

Care should be exercised when substituting masses in the above relation. The
above relation as it stands is valid for nuclear masses. If one wishes to use atomic
masses, the mass of electrons should be properly accounted for as explained later in
this section.

The @Q-value can be used to determine the kinetic energies of the daughter nucleus

and the emitted particle. To demonstrate this, let us substitute T = %mv2 in
equation 1.3.5. This gives
1
Td = Qd — §my1}%, (1.3.8)

where my and vy represent the mass and velocity of the daughter nucleus respec-
tively. The velocity of the daughter nucleus can be determined by applying the law
of conservation of linear momentum, which for this case gives

myvy = mgquq. (139)

Note that here we have assumed that the parent was at rest before the decay. The
velocity vy from this equation can then be substituted into equation 1.3.A to get

1= | ——— Qu. (1.3.10)
]

Qa- (1.3.11)

Let us now write the @-value relations for o and g decays.

a-decay: Qq = (mx —my —mgy)c?

B-decay: Qp = (mx —my —mg) c?

Note that the above relation is valid for nuclear masses only. For atomic masses,
the following equations should be used
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a-decay: Qo = (Mx — My — M,) ¢

B-decay: Qp = (Mx — My) c?

Here M stands for atomic mass, which means that M, is the mass of the helium
atom and not the helium nucleus as in case of equation 1.3.A.

Example:
Determine if actinium-225 can decay through « as well as 3 modes.

Solution:
The « decay reaction for actinium-225 can be written as

25 Ac — 22 Fr 4+ 3He.
The Q-value, in terms of atomic masses, for this reaction is

Qo = (MAc— Mg, — M,)931.502
(225.023229 — 221.014254 — 4.002603) 931.502
5.93 MeV.

If actinium went through g decay, the decay equation would be written as
35 Ac - BTh + e,
with a @-value, in terms of atomic masses, given by

Qs = (Mac— Mpy)931.502
= (225.023229 — 225.023951) 931.502
—0.67 MeV.

Since the @Q-value is positive for o decay therefore we can say with confidence
that actinium-225 can emit « particles. On the other hand a negative Q-value
for B decay indicates that this isotope can not decay through electron emission.

1.3.B The Decay Equation

Radioactive decay is a random process and has been observed to follow Poisson
distribution (see chapter on statistics). What this essentially means is that the rate
of decay of radioactive nuclei in a large sample depends only on the number of
decaying nuclei in the sample. Mathematically this can be written as

dN

ke N

a >

dN

— = —)\4N. 1.3.12
or dt d ( )

Here dN represents the number of radioactive nuclei in the sample in the time
window dt. )y is a proportionality constant generally referred to in the literature as
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decay constant. In this book the subscript d in Ay will be used to distinguish it from
the wavelength symbol A that was introduced earlier in the chapter. Conventionally
both of these quantities are represented by the same symbol A\. The negative sign
signifies the fact that the number of nuclei in the sample decrease with time. This
equation, when solved for the number N of the radioactive atoms present in the

sample at time t, gives
N = Nge (1.3.13)

where Nj represents the number of radioactive atoms in the sample at ¢ = 0.

Equation 1.3.12 can be used to determine the decay constant of a radionuclide,
provided we can somehow measure the amount of decayed radionuclide in the sam-
ple. This can be fairly accurately accomplished by a technique known as mass
spectroscopy (the details can be found in the chapter on spectroscopy). If the mass
of the isotope in the sample is known, the number of atoms can be estimated from

N = &mn, (1.3.14)
Wn,
where N4 = 6.02 x 10?® is the Avagadro number, w,, is the atomic weight of the
radionuclide and m,, is its mass as determined by mass spectroscopy.

Although this technique gives quite accurate results but it requires sophisticated
equipments that are not always available in general laboratories. Fortunately there
is a straightforward experimental method that works almost equally well for nuclides
that do not have very long half lives. In such a method the rate of decay of the sample
is measured through a particle detector capable of counting individual particles
emitted by the radionuclide. The rate of decay A, also called the activity, is defined

as N
A=—— = )4N. 1.3.15
Y (1315)

Using this definition of activity, equation 1.3.13 can also be written as
A = Age Mt (1.3.16)

where Ag = A\gNy is the initial activity of the sample.

Since every detection system has some intrinsic efficiency e with which it can
detect particles therefore the measured activity C' would be lower than the actual
activity by the factor e.

C eA

-

— AN (1.3.17)

The detection efficiency of a good detection system should not depend on the count
rate (as it would imply nonlinear detector response and consequent uncertainty
in determining the actual activity from the observed data). and hence the above
equation can be used to determine the count rate at ¢t = 0.

Co = EAdNO (1318)
The above two equation can be substituted in equation 1.3.13 to give

C = Cpe™ M, (1.3.19)
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What this equation essentially implies is that the experimental determination of the
decay constant A is independent of the efficiency of the detection system, although
the counts observed in the experiment will always be less than the actual decays.
To see how the experimental values are used to determine the decay constant, let us
rewrite equations 1.3.16 and 1.3.19 as

In(A) = —-At+1In(4p) and (1.3.20)
In(C) = =X+ In(Cy). (1.3.21)
Hence if we plot C' versus t on a semilogarithmic graph, we should get a straight
line with a slope equal to —A. Figure 1.3.2 depicts the result of such an experiment.
The predicted activity has also been plotted on the same graph using equation

1.3.20. The difference between the two lines depends on the efficiency, resolution,
and accuracy of the detector.

o In(C)

In(C or A)
/ /
/ /

\i\\\;rp\
Slope = %%
LR

Time

Figure 1.3.2: Experimental determination of decay constant.

Equation 1.3.13 can be used to estimate the average time a nucleus would take before
it decays. This quantity is generally referred to as the “lifetime” or “mean life” and
denoted by 7 or T'. In this book it will be denoted by the symbol 7. The mean life

can be calculated by using
1

Another parameter, which is extensively quoted and used, is the half life. 1t is
defined as the time required by half of the nuclei in a sample to decay. It is given

by
In(2)
Tyjo = 0.6931 = ——. (1.3.23)
Ad
Since mean and half lives depend on the decay constant, therefore the experimental

procedure to determine the decay constant can be used to find these quantities as

T (1.3.22)
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well. In fact, whenever a new radionuclide is discovered its half life is one of the first
quantities that are experimentally determined. The half life of a radionuclide can
range from a micro second to million of years. However this experimental method
to determine the half life does not work very well for nuclides having long half lives.
The reason is quite simple: for such a nuclide the disintegration rate is so low that
the counts difference between two points in time will be insignificantly small. As
we saw earlier in this section, for such radionuclides other techniques such as mass
spectroscopy are generally employed.

Example:
Derive the equations for mean and half lives of a radioactive sample.

Solution:
To derive the equation for mean life we take the weighted mean of the decay
time ¢

_ftan
- JTdN
Using N = Npe !, the integral in the denominator becomes
o0 o0
/ AN = —)N / e bt
0 0
= Ny ‘eiAdt =
0
= —Np.
The integral in the numerator can be solved through integration by parts as
follows.
(o0} o0
/ tdN = —X\alNo / te~tdt
0 0
t Agt |° 1 00
= —A\q¢No [ _e — e)‘dtdt:|
Ad 0 Ad 0

The first term on the right side vanishes for ¢ = 0 and at t — oo (a function
vanishes at infinity if its derivative vanishes at infinity). Therefore the integral

becomes
o0 o0
/ tdN = —NO/ e bt
0 0

_ & ’e*)\dt
Ad
_ M

A

[ee}

0

Hence the mean life is

—No/Ad
—N,

1

Ad
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Since half life represents the time taken by half of the atoms in a sample to
decay, we can simply replace N by Ny/2 in equation 1.3.13 to get

1
3 e T2
T2 — 9
In(2
Tin = 5

= In(2)7 = 0.6937.

Example:
The half life of a radioactive sample is found to be 45 days. How long would
it take for 2 moles of this material to decay into 0.5 mole.

Solution:
Since T /o = 45 days, therefore

In(2)

Iy

In(2)
45

ha =

=15.4 x 10 3day~".

Since mole M is proportional to the number of atoms in the material, therefore
equation 1.3.13 can also be written in terms of number of moles as follows.

M = Mye Mt
Rearrangement of this equation gives
1 My
t=—In{—).
Ad ( M )

Hence the time it will take for 1.5 moles of this material to decay is

. 1 L (20
= T54x103 “\05

90 days.

Q

1.3.C Composite Radionuclides

A problem often encountered in radioactivity measurements is that of determining
the activity of individual elements in a composite material. A composite material
is the one that contains more than one radioisotope at the same time. Most of the
radioactive materials found in nature are composite.

Let us suppose we have a sample that contains two isotopes having very different
half lives. Intuitively thinking, we can say that the semilogarithmic plot of activity
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versus time in such a case will deviate from a straight line of single isotopes. The
best way to understand this is by assuming that the composite material has one
effective decay constant. But this decay constant will have time dependence since as
time passes the sample runs out of the short lived isotope. Hence equations 1.3.20
and 1.3.21 will not be linear any more.

Figure 1.3.3 shows the activity plot of a composite radioactive material. Since
we know that each individual isotope should in fact yield a straight line therefore
we can extrapolate the linear portion of the graph backwards to get the straight
line for the isotope with longer half life. We can do this because the linear portion
shows that the shorter lived isotope has fully decayed and the sample now essentially
contains only one radioactive isotope. Then the straight line for the other isotope
can be determined by subtracting the total activity from the activity of the long
lived component.

\
\

. ..
+ Measured activity

~
~
~

S s

low oo
deCaylng COIH . .
Ponenz Figure 1.3.3: Experimental de-

i’:ﬁ, termination of decay constants
= of two nuclides in a composite
Fast decaying component decaying material.
Time
Example:

The following table gives the measured activity in counts of a composite ra-
dioactive sample with respect to time. Assuming that the sample contains two
radioactive isotopes, compute their decay constants and half lives.

t (min) 0 30 | 60 | 90 | 120 | 150 | 180 | 210 | 240 | 270 | 300

A (cts/min) | 2163 | 902 | 455 | 298 | 225 | 183 | 162 | 145 | 133 | 120 | 110

Solution:

Following the procedure outlined in this section, we plot the activity as a
function of time on a semilogarithmic graph (see Fig.1.3.4). It is apparent from
the plot that after ¢ = 120 minutes In(A) varies linearly with time. Using least
square fitting algorithm we fit a straight line through points between ¢ = 150
and ¢t = 300 minutes. The equation is found to be

In(A) = —3.28 x 1073t 4 5.68.
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This straight line represents the activity of the long lived component in the
sample. Its slope gives the decay constant of the long lived component, which
can then be used to obtain the half life. Hence we get

A = 3.28x107% min~!
7 0.693  0.693
V21 = TN T 328 %103
= 211.3 days.

To obtain the decay constant of the short lived component, we extrapolate
the straight line obtained for the long lived component up to ¢ = 0 and then
subtract it from the observed data (see Fig.1.3.4). The straight line thus
obtained is given by

In(A) = —3.55 x 1072t + 7.53.

The slope of this line gives the decay constant of the second isotope, which
can then be used to determine its half life. Hence we have

Ao = 3.55x1072 min~!
T 0.693  0.693
= /22 A 3.55 x 10-2
= 19.5 days.

Counts

PN IR B NI R

0 50 100 150 200 250 300
Time (min)
Figure 1.3.4: Determination of decay parameters of two

nuclides from observed effective activity. The actual data
are represented by (*). The solid and dashed lines represent
the long lived and short lived components respectively.
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1.3.D Radioactive Chain

We saw earlier that when a radionuclide decays, it may change into another element
or another isotope. This new daughter radionuclide may as well be unstable and
radioactive. The decay mode and half life of the daughter may also be different
from the parent. Let us see how our radioactive decay equations can be modified for
such a situation.

I will start with a sample composed of a parent and a daughter radionuclide.
There will be two processes happening at the same time: production of daughter
(or decay of parent) and decay of daughter. The net rate of decay of the daughter
will then be the difference of these two rates, that is

dNp
dt
where subscripts P and D represent parent and daughter respectively.

= A\apNp — \apNp, (1.3.24)

Using Np = Nype 24Pt this equation can be written as
dﬂ% + AapNp — AgpNope Pt = 0. (1.3.25)
Solution of this first order linear differential equation is
Np = NP N ( “Aapt _ e_)‘th> + Nopeant, (1.3.26)
AdDp — Aap

Here Nop and Nyp are the initial number of parent and daughter nuclides respec-
tively. In terms of activity A(= AN), the above solution can be written as

Ap = 7)\ App ( —Aapt _ 6_>\th) + A()De_)\th. (1327)

AdD — Adp

Equations 1.3.26 and 1.3.27 have decay as well as growth components, as one would
expect. It is apparent from this equation that the way a particular material decays
depends on the half lives (or decay constants) of both the parent and the daughter
nuclides. Let us now use equation 1.3.27 to see how the activity of a freshly pre-
pared radioactive sample would change with time. In such a material, the initial
concentration and activity of daughter nuclide will be zero Ngp = 0, Agp = 0. This
condition reduces equation 1.3.26 to

Ap=—24D 40 ( —dapt _ e_’\th) . (1.3.28)
AdD — Adp
The first term in parenthesis on the right side of this equation signifies the buildup
of daughter due to decay of parent while the second term represents the decay of
daughter. This implies that the activity of the daughter increases with time and,
after reaching a maximum, ultimately decreases (see figure 1.3.5). This point of
maximum daughter activity t5** can be easily determined by requiring

dAp
dt
Applying this condition to equation 1.3.28 gives

1
maz _ ap/Aap) (1.3.29)

AdD — Aap

=0.
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Figure 1.3.5: Typical parent
and daughter nuclide activities.

Activity

Time

Example:
Derive the relation for the time behavior of buildup of a stable nuclide from
a radioactive element.

Solution:
Assuming the initial concentration of daughter to be zero (Nop = 0), equation
1.3.26 can be used to determine the concentration of daughter nuclide at time
t.

Np = 7)\6”3 Nop (eiAdPt = GiAth>

AdD — Adp

Since the daughter nuclide is stable therefore we can substitute Agyp = 0 in
the above equation to get the required relation.

Np = Ngp (1 — eiAdPt)

In most cases the radioactive decay process does not stop at the decay of the
daughter nuclide as depicted by equation 1.3.26. Instead the nuclides continue to
decay into other unstable nuclides until a stable state is reached. Assuming that the
initial concentrations of all the nuclides except for the parent is zero, equation 1.3.28
can be generalized for a material that undergoes several decays. The generalization
was first done by Bateman in 1910 (8). The Bateman equation for the concentration
of " radionuclide is

e—)\djt

7
Ni(t) = A1 Az Aai—1)Nor Y (1.3.30)
j=1

— [Ty Ak — Agy)’

provided Ng; = 0 for ¢ > 1. In terms of activity the Bateman equation can be
written as
e—>\djt

jz_; [leci ez Rk — Agj)

(1.3.31)
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Example:
A 50 puCi radioactive sample of pure 222Rn goes through the following series
of decays.

222Rn (T, = 3.82 days ) — 218Po (T /o = 3.05 min ) — 2}*Pb (T} = 26.8
min ) — 3*Bi (T}, = 19.7 min )

Compute the activity of its decay products after 3 hours.
Solution:

Activity of 222Rn
The decay constant of 222 Rn can be calculated from its half life as follows.

In(2) 0.693
Ty, 3.82x24 %60

= 1.26 x107* min~*

Adl =

Since we have a pure sample of radon-222 therefore its activity after 3 hours
can be calculated from equation 1.3.16.

A; = Ageaf
_ —4
50 [6 1.26x10 ><3><60}

= 48.88 uCi
Activity of g4 218p
The decay constant of 28 Po is
In(2)  0.693
1/2 3.05
= 0.227 min~'.

Since polonium-218 is the first daughter down the radioactive chain of radon-
222, we use ¢ = 2 in Bateman equation 1.3.31 to get

4 A A |: 6—)\d1t e—)\d2t
= T
’ P 2 = M) T (har — Aa2)
671.26><10*4><3><60 e—0.227x3x60
= 0.227 x 50
x (0.227 — 1.26 x 10—4) + (1.26 x 104 — 0.227)

= 48.9 uCi

A point worth noting here is that the second term in the parenthesis on the
right side of the above equation is negligible as compared to the first term
and could have safely been omitted from the calculations.
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Activity of 254 Pb
The decay constant of 234 Pb is

In(2)  0.693

A3 = = 563
1/2 .

= 0.0258 min"'.

To calculate the activity of this isotope of lead after 3 hours we use i = 3 in
Bateman equation 1.3.31.

e—)\dlt e—)\dgt
A3z = AppAg3 Aot { ]

+
(Aa2 = Ag1)(Maz — Aa1)  (Aa1 — Aaz)(Aaz — Aaz)

Ad2AqsA —
d2Aa3 Aol [(/\cu —az) a2 — /\d3):|

Due to high decay constants of 2}%Po and 21*Pb the second and third terms
on right hand side can be neglected. Hence

e_Adlt
(Ad2 — Ad1)(Aaz — >\d1):|

A3z

Q

Ad2Adz Ao [

671.26><10*4><3><60
= 0.227 x 0.0258 x 50

(0.227 — 1.26 x 10-4)(0.0258 — 1.26 x 10—4)
= 49.14 puCi.

Activity of 214 Bi
The decay constant of 314 Bi is

In(2)  0.693

Adv = [ = g%
1/2 .

= 0.0352 min"'.

The Bateman’s equation for ¢ = 4 will also contain negligible exponential
terms as we saw in the previous case. Hence we can approximate the activity
of 214Bi after 3 hours by

e—)\dlt

Ar =~ ApApn \puA
‘ 223 A1 0L (Ad2 — Aa1)(Aaz — Ad1)(Aaa — Ad1)

49.32 uCi.
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1.3.E Decay Equilibrium

Depending on the difference between the decay constants of parent and daughter
nuclides it is possible that after some time their activities reach a state of equilib-
rium. Essentially there are three different scenarios leading to different long term
states of the radioactive material. These are termed as secular equilibrium, tran-
stent equilibrium, and no equilibrium states. For the discussion in this section we
will assume a radioactive material that has a parent and a daughter only. However
the assertions will also be valid for materials that go through a number of decays.

E.1 Secular Equilibrium

If the activity of parent becomes equal to that of the daughter, the two nuclides are
said to be in secular equilibrium. This happens if the half life of parent is much
greater than that of the daughter, i.e.

le;Q > TlD/2 or Agp < A\gDp

Let us see if we can derive the condition of equal activity from equation 1.3.28. It
is apparent that if Agp > A\gp then as t — oo

efAth > e*)\dpt7

and hence we can neglect the second term on right side of equation 1.3.28. The
daughter activity in this case is given approximately by

AdD

AD ~ mAOP@iAdPt (1332)
AdD
S
XD — dap ©
Or A \
A—Z ~1-— ﬁ (1.3.33)

As A\gp > Agp we can neglect second term on right hand side of this equation.
Hence
Ap ~ AD

This shows that if the half life of parent is far greater than that of the daughter then
the material eventually reaches a state of secular equilibrium in which the activities
of parent and daughter are almost equal. The behavior of such a material with
respect to time is depicted in Fig.1.3.6.

An example of a material that reaches secular equilibrium is gg7N p. Neptunium-
237 decays into protactinium-233 through a-decay with a half life of about 2.14 x 106
years. Protactinium-233 undergoes (3-decay with a half life of about 27 days.

Example:
How long would it take for protactanium-233 to reach secular equilibrium
with its parent neptunium-237?
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Ap

Figure 1.3.6: Activities of par-
ent and daughter nuclides as a
function of time for a material
that eventually reaches the state

T,l;2>> T of secular equilibrium. The half
life of parent in such a material
is so large that it can be consid-
ered stable.

Ap

Activity

Time

Solution:
Since the half life of the parent is much larger than that of the daughter,
therefore we can safely assume that at the state of secular equilibrium the
activity of the daughter will be nearly equal to the initial activity of the
parent, that is.

AD ~ Aop.

Substitution of this equality in equation 1.3.32 gives

7)\(1[) e NPt~

AdD — Agp
1 AdD )
=1t =~ — ln —_— .
Adp <)\dD — AP

The decay constants of the two materials are

In(2)
T11;2
- IH(Q) - —10 -1
= 214 x 100 x 365 oorx 107 day
In(2)

TlD/2
In(2)

27

Adp =

AdD =

=257%x1072 day !

Hence the required time is given by

2

1 : 2.57 x 1072
n .
8.87 x 1010 2.57 x 10~2 — 8.87 x 10~10
38.9 days
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Interestingly enough, this is exactly the mean life of protactanium-233 and
it shows that after about one mean life of the daughter its activity becomes
approximately equal to that of the parent.

E.2 Transient Equilibrium

The parent and daughter nuclides can also exist in a transient state of equilibrium in
which their activities are not equal but differ by a constant fraction. This happens
when the half life of the parent is only slightly higher than that of the daughter, i.e.

T1P/2 > le:/)Q or A\gp < Adp-
The approximate activity 1.3.33 derived earlier is valid in this situation as well.

Ap oy _dar

Ap AdD
However now we can not neglect the second term on the right side as we did in the
case of secular equilibrium. In this case the equation depicts that the ratio of parent
to daughter activity is a constant determined by the ratio of parent to daughter
decay constant. Figure 1.3.5 shows the typical behavior of such a material. A
common example of transient equilibrium decay is the decay of Pb3}? into Bi3}?.

E.3 No Equilibrium
If the half life of parent is less than the half life of daughter, i.e.

TP

1/2 < Tll/)Z or \gp > A\gp,

then the activity due to parent nuclide will diminish quickly as it decays into the
daughter. Consequently the net activity will be solely determined by the activity of
the daughter. Figure 1.3.7 depicts this behavior graphically.

1.3.F Branching Ratio

In the preceding sections we did not make any assumption with regard to whether
there was a single mode or multiple modes of decay of the nuclides. In fact the
majority of the nuclides actually decay through a number of modes simultaneously
with different decay constants. Branching ratio is a term that is used to characterize
the probability of decay through a mode with respect to all other modes. For example
if a nuclide decays through « and v modes with branching ratios of 0.8 and 0.2, it
would imply that a-particle is emitted in 80% of decays while photons are emitted
in 20% of decays. The total decay constant Ay, of such a nuclide having N decay
modes is obtained by simply adding the individual decay constants.

n
Ait = Z Ad.i (1.3.34)
=1

Here )\g; represents the decay constant of the ith mode for a material that decays
through a total of n modes. The total decay constant can be used to determine the
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Figure 1.3.7: Activities of par-
ent and daughter nuclides as a
function of time for a material
that never reaches the state of
equilibrium. The parent in such
a material is shorter lived than
the daughter.

Activity

effective activity and other related quantities. The expressions for the effective half
and mean lives can be obtained by substituting T’ /5 ; = 0.693/Aq; and 7; = 1/Ag;
for the ith decay mode in the above equation. This gives

L > ! (1.3.35)

Tijz.e = Ty
1 "1
d — = — 1.3.36
mi = (1.8.:6)

where T' /5 . and 7. represent the effective half and mean lives respectively.

1.3.G Units of Radioactivity

Since the most natural way to measure activity of a material is to see how many
disintegrations per unit time it is going through, therefore the units of activity are
defined in terms of disintegrations per second. For example 1 Becquerel corresponds
to 1 disintegration per second and 1 Curie is equivalent to 3.7 x 10'° disintegrations
per second. Curie is a much bigger unit than Becquerel and is therefore more
commonly used. However for most practical sources used in laboratories, Curie is
too big. Therefore its subunits of milli-Curie and micro-Curie are more commonly
found in literature. The subunits of Curie and interconversion factors of Curie and
Becquerel are given below.
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1Ci = 3.7 x 10*° disintegrations/sec

ImCi = 107307 = 3.7 x 107 disintegrations/sec
luCi = 1075Ci = 3.7 x 10* disintegrations/sec
1Bg = 1 disintegration/sec

1Bg = 2703 x10~Ci

D 1.4 Activation

It is possible to induce radioactivity into materials by letting them interact with
radiation. The process is known as activation and is extensively used to produce
radioactive particle sources and activation detectors. The radiation emitted by the
activated material is generally referred to as residual radiation. Most of the activated
materials emit v and g particles but, as we will see later, it is possible to activate
materials that emit heavier particles.

To activate the material, it must be irradiated. As soon as the irradiation starts,
the material starts decaying. This means that both the processes, irradiation and
decay, are happening at the same time. The rate of decay would, of course, depend
on the half life of the activated material. Let R, be the rate of activation in the
sample. The rate of change in the number of activated atoms N in the material is
then given by

dN

dt
where the second term on the right hand side represents the rate of decay. A4 is the
decay constant of the activated material. Integration of the above equation yields

= Raet — AaN, (1.4.1)

R

N(t) = 2ot (1 - e—Adt) : (1.4.2)
Ad

where we have used the boundary condition: at ¢t = 0, N = 0. We can use the

above equation to compute the activity A of the material at any time ¢. For that we

multiply both sides of the equation by A4 and recall that A\;(N = A. Hence we have

A= Ry (1 - e_)‘dt) . (1.4.3)

Note that the above equation is valid for as long as irradiation is in process at a
constant rate. In activation detectors, a thin foil of an activation material is placed
in the radiation field for a time longer compared to the half life of the activated
material. The foil is then removed and placed in a setup to detect the decaying
particles. The count of decaying particles is used to determine the activation rate
and thus the radiation field.

The activation rate Rqe; in the above equations depends on the radiation flux®
as well as the activation cross section of the material. In general, it has energy

SRadiation or particle flux represents the number of particles passing through a unit area per unit time.
‘We will learn more about this quantity in the next chapter.
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dependence due to the energy dependence of the activation cross section. However,
to get an estimate, one can use a cross section averaged over the whole energy
spectrum of the incident radiation. In that case, the average activation rate is given
by

Roct = V@0oyet, (1.4.4)

where V' is the total volume of the sample, ® is the radiation flux, and o,y is the
spectrum-averaged activation cross section.

The behavior of equation 1.4.3 is graphically depicted in Fig.1.4.1. Since the
decay rate depends on the number of activated atoms, the number of atoms available
for decay increases with time. The exponential increase in the activity eventually
reaches an asymptotic value equal to the activation rate.

Figure 1.4.1: Buildup of activ-
ity in a sample undergoing ac-
tivation through constant irra-
diation. The activity eventually
reaches an asymptotic value ap-
proximately equal to the activa-
tion rate Rgc.

Activity

Time

1.5 Sources of Radiation

Radiation sources can be broadly divided into two categories: natural and man-
made.

1.5.A Natural Sources

There are three types of natural sources of radiation: cosmic, terrestrial, and inter-
nal. Exposure from most of these sources is very minimal and therefore does not
cause any measurable damage to our bodies. However, as we will see later in this
section, there are some potentially hazardous materials, such as radon in our sur-
roundings, which in deed are a cause of concern since they are capable to delivering
high integrated doses.

A.1 Cosmic Radiation Sources

The outer space is filled with radiation that comes from a variety of sources such
as burning (for example, our Sun) and exploding (for example, Supernovae) stars.
These bodies produce immense amounts of radiation, some of which reach earth.
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Fortunately the earth’s atmosphere acts as a shield to the worst of these radiations,
such as ultraviolet rays from the Sun are blocked by the ozone layer. However not all
of the harmful radiation is blocked and some reach the surface of earth causing skin
burns and cancer in people who remain exposed to sun light for extended periods of
time. The situation is even worse in places where the ozone layer has depleted due
to some reason.

On top of these localized sources of radiation there is also a background radiation
of low energy photons. This radiation is thought to be the remnant of the so called
big bang that created this universe. It is known as cosmic microwave background
radiation since the photon spectrum peaks in the microwave region of the electro-
magnetic spectrum. Although these photons reach the earth’s surface but due to
their low energies, they are not deemed harmful.

Apart from photons, there are other particles as well that are constantly being
produced in the outer space. Most of them, however, never reach the earth either
due to magnetic deflection or the earth’s upper protective atmosphere. Some of the
particles, like muons, electrons, and neutrinos, are produced when other cosmic par-
ticles interact with atoms in the upper atmosphere. Shower of these particles reach
earth’s surface time but due to their low energies and low interaction probabilities,
they do not pose any significant health hazard.

Muons and neutrinos directly produced by luminous objects in space also man-
age to reach earth due to their low interaction capabilities but are not considered
hazardous to health due to their extremely low interaction cross sections.

A.2 Terrestrial Radiation Sources

This type of radiation is present in small quantities all around us and is more or less
inescapable. Our surroundings, the water we drink, the air we breathe in, and the
food we consume, all are contaminated with minute quantities of radiation emitting
isotopes. Although these isotopes, in general, are extremely hazardous, they are not
supposed to cause any appreciable harm to our bodies except when the are present
in higher than normal concentrations.

The main source of terrestrial radiation is the element uranium and its decay
products such as thorium, radium, and radon. Although the overall natural concen-
tration of these radioactive materials is within the tolerable range of humans, some
parts of the world have been identified where higher levels of uranium and thorium in
surface soil have increased the radiation to dangerous levels. Unfortunately man has
also contributed to this dilemma by carrying out nuclear explosions and by dumping
nuclear waste.

The two isotopes of radon, ??2Rn and ??°Rn, and their daughter products are
the most commonly found hazardous radioactive elements in our surroundings. The
main cause of concern with respect to these a-emitting isotopes is their inhalation
or digestion, in which case the short range a-particles continue to cause damage to
internal organs that can lead to cancer.

A.3 Internal Radiation Sources

Our bodies contain some traces of radioactive elements that expose our tissues
to continuous low level radiation. This internal radiation primarily comes from
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Potassium-40 and Carbon-40 isotopes. However the absorbed dose and the damage
to tissues due to this radiation is minimal.

1.5.B Man-Made Sources

Right after the discovery of radiation and realization of its potentials, scientists
started working on developing sources that can be used to produce radiation in
controlled laboratory environments. These sources are made for specific purposes
and generally give off one type of radiation. Common examples of such sources are

» medical x-ray machines,
» airport x-ray scanners,

» nuclear medicines,

» particle accelerators, and
» lasers.

Out of all these sources, the ones used in medical diagnostics and therapy expose
the public to the most significant amounts of radiation. For example a single chest
x-ray exposes the patient to about 20 mrem of radiation, which is a significant
fraction of about 360 mrem of total radiation exposure to general public due to
all types of radiation. Repeated x-rays of patients are therefore discouraged unless
there is absolute medical necessity.

There are also some consumer products that give off radiation although they have
been made for some other purpose. Examples of such sources are

» television,
» smoke detectors, and
» building materials.

As we saw in the section on radioactivity, there are a large number of naturally
occurring and man-made isotopes that emit different kinds of radiation. Depending
on their half lives, types of radiation they emit, and their energies, some of these
radioisotopes have found applications in a variety of fields. In the next section, when
we discuss individual particle properties, we will also look at some of the commonly
used radiation sources made from such isotopes.

Before we go to the next section, let us have a general look at some radioisotopes
that are made in laboratories for specific purposes. A variety of methods are used to
produce radioisotopes. For example a common method is the bombardment of stable
elements with other particles (such as neutrons or protons), a process that desta-
bilizes the nuclides resulting in its decay with emission of other particles. Another
method is to extract the unstable isotopes from the spent fuel of nuclear reactors.
Some of the frequently produced radioactive elements are listed in Table.1.5.1.
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Table 1.5.1: Common Radioactive Isotopes of Elements

Element Common Isotopes Common Use

(Decay Mode)

Cobalt CoS2(B) Surgical instrument sterilization
Technetium Tc(B) Medical diagnostics

Todine I}3(B,EC), I}39(8), I}31(B) | Medical diagnostics

Xenon Xei(3) Medical diagnostics

Caesium Csi(B) Treat cancers

Iridium Iri%%(3) Integrity check of welds and parts
Polonium Po2l%(a) Static charge reduction in

photographic films

Thorium ThZ(«) Extend life of fluorescent lights
Plutonium Pu33(a) a-particle source
Americium AmZi () Smoke detectors

D 1.6 General Properties and Sources of Particles and Waves

The interaction of particles with atoms is governed by quantum mechanical processes
that depend on the properties of both incident particles and target atoms. These
properties include mass, electrical charge, and energy. In most of the cases, the
target atoms can be considered to be at rest with respect to the incident particles,
which greatly simplifies the mathematical manipulations to predict their properties
after the interaction has taken place.

Strictly speaking it is not absolutely necessary to know the internal structure (if
any) of a particle to understand its gross properties (except for properties, such as
magnetic moment of a neutron, which are not needed in usual radiation detection).
However to make our discussion complete, let’s have a look at our present knowledge
about the elementary particles. On the fundamental level there are only a few parti-
cles, which in different combinations form heavier and stable particles. For example
both proton and neutron are composed of 3 fundamental particles called quarks.
The nature of these quarks determines whether it is a proton or a neutron. There is
an extremely successful model in particle physics, called the Standard Model, which
tells us that there are 6 types of quarks and another breed of elementary particles
called leptons. These are the particles that are not known to have any internal
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structure and are therefore regarded as elementary particles. There are 6 leptons
in Standard Model: electron, tau, muon, and their respective neutrinos. Although
these particles are not known to be composed of other particles, but there are the-
oretical models and empirical evidences that suggest that they might have internal
structures.

As a comprehensive discussion on elementary particles is out of the scope of this
book therefore we will end this discussion here and refer the curious readers to
introductory texts on particle physics (17; 16) for detailed explanations.

In order to understand the interaction mechanisms of different particles it is
necessary to first familiarize ourselves with their properties. In the following we will
survey some of the important particles with respect to the field of radiation detection
and discuss their properties. The way these particles interact with matter will be
discussed in the next chapter. We will also discuss some of the most important
man-made sources that emit these particles.

1.6.A Photons

A photon represents one quantum of electromagnetic energy and is treated as a
fundamental particle in the Standard Model of particle physics. In this model the
photon is assumed to have no rest mass (although it is never at rest!). When the
photon is traveling in a medium, it slows down due to interaction with the medium
and acquires an effective mass. In vacuum, however, it is considered to be massless.
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Figure 1.6.1: Electromagnetic spectrum.

Photons do not correspond to only visible light. In fact, light spans a very
narrow region of their full energy spectrum (see Fig.1.6.1). Also, what we see as
visible light, is not really considered to be composed of individual photons, rather
it is a superposition of a number of photons. Photons are involved in all types of
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electromagnetic interactions. The whole wireless communications on which we are
so dependent nowadays is possible by photons largely in the microwave and radio-
frequency regions. There are many ways to produce photons that are not in the
visible light region of the spectrum. For example whenever a charged particle moves
(such as a changing current in a wire), it creates electromagnetic waves around it that
propagate in space. These waves are considered to be excitations in the underlying
electromagnetic field and a quantum of these excitations is called a photon.

The energy carried by a photon can be absorbed in a number of ways by other
particles with which it interacts. Also, like other particles, a photon can scatter
off from other particles and even experience gravitational pull. We’ll discuss these
interactions in detail in the next chapter.

In terms of radiation exposure and biological damage we are generally concerned
with high energy photons, such as «y-rays, x-rays, and ultraviolet rays. Having high
energies, these photons can penetrate deeper and cause more damage than the low
energy photons such as visible light.

Basic Properties of Photons
Rest mass = Zero
Electrical charge = Zero
Energy = hv= %
Momentum = %
Examples . visible light, x-rays, y-rays

An important property of photons is that they carry momentum even though
they have no rest mass. The momentum p., of a photon with energy F, frequency
v, and wavelength A is given by,

h
=—=3 (1.6.1)

A.1 Sources of Photons

Photons play very important roles not only in physics but also in engineering, med-
ical diagnostics, and treatment. For example laser light is used to correct vision, a
process called laser surgery of the eye. In medical diagnostics, x-rays are used to
make images of internal organs of the body. In the following we will look at some
of the most important of sources of photons that have found wide applications in
various fields.
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X-ray Machine

Since x-rays are high energy photons and can cause considerable damage to tis-
sues, they are produced and employed in controlled laboratory environments. Pro-
duction of x-rays is a relatively simple process in which a high Z target (i.e. an
element having large number of protons, such as tungsten or molybdenum) is bom-
barded by high velocity electrons (see Fig.1.6.2). This results in the production of
two types of x-rays: Bremsstrahlung and characteristic x-rays.
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Figure 1.6.2: Sketch of a typical x-ray tube.

Bremsstrahlung (a German word for braking radiation) refers to the radiation
emitted by charged particles when they decelerate in a medium (see Fig.1.6.3). In
case of x-rays, the high energy electrons decelerate quickly in the target material
and hence emit Bremsstrahlung. The emitted x-ray photons have continuous energy
spectrum (see Fig.1.6.4) since there are no quantized energy transitions involved in
this process. Bremsstrahlung are the x-rays that are usually employed to produce
images of internal objects (such as internal body organs in medical diagnostics).

The electrons incident on the target may also attain sufficient energies to knock
off electrons from the internal atomic shells of the target atoms leaving them in
unstable states. To regain atomic stability, the electrons from higher energy levels
quickly fill these gaps. Since the energy of these electrons is higher than the energy
needed to stay in the new orbits, the excess energy is emitted in the form of x-
ray photons (see Fig.1.6.3). Having energies characteristic to the difference in the
atomic energy levels, these photons are said to constitute characteristic x-rays (see
Fig.1.6.4). The energy of characteristic x-rays does not depend on the energy or
intensity of the incident electron beam because the emitted photons always have
the energy characteristic to the difference in the corresponding atomic energy levels.
Since different elements may have different atomic energy levels, therefore the energy
of the emitted characteristic x-ray photons can be fairly accurately predicted.
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premssuaniong FigUre 1.6.3: Physical process
of generation of characteristic x-
rays and Bremsstrahlung.
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X-ray tube spectra generally have more than one characteristic x-ray peaks since
there are a number of electronic transitions possible following a vacancy created
in one of the inner electronic shells. If an electron from the innermost K-shell is
knocked-off, the vacancy can in principle be filled by any of the electrons in the
outer shells. If an electron from the L-shell jumps in to fill the vacancy, a photon
with an energy of E, = Ej, — Ef is emitted. A large number of such photons would
appear as a prominent peak in the spectrum. Such a peak is generally referred to
as K, peak. Kg peak is the result of transitions of M-shell electrons to the K-shell
giving off photons with an energy of E, = Ey — Ex (see Fig.1.6.3).

In an x-ray tube the target (anode) is kept very close (typically 1-3 ¢m) to the
source of electrons (cathode). A high electric potential between cathode and anode
accelerates the electrons to high velocities. The maximum kinetic energy in electron
volts attained by these electrons is equal to the electric potential (in volts) applied
between the two electrodes. For example an x-ray machine working at a potential
of 30 kV can accelerate electrons up to a kinetic energy of 30 keV.

X-ray machines are extremely inefficient in the sense that 99% of their energy is
converted into heat and only 1% is used to generate x-rays.

Example:
Calculate the maximum velocity attained by an electron in an electric
potential of 40 kV'.

Solution:
An electron in an electric field of 40 £V can attain a maximum kinetic energy

of
Trnae = (40 x 10%) (1.602 x 107'9)

6.408 x 1071° J
40 keV.
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Figure 1.6.4: A typical x-ray tube spectrum showing

Bremsstrahlung continuum and peaks corresponding to charac-
teristic x-rays.

Assuming that the electron velocity is non-relativistic (i.e. v, << ¢), we can
write its maximum kinetic energy as
1
I—— imevyzna;u
where V4, represents the maximum kinetic energy of the electron. Therefore
the required velocity is

2Tmaz] 1/2

Umazr = |: m
e

(2) (6.408 x 10-15) ]2
91 x 101

= 1.2x10% ms™!.

Synchrotron Radiation

X-ray tubes are not the only means of producing x-rays. In high energy facil-
ities where particles are accelerated in curved paths at relativistic velocities using
magnetic fields, highly intense beams of photons, called synchrotron radiation, are
naturally produced. We saw earlier that when electrons decelerate in a medium
they give rise to conventional x-rays called Bremsstrahlung. On the other hand the
synchrotron radiation is produced when charged particles are accelerated in curved



36 Chapter 1. Properties and Sources of Radiation

paths. Although conceptually they represent the same physical phenomenon, but
they can be distinguished by noting that Bremsstrahlung is a product of tangential
acceleration while synchrotron radiation is produced by centripetal acceleration of
charged particles.

The spectrum of synchrotron radiation is continuous and extends over a broad
energy range from infrared to hard x-rays. In general the spectral distribution
is smooth with a maximum near the so-called critical wavelength (see Fig.1.6.5).
Critical wavelength divides the energy carried by the synchrotron radiation into two
halves.
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The x-rays produced as synchrotron radiation are extremely intense, highly col-
limated, and polarized (most of the wave vectors oscillate in the same plane) in
contrast to conventional x-rays, which have very low intensities, are very difficult to
collimate, and are completely unpolarized. However the production of synchrotron
radiation is far more expensive than conventional x-rays and therefore dedicated
synchrotron facilities have been developed around the world where beam time is
made available to researchers.

LASER

LASER (Light Amplification by Stimulated Emission of Radiation) is generated
by exploiting a quantum mechanical phenomenon called stimulated emission of pho-
tons. Stimulated emission is an optical amplification process in which the photon
population is increased by allowing the incident photons to interact with atoms or
molecules in excited states. An excited atoms, when struck by an incident photon of
some frequency and phase, emits another photon of the same frequency and phase
to relax to the ground state. The initial photon is not destroyed in the process
and goes on to create more photons. The result is an intense, highly collimated,
and coherent beam of light. In essence, the trick of producing laser is to somehow
increase the population of atoms or molecules in the excited state and maintain it
through external means. If more atoms or molecules are in excited state than in
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ground state, the system is said to have reached population inversion. Laser light is
emitted for as long as this population inversion is maintained.

We saw earlier in the section on radioactive decay that the rate of spontaneous
emission is proportional to the number of nuclei in the sample. In the case of
stimulated emission this rate is proportional to the product of the number of atoms
or molecules of the lasing medium and the radiation density p(v) of the incident
photons.

88—];] = —321,{)(1/)N (162)

Here B is a constant known as Einstein’s B coefficient and depends on the type

of atoms. Fig.1.6.6 shows the principle of operation of a typical gas laser. To make

stimulated emission possible, energy must be provided from some external source.

This so called pump can be a simple light source. A semi-transparent mirror at the

exiting end and an opaque mirror at the other end of the laser cavity reflects enough

light to maintain the population inversion. A focusing lens at the other end is used
for further collimation of the laser light.
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Figure 1.6.6: Principle of lasing action in a gas.

Lasers can be produced either as continuous waves or in the form of short dura-
tion pulses by a variety of materials in different states. Following are some of the
common types of lasers.

Gas Lasers

The active medium of such a laser is in gaseous atomic, molecular, ionic, or
metallic vapor form.

» Atoms: A very common example of such a laser is He-Ne laser. It emits
different wavelengths of laser, such as 632.8 nm, 1152 nm, and 543.5 nm.

» Molecules: These lasers are produced by molecules of gases such as carbon
dioxide and nitrogen. Simple organic molecules, such as C'Fy, can also be
employed for lasing action. However since these molecules have very narrow
energy widths, they must be pumped with another laser, such as COy. The
wavelengths of these lasers fall in the far infrared region of the spectrum. Lasers
can also be produced by molecules in short-lived excited states. These so
called Excimer (excited dimer) lasers are generally produced by bonding a noble
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gas atom (such as argon, krypton, or xenon) with a halogen atom (chlorine,
flourine, bromine, iodine). Such molecules can only be produced in a short-
lived excited state with a lifetime of less than 10 ns. These lasers are also
referred to as Exiplex (excited complex).

» lons: The lasing medium of such a laser is generally an ionized noble gas such
as Ar™ or Kr™. Since most of the wavelengths of these low power lasers fall
within the visible region of spectrum, they are extensively used in entertain-
ment industry to produce laser light shows.

» Metal Vapors: Lasing action can also be produced in metal vapors such as
those of gold, silver, and copper. These lasers are very efficient and capable of
delivering high pulsed power.

Liquid Lasers

Using liquid as a lasing material is best demonstrated by the so called dye lasers.
These lasers use a combination of liquid organic dyes to produce laser light with
wavelengths that can be tuned over a specific region of the spectrum. The dyes used
in such systems are fluorescent materials. To force the population inversion another
light source is used, which may simply be a lamp or another laser. Nd-YAG laser
is commonly used to pump dye lasers. Other Excimer or continuous wave lasers are
also extensively used for the purpose. Both pulsed and continuous mode of oper-
ation are available in dye lasers. A commonly used dye is Rhodamine-6G, which
produces a spectrum of light centered at 590 nm. When pumped with a continuous
wave laser, it can produce a power of about 1 kWh. The main advantage of dye
lasers is that they can be selectively tuned to output laser in a specific wavelengths
range. Another advantage of using dyes as lasing media is the very broad range of
laser wavelengths that can be produced.

Solid State Lasers

The solid lasing media can be conveniently categorized according to their electri-
cal conduction properties.

» Insulators: The first lasing material successfully used to generate laser light
was Ruby crystal (Al;O3 with Cr3 as low level impurity). Since then a large
number of electrically insulated solids have been identified as efficient lasing
media. Common examples of such materials are Nd-YAG and Ti-Sapphire.

» Semiconductors: Semiconductors have been found to be extremely cost ef-
fective in producing low power laser light. Because of their small size and ease
in production these lasers are widely used in consumer products, such as laser
printers and CD writers.

New Developments

During the past two decades a lot of research has been carried out to develop
highly intense and powerful lasers. Most of these research activities have focused on
producing lasers in the ultraviolet and x-ray regions of the electromagnetic spectrum.
Production of coherent light in these regions was first successfully demonstrated in
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the mid 1980s. Since then a large number of these so called x-ray lasers have been
developed in different laboratories around the world. A more recent advancement
has been the development of the so called free electron lasers. These highly powerful
lasers (kW range) produce low wavelength coherent light in brief bursts and are
generally tunable to a precise wavelength within their range of operation.

Lasers have found countless applications in many diverse fields. From precision
heavy metal cutting to the delicate eye surgery, from CD burners to range finders,
lasers are now an essential part of our everyday lives.

Most of the lasers currently in use have spectra that fall within or around the
visible light spectrum. A lot of work is now being directed towards production
of new laser materials and apparatus that could produce lower wavelength lasers.
These lasers would deliver more power to the target in shorter periods of time. Some
success has already been achieved in developing these so called, x-ray lasers (their
wavelengths lie within the range of conventional x-rays).

Although very useful, laser can be extremely hazardous specially to skin and
eye. It can cause localized burning leading to permanent tissue damage and even
blindness. Since the possibility and degree of harm depends on its wavelength (or
energy), intensity and time of exposure, therefore the regulatory commissions have
classified lasers in different classes: Class-1I laser is known to be safe and would not
cause any damage to eye even after hours of direct exposure. Class-1V laser, on the
other hand, is extremely dangerous and can cause irreversible damage such as per-
manent blindness. The lasers between these two classes are neither absolutely safe
nor extremely dangerous and the workers are allowed to directly work with them
provided they use appropriate eye protection equipment.

Radioactive Sources of Photons

There are a large number of radioactive elements that emit y-rays. These ~y-rays
are often accompanied by a- and (-particles. Besides naturally occurring sources it
is possible to produce these isotopes in laboratory as well. This is normally done by
bombarding a source material by neutrons. The nuclei, as a result, go into unstable
states and try to get rid of these extra neutrons. In the process they also release
energy in the form of v-rays. The two most commonly used radioactive sources of
y-rays are iridium-192 (3221r) and cobalt-60 ($2Co).

The easiest way to produce cobalt-60 is by bombarding cobalt-59 with slow neu-
trons as represented by the following reaction.

32Co+n —9Co+~ (7.492 MeV) (1.6.3)

For this reaction we need slow neutrons. Californium-252 is an isotope that is
commonly used as a source of neutrons. ggQC f is produced in Nuclear Reactors
and has a half life of approximately 2.64 years. It can produce neutrons through a

number of fission modes, such as
22Cf — 34T+ s Nd + 4n. (1.6.4)

However the neutrons produced in this way have higher kinetic energies than needed
for them to be optimally captured by cobalt-59. Therefore some kind of moderator,
such as water, is used to slow down these neutrons before they reach the cobalt
atoms. The resultant cobalt-60 isotope is radioactive and gives off 2 energetic y-rays
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Table 1.6.1: Common v emitters and their half lives.
Element Isotope | Energy Tyo
Sodium Na?} | 1.368MeV, 2.754MeV | 14.959 hours
Manganese | Mnj: | 834.838keV 312.3 days
Cobalt Co$% | 1.173MeV, 1.332MeV | 5.271 years
Strontium | Sr§3 | 514.005keV 64.84 days
Yttrium Y | 898.036keV, 1.836MeV | 106.65 days
Niobium Nbjl | 765.803keV 2.03 x 10% years
Cadmium | CdlY? | 88.034keV 462.6 days
Cesium CdL" | 661.657keV 30.07 years
Lead PhrZC | 46.539keV 22.3 years
Americium | Am3i! | 26.345keV, 59.541keV | 432.2 years

with a half life of around 5.27 years (see Fig.1.6.7), as represented by the reaction
below.

89Co — UNi+ B+ v+ 2y

Co

(1.17 MeV,1.33 MeV) (1.6.5)

60
27

B (0.31 MeV max.)

Figure 1.6.7: Decay scheme of

VW= ¥ (1.17 MeV) cobalt-60.

VYUYV VUS Y(1.33 MeV)

. 60
Ni 2%

Table 1.6.1 lists some of the commonly used 7-ray sources and their half lives.
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1.6.B Electrons

According to our understanding so far, electron is one of the fundamental particles
of nature. It carries negative electrical charge and has very small mass and radius.
Although we talk in terms of radius, none of the experiments so far has been able to
associate any particular structure to it. Interestingly enough, even though it appears
to have no structure, it seems to be spinning in well defined ways.

Basic Properties of Electrons

Rest mass = 9.11 x 1073%kg = 0.511MeV/c?
Electrical charge = —1.602 x 10~1°C
Internal structure : Believed to have no internal structure.

Electrons were first discovered by J. J. Thompson in 1897 in Britain, about 6
years after their presence was hypothesized and they were named electrons by an
Irish physicist, George Stoney. Thompson was able to produce cathode rays (called
as such because the rays seemed to be originating from the cathode) by making
an electric current pass through a glass bulb containing little amount of air. This
produced light of different colors inside the glass bulb and also a faint spot on the
wall of the bulb. He managed to change the direction of these rays by applying
an electric and a magnetic field across the bulb such that the electric field would
move the rays in one direction and the magnetic field would move the rays in the
other. With this scheme he was able to find the charge to mass ratio (e/m) of the
particles in these rays. Interestingly enough the mass of this particle was found
to be hundreds of times smaller than the atom. This was the first discovery of a
subatomic particle.

Later on, Ernest Rutherford proposed that the atom actually contained a nucleus
where the positive charges were concentrated. Neil Bohr expanded on this idea by
assuming that electrons revolved around this nucleus in well defined orbits, a picture
that we now know to be correct.

Just like light waves that sometimes behave as particles, electrons also seem to
have wave-like properties. For example when one atom comes closer to another, their
electron clouds (electrons revolve around the nucleus in a cloud-like orbit such that
they appear to be everywhere at the same time) interfere and may form a molecule.
Interference of electron waves has also been observed in double slit experiments when
electrons were forced to pass through consecutively placed slits.

Our familiar electric current is carried through the metallic wires by electrons that
drift at the application of electric potential at the ends of the conductor. But this is
not all, by adding or removing electrons from some materials, called semiconductors,
scientists have been able to fine tune and control their conduction properties. This
has enabled them to construct sophisticated electronic components that now form
the backbone of our technological development.

Electrons are also extensively used in medical diagnostics, therapy, material re-
search and a number of other fields.
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B.1 Sources of Electrons

Production of electron beams is a relatively simple process and a number of devices
have been developed for the purpose. We will discuss here some of the commonly
used sources of electrons.

Electron Gun

These are used to produce intense beams of high energy electrons. Two types of
electron guns are in common use: thermionic electron gun and field emission electron
gun. A third type, photo emission electron gun, is now gaining popularity specially
in high energy physics research.

The basic principle of an electron gun is the process in which an electron is
provided enough kinetic energy by some external agent to break away from the
overall electric field of the material. The three types mentioned above differ in the
manner in which a material is stimulated for this ejection. The process is easiest in
metals in which almost free electrons are available in abundance. These electrons
are so loosely bound that a simple heating of the metal can break them loose. Each
metal has a different threshold energy needed to overcome the internal attractive
force of the nuclei. This energy is called work function and is generally denoted by
w.

In a thermionic electron gun, the electrons in a metal are provided energy in
the form of heat. Generally tungsten is used in the form of a thin wire as the
source due to its low work function (4.5 eV). An electrical current through this
thin wire (called filament) produces heat and consequently loosely bound electrons
leave the metal and accumulate nearby forming the so called electron cloud. To
make a beam of electrons out of this electron cloud a high electrical potential is
applied between two electrodes. The negative electrode (cathode) is placed near the
electron cloud while the positive electrode (anode) is placed away from it. Cathode
is in the form of a grid so that it could allow the electrons from the filament to pass
through it when they experience attractive pull of the anode. The intensity of the
electron beam is proportional to the number of electrons emitted by the filament,
which in turn depends on the temperature of the filament. Since this temperature
is proportional to the current passing through the filament, the current can be used
to control the intensity of the electron beam. In practice, as the filament current is
raised the electron beam intensity rises until a saturation state is reached in which
the intensity remains constant even at higher currents (see Fig.1.6.8). The intensity
of the electron beam is generally quoted in Ampere, which is a unit of electrical
current and represents the charge passing through a certain point per second.

In a field emission electron gun, the electrons are extracted from a metal using a
very high electric field of the order of 10? V/m. This does not require the source of
electrons to be heated but safe application of such a high electrical potential requires
a very good vacuum.

It is also possible to liberate electrons from the surface of a metal by illuminating
it with photons, a process called photoelectric emission. In order to obtain intense
electron beams, this process requires utilization of intense light sources. Currently
lasers are being used for this purpose. These photo emission electron tubes are ca-
pable of producing very high intensity electron beam pulses.
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Example:

Compute the number of electrons carried in a second by an electron beam of
1.6 nA.

Solution:
Electrical current is defined as
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where @ is the total charge passing in time ¢. Using this equation we can
compute the total charge carried in a second by the beam.

Q = It=(1.6x10"%)(1)
= 1.6x107°C.

Since each electron carries a unit charge of 1.6 x 10719 coulombs, the total
number of electrons carried by the beam is

Q
N ... v
1.6 x 10—19
1.6 x 1072
1.6 x 10—19
= 100571

Radioactive Sources of Electrons

We saw earlier that cobalt-60 emits S-particles together with ~-rays. Although it
can, in principle, be used as a source of electrons but because of the associated high
~-ray background flux, it is not generally used for this purpose. There are a number
of other elements as well whose unstable isotopes emit G-particles (see Table.1.6.2)
with very low y-ray backgrounds. Most of these radionuclides are extracted from the
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spent fuel of nuclear reactors where they are produced as byproducts of the fission
reaction.

Table 1.6.2: Common electron emitters and their half lives.

Element Isotope | Energy (Emaz) | Ti/2
Sodium #up 1393 MeV 14.959 hours
Phosphorus 2p 1.71 MeV 14.262 days
Chromium 55CT | 752.73 keV 27.702 days
Cobalt 89Co | 318.13 keV 5.271 years
Copper SaCu | 578.7 keV 12.7 hours
Strontium 29Sr | 546.0 keV 28.79 years
Yttrium Ny 2.28 MeV 64.0 hours
Todine 351 | 150.61 keV 59.408 days
Cesium B1Cs | 513.97 keV 30.07 years
Thallium 2rh | 763.4 keV 3.78 years

The emission of a B-particle by a radionuclide was described earlier through the
reaction

n+p n+p —
» X—>p+1Y—|—e+1/.

The energy released in the reaction is taken away by the daughter, the electron, and
the neutrino. The daughter nucleus, being much more massive than the other two
particles, carries the least amount of kinetic energy. This energy, also called recoil
energy, is too low to be easily detected”. Therefore, for most practical purposes, we
can assume that the recoil energy is zero. Most of the energy is distributed between
the electron and the neutrino. There is no restriction on either of these particles
for the amount of energy they can carry. Although the energy of the neutrino can
not be detected by conventional means, it can be estimated from the measured (-
particle energy. Fig.1.6.9 shows a typical S-particle energy spectrum. The electrons
can carry energy from almost zero up to the endpoint energy, which is essentially
the decay @Q-value.

"For detection through ionization, the particle must carry energy greater than the ionization threshold
of the medium. In this case, the recoil energy is generally lower than the ionization threshold. However,
one can utilize other methods of detection, such as scintillation, where the interacting particle excites the
medium such that it emits light during de-excitation. Measurement of recoil energy, not necessarily related
to B-decay, is not uncommon in particle physics research.



1.6. General Properties and Sources of Particles and Waves 45

=
]
:2 ) Figure 1.6.9: Typical g-particle energy
% Endpoint I?Hergy spectrum in a (3-decay.
Q I
a :
Electron Energy

1.6.C Positrons

A positron is the anti-particle of an electron. It has all the properties of an electron
except for the polarity of the electrical charge, which is positive. There a positron can
simply be considered an electron having positive unit electrical charge. Whenever
an electron and a positron come close to each other, they annihilate each other and
produce energy in the form of photons.

et+et — 2y (1.6.6)

Basic Properties of Positrons

Rest mass = 911 x 1073 kg = 0.511 MeV/c?
Electrical charge = +1.602 x 1071 C
Internal structure : Believed to have no internal structure.

Positrons have been shown to be extremely effective tools in a variety of fields.
Most notably their utility in particle physics research has led to far reaching discov-
eries made at particle accelerators, such as LEP at CERN. In medical imaging, they
are employed in the so called Positron Emission Tomography or simply PET.

C.1 Sources of Positrons

Particle Accelerators

In particle accelerators, positrons are produced through the process of pair pro-
duction. In this process a photon interacting with the electromagnetic field of a
heavy charge creates an electron and a positron.

The positrons thus created are then guided by electric and magnetic fields to form
a narrow beam for later collision with other particles. At the Large Electron-Positron
Collider (LEP), the positrons are collided with electrons at very high energies, which
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results in the production of a large number of particles. The particles produced in
this way help the physicists to understand the fundamental properties of particles
and their interactions.

Radioactive Sources of Positrons

As we described earlier in the Chapter, there are a number of radioactive isotopes
of different materials that decay by positron emission. The only problem is that the
positrons thus produced have very short lives, i.e. they tend to quickly annihilate
with a nearby electron. Table 1.6.3 lists some of the radioisotopes that are commonly
used in laboratories.

Table 1.6.3: Common positron emitters and their half lives.

Element | Isotope | T/,

Carbon go 20.39 minutes
Nitrogen %3]\7 9.96 minutes

Oxygen $0 122.24 seconds

Fluorine $8F 109.77 minutes

1.6.D Protons

Protons are extremely stable composite particles made up of three quarks. They
carry the same amount of electric charge as electrons but in positive polarity. How-
ever they are about 1836 times heavier than electrons.

Basic Properties of Protons

Rest mass = 1.67 x 10727 kg = 938.27 MeV/c?
Electrical charge = +1.602 x 10~ C

Mean life > 10% years

Internal structure : Made up of 3 quarks

It was Eernest Rutherford who, in 1911, gave the idea of the atom being com-
posed of positively charged nucleus and separate negative charges. After a series
of experiments he reached the conclusion that the nuclei of different elements were
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always integral multiples of the nucleus of hydrogen atom. He called this basic unit
“proton”.

Protons have found many useful applications in medicine and research. For ex-
ample proton beams are used to destroy cancerous tumors. They are also extensively
used in high energy physics experiments to explore the fundamental particles and
their properties.

D.1 Sources of Protons

The effectiveness of proton beams in several fields, such as radiography, imaging,
and fundamental physics research has led to the development of state of the art
proton production facilities around the world.

Particle Accelerators

Particle accelerators are one the most important tools of fundamental physics
research. The discoveries of different quarks making up protons and neutrons have
all been made at particle colliders where particles are first accelerated at very high
energies and then made to collide either with other particles or with some other
target material. Fermi National Accelerator Laboratory in USA has huge particle
accelerators that make up the Tevatron collider. In Tevatron protons and anti-
protons are accelerated in opposite directions in a circular ring of about 4 miles in
circumference and then made to collide with each other. The resulting shower of
millions of particles created as a result of this collision are then tracked and analyzed
by very large but extremely sensitive and delicate detection systems.

Cockroft-Walton accelerator is a commonly used device to accelerate protons up
to moderate energies (several hundred MeV'). In such accelerators, hydrogen ions
are generated and pumped into a high electric field, which accelerates the ions in
a number of steps. At Fermilab, the protons start their journey from a Cockroft-
Walton accelerator and are then further accelerated by passing them through linear
and circular accelerators.

Apart from fundamental physics research, particle accelerators are also being
extensively used in cancer therapy. Although the success rate for proton therapy
is high, its use has been limited largely by the unavailability of dedicated in-house
high energy proton accelerators in most of the oncology clinics. For such clinics
the other option is to use the facilities of particle accelerators not specifically built
for radiation therapy. Many such accelerator laboratories provide beam times for
cancer treatment. However, since their uptime is never guaranteed, it becomes
difficult to schedule a travel plan for patients and clinicians to the facilities. Also
the long distances that sometimes have to be traveled by patients, who are already
fatigued by the disease, make the treatment process very uncomfortable. A number
of particle accelerators have developed their own cancer therapy stations with trained
beam technicians and clinicians. Some of the major hospitals also have small sized
accelerators that are mainly used for cancer treatment.
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Laser Ion Accelerators

Unlike conventional particle accelerators, laser ion accelerators are relatively small
sized devices that are used to accelerate ions at high energies using powerful lasers.
This new technique is capable of accelerating ions at very high energies in a very
short time and distance. In order to accelerate protons at several MeV, a highly
intense laser (> 10'W/em?) with ultra-short pulses is focused on a solid or gaseous
target. This results in a collimated beam of high energy protons, which can be used,
for example to destroy cancerous tissues.

A lot of research is currently underway to study the feasibility of these devices
for cancer therapy and it is hoped that soon they will be an integral part of oncology
clinics and hospitals.

Radioactive Sources of Protons

Table 1.6.4: Common proton emitters and their half lives.

Element Isotope [ T2

Indium 991 | 103 us
Cesium HW3Cs | 17 ps

Thulium ég7me 360 ps
Lutetium | 3'Lu [ 120 ms
Tantalum | 337Ta | 300 ms
Rhenium | 1$1Re | 370 us

Bismuth BmpBi | 44 ps

There are no naturally occurring proton emitting isotopes suitable for use in
laboratory. However, it is possible to produce such radioisotopes with the help of
nuclear reactions, where a target material is bombarded by high energy particles.
This process excites the nuclei of the target material and makes them unstable.
The excited nuclei decay be proton, neutron, a-particle, and photon emissions. The
types of particles emitted actually depend on the target material and the projectile
energy. Table 1.6.4 lists a few of the many proton emitting isotopes that have been
discovered so far.

1.6.E Neutrons

Neutrons were the last of the basic atomic constituents to be discovered mainly
because of their almost identical mass to protons and no electrical charge. A British
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scientist, James Chadwick, discovered these particles in 1932. Like protons, they are
also composite particles made up of three quarks. However they are not as stable
outside of the nucleus as protons and decay within about 15 minutes.

Because neutrons do not carry electrical charge, they can penetrate most mate-
rials deeper than other charged particles. Their main interaction mechanism with
other particles is through collisions and absorption, releasing other detectable par-
ticles. This is how they are generally detected.

Apart from other applications, neutrons are also being extensively used in ra-
diation therapy to destroy cancerous tumor cells in the body. One astonishing
application of their use in this area is in destroying metastasis cancer in the body.
Scientists are using the high neutron absorption cross section of an element called
Boron-10 to do radiation therapy of patients whose cancer cells have spread in the
body or who have tumors in inoperable locations. Boron-10 is administered to the
cancerous cells and then the body is bombarded by slow neutrons. The neutrons
are almost exclusively absorbed by Boron-10 atoms, which as a result release other
heavy subatomic particles. Due to their short range, these subatomic particles de-
stroy the tumor cells only in their vicinity thus causing minimal damage to healthy
tissues.

Basic Properties of Neutrons

Rest mass = 1.675 x 10727 kg = 939.55 MeV/c?
Electrical charge = Zero
Mean life 14.76 minutes

As discussed earlier, another important application of neutrons is in nuclear power
plants where they are used to initiate and sustain chain fission reactions necessary
to create heat and thus generate electricity.

E.1 Sources of Neutrons

Neutrons are very valuable particles because of their ability to penetrate deeper in
matter as compared to charged particles. Production of free neutrons is therefore of
high research significance. In this section we will have a look at the most important
of the neutron sources available today.

Spallation Sources

Spallation is a violent reaction in which a target is bombarded by very high
energy particles. The incident particle, such as a proton, disintegrates the nucleus
through inelastic nuclear reactions. The result is the emission of protons, neutrons,
a-particles, and other light and heavy particles. The neutrons produced in such a
reaction can be extracted and used in experiments.

A general spallation reaction with a proton as the incident particle can be written
as

p+ ST — SFy + SFy + ... + SF,, + (k)n,
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where ST is the spallation target and SF' represent m spallation fragments. The
number £k of neutrons produced in this reaction depends on the type of the target
and the energy of the incident particle.

The targets used in spallation sources are generally high Z materials such as lead,
tungsten, silver, or bismuth. However, it is also possible to generate neutrons by
bombarding light elements with high energy charged particles, such as protons. Two
examples of such reactions are the production of neutrons by bombarding lithium
and beryllium targets by high energy protons.

p+iLi — [Be+n
p+9Be — 2B+n

The reader should note that the reactions such as these are not strictly classified
as spallation reactions since they do not involve the break up of the target nuclei
into several constituents. These reactions are more closely related to the nuclear
reactions we will discuss shortly.

A big advantage of spallation sources is that they produce neutrons with a wide
spectrum of energies ranging from a few eV to several GeV. Another advantage is
their ability to generate neutrons continuously or in short pulses. The pulses could
be as short as a nanosecond.

Composite Sources

Spallation is not the only means of producing neutrons, that is, it is not abso-
lutely necessary to impinge nuclei with high energy particles to produce neutrons.
This can also be accomplished by exciting nuclei such that they emit neutrons dur-
ing the process of de-excitation. Fortunately for such a process to occur it is not
always necessary that the target particle carries a very high energy. In fact, incident
particles coming out of radioactive sources are more than sufficient to cause neutron
emission from some materials. In this book the sources made with such materials
will be termed as composite sources as they are made of combining two different
materials together.

A composite neutron source consists of a source of incident particles and a tar-
get that decays by neutron emission. The incident particle source can either be a
radioactive material or a small particle generator. In general, the composite sources
are made of a radioactive material acting as the source of incident particles mixed
in a target material. A common example is the plutonium-beryllium source, which
produces neutrons in the following sequence.

SZBPU — §§4U—|—a

a+9Be — BC*
g — Po+n

The first step of this process involves a-decay of plutonium-238, which emits a-
particles of energy around 5.48 MeV with a half life of about 87.4 years. This
moderately long half life makes it suitable for long time storage in laboratories. The
a-particle impinges on the beryllium-9 target and transforms it into carbon-13 in
an unstable state, which ultimately decays into carbon-12 by emitting a neutron.
a-induced reactions are widely used to generate neutrons. Another common
example of an (o — n) neutron source is 24! Am — Be. Americium-241 has a half



1.6. General Properties and Sources of Particles and Waves 51

life of 433 years. It decays by « emission with a mean energy of 5.48 MeV. If this
isotope is mixed with beryllium-9, the a-particles interact with the beryllium nuclei
transforming them into carbon-13 in excited state. The de-excitation of carbon-13
leads to the emission of neutrons. Note the similarity of this process to that of the
238 Py, — Be source mentioned above.

One can essentially use any a-particle source to make an (o — n) source. In
general, the (o — n) reaction can be written as

a+1PX - MY o, (1.6.7)

Just like a-particles, photons can also be used to stimulate nuclei to emit neu-
trons. A common example of such y-emitting nuclides is antimony-124. 1245b emits
a number of v-rays, the most probable of which has an energy of around 603 keV .
If these photons are then allowed to interact with beryllium nuclei, it may result
in the emission of a neutron. Antimony-beryllium neutron sources are commonly
used in laboratories. Such sources are sometimes referred to as photoneutron sources.

Fusion Sources

Fusion is a reaction in which two light nuclei (hydrogen and its isotopes) are
forcibly brought so close together that they form a new heavier nucleus in an excited
state. This nucleus releases neutrons and photons to reach its ground state. The
fusion reaction can therefore be used to produce neutrons.

To initiate a fusion reaction, a fair amount of energy must be supplied through
some external means because the nuclei are repelled by electromagnetic force be-
tween the protons. This energy can be provided by several means, such as through
charged particle accelerators. The advantage of fusion sources over the spallation
sources is that they need relatively lower beam energies to initiate the fusion process.
These sources are also more efficient in terms of neutron yield. The fusion process
producing neutrons can be written as

2D(d,n)*He

37(d,n)" He.
Here d and D represent Deuterium (an isotope of Hydrogen with one proton and
one neutron). T is another isotope of Hydrogen with one proton and 2 neutrons.
The nomenclature of the above equations is such that the first term in the brackets

represents the incoming particle and the second term the outgoing one. The above
reactions can also be written as

D+3D — 3He+n
ST+3D — 3He+n.

Nuclear Reactors

Nuclear reactors produce neutrons in very large numbers as a result of neutron-
induced fission reactions

g%‘SU +n— FF + FFy + (2—3)n
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Here F'F represents fission fragments. Although most of these neutrons are used up
to induce more fission reactions, still a large number manages to escape the nuclear
core.

Radioactive Sources of Neutrons
There are no known naturally occurring isotopes that emit significant number of
neutrons. However it is possible to produce such isotopes by bombarding neutron

rich isotopes by other particles such as protons. The problem is that these isotopes
have very short half lives making them unsuitable for usual laboratory usage.

Table 1.6.5: Common neutron sources and their decay modes.

Source Isotopes Reaction Type
Californium riof Spontaneous Fission
Deuterium-Helium D-3He Nuclear Fusion
Tritium-Helium ST-3He Nuclear Fusion
Uranium BU Nuclear Fission
Lithium gLi Spallation
Beryllium iBe Spallation
Plutonium-Beryllium | 23 Pu-Be (a,m)
Plutonium-Beryllium | 23 Pu-Be (a,n)
Americium-Beryllium | 33 Am-Be (a,n)
Americium-Boron 2 Am-B (a,m)
Americium-Fluorine M Am-F (a,n)
Americium-Lithium 2 Am-Li (a,n)
Radium-Beryllium 226 Ra-Be (a,n)
Antimony-Beryllium $248b-Be (v,n)

Perhaps the most extensively used source of neutrons is californium-252. It has
two decay modes: a-emission (96.9%) and spontaneous fission (3.1%). The latter
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produces around 4 neutrons per decay.
0y — fisr+ N a+ an

1 mg of californium-252 emits around 2.3 x 10° neutrons per second with an
average neutron energy of 2.1 MeV. It also emits a large number of v-ray photons
but the intensity is an order of magnitude lower than that of the neutrons. It
therefore does not pose much problem for applications requiring a moderately clean
neutron beam. Table 1.6.5 lists some of the common sources of neutrons and their
decay modes.

1.6.F Alpha Particles

Alpha particles are essentially helium nuclei with 2 protons and 2 neutrons bound
together. The consequence of their high mass and electrical charge is their inability
to penetrate as deep as other particles such as protons or electrons. In fact, a
typical alpha particle emitted with a kinetic energy of around 5 MeV is not able
to penetrate even the outer layer of our skin. On the other hand they interact very
strongly with the atoms they encounter on their way, the reason being of course
their highly positive charge. Hence a-particle sources pose significantly higher risk
than other types of sources of equal strength if the particles are able to reach the
internal organs. This can happen, for example if the source is somehow inhaled or
digested.

Basic Properties of a-Particles
Rest mass = 6.644 x 10727 kg = 3.727 x 103 MeV/c?
Electrical charge = 3.204 x 107 C
Mean life : Stable
Internal structure : Made up of 2 protons and 2 neutrons

The advantage of their extremely low range is that use of gloves in handling an
a-particle source is generally sufficient to avoid any significant exposure. It should,
however, be noted that because they are readily absorbed by the material, other
penetrating particles might be emitted in the process that could harm the body. As
noted above, if a-particles somehow enter the body (for example by inhalation of
a radionuclide or through an open wound into the blood stream) they can deliver
large doses to internal organs leading to irreversible damage.

a-particles can not travel more than a few centimeters in air and readily capture
two electrons to become ordinary helium. Because of their low penetration capa-
bilities and very high ionizing power a-particle beams are rarely used in radiation
therapy. Even if they are somehow administered near a tumor cell it will be very
difficult to control the destruction of cancerous cells while minimizing the damage
to the healthy tissues.
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a-particles are extremely stable particles having a binding energy of about 28.8
MeV. The protons and neutrons are held together in a very stable configuration by
the strong nuclear force.

F.1 Sources of a-Particles

Even with very low penetration capability, a-particles have found many applications
in different fields. A lot of research has therefore gone in the direction of designing
effective a-particle sources. Fortunately there are a host of naturally occurring ra-
dioisotopes that emit a-particles in abundance. A particle accelerator can then be
used to increase their energy up to the required energy. Apart from these radioactive
sources, other sources with higher a-particle fluxes have also been developed.

Accelerator Based Sources

Just like protons and neutrons, a-particles are also produced during collisions
of high energy particles with fixed target materials. At very high incident particle
energies the so called spallation reactions tear apart the target nuclei into its con-
stituents. Since the 2 protons plus 2 neutrons configuration of a nucleus is extremely
stable therefore such reactions produce a-particles as well together with protons and
neutrons.

One example of such a reaction is the collision of high energy neutrons (25-65
MeV') on a cobalt-59 target, which produces one or more a-particles per collision.

Radioactive Sources of a-Particles

There are numerous radionuclides that emit a-particles, some of which are listed
in Table.1.6.6.

1.6.G Fission Fragments

Nuclear fission is a process in which an unstable nucleus splits up into two nuclides
and emits neutrons. Two types of fission reactions are possible: spontaneous fis-
sion and induced fission. We saw earlier that spontaneous fission occurs in some
radionuclides, at least one of which, i.e. californium-252; occurs naturally. These
radionuclides are extensively used as neutron sources.

In induced fission, when a fissionable nucleus, such as uranium, captures a neutron
it goes into an unstable state and eventually breaks up in two heavy parts. In this
process it also emits some neutrons. The two heavier particles are known as fission
fragments. The reaction can be written as

FM +n— FF, + FFy, + (2-4)n, (1.6.8)

where F'M represents fissionable material (such as 23°U), n is the neutron, and FFy
and F'Fy are the two fission fragments.

Most of these fission fragments are unstable and go through a series of nuclear
decays before transforming into stable elements. They generally have unequal masses
but in a sample of many fissionable atoms, some of the fragments are always of equal
mass (see Fig.1.6.10 for an example of uranium-235 fission fragment spectrum).
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Table 1.6.6: Common « emitters, the energies of their most probable emissions,
and their half lives (26).
Element Isotope | Energy (MeV) T2
Ameritium | 231 Am | 5.443 (13%), 5.486 (85.5%) | 432.2 years
Bismuth 23Bi | 5.549 (7.4%), 5.869 (93%) 45.6 minutes
Curium 240m | 5.763 (23.6%), 5.805 (76.4%) | 18.1 years
Californium | 22Cf | 6.076 (15.7%), 6.118 (82.2%) | 2.645 years
Radium 2B Ra | 5.607 (25.7%), 5.716 (52.6%) | 11.435 days
Thorium BITh | 4.845 (56.2%), 4.901 (10.2%) | 7340 years
Plutonium 29Pu | 5.144 (15.1%), 5.156 (73.3%) | 24110 years
Polonium 20Po | 5.304 (100%) 138.376 days
10 A~95 A~137
-
-1
10
Figure 1.6.10: Typical fission
10 4 spectrum of uranium-235.
A~118
-3
10
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As an example, let us have a look at how uranium-235 fissions. The following

equation shows the process for two of the most probable fission fragments: éj‘;oX e
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and 93S7.
B 4 2n — 30U — 10Xe +325r 4+ 2n (1.6.9)

Here 3%6U * is an unstable isotope of 235U that eventually breaks up in fragments and
releases 2 neutrons. These fission fragments are themselves unstable and go through
a series of G-decays till they transmute into stable elements. 530X e eventually decays
into cerium-140 while 9357 decays into zirconium-94. Because of their high G-yields,
these fission fragments and their daughters are regarded as extremely hazardous and
special precautions must be taken while handling them.

1.6.H Muons, Neutrinos and other Particles

H.1 Muons

Muon is one of the elementary particles according to the Standard Model of Par-
ticle Physics and is classified as a Lepton. Muons carry the same electrical charge
(positive or negative) as carried by protons or electrons but they are approximately
9 times lighter than protons. Because of their lower mass, they can penetrate larger
distances in the material than protons and are therefore extensively used in probing
the magnetic properties, impurities and structural defects of different materials.

Basic Properties of Muons

Rest mass = 1.783 x 10736 kg = 105.66 MeV/c?
Electrical charge = =+1.6x107 C

Mean life = 219x107%s

Internal structure : Believed to have no internal structure.

With a flux of about 1 muon per square centimeter per second , they are the most
abundant of charged particles at sea level that enter the Earth’s atmosphere from
outer space. The main production mechanism of these muons is the interaction of
primary cosmic rays with material in the upper atmosphere. The mean energy of
these muons is about 4 GeV. They lose about 2 MeV per g/cm? of energy as they
pass through the atmosphere which suggests that their original energy is around 6
GeV.

Muons can also be produced in the laboratory by hitting a target (such as
graphite) with high energy protons.

H.2 Neutrinos

Neutrinos are also elementary particles belonging to the leptonic category. They
come in three distinct flavors: electron-neutrino (v.), muon-neutrino (v,), and tau-
neutrino (v;). Flavor is a real term used in Standard Model of particle physics to
characterize the elementary particles. Recent experiments have proved that these
three types can transform into one another (1). Standard Model does not assign
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any mass to the neutrinos but recent experiments have suggested that they indeed
have masses, albeit very small (a few eV’). They do not carry any electrical charge
and therefore are extremely difficult to detect.

Basic Properties of Neutrinos
Rest mass : Extremely small (few eV)
Electrical charge = Zero
Mean life > 1033 years
Internal structure : Believed to have no internal structure.

Neutrinos are extremely abundant in nature and are produced in large numbers
in processes like nuclear fusion, stellar collapse, and black-hole collisions. The nu-
clear fusion reactions inside the core of the Sun produce electron-neutrinos in huge
numbers. Some of these electron-neutrinos change into the other two types on their
way to the earth and as a result we receive all three types. Their average flux on
earth’s surface is on the order of 106 cm 2571

The degree of difficulty in detecting neutrinos can be appreciated by the fact that
a neutrino can pass through a thousand earths without making a single interaction.
Still, scientists have exploited their abundance to design dedicated neutrino detectors
around the world.

H.3 Some Other Particles

All of the particles mentioned above have their counterparts in nature. For example
there is an anti-electron called positron having positive electrical charge and all the
other properties of an electron. When a positron and an electron come close, they
annihilate each other and give out energy in the form of photons. Similarly protons
have anti-protons and neutrinos have anti-neutrinos.

Apart from these so called anti-particles there is a host of other particles, some of
which exist in nature while others are produced in laboratories by colliding particles
at very high energies. For example gluons are the particles that bind the protons
and neutrons together inside the nucleus by the strong nuclear force. The process of
radioactive decay, which we discussed earlier, is the result of the weak nuclear force
between particles mediated by W and Z particles. During high energy collisions a
large number of particles are created. Most of these particles have extremely short
mean lives, but with present day technologies, their properties can be studied in
detail. This has shed important light on the nature of elementary particles and
their underlying physics.
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D Problems

1.

13.

14.
15.

16.

Compute the de Broglie wavelength of an electron moving with a velocity of
2.5 x 108ms 1.

. Compare the de Broglie wavelength of a proton moving at 0.9¢, ¢ being the

velocity of light in vacuum, with the wavelength of x-rays (10710 m).

. Scintillators are the materials that produce light when they are exposed to

radiation. Most scintillators used to build detectors produce light in blue and
green regions of the electromagnetic spectrum with mean wavelengths of 475
nm and 510 nm respectively. Compute the energies and frequencies associated
with these photons.

. What is the minimum de Broglie wavelength of an electron accelerated in a 40

kV x-ray tube.

. Write down the decay equations for the following radionuclides.

iiNa (8), 37C0 (EC), 537Cs (B), §5' Am (a), 5°C[ (a)

. A newly produced radioactive decay sample has an initial activity of 200 M Bgq.

Compute its decay constant, half life, and mean life if after 5 days its activity
decreases to 150 M Byq.

. Show that for a massive nucleus undergoing a-decay, the energy of the emitted

« particle is approximately given by

A—-4

Ta ~ l:T:| Qom

where A is the mass number of the parent nucleus.

. Compute the Q-values and a-particle energies for plutonium-239, americium-

243, and bismuth-214.

. Verify that Fe-55 can decay by electron capture.
10.
11.
12.

Determine if Pb-187 can decay by both a and § emissions.
Calculate the rate of a-particle emissions from a 5 mg sample of 33° Pu.

The initial activity of a radioactive sample is found to be 1.5 mC4. Find its
decay constant if after 3 years its activity decreases to 1 mC.

A radioactive element decays with a half life of 43 days. If initially there are
2.5 moles of this element in a sample, how many of its atoms will be left in the
sample after 43 days, 6 months, and 1 year.

Estimate the mean life of a radionuclide that has decayed by 75% in 24 hours.

The mean life of a radionuclide is 15 days. What fraction of it will remain
radioactive after 30 days?

Compute the ratio of the number of atoms decayed to the initial number of
atoms of a radioactive substance after 4.5 half lives.
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17.

18.

19.

20.

21.

22,

How many mean lives should pass for a radioactive substance to decay 99.9%
of its atoms.

The activity of a radioactive sample is found to be 47 Bq. Suppose that the
half life of the material is 4 days. Compute its activity 2 days before and 2
days after the measurement was made.

The activity of a radioactive material composed of only one type of material is
monitored through a detector. The detector is configured in such a way that
each output count represents one decay. If the detector count rate decreases
from an initial value of 20,000 counts per minute to 3,000 counts per minute
after 3 days, estimate the mean life of the element.

Estimate the number of thorium-232 atoms present in a sample that also con-
tains 2.5 x 10 atoms of its daughter radium-228. Assume the two isotopes to
be in secular equilibrium.

A 1 mCi sample of pure thorium-227 goes through the following series of
decays:

3%7Th(T1/2 = 18.5 days)
%' Pb(T} ) = 36.1 min)

— §§3Ra(T1/2 = 11.4 days) —
— &' Bi(Ty ), = 2.1 min) — "TI(T} j, = 4.8 min)
Compute the activities of its first four decay products after 10 days.

How much uranium-238 is needed to to have an activity of 3.5 uCi. (Take the
half life of uranium-238 to be 4.47 x 109 years.)
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Chapter 2

Interaction of Radiation with Matter

Whenever we want to detect or measure radiation we have to make it interact with
some material and then study the resulting change in the system configuration.
According to our present understanding, it is not possible to detect radiation or
measure its properties without letting it interact with a measuring device. In fact,
this can be stated as a universal rule for any kind of measurement. Even our five
senses are no exception. For example, our eyes sense photons that strike cells on its
retina after being reflected from the objects. Without such interactions we would
not be able to see anything!. The same is true for radiation detectors, which use
some form of radiation interaction to generate a measurable signal. This signal is
then used to reverse engineer the properties of the radiation. For example, when x-
ray photons after passing through an object strike a photographic plate, they stain?
the plate. The photons, which can not pass through the highly absorbing materials
in the object, do not reach the photographic plate. The varying intensity, by which
the photographic plate is fogged, creates a two dimensional image of the object and
in this way the photographic plate acts as a position sensitive detector. Although
such a method of radiation detection is still widely used, it is neither very sensitive
nor very accurate for measuring properties of radiation, such as its energy and flux.
The so called electronic detectors provide an alternative and much better means of
detecting and measuring radiation. An electronic detector uses a detection medium,
such as a gas, to generate an electrical signal when radiation passes through it.
This electrical signal can be used to characterize the radiation and its properties.
Therefore, a necessary step in building a detector is to understand the interaction
mechanisms of radiation in the detection medium. This chapter is devoted to exactly
this task. We will look at different types of radiation detectors in the subsequent
chapters.

D 2.1 Some Basic Concepts and Terminologies

Every particle carries some energy with it and is, therefore, capable of exerting force
on other particles through processes we call particle interactions. These particle in-
teractions may or may not change the states and properties of the particles involved.
The way particles interact with matter depends not only on the types of incident
and target particles but also their properties, such as energy and momentum. A
lot of work has gone into building theoretical foundations of different interaction

'In this sense we can say that our eyes are actually photon detectors
2The stains become visible after the plate has been developed through appropriate chemicals.
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mechanisms, most of which are now well understood through tools like quantum
mechanics, quantum electrodynamics, and quantum chromodynamics. However,
keeping in view the scope of this book, in this chapter we will not be looking at
the theoretical foundations of particle interactions that are based on these theo-
ries, rather spend some time on understanding the gross properties that have been
empirically and experimentally determined.

Before we go on to look at these mechanisms it is worthwhile to spend some time
on understanding some terminologies we will be needing in the following sections.

2.1.A Inverse Square Law

The strength of radiation can be characterized by its flux, which is generally defined
as the number of particles passing through a unit area per unit time. Irrespective
of the type of source, this flux decreases as one moves away from the source. This
decrease in flux depends on the type of source and the type of radiation. For example,
laser light, which is highly collimated, does not suffer much degradation in flux with
distance. On the other hand, the flux from radioactive sources decreases rapidly as
the distance from it increases. The inverse square law, which is based on geometric
considerations alone, characterizes this change. It states that the radiation flux is
inversely proportional to the square of the distance from the point source, that is

1
o, (2.1.1)

where 7 is the distance between the source and the point where flux is to be calcu-
lated. This law is the consequence of the isotropic nature of a point source because
such a source is expected to radiate equally in all directions. Since the flux is a
measure of the amount of radiation passing through an area therefore it should vary
according to how the area varies with distance from the source. Now, we know that
the surface area around a point is given by 4772, which means that the area varies as
r2. Hence we conclude that the flux, which represents the amount of radiation pass-
ing through a unit area is proportional to the inverse of the square of the distance
or as 1/r2.

As stated earlier, this law applies to only point sources. Now, a perfectly point
source does not exist in nature and is extremely difficult, if not impossible, to man-
ufacture. However this does not mean that this law can not be applied to practical
systems. The reason is that the notion of a point source is relative to the distance
from the source. For example, a disk source can be be considered a point source if
one is at a considerable distance from its center. If this consideration is taken into
account then this law can be applied to most sources.

Another very important thing to consider is that the medium through which the
radiation travels should neither be scattering nor absorbing. It is understandable
that, if there is considerable scattering and absorption, the flux would change more
rapidly than 72. The inverse square law is therefore applied only in vacuum or low
pressure gaseous environments, such as air under atmospheric conditions. In liquids
and solids the scattering and absorption are not negligible and therefore this law
does not hold.

Inverse square law plays an important role in radiation protection, as it sets a
minimum distance a radiation worker must retain from a source to minimize the
possibility of radiation damage.
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Example:
Determine the relative change in flux of y-rays when the distance from the
source is changed from 5 m to 20 m in air.

Solution:
The flux at 5 m from the source is given by

1

o = A
1 ’7’2
1

:A?

where A is the proportionality constant. Similarly the flux at 20 m from the
source is

1
Dy =A—.
27 P02
The relative change in flux is then given by
b, — Dy
0P = ——= x 100
o,
11
— u % 100
52
= 93.7%.

2.1.B Cross Section

Particle interactions have been very successfully handled by quantum mechanics
and there is no reason to believe that these theoretical foundations are not accurate
descriptions of natural phenomena. However, these theories have physical and math-
ematical explanations that sometimes defy our common sense and therefore become
difficult to comprehend and visualize. Wave-particle duality that we discussed in
the preceding chapter is one such concept. Another important concept is Heisen-
berg’s uncertainty principle, which states that there is always some uncertainty in
determining any two properties of a particle simultaneously. For example, according
to this principle, it is impossible to find the exact energy of a particle at an exact
moment in time or to find its exact momentum at an exact position. Mathematically
this concept is represented by

AEAL > I (2.1.2)
21
h
Ap.Ax > —. 2.1.
phr 2 o (2.1.3)

Here A represents uncertainty in energy FE, time ¢, momentum p, or position x.
h = h/27 is the so called reduced Planck’s constant and is commonly pronounced
h-bar or h-cut.

These concepts, together with Planck’s explanation of black body spectrum and
Einstein‘s derivation of the photoelectric effect (discussed later in this chapter) led
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Schroedinger and Heisenberg to lay the foundations of quantum mechanics. Due to
the intrinsic uncertainties in finding particle properties quantum mechanics naturally
developed into a probabilistic theory. We talk about the probability of finding a
particle at a certain position but never claim to know its exact position with absolute
certainty.

So how does quantum mechanics treat particle interactions? That’s where the
concept of cross section comes in. It tells us how likely it is for a particle to interact
with another one in a certain way. Mathematically speaking it has dimensions of
area but conceptually it represents probability of interaction.

Cross section is perhaps the most quoted parameter in the fields of particle physics
and radiation measurement because it gives a direct measure of what to expect from
a certain beam of particles when it interacts with a material. Let us now see how
this concept is defined mathematically.

Suppose we have a beam of particles with a flux ® (number of particles per unit
area per unit time) incident on a target. After interacting with the target, some of
the particles in the incident beam get scattered. Suppose that we have a detector,
which is able to count the average number of particles per unit time (dN) that get
scattered per unit solid angle (d€2). This average quantity divided by the flux of
incident particles is defined as the differential cross section.

do 1 dN
70 (E,Q) = T a0 (2.1.4)
It is apparent from this equation that the cross section ¢ has dimension of area.
This fact has influenced some authors to define it as a quantity that represents
the area to which the incident particle is exposed. The larger this area, the more
probable it will be for the incident particle to interact with the target particle.
However, it should be noted that this explanation of cross section is not based on
any physical principle, rather devised artificially to explain a mathematical identity
using its dimensions.
The differential cross section can be integrated to evaluate the total cross section
at a certain energy (differential cross section is a function of energy of the incident
particles), that is

o(E) = /g—;dg. (2.1.5)

The conventional unit of cross section is barn (b) with 1 b = 10724 cm?.

2.1.C Mean Free Path

As particles pass through material, they undergo collisions that may change their
direction of motion. The average distance between these collisions is therefore a
measure of the probability of a particular interaction. This distance, generally known
as the mean free path, is inversely proportional to the cross section and the density

of the material, that is
1
Am X ——, (2.1.6)
PnO
where p,, and o represent the number density of the medium and cross section of
the particle in that medium. Note that the definition of the mean free path depends
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on the type of cross section used in the calculation. For example, if scattering cross
section is used then the mean free path would correspond to just the scattering
process. However in most instances, such as when calculating the shielding required
in a radiation environment, one uses total cross section, which gives the total mean
free path.

The mean free path has a dependence on the energy distribution of the particles
relative to the medium. For particles that can be described by the Maxwellian
distribution®, such as thermal neutrons in a gas under standard conditions, the
mean free path can be computed from

1
Am = . 2.1.7
In all other cases, the mean free path should be estimated from
1
Am = —. (2.1.8)
Pn0

The number density p,, in the above relations can be computed for any material
from
_ N
Pn = A
where A is the atomic weight of the material, V4 is the Avogadro’s number, and p
is the weight density of the material. Mean free path is usually quoted in c¢m, for
which we must take A in g/mole, N4 in mole™!, p in g/em?, and o in cm?.
For a gas, the weight density term in the above relation can be computed from

PA
RT’
where P and T represent respectively the pressure and temperature of the gas and

R = 8.314 Jmole 'K~ is the usual gas constant. Hence for a gas, the mean free
path can be computed from the following equations.

(2.1.9)

p= (2.1.10)

RT
A = ——— (for Maxwellian distributed ener 2.1.11
m JaN.Po ( gy) ( )
RT . _—
Am = (for non-Maxwellian distributed energy)  (2.1.12)
NAPO'

It is apparent from these relations that the mean free path of a particle in a gas can
be changed by changing the gas temperature and pressure (see example below).

The mean free path as defined above depends on the density of the medium.
This poses a problem not only for reporting the experimental results but also for
using the values in computer codes for systems whose density might change with
time. Therefore derivative of this term has been defined that does not depend on
the density. This is the so called specific mean free path and is given by

A

Ay = ——.
P Nyo

(2.1.13)

3The Maxwellian distribution describes how the velocities of molecules in a gas are distributed at equi-
librium as a function of temperature.
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The specific mean free path is generally quoted in units of g/em?. In literature one
generally finds specific mean free paths for different media, which can then be simply
divided by the respective densities to obtain the actual mean free paths.

Example:

Compare the scattering mean free path of moderate energy electrons in
helium and argon under standard conditions of temperature and pressure.
The scattering cross section of electrons in helium and argon can be taken to
be 2.9 x 107 b and 1.1 x 10° b respectively.

Solution:
For moderate energy electrons, we can use equation 2.1.11 to compute the
mean free path. Substituting T = 300 K, P = 1 atm = 1.033 x 10* kg/m?,
and the values of N4 and R in this equation yields

RT
V2N aPo

(8.314)(300)

V2 (6.022 x 1023) (1.033 x 10%) o
2.843 x 107

(o2

Ngp =

The mean free paths in helium and argon are then given by

2.843 x 1072°
2.9 x 10—21

9.8 x 107° m

98 um

2.843 x 10=%°
1.1 x 10~19

2.6 x107%m

2.6 pm.

/\m,hel =

and Aparg =

2.1.D Radiation Length

We will see later in this chapter that the predominant mode of energy loss for
high energy electrons in matter is through a process called Bremsstrahlung and for
photons it is pair production. Both of these processes are intimately connected
by underlying physics and hence the overall attenuation of electrons and photons
passing through matter can be described by a single quantity called radiation length.
Radiation length can be defined as the thickness of a material that an electron
travels such that it looses 1 — 1/e (corresponding to about 63%) of its energy by
Bremsstrahlung. Note that here e refers to the exponential factor. For photons the
process would be pair production.

Radiation length is an extensively quoted quantity since it relates the physical
dimension of the material (such as its depth) to a property of radiation (such as its
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rate of energy loss). It is almost universally represented by the symbol Xy. The most
widely used semi-empirical relation to calculate the radiation length of electrons in
any material is given by (54)

1 2 Ny

YO = dar A [Z2{Lrad ( )} + ZLrad] (2114>
Here Ny = 6.022 x 103 mole™" is the Avogadro’s number, o = 1/137 is the electron
fine structure constant, and r. = 2.8179 x 10~ 13¢m is the classical electron radius.
f(Z) is a function, which for elements up to uranium can be calculated from

f(Z)=a*[(1+a®)~" +0.20206 — 0.0369a” + 0.0083a" — 0.0024°]
with @ = aZ. Xg in the above relation is measured in units of g/em?2. It can be
divided by the density of the material to determine the length in ¢m. Table 2.1.1
lists values and functions for L,.q and L ,

Table 2.1.1: L,,q and L], needed to compute radiation length from equation 2.1.14
(19)

Element Z Lyoa Lo
H 1 5.31 6.144
He 2 4.79 5.621
Li 3 4.74 5.805
Be 4 4.71 5.924
Others >4 | In(184.15Z71/3) | In(1194Z-%/3)

The term containing L, in equation 2.1.14 can be neglected for heavier elements,
in which case the radiation length, up to a good approximation, can be calculated
from ) N

g2 A

Xo A
Fig.2.1.1 shows the values of radiation length calculated from equations 2.1.14 and
2.1.15 for materials with Z = 4 up to Z = 92. Also shown are the relative errors
assuming equation 2.1.14 gives the correct values.

Another relation, which requires less computations than equation 2.1.14 or even
2.1.15, is

(Z*{Lyaq — f(2)}] . (2.1.15)

716.44
Z(Z +1)In(287/VZ)’

Here also, as before, Xg is in g/cm?. This relation gives reasonable results for
elements with low to moderate atomic numbers. This can be seen in Fig.2.1.2,

Xo = (2.1.16)
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2.1.14(solid line) and 2.1.15(dashed line). The
lower plots shows the relative error in the values
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which shows the radiation lengths for different materials computed from equations
2.1.14 and 2.1.15 together with relative error in the latter assuming the former gives
the correct results.

For a mixture or compound, the effective radiation length can simply be calcu-
lated by taking the weighted mean

1 1
— = i —— 2.1.17
X, ;szOiv ( )

where w; and Xo; is the fraction by weight and radiation length of the i material.

Example:
Estimate the radiation length of high energy electrons in carbon dioxide.
COs is commonly used as a fill gas in gas-filled detectors.

Solution:

The effective radiation length can be computed from equation 2.1.17. But we
first need to compute the radiation lengths corresponding to the individual
elements in CO;. Since for low Z materials, equation 2.1.16 gives reasonable
results, therefore we will use this to determine the individual radiation lengths
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Radiation Length

Figure 2.1.2: Upper plot shows the radiation
lengths in g/cm? computed from equations 2.1.14
(solid line) and 2.1.16 (dashed line). The lower
45F plots shows the relative error in the values com-
puted from equation 2.1.16 with respect to the
ones computed from equation 2.1.14.
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of carbon and oxygen.

& (716.4)(12.01)
x5 = _
6(6 4 1) 1n(287//6)
= 43.0 gem™!
X0 - (716.4)(16.0)

8(8 + 1)In(287//8)
= 34.46 gem ™!

Now we need to calculate the weight fractions of carbon and oxygen in C'Oa,
which can be done as follows.

3 12.01

YT 1201 +16.0 + 16.0
= 0.2730

v — 16.0

2 7 1201 +16.0 +16.0
= 0.3635

w3 = ws2.

Where the subscript 1 of w refers to carbon while wo and w3 represent the
weight fractions of the two oxygen atoms in COs.



74 Chapter 2. Interaction of Radiation with Matter

We can now compute the effective radiation length using equation 2.1.17.

1 1

— W1 Tt WGy T W35
X, IXOC 2 3

x§ U X§
0.2730  0.3635  0.3635
130 ' 3446 | 3446
= 2.742 x 1072
=Xy = 3643 gem™!

This is our required effective radiation length. As an exercise, let us see how
different it is from the one computed using the more accurate relation 2.1.14.
The reader is encouraged to carry out the computations to verify that the
individual radiation lengths thus calculated are

X§ = 3737gem™!  and
XOO = 29.37 gem™ L.

The effective radiation length in C'Oy as calculated from equation 2.1.17 is
then given by

1 02730 03635 0.3635

X,  37.37 * 2037 T 2037
= 3.206 x 1072
=X, = 31.19gem™!

The percent relative error in the radiation length as computed from equa-
tion 2.1.16 as compared to this one is

36.43 — 31.19
= — 1
36.43 00
= 16.8%.

Hence with far less computations, we have gotten a result that is accurate to
better than 73%. However, as shown in Fig.2.1.2, the relative error increases
as we go higher in Z. Equation 2.1.16 should therefore be used only for low
to moderate Z elements.

2.1.E Conservation Laws

Although the reader should already be aware of the fundamental conservation laws of
particle physics but this section has been introduced to serve as a memory refresher.
An extensive discussion on the many conservation laws that exist in particle physics
is, of course, beyond the scope of this book. We will therefore restrict ourselves to
the following three laws that are generally employed to compute kinematic quantities
related to the field of radiation detection.

» Conservation of energy

» Conservation of momentum



2.1. Some Basic Concepts and Terminologies 75

» Conservation of electrical charge

Since these laws are directly or indirectly used in computations involved in the
detection and measurement of radiation, therefore we will spend some time under-
standing their basis and learning how they are applied.

E.1 Conservation of Energy

This law dictates that total energy content of a closed system always remains con-
stant irrespective of the time evolution of the system. Here, by the term closed
system, it is not meant that the system is completely isolated from anything else in
the world. Rather it represents a system which is not influenced by external forces.
Being influenced is certainly a relative term and depends on the accuracy of the
result desired. For example, one can not escape the background electromagnetic
field, which is present everywhere. But for most practical purposes its strength is
too week at the point of collision between two microscopic particles that it can be
safely neglected. In this case we can still apply the law of conservation of linear
momentum to determine the kinematic quantities related to the collision.

At the fundamental level, the law of conservation of energy ensures that temporal
translations do not violate the laws of nature. Since mass and energy are related to
each other through Einstein’s relation £ = mc?, therefore we can also say that it
is neither possible to completely destroy mass or energy nor it is possible to create
them from nothingness.

Since mass can be converted into energy, therefore with each massive particle an
intrinsic energy content can be associated. We call this quantity its rest energy to
signify the amount of energy it contains when at rest. For particle interactions it
has been found that the sum of rest energy and the kinetic energy of a closed system
remains constant.

FE,est + T = constant

Here E,ct = moc® is the total rest energy of all particles at any instant having
combined rest mass of mg. T represents the total kinetic energy of all the particles
at the same instant in time.

E.2 Conservation of Momentum

Both linear and angular momenta are conserved for any system not subject to exter-
nal forces. For linear momentum, this law dictates that the total linear momentum
of a closed system remains constant. It represents the fact that the laws of physics
are the same at all locations in space. This law, together with the law of conserva-
tion of energy, is extensively used to determine the kinematic variables related to
particle collisions.

Linear momentum is a vector quantity and therefore one must be careful when
computing the total momentum of the system. One can not just add the momenta,
rather a vector sum must be taken. Mathematically, for the case of collision between
particles, this law requires that

> =0 (2.1.18)
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where p represents the momentum. The subscripts ¢ and f stand for the initial and
the final states of the system (such as before and after collision) and the vector sum
is carried over all moving particles taking part in the collision.

Conservation of angular momentum ensures that there are no preferred directions,
that is, the space is isotropic and the laws of physics are the same in all directions.

E.3 Conservation of Electrical Charge

Most of the particles we know hold a property called electrical charge. For example,
an electron carries a unit charge of 1.602 x 107! coulomb while a proton has the
same charge with positive polarity. However there is one fundamental difference
between the charge carried by these two particles. The electron does not seem to
have any internal structure and is therefore thought to carry the unit charge. On
the other hand the proton is composed of three quarks each carrying a fractional
charge. The total charge is still the so called unit charge but internally the charge
is divided between the constituents of the proton. A neutron is also composed of
three quarks but in such a way that the fractional charges of these quarks cancel
out and the net charge on the neutron appears to be zero. The law of conservation
of electrical charge states that the unit charge can neither be created nor destroyed.
This law eliminates some of the interaction possibilities. For example, a beta decay
can not be written as

n—e+7,

since it would imply the creation of electrical charge. Instead the correct reaction is

n—p+e-+v.

2.2 Types of Particle Interactions

Radiation carries energy and whenever it interacts with a detection medium it may
deposit some or all of it to the particles in the medium. The result is some form of
excitation. This excitation can form a basis of signal formation that can be detected
and measured by the processing electronics. Some of these excitations are:

» lonization

» Scintillation

» Excitation of lattice vibrations

» Breakup of Cooper pairs in superconductors

» Formation of superheated droplets in superfluids
» Excitation of optical states

However not all of these can always be effectively used for particle detection. The
most commonly used excitation mechanisms that are used for this purpose are the
ionization and scintillation.
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An interesting point to note here is that when we talk about the behavior of
radiation passing through matter, we are actually referring to the statistical out-
comes of interaction of particles with other particles in the material. We saw earlier
that at microscopic level, the particle interactions are mainly governed by quantum
mechanics and therefore the behavior of radiation can be predicted by statistical
quantities such as cross section. Depending on the type of force involved, particles
can interact with other particles in a number of ways. For example, the predominant
mode of interaction for charged particles and photons at lower energies is electro-
magnetic, while neutral particles are mainly affected by short range nuclear forces.
In the following sections, we will have a general look at some of the important modes
of interaction relevant to the topic of radiation interaction and detection.

2.2.A Elastic Scattering

Elastic scattering refers to a process in which an incident particle scatters off a target
in such a way that the total kinetic energy of the system remains constant. It should
be noted that scattering elastically does not imply that there is no energy transfer
between incident and target particles. The incident particle can, and in most cases
does, loose some of its energy to the target particle. However this energy does not
go into any target excitation process, such as, its electronic and nuclear states of the
target are not affected.

The best way to mathematically model the elastic scattering process is by con-
sidering both the incident and target particles to have no internal structure. Such
particles are generally referred to as point-like particles.

There are also special types of elastic scattering processes in which the incident
particle transfers none or very minimal energy to the target. A common example is
the Rayleigh scattering of photons.

2.2.B Inelastic Scattering

In inelastic scattering process the incident particle excites the atom to a higher
electronic or nuclear state, which usually comes back to the ground state by emitting
one or more particles. In this type of reaction the kinetic energy is not conserved
because some of it goes into the excitation process. However the total energy of the
system remains constant.

2.2.C Annihilation

When a particle interacts with its antiparticle, the result is the annihilation of both
and generation of other particles. The most common and oft quoted example of
this process is the electron-positron annihilation. Positron is the antiparticle of
electron having all the characteristics of an electron except for the unit electrical
charge, which in its case is positive. When it comes very close to an electron, the
two annihilate each other producing other particles. Depending on their energies,
different particles can be generated during this process. At low to moderate energies,
only photons are produced while at high energies other particles such as Z bosons
can be produced.
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The annihilation process in itself does not have any threshold energy. That is,
the process can also happen even if the electron and positron are at rest. However to
produce particles other than photons, the electron and the positron must be allowed
to collide with each other at very high energies. This is actually done, for example at
Large Electron Positron collider (or LEP) at CERN in Switzerland where particles
are accelerated to center of mass energies reaching at 45 — 100 GeV before collision.
The result of the collision is generation of large number of particles, which are then
tracked down and identified to get clues about the fundamental particles and their
interactions.

At low electron-positron energies, at least two photons are produced in the an-
nihilation process. The reason why only one photon can not be emitted lies in the
law of conservation of momentum. According to this law, the total momentum of
the emitted photons must be equal to that of the total momentum of electron and
positron. Now, if the electron and the positron move in opposite directions with
equal kinetic energies or are at rest before annihilation, the net momentum before
collision will be zero. This implies that after the annihilation the total momentum
must also be zero. We can not have a zero net momentum with only one photon
and hence we conclude that at least two photons must be produced. Hence by using
a simple argument, we have set a lower limit on the number of photons produced.

Let us now suppose that an electron-positron annihilation process produces only
two equal energy photons. If the net momentum before collision was zero then
the photons must travel in opposite direction to each other since only then the
momentum conservation can be guaranteed. The energy these photons carry can be
deduced from the law of conservation of energy, which states that the total energy
of the system before and after collision must be equal. The reader may recall that
the total energy of a particle is the sum of its kinetic and rest mass energies, such
as

E =T 4 myc?, (2.2.1)

where T is the kinetic energy, mg is the rest mass, and c is the velocity of light. The
total energy before collision can then be written as

Etotal = E.+ E‘e+
= T.+ moc2 + T+ + moc2
= T +T++ 2moc?,

where we have made use of the fact that both the electron and the positron have
equal rest masses. The kinetic energies of the two particles will be zero if they were
at rest before the annihilation. Hence the total energy before the collision will be

Eiotar = 2moc® = 2 x 511 keV.

This shows that to conserve energy, each of the two photons produced must carry
an energy of 511 keV. Hence we can conclude that if the conservation of momentum
and energy are to be satisfied then at the minimum there must be two photons each
carrying 511 keV of energy and traveling in opposite directions. This concept is also
graphically depicted in Fig.2.2.1

An interesting point to note here is that the arguments we gave in the preceding
paragraphs do not exclude the possibility of one-photon annihilation process. The
assumption of zero net momentum before collision is not always true and therefore it
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+
Figure 2.2.1: Depiction of electron-
positron annihilation process in

\\ which two photor}s are produced. To

%/U\]UU\]UU\Q\\’/\[\[U\[\[\[\[\% ensure conservation of energy and

Ey=511keV \\ Ey=511keV momentum, each of these photons

must have an energy of 511 keV and
they must travel opposite to each
other.

is possible that only a single photon is produced in the process. Similarly production
of three or more photons is also possible. However the probability of production of
single, three or more photons at low energies is very small and can be safely ignored
(39).

The electron-positron annihilation process at low energies is used in a special type
of medical imaging called Positron Emission Tomography or PET. In this process
images are produced by detecting photons that are emitted as a result of this process.
We will discuss this technique in the chapter on imaging.

Since all particles have their inverse counterparts in nature, the annihilation
process is in no way limited to electrons and positrons. For example, protons p
and anti-protons p also get annihilated when they approach each other. In fact, pp
collisions at the Tevatron collider at Fermilab in USA have given us immense insight
into the fundamental particles and their interactions.

2.2.D0 Bremsstrahlung

Bremsstrahlung is a German word meaning braking radiation. It refers to the process
in which decelerating charged particles emit electromagnetic radiation. All charged
particles can emit this kind of radiation provided they have enough energy. Gen-
erally speaking if a charged particle has energy much greater than its rest energy
(Erest = Eog = mocz, where my is its rest mass) emits Bremsstrahlung if it encounters
resistance while moving through a medium.

In pure Bremsstrahlung process there are no direct electronic or nuclear transi-
tions involved. However the radiation emitting particle may excite or ionize atoms
and excite nuclei of the medium as it decelerates. These excitations and ionizations
may lead to emission of other particles, such as x-rays and «-rays with characteris-
tic energy peaks in the spectrum. These peaks are generally superimposed on the
continuous Bremsstrahlung spectrum and are therefore clearly distinguishable. The
most common example of this phenomenon is the emission of x-rays as we saw in
the previous chapter. The electrons, as they strike the anode, emit not only char-
acteristic x-rays but also Bremsstrahlung. In fact, as the electron has a very small
mass as compared to other charged particles, its Bremsstrahlung is one of the most
commonly encountered radiations in laboratories.
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If an electron is accelerated through a potential V' (as in x-ray machines), the
maximum energy it can attain is given by

Epaz = €V, (2.2.2)

where e is the unit electronic charge. The maximum energy of the Bremsstrahlung
in the form of photons that this electron can emit will then also be equal to eV,
that is

Eprems < Emaz = €V. (223)

Since Bremsstrahlung is emitted in the form of photons having energy F = hv =
he/ )\ therefore we can write the above equation as

h; < eV
he
=)\ > —. 2.2.4
z2 (2.24)

Hence we can associate a minimum wavelength \,,;, with the process below which
there will be no Bremsstrahlung photons emitted.

he

min — "1, 2.2.
A v (2.2.5)

Amin 1s also called the cutoff wavelength for Bremsstrahlung.

Example:
Compute the cutoff Bremsstrahlung wavelength for an electron moving under
the influence of a potential of 40 £V

Solution:
We will use equation 2.2.5 to compute the cutoff wavelength.
he
/\min = W

(6.626 x 10734)(2.99 x 108)
(1.602 x 10~19)(40 x 103)
= 3091 fm

2.2.E Cherenkov Radiation

We know that velocity of a particle in a medium depends, among other things, also
on the nature and density of the medium. The same is true for light particles,
or photons. There is no theory in physics that demands that light has constant
velocity in all types of media. The special theory of relativity only says that the
velocity of light is independent of the frame of reference, not that it is constant
everywhere. In water, for example the velocity of light is significantly lower than
¢ =2.99 x 108 ms~!, which is the velocity of light in vacuum and is supposed to be
constant in vacuum.
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It is also possible that a high energy charged particle with non-zero rest mass,
such as an electron, travels faster than speed of light in that medium. If this hap-
pens, the particle emits a special kind of radiation called Cherenkov radiation. The
wavelengths of Cherenkov photons lie in and around the visible region of electro-
magnetic spectrum. In fact, the first Cherenkov radiation was observed by Pavel
Cherenkov in 1934 as blue light coming from a bottle of water undergoing bom-
bardment by particles from a radioactive source. This discovery and his subsequent
explanation of the process earned him Nobel Prize in Physics in 1958.

Cherenkov radiation has a certain geometric signature: it is emitted in the form
of a cone having an angle 6 defined by

1
cosf = B’ (2.2.6)
where n is the refractive index of the medium and 8 = v/c with v as the velocity of
the particle in the medium.

Since Cherenkov radiation is always emitted in the form of a cone therefore the
above equation can be used to determine a value of 8 (and hence v) below which
the particle will not emit any radiation. Since cos@ < 1 for a cone, therefore using
the above relation we can conclude that a necessary condition for the emission of
Cherenkov radiation is that

1
> —. 2.2.7
> (227)
Now, since 3 = v/c, this condition can be translated into
c
—. 2.2.8
v > - ( )

Here ¢/n is the velocity of light in the medium. This shows that the emission of
Cherenkov radiation depends on two factors: the refractive index n of the medium
and the velocity v of the particle in that medium. Using this condition one can
determine the minimum kinetic energy a particle must possess in order to emit
Cherenkov radiation in a medium (see example below).

Example:
Compute the threshold energies an electron and a proton must possess in
light water to emit Cherenkov radiation.

Solution:
For both particles the threshold velocity vs, can be computed from equation
2.2.8.

S ¢ 2.99 x 108

v -—=
n 1.3

= vy, 2.3 x 108 ms™!

Here we have taken n = 1.3 for water and ¢ = 2.99 x 10% ms™! is the velocity
of light in vacuum. Since particles are relativistic, we must use the relativistic

kinetic energy relation
2\ —1/2
v
o[- 2) ]
c
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Here moc? is simply the rest energy of the particle. For an electron and a

proton it is 0.511 MeV and 938 MeV respectively. If we use these numbers
then T will also be in MeV irrespective of the units we use for v and c as long
as both are in the same units. Hence the above relation can also be written as

| (23x10%2 e .
(2.99 x 108)2
= 0.565 x By,

Tth = X E()

where Ey = moc? is the rest energy of the particle. The required threshold
kinetic energies of electrons and protons are then given by

TS, = 0.565 x 0.511
— 0.289 MeV

Th = 0.565 x 938
— 539 MeV.

The above example clearly shows that protons need much higher kinetic energy
than an electron to emit Cherenkov radiation. This, of course, is a consequence of
the heavier mass of the proton. In general, the heavier the particle the higher kinetic
energy it must possess to be able to emit Cherenkov radiation.

2.3 Interaction of Photons with Matter

Since photons are not subject to Coulomb or nuclear forces, their interactions are
localized at short distances. This means that although the intensity of a photon
beam decreases as it passes through a material and photons are removed from the
beam but the energy of individual photons that do not take part in any interaction
is not affected.

2.3.A Interaction Mechanisms

Photons can primarily interact with material in three different ways: photoelec-
tric effect, Compton scattering, and pair production. Other possible interaction
mechanisms include Raleigh and Mie processes. These interaction mechanisms have
different energy thresholds and regions of high cross-sections for different materials.
Whenever a beam of photons of sufficient energy passes through a material, not all
of the photons in the beam go through the same types of interaction. With regard
to radiation detection, the key then is to look statistically at the process. For exam-
ple, if we want to know how most of the photons in the beam will interact with the
material, we can look at the cross section of all the interactions and find the one that
has the highest value at that particular photon energy. Most of the time, the cross
sections can either be determined through some semi-empirical relation or extracted
from a cross section table that are routinely published by researchers. Fig.2.3.1
shows different photon cross sections as a function of energy for carbon and lead.
Another excellent use of these cross sections is the estimation of the attenuation of
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Figure 2.3.1: Photon cross sec-
tions as a function of energy for
carbon and lead (19).

a photon beam as it passes through a material. Before we go into that discussion,
let’s have a closer look at the most important photon interaction mechanisms.

A.1 Photoelectric Effect

In the previous chapter we introduced the concept of wave-particle duality, according

to which light sometimes behave as particles.

Photoelectric effect is one of the

processes that confirm this idea. It was originally explained by Einstein and earned
him a Nobel Prize. The effect is rather simple: when light shines on a material,
electrons can be emitted. The emission of electrons, however, does not depend on
the intensity of light, rather on its frequency. If the frequency is lower than a certain
value, that depends on the target material, no electrons are emitted. Certainly this
can not be explained on the basis of classical wave-like picture of light. Einstein
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explained this effect by arguing that light is transferred to the material in packets
called quanta, each of which carries an energy equal to

E,=hv= E, (2.3.1)
A

where v and \ are the frequency and wavelength of light respectively and c is the

velocity of light in vacuum. Now, since electrons in the material are bonded therefore

to set them free the energy delivered must be greater than their binding energy. For

metals, this energy is called work function and generally represented by the symbol

¢. Hence, in order for an electron to be emitted from a metal surface, we must have

E, > ¢ (2.3.2)
or v > % (2.3.3)
or A < % (2.3.4)

If the photon energy is larger than the work function, the rest of the energy is
carried away by the emitted electron, that is

Ee=Ey —¢. (2.3.5)

Proving this theory is quite simple as one can design an experiment that measures
the electron energy as a function of the incident light frequency or wavelength and
see if it follows the above relation.

Since most metals have very low work functions, on the order of a few electron
volts, therefore even very low energy light can set them free. The work function
of metals is approximately half the binding energy of free metallic atoms. In other
words, if there were no metallic bonds and the metallic atoms were free, the energy
needed for the photoelectric effect to occur would be twice.

The photoelectric effect can also occur in free atoms. During this process, a pho-
ton is completely absorbed by an atom making it unstable. To return to the stable
state, the atom emits an electron from one of its bound atomic shells. Naturally the
process requires that the incident photon has energy greater than or equal to the
binding energy of the most loosely bound electron in the atom. The energy carried
away by the emitted electron can be found by subtracting the binding energy from
the incident photon energy, that is

E,=E,— B, (2.3.6)

where Ej is the binding energy of the atom. The atomic photoelectric effect is
graphically depicted in Fig.2.3.2
Since the photon completely disappears during the process, the photoelectric
effect can be viewed as the conversion of a single photon into a single electron. It
should however be noted that this is just a convenient way of visualizing the process
and does not in any way represents an actual photon to electron conversion. Just
like nuclear reactions we visited in the first chapter, we can also write this reaction
as
Y+ X—>XT +e. (2.3.7)
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Incident Photoelectron

Photon

@ Orbital Electron
X-ray Photon

Figure 2.3.2: Depiction of photoelectric effect in a free atom. If
the K-shell electron is knocked off by the incident photon, another
electron from a higher energy level may fill the gap. This would
result in the emission of a photon with an energy equal to the
difference of the two energy levels.

Here X is the target atom, which gets an overall positive charge when the electron
e is knocked off from one of its shells by the incident gamma ray photon ~.

The cross section for this reaction has a strong Z dependence, that is, the prob-
ability of photoelectric effect increases rapidly with atomic number of the target
atom. In addition, it also has a strong inverse relationship with energy of the inci-
dent photon. Specifically, these dependences can be expressed as

n
Ope X %, (2.3.8)
v
where n lies between 4 and 5. This relation suggests that the probability of photo-
electric effect would decrease sharply with higher incident photon energies. Figure
2.3.1 shows the typical dependence of photoelectric cross section on energy of the
incident photon in carbon and lead.
Photoelectric effect takes place predominantly in the K atomic shell and therefore
generally the cross section related to K-shell interaction is used to estimate the total
photoelectric cross section. The K-shell photoelectric cross section is given by

32 1/2
Ope, K = [—7] AL cm2/atom. (2.3.9)
€
Here
E
€ = 72 and
MeC

8
or, = gﬂrz = 665 mbarn.
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opp, is called Thompson scattering cross section.

An interesting aspect of photoelectric effect is that if the incident photon has
sufficient energy to overcome the binding energy of an inner shell electron, that
electron might get ejected leaving a vacancy behind. This vacancy can then be
filled by an outer shell electron to stabilize the atom. Such a transition would
emit a photon with energy equal to the difference of the two energy levels. These
photons are generally in the x-ray region of electromagnetic spectrum and are called
fluorescence photons. In experiments with photons where elements with high atomic
number (such as lead) are used for shielding, the emission of characteristic x-rays
from the shield is not uncommon. This adds to the overall background and care
must be taken to eliminate it from the data.

An x-ray photon emitted as a consequence of photoelectric effect can also knock
off another orbital electron provided its energy is equal to the binding energy of
that electron. This electron is called Auger electron. The process is essentially
radiationless because the excess energy of the atom is used and taken away by the
Auger electron. Auger process is shown graphically in Fig.2.3.3.

Although here we have shown that the photoelectric effect can lead to the emission
of Auger electrons, however this process is not in any way restricted to photoelectric
effect. In fact in Auger electron spectroscopy, an electron beam is used to knock
off inner shell electrons from target atoms, that eventually leads to the emission of
Auger electrons.

Photoelectron

Incident
Photon

Auger Electron

@ Orbital Electron

Figure 2.3.3: Depiction of photoelectric effect leading to the emission of
an Auger electron. A K-shell electron is seen to have been knocked off by
the incident photon, creating a vacancy that must be filled in order for
the atom to be stable again. Another electron from the M-shell fills this
gap but releases some energy in the process (shown as a photon) equal
to the difference between the two energy level. This photon is shown to
have knocked off another electron from the M-shell. The end result is a
radiationless electron emission. This electron is called Auger electron.
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Example:
Calculate the wavelength below which it would be impossible for photons to
ionize hydrogen atoms. The first ionization potential for hydrogen is 13.6 eV'.

Solution:

The minimum energy needed to ionize an atom is equal to the binding energy
of the most loosely bound electron. Since for hydrogen this energy is 13.6 eV,
for photoelectric effect to be possible we must have

E, > 136¢eV

h
—— > (136) (L602x 107) J
j >\max hc

(13.6) (1.602 x 10-19) "
(6.625 x 10734) (2.99 x 10%)
= (13.6) (1.602 x 10-19)
< 9.09 x 107% m = 90.9 nm

Hence a photon beam with a wavelength greater than 90.9 nm will not be able
to ionize hydrogen atoms no matter how high its intensity is.

A.2 Compton Scattering

Compton scattering refers to the inelastic scattering of photons from free or loosely
bound electrons which are at rest. Since the electron is almost free, it may also get
scattered as a result of the collision.

Compton scattering was first discovered and studied by Compton in 1923. During
an scattering experiment he found out that the wavelength of the scattered light was
different from that of the incident light. He successfully explained this phenomenon
by considering light to consist of quantized wave packets or photons.

Fig.2.3.4 shows this process for a bound electron. The reader may recall that the
binding energies of low Z elements are on the order of a few hundred eV, while the
~-ray sources used in laboratories have energies in the range of hundreds of keV'.
Therefore the bound electron can be considered almost free and at rest with respect
to incident photons. In general, for orbital electrons, the Compton effect is more
probable than photoelectric effect if the energy of the incident photon is higher than
the binding energy of the innermost electron in the target atom.

Simple energy and linear momentum conservation laws can be used to derive the
relation between wavelengths of incident and scattered photons (see example below),

A=+ L[l — cosf)]. (2.3.10)
moc

Here \g and ) represent wavelengths of incident and scattered photons respectively.
my is the rest energy of electron and 6 is the angle between incident and scattered
photons (see Fig.2.3.4).



88

Chapter 2. Interaction of Radiation with Matter

Incident
Photon

Figure 2.3.4: Compton scattering of a photon having energy E.o = hc/Ag
from a bound electron. Some of the energy of the incident photon goes into
knocking the orbital electron out of its orbit.

Example:
Derive equation 2.3.10.

Solution:

For this derivation we will assume that the electron is not only at rest before
the collision but is also not under the influence of any other potential. In other
words it is free to move around. As we saw before, these two assumption are
valid up to a good approximation even for electrons bound in an atom provided
the incident photon has high enough energy.

The scattering process is depicted in Fig.2.3.5 where the momenta before
and after collision have been broken down in their respective horizontal and
vertical components. This will aid us in taking the vector sum of the momenta
while applying the law of conservation of momentum.

Since electron is supposed to be at rest before the collision, therefore p.o = 0
and the total momentum in horizontal direction before collision is simply pho-
ton’s momentum p.o. After the scattering there are two horizontal momenta
corresponding to both the electron and the photon. Application of conserva-
tion of momentum in horizontal direction then gives

D0 = D~ €0s 6 + pe cos ¢.
Rearranging and squaring of this equation gives
pi cos? 0 = (py0 — Pe cOS b)> (2.3.11)

To apply the conservation of momentum in the vertical direction, we note that
before scattering there is no momentum in vertical direction. Hence we have

0 = pysinf — p. sin ¢,

where the negative sign simply shows that the two momenta are in opposite
direction to each other. Rearranging and squaring of this equation gives

p2sin® 6 = pZ sin® ¢ (2.3.12)



2.3. Interaction of Photons with Matter 89

By adding equations 2.3.11 and 2.3.11 together and using the trigonometric
identity sin @ + cos? 6 = 1 we get

Pz = P2y + D3 — 2pyopy cosf (2.3.13)

To eliminate p. from this equation we apply the conservation of total energy,
that is we require that the total energy of the system before and after mo-
mentum must be equal. The electron, being initial at rest, does not have
any kinetic energy and its total energy is only its rest mass energy moc?. Af-
ter scattering it attains a momentum, which according to special relativity is
related to its energy by the relation

2 2 2 2 4
EZ =pic® +mye”.

the energy of a photon in terms of its momentum is given by
E, = p,c

Application of the conservation of energy to the scattering process and using
the above two energy relations gives

Eow+Eyon = E,+E.

= pyoc+moc® = pyc+4/pic® +m3ch

= p2 = plo P2 2000y +2moc(pyo —py)  (23.14)

Equating 2.3.13 with 2.3.14 and some rearrangements yields

D0 — Py = ProP~y (1 — cos )

Using py = h/X in the above equation we get the required relation

h
A=X+ — (1 —cosb)
mocC

In terms incident and scattered photon energies, equation 2.3.10 can be written

as
-1

E
E’Y = E’YO 1 —+ m (1 — COS 9) s (2315)

where we have used the energy-wavelength relation E., = hc/A.

This relation shows that energy of the scattered photon depends not only on
the incident photon energy but also on the scattering angle. In other words the
scattering process is in no way isotropic. We will see later on that this directional
dependence is actually a good thing for spectroscopic purposes. Let us now have a
look at tohe dependence of scattered photon energy on three extreme angles: 0°, 90°,
and 180".

» Case-1 (0 = 0): In this case cos @ = 1 and therefore equation 2.3.15 gives
E, = BT = Ey.
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P, sin®

Figure 2.3.5: Initial and final momenta of the particles involved in
Compton scattering. The momenta of the scattered electron and
photon have been broken down into their horizontal and vertical
components for ease in application of the law of conservation of
momentum. The electron is assumed to be at rest before the colli-
sion.

That is, the scattered photon continues in the same direction as the incident
photon and carries with it all of its energy. Of course this implies that the
photon has not actually interacted with the electron and therefore this should
not be regarded as a scattering process at all. However it should be noted that
this case gives us the upper bound of the scattered photon energy. This may at
first seem an intuitive conclusion but as it turns out there is a special process
known as reverse Compton scattering in which the scattered photon energy is
actually higher than the energy of the incident photon. In this process the
electron is not at rest and therefore carries significant kinetic energy. During
its interaction with the photon it transfers some of its energy to the photon,
hence the term reverse Compton effect.

Certainly, this is a special case of Compton scattering, which is not generally
encountered in laboratories. In the case of normal Compton scattering where
the target electron is essentially at rest with respect to the incident photon,
the scattered photon energy should never exceed the incident photon energy.

Case-2 (f = 90°): In this situation the incident photon flies away at right
angles to its original direction of motion after interacting with the electron.
By substituting cos @ = 0 in equation 2.3.15 we can find the energy it carries
away by the scattered photon.

Eol1!
E,=FE,|1 7
¥ 70[+m0(:2}

The change in photon’s wavelength in this as estimated from equation 2.3.10

18
A= o fm
mocC
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» Case-3 (0 = 180"): It is obvious from equation 2.3.15 that a photon scattered
at 6 = 180° will carry the minimum possible energy (since 1—cos # is maximum
at 6 = 180"). In this case, substituting 1 — cos f = 2 in equation 2.3.15 yields

: 2F,0] "
E;m" =FEy {1 + mOCQ] . (2.3.16)
This equation can also be written as
2 271
: mopc mocC
EM = —— 2.3.17
v 2 { 2E»yo] ( )

To obtain a numerical result independent of the incident photon energy, let us
assume that the incident photon energy is much higher than half the electron
rest energy, such as E, > moc?/2. There is nothing magic about half the
electron rest energy. It’s been chosen because we want to eliminate the term
containing mgc?/ 2E,0. In this situation the above equation reduces to

TTl()C2
2
= 255 keV.

min
E’Y

This is a very interesting result because it tells us that the electron will carry
the maximum energy it could at any angle. This process resembles the simple
head-on collision of two point masses in which the incident body completely
reverses its motion and the target body starts moving forward. To determine
the energy of the electron, we assume that most of the energy of the incident
photon is distributed between the scattered photon and the electron. Hence
the maximum energy of the scattered electron can be calculated from

E" ~ B, — 255 keV.

This implies that in a y-ray spectroscopy experiment one should see a peak at
the energy £, — 255 keV. Such a peak is actually observed and is so promi-
nent that it has gotten a name of its own: the Compton edge (see Fig.2.3.7).
A consequence of this observation is that our assumption that even though
the scattering is inelastic, however the energy imparted to the atom is not
significantly high.

It is also instructive to plot the dependence of change in wavelength of the photon
on the scattering angle. Fig.2.3.6 shows such a plot spanning the full 360° around the
target electron. As expected, the largest change in wavelength occurs at 6 = 1809,
which corresponds to the case-3 we discussed above. The photon scattered at this
angle carries the minimum possible energy Efy"i" as allowed by the Compton process.

A fair question to ask at this point is how can the energy that the electron car-
ries with it be calculated? Though at first sight it may seem trivial to answer this
question, the reality is that the inelastic behavior of this scattering process makes
it a bit harder than merely subtracting the scattered photon energy from the inci-
dent photon energy. The reason is that if the electron is in an atomic orbit before
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scattered photon.
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collision then some of the energy may also go into exciting the atom. A part of this
energy, which is equal to the binding energy of the electron, goes into helping the
electron break the potential barrier of the atom and get scattered. The remaining
excess energy may not be large enough for the atom to be emitted as some sort
of de-excitation process. To make life simple though, we can always assume that
this energy is very small as compared to the energy carried away by the photon.
In this case the energy carried away by the scattered electron can be estimated by
subtracting the scattered photon energy £, and the atomic binding energy Ej of
the electron from the incident photon energy.

E2, 1—cos®
E, ~ EvO — EA/ - Eb =—> Fo — Eb (2.3.18)
met 114 —25 (1 — cos )

Another simplification to this equation can be made by noting that the binding
energy of electrons in low to moderate Z elements is several orders of magnitude
smaller than the energy of the «-ray photons emitted by most sources. In this case
one can simply ignore the term Ej in the above equation and estimate the energy
of the electron from

E? 1—
B~ Byy— By = —2 — cos 0 . (2.3.19)
met |14 =45 (1 —cosf)

Up until now we have not said anything about the dependence of the cross section
on the scattering angle 6. Let us do that now. The differential cross section for
Compton scattering can be fairly accurately calculated from the so called Klein-
Nishina formula

do. 1§ 1+ cos? ] [ 402 sin*(0/2)
dQ 2 [(14 a1 - cosf))? (14 cos?0) {1+ a(l —cosb)}

] . (2.3.20)
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Figure 2.3.7: Typical y-ray spectrum obtained by a detector surrounded
by heavy shielding (such as lead).

Here rg = 2.818 x 10713 ¢m is the classical electron radius and o = hv/mec? with
v and m being the wavelength of the incident photon and the electron rest mass
respectively.

Example:

A photon incident on an atom scatters off at an angle of 55° with an energy
of 150 keV. Determine the initial energy of the photon and the energy of the
scattered electron.

Solution:
The wavelength of the scattered photon is
he
As = —
E

S
(6.62 x 10734) (2.99 x 10%)
(150 x 103) (1.6 x 10~19)
= 8247 x 107" m.

The wavelength of the incident photon can be computed with the help of
equation 2.3.10 as follows.

h
Ai = As— —[1—cosb)
mocC

6.62 x 1034
(9.11 x 10-31) (2.99 x 108)

= 5.870 x 1072 m.

= 8247 x 10712 - [1 — cos 557
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This corresponds to an energy of

hc

Ai

(6.62 x 10734) (2.99 x 108)
5.870 x 1012

= 33712x107"J

210.5 keV.

E =

To compute the energy of the scattered electron we assume that the binding
energy of the atom is negligibly small. Then the energy of the scattered
electron would simply be equal to the difference in the energy of the incident
photon and the scattered photon, that is

E. ~ E,—FE;
210.5 — 150 = 60.5 keV.

A.3 Thompson Scattering

Thompson scattering is an elastic scattering process between a free electron and a
photon of low energy. By low energy we mean the energy at which the quantum
effects are not significant. Therefore in order to derive kinematic quantities related
to Thompson scattering, the concepts of classical electromagnetic theory suffice.
The differential and total cross sections for Thompson scattering are given by

doy, .
d—Q = 7"2 st 9 (2321)
81 o —29 2
and oy, = 5T = 6.65 x 10~ m*, (2.3.22)

where 6 is the photon scattering angle with respect to its original direction of motion
and 7. is the classical electron radius.

A.4 Rayleigh Scattering

In this elastic scattering process there is very minimal coupling of photons to the
internal structure of the target atom. The theory of Rayleigh scattering, first pro-
posed by Lord Rayleigh in 1871, is applicable when the radius of the target is much
smaller than the wavelength of the incident photon. A Rayleigh scattered photon
has almost the same wavelength as the incident photon, which implies that the en-
ergy transfer during the process is extremely small. For most of the x-rays and low
energy ~-rays, the Rayleigh process is the predominant mode of elastic scattering.

The cross section for this process is inversely proportional to the fourth power of
the wavelength of the incident radiation and can be written as (13)

_ 8ma® {%nm} * [m2 - 1} ’ . (2.3.23)

Iry = 3 Ao m2+1
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Here )\ is the wavelength of the incident photon, a is the radius of the target particle,
and m = ng/n,;, is the ratio of the index of refraction of the target particle to that
of the surrounding medium.

A.5 Pair Production

Pair production is the process that results in the conversion of a photon into an
electron-positron pair. Since photon has no rest mass, while both the electron and
the positron do, therefore we can say that this process converts energy into mass
according to Einstein’s mass energy relation £ = mc?. Earlier in the chapter we
discussed the process of electron-positron annihilation, in which mass converts into
energy. Hence we can think of pair production as the inverse process of the electron-
positron annihilation. However there is one operational difference between the two
processes: the pair production always takes part in a material while the electron
positron annihilation does not have any such requirement. To be more specific, for
the pair production to take place, there must be another particle in the vicinity
of the photon to ensure momentum conservation. The process in the vicinity of a
heavy nucleus can be represented as

Y+ X —setet + X (2.3.24)

where X and X™* represent the ground and excited states of a heavy nucleus.
Intuitively thinking, we can say that since energy is being converted into two
particles that have discrete masses, therefore enough energy should be available for
this process to take place. That is, the photon must have the energy equivalent of
at least the rest masses of two electrons (electron and positron have equal masses).

E. thresh > 2mec? (2.3.25)
:>E'y,thresh Z 1.022 MeV

Here m, is the mass of an electron or a positron. Hence a photon carrying energy
below 1.022 MeV can not convert into an electron-positron pair.

The actual threshold energy for the process in the vicinity of a heavy nucleus is
given by

2.2
2mic

E’y,thresh > 2m662 + m—, (2326)

Here my,q is the mass of the nucleus. We can also write the above equation in the
form

E’Y,thresh > 2Tnec2 |:1 + e :| . (2327>
Mpuc

Now since the mass of a nucleus is much greater than the mass of an electron
(Mpye >> me), we can neglect the second term in the parenthesis on the right hand
side and get the threshold condition we derived earlier, such as

2
Ev,thresh > 2mec”.

The pair production can also occur in the vicinity of lighter particles, such as
electrons. The process in the vicinity of an electron is generally referred to as triplet
production and can be written as

y+e—et+et +e. (2.3.28)
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The reader might be wondering why this process is termed as triplet production
although only an electron and a positron are produced. It is true that only an
electron-positron pair is generated, however since the original electron also scatters
off therefore in the imaging detector three tracks become visible: two electrons and a
positron. Hence the process is called triplet production not because three particles
are produced but because of its unique signature of three particle tracks that it
produces. To avoid confusion, some authors use the term triplet pair production for
this process. The triplet production has a threshold of 2.044 MeV. Since there
are only a few radioactive sources that emit 7-rays having energies higher than
this threshold, therefore this process is not of much significance in usual radiation
measurements.

The positrons produced during the process of pair production have very short
mean lives. The reason is of course the occurrence of this reaction in materials,
which always have electrons in abundance. Thus the positrons quickly combine
with a nearby electrons to produce photons through the process of annihilation.

Example:
Determine the region of the electromagnetic spectrum for a photon to be able
to generate an electron-positron pair through the process of pair production.

Solution:
To determine the threshold wavelength for the process, we use the pair pro-
duction threshold relation 2.3.25 and E, = hc/A.

2
E’y,thresh > 2mec

hc
> Qmec2
)\thresh
h
= /\thresh 9
MeC

Substituting h = 6.625 x 10734 Js, m, = 9.11 x 1073 kg, and ¢ = 2.99 x
10% ms~! in the above relation gives

Mhresh < 1.2x 1072 m =12 fm

Looking at the electromagnetic spectrum 1.6.1, we conclude that only y-rays
or high energy hard x-rays are capable of producing electron-positron pairs.

It is apparent that this process is not possible at all at low photon energies. If
we compare this with the usual photon energy of a few tens of keV generally used
in x-ray diagnostics, it is absolutely unnecessary to even consider this process as a
possibility. However in some ~y-decays, photons of energy greater than this threshold
are emitted.

Now we turn our attention to the probability of occurrence of this process in any
material. The pair production cross section for high energy photons E > 20 MeV
has a roughly Z? dependence, Z being the atomic number of the material.

Opair X Z° (2.3.29)
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This means that for heavy elements the pair production cross section is significantly
higher than for lighter elements. The actual cross section can be written as

7 183 1
_ 272 2
Opair = 4dariZ [§ In (m> — 5—4} em? /atom, (2.3.30)

where « is the electron fine structure constant and r. is the classical electron radius.
Fig.2.3.8 shows behavior of 0,4 with respect to atomic number Z.
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'§40;’ Figure 2.3.8: Dependence of pair production
o cross section of high energy photons (E, >
301 v

i 20 MeV) on atomic number Z as calculated from
20- equation 2.3.30. 0pgir is in units of barn/atom.
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It is also convenient to represent the pair production cross section in terms of
radiation length X, which was described earlier in the chapter for passage of elec-
trons through matter. For high energy photons, we mentioned that the process of
pair production should be considered when defining the radiation length. Hence in
similar terms we can define the radiation length for photons in a material as the
depth at which a photon beam looses 1 — 1/e (or about 63%) of its energy through
pair production. As before, e refers to the exponential factor. The formulas for ra-
diation length for photons are the same as those for electrons since the processes of
Bremsstrahlung and pair production are connected by underlying physics. In fact,
the reader may readily recognize the similarity between the pair production cross
section 2.3.30 and the radiation length formula 2.1.15. To write the relation 2.3.30
in terms of the radiation length, we can safely ignore the 1/54 term. Hence opqir

can also be written as
7T A 1

T = G N Xy

where A is the atomic mass of the element and N4 is the Avogardo’s number.

(2.3.31)

2.3.B Passage of Photons through Matter

Now that we have learned the basic processes that define the interactions a photon
may undergo while passing through matter, we are ready to discuss the gross out-
comes of such interaction. Luckily enough, although the underlying processes, as we
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saw earlier, are fairly complicated, but their overall effect on a beam of photons and
the material through which it passes can be characterized by some simple relations.
Before we go on to define these relations, let us have a qualitative look at the passage
of a photon beam through matter.

A photon beam consists of a large number of photons moving in a straight line.
The beam may or may not be monochromatic, such as, all the photons in the beam
may or may not have the same energy. Of course the term same is somewhat loosely
defined here since even a so called monochromatic photon beam has some variations
in energy around its mean value. Depending on their energy, each photon in the
beam may undergo one of the several interactions we discussed earlier. It is hard,
even impossible, to say with absolute certainty that a photon with a certain energy
will definitely interact with an atom and in a defined way. The good thing is that the
gross interaction mechanisms of a large number of photons can be quite accurately
predicted with the help of statistical quantities such as cross section.

In radiation measurements, a photon beam is relatively easier to handle as com-
pared to a beam of massive particles. The reason is that the interaction of photons
with matter is localized or discrete. That is, a photon that has not interacted with
any other particle does not loose energy and remains a part of the beam. This means
that the energy of all non-interacting photons in a beam remains constant as the
beam passes through the material. However the intensity of the beam decreases as
it traverses the material due to loss of interacting photons.

It has been found that at any point in a material, the decrease in intensity of a
photon beam per unit length of the material depends on the intensity at that point,
that is

dl

—_— -1

dx x

dl

— = —ud 2.3.32
= dx Htd, ( )

where dI is the change in intensity as the beam passes through the thickness dx
(actually dI/dx represents the tangents of the I versus x curve at each point). py is
the total linear attenuation coefficient. It depends on the type of material and the
photon energy. Integrating the above equation gives

I = Tpe M, (2.3.33)

where Ij is the intensity of the photon beam just before it enters the material and
I is its intensity at a depth z.

It is interesting to note the similarity of the above equation with the radioactive
decay law we studied in the previous chapter. In fact, in analogy with the half and
mean lives of radioisotopes, mean free path A, and half-thickness z;/, have been
defined for photon beam attenuation in materials.

1
Am = — 2.3.34
ot ( )
In(2)
T — 2.3.35
1/2 m ( )

The term mean free path was defined earlier in the chapter. Now, using equation
2.3.33 we can assign quantitative meaning to it. The reader can easily verify that the
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mean free path can be defined as the distance a photon beam will travel such that
its intensity decreases by 1 — 1/e, which corresponds to about 63% of the original
intensity.

The total linear attenuation coefficient in the above relations determines how
quickly or slowly a certain photon beam will attenuate while passing through a
material. It is a function not only of the photon energy but also of the type and
density of the material. Its dependence of these three parameters is actually a
problem for tabulation and therefore instead of the total linear attenuation coefficient
a related quantity, the mass attenuation coefficient, defined by

J— (2.3.36)

p

is quoted. Here p is the density of the material. Since mass attenuation coefficient is
independent of the physical state of the material, therefore one can easily deduce the
linear attenuation coefficient by simply multiplying it by the density of the material.
¢ and f,, are generally quoted in literature in units of em =1 and em? /g respectively.

Just like the mean free path, we can also define the specific mean free path using
the mass attenuation coeflicient as

Ap = —. 2.3.37
b= (2:337

The reader is encouraged to compare this with the definition given in equation 77.
The total attenuation coefficient characterizes the probability of interaction of
photons in a material. Since the cross section also characterizes the probability of

interaction therefore these two quantities must be related. This is true since one can
write the total linear attenuation coefficient u; in terms of total cross section o, as

ne = otlN
pNa
A )

= oy (2.3.38)
where N represents the number of atoms per unit volume in the material having
atomic number A and p is the weight density of the material. N, is the familiar
Avogadro’s number. It is evident from the above relations that the units of p; will
be em ™! if o4 is in em?/atom, N is in atoms/ecm ™3, and p is in gem 3.

We can also write the total mass attenuation coefficient in terms of the total cross

section as N
[ = atTA. (2.3.39)

Example:

Determine the thickness of lead needed to block 17.4 keV x-rays by a factor
of 10*. The density and mass attenuation coefficient lead are 11.3 gem ™2 and
122.8 em?/g.

Solution:
Blocking the beam by a factor of 10* implies that the intensity of the x-ray
beam coming out of the lead should be 10~* times the original beam intensity.
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Therefore using I = Ip10~* in equation 2.3.33 we can determine the required
thickness d as follows.

I = e
1074 = e Hd
= In(107%) = —ud
In(10~4
Mt

The total linear attenuation coefficient can be determined from the given mass
attenuation coefficient using relation 2.3.36.

Kt = HUmp
= 122.8 x 11.3 =1387.64 cm ™!

Hence the required thickness d of lead is

In(10~4)
Ht
In(10~4)
1387.64
= 0.0066 cm = 66 pm.

@ = =

This result clearly shows the effectiveness of lead in attenuating photons.
Lead is commonly used for shielding purposes in radiation environments.

Let us now see how the attenuation coefficient for a particular material can be
determined. Since there is direct relation between attenuation coefficient and the
cross section therefore if we know the total cross section, we can determine the total
attenuation coefficient. The total cross section o, can be determined by simply
adding the cross sections for individual processes, that is

Ot = Ope + 0c + Opy + Opair + Otrip + -o.nv, (2.3.40)

where the subscripts pe, ¢, ry, pair, and trip represent the photoelectric effect,
Compton scattering, Rayleigh scattering, pair production, and triplet production
respectively. The dots represent other processes such as Thompson scattering and
photonuclear interactions. Then, according to equations 2.3.38 and 2.3.39, the total
linear and the total mass attenuation coefficients can be determined from

Na

e = pT (Ope + 0c + Ory + Opair + Oprip + .....) (2.3.41)
N

T TA (Ope + Oc + Ory + Opair + Otrip + .....) . (2.3.42)

The tabulated values of photon attenuation coefficients found in literature are actu-
ally computed using this method. However, since such computations depend heavily
on theoretically obtained formulas for cross sections, therefore sometimes it is de-
sired that the coefficients are also experimentally measured. Discrepancies of around
5% between theoretical and experimental values are not uncommon.
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Fig.2.3.9 shows the mass attenuation coefficients of potassium and lead. As one
would expect, the attenuation coefficient decreases with increase in energy. However
at certain energies there are abrupt jumps in attenuation coefficients. These jumps
occur when the energy of the photon matches one of the binding energies of the atom.
At that energy the absorption of the photons increases abruptly and the attenuation
coeflicient jumps to a higher value. These abrupt changes in attenuation coefficients
has been exploited in radiation imaging techniques to enhance image contrast.

10° E
1021
@
E 10 Figure 2.3.9: Depen-
£ F dence of mass attenua-
1 L tion coefficients of potas-
B sium and lead on energy.
107
‘:f Ll | Ll
107 107 10" 1 10
Energy(MeV)

B.1 Measuring Attenuation Coefficient

To see how one can determine the attenuation coefficient experimentally, we note
that according to equation 2.3.33 the total linear attenuation coefficient can be
written as

1. (I,

Hence, to determine the linear attenuation coefficient we just need to measure the
incoming and the outgoing intensities of a photon beam that passes through a slab
of thickness d of the material. Such an experimental setup is shown in Fig.2.3.10.
The intensities Iy and I going in and coming out of the material can be measured
by two detectors installed before and after the material. Due to the energy de-
pendence of the attenuation coefficient, either the source should be able to provide
monochromatic beam or a monochromator setup should be used. The choice of the
source depends on the application. For composite materials, such as body organs,
radioactive sources are generally preferred due to the ease in their deployment and
use. For more accurate measurements, high intensity x-ray beams, such as the ones
provided by synchrotron sources are used. However, since the x-ray spectra of such
sources is quite broad, therefore the setup must also include a monochromator to
selectively use photon beam of the desired wavelength.
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Collimator

Collimator Figure 2.3.10: Sketch of a simple
1 setup for determining the atten-
"""" uation coeflicient of a material.
: The incident and transmitted in-
tensities (Ip and I) are measured
Detector  through two detectors before and
after the slab of the material of
which attenuation coeflicient is to

Detector be determined.
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B.2 Mixtures and Compounds

The attenuation coefficient of a compound or mixture at a certain energy can be
obtained by simply taking the weighted mean of its individual components according
to

Ut = szui and (2.3.44)
i

= > Willh,, (2.3.45)
A

where w; is the weight fraction of i¢th element in the mixture or compound having
total linear and total mass attenuation coefficients of u and !, respectively.

Fig.2.3.11 shows the dependence of mass attenuation coefficients of water and
dry air on energy.

Figure 2.3.11:  Depen-
dence of mass attenua-
tion coefficients of water
(solid line) and dry air
(dotted line) on energy.

-

10

i (cm’/g)
o
\HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ 1.

107 10 1 10
Energy(MeV)

=y
S
[



2.3. Interaction of Photons with Matter 103

Example:

Estimate the mean free path of 150 keV x-ray photons traveling in ordinary
water kept under normal atmospheric conditions. The total mass absorption
coefficients of hydrogen and oxygen are 0.2651 em?/g and 0.1361 cm?/g
respectively.

Solution:
The weight fractions of hydrogen and oxygen in water are

2
~ —= _ =01111
id 2116

16
2+ 16

= 0.8889

Wo

Hence according to equation 2.3.45, the mass attenuation coefficient of water
is

M = Whily, + Woplp,
= 0.1111 x 0.2651 4 0.8889 x 0.1361
0.1504 em?g~*

Under normal conditions the density of water is 1 gem 2. Therefore the total
linear absorption coefficient of water for 150 keV photons is

P = pup = 0.1504 cm L.

The mean free path is simply the inverse of total linear attenuation coefficient.
Hence we get

1
AL =
" [0
- 1 665
= 0.m04 U2

B.3 Stacked Materials

If the photon beam passes through a number of materials, the total attenuation
of photons can still be determined by applying equation 2.3.33 for the consecutive
materials. Let us suppose we have three materials stacked one after the other as
shown in Fig.2.3.12. The intensity of photons at each junction of materials, as
determined from 2.3.33 is given by

Il = I()eimldl
I, = Le#id®

= IpeHidigmride — o~ (uiditiidz)
13 = IQG_M%dQ

Tpe~editpide) g—pidy _ [ o—(uyditpidatuids)
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Here the subscripts 1, 2, and 3 represent the three materials. Using this result we
can write the equation for the intensity of a photon beam coming out of N materials
in terms of total linear and total mass attenuation coefficients as

N
Iy = Iyexp ( Z u;’d,-) (2.3.46)
1=1

N
= Ipexp (— Z uﬁnpidZ) ) (2.347)
i=1

where p; is the density of the ¢th material.

Figure 2.3.12: Depiction of passage
of photons through three materials
of different thicknessess and atten-
uation coefficients. The exponen-
tial variation of photon intensity in
each material according to equation
2.3.33 is also shown.

Intensity

Distance

Example:

Estimate the percentage of 100 keV photons absorbed in a cylindrical
ionization detector. The photons enter the detector through a 100 pm thick
aluminum window and are attenuated in the 6 c¢m thick bed of the filling
gas (CO3) kept at atmospheric temperature and pressure. The photons
surviving the interactions leave the detector through another 100 um thick
aluminum window. The mass attenuation coefficients of 100 keV photons in
aluminum, carbon, and oxygen are 0.1704 cm?/g, 0.1514 cm?/g, and 0.1551
em? /g respectively. The densities of aluminum and CO5 are 2.699 g/cm? and
1.833 x 1073 g/cm?.
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Solution:
According to equation 2.3.47, the intensity of the photons leaving the detector
is given by

Ly = Ige™(Hidathidgtpida)

where the subscripts a and g stand for aluminum and fill gas respectively. The
percentage of photons absorbed in the detector can then be written as

Iy —1
Nygs = 20T Jout 10
Iy

- (1 _ e-(u?da-l-ufdgﬂi?da)) % 100.

The mass attenuation coefficient of COs can be calculated by taking the
weighted mean of the given mass attenuation coefficients of carbon and oxygen.

W = Welly, + Wollp,
12 32
= [ —0.1514 — ] 0.1551
(44)0 5 +<44>0 55
= 0.1541 em?g!
The required percentage of absorbed photons is then given by

= —4 =3
Nabs — (1—6 (2%x0.1704%2.699%x100x 10~ *+0.1541 x1.833%x 10 ><6)> % 100.

1.08%.

D 2.4 Interaction of Heavy Charged Particles with Matter

By heavy charged particles we mean particles with A > 1 such as protons and a-
particles. The reason for differentiating between heavy and light charged particles
is that the former, due to their heavier mass and higher charge, experience stronger
Coulomb force of nuclei than the latter. Furthermore if they come close enough
to nuclei, they can also be affected by the strong nuclear force, which on lighter
particles, such as electrons, does not act. Consequently the heavy charged particles
behave quite differently in matter than the light charged particles. At low to mod-
erate energies the most important type of interaction for heavy charged particle s is
the so called Rutherford scattering. We will look at it in some detail before we go
on to the discussion of the overall effect of passage of such particles through matter.

2.4.A Rutherford Scattering

Rutherford scattering, first discovered by Lord Rutherford, refers to the elastic scat-
tering of a heavy charged particle (such as an a-particle) from a nucleus. In his
famous scattering experiment, Rutherford bombarded a thin gold foil by a-particles
and studied how many of them deflected from their original direction of motion. He
noticed that most of the a-particles passed through the foil undeflected while very
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few deflected at very large angles. This experiment proved that most of the space
in the atom is empty and the positive charge is concentrated into a small space,
which we now call nucleus. This pioneering work by Rutherford changed the way
the atoms are visualized forever.

Detectow Detector

Collimator I Output
Source \ 0

-

To Vaccuum | I
Pump N .
Gold Foil .-~

Figure 2.4.1: A simple setup to determine the angular distri-
bution of Rutherford scattering.

Rutherford scattering is sometimes referred to as Coulomb scattering since the
Coulomb force between the incident particle and the target nucleus is responsible for
the interaction. A simplified diagram of a Rutherford scattering experiment is shown
in Fig.2.4.1. A very thin gold foil is bombarded by a-particles from a radioactive
source, such as Americium-241. The scattered particles are detected by a particle
detector, which can be rotated at different angles. Such an experiment yields the
following dependence of the number of scattered particles N to the scattering angle

0.
1

Nyoc—rr
* sini(6/2)

This relationship is plotted in Fig.2.4.2 for # = 0 to # = 180°. It is apparent that
most of the incident particles pass through the target undeflected, hinting to the
vast emptiness of atomic space.

The differential cross section of this process is given by the so called Rutherford
formula

(2.4.1)

d 22722 2
o _ZiZire {WC] — (2.4.2)

dQ 4 Bp 0/2)
Here Z; and Z; are the atomic numbers of the incident and target particles respec-
tively and 6 is the scattering angle. The impact parameter b and the scattering

angle 0 are as shown in Fig.2.4.3. These and other factors in the above definition of
the differential cross section can be calculated from the following relations.

2Z1 Z2€2
Bebl
= rsing

p:
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Figure 2.4.2: Angular dependence of
the relative number of particles de-
flected through Rutherford scattering.
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Figure 2.4.3: Rutherford scattering of a particle with
charge eZ; by nucleus having charge eZ5. The cross
section of the process depends strongly the impact
parameter b.

The above formula has been developed through quantum mechanical considerations.
However if the incident particle can be considered non-relativistic (such as v <<
¢) then classical mechanics can also be employed to derive a simpler from of the
Rutherford formula given by

do Z:Ze21% 1
[ i } — (2.4.3)

dQ ~ |16meoT (0/2)

where T is the kinetic energy of the incident particle. The reader should readily
realize that the angular dependence of differential cross section is the same in both
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cases and is also consistent with the experimental observation depicted in Fig.2.4.2.
The classical limit formula is the one that was originally derived by Rutherford.

The total cross section for Rutherford scattering can be determined by integrating
the differential cross section over the whole solid angle €.

do
Ototal = | —=dQ) 2.4.4
wa = [ 5 (244

Generally one is interested in predicting the number of particles scattered in a cer-
tain solid angle (see example below). This can be done by simply multiplying the
differential cross section by the element of the solid angle, such as

Ao(f) = = A Q. (2.4.5)

Example:

In his original scattering experiment, Rutherford observed the number of
a-particles scattered off gold nuclei by counting the number of flashes on a
scintillation screen in a dark room. Luckily, with the advent of electronic
detectors, such painstaking work is now not needed. Let us replicate
Rutherford’s experiment but with an electronic detector having a surface
area of 1 em?. Suppose the source emits 3 MeV a-particles with an intensity
of 105 57! and the target is a 1 ym thick aluminum foil (the setup would be
identical to the one shown in Fig.2.4.1). Assume that the detector can count
individual « particles with an efficiency of 60%. Compute the number of
counts recorded by the detector at 10 and 30" relative to the initial direction
of motion of the a-particles. At both angles the distance of the detector from
the interaction point remains 15 ¢m. Take the atomic density of gold to be
6 x 10% m=3.

Solution:
Let us begin by simplifying equation 2.4.3 for scattering of 3 MeV a-particles
by gold nuclei.

do [Zize?]? 1
dQ 16meT | sin*(6/2)

B (2)(79) (1.602 x 10719) 1
| 167(8.85 x 10712)(3 x 106 x 1.602 x 10~19) | sin*(6/2)

1
= 3597 x1072——_ m?/st
<10 gy ™/t

Here ster stands for steradian, which is the unit of solid angle. Using this rela-
tion we can compute the differential scattering cross sections for the particles
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scattered at 10° and 30°.

do 1

— = & 107>

d lo=100 3597 x sin®(50)
= 6.234 x 1072* m?/ster

do —28

il - 3 1 - -

dS2 l6=300 359710 sin?(150)

= 8.016 x 10726 m?/ster

Now that we have the differential scattering cross sections at the two angles,
we can multiply them by the solid angles subtended by the detector, which is
given by

AQ =

1
= 12 = 4.44 x 1073 ster

to obtain the total cross sections for scattering at 10 and 30° as follows.

do
= A
A a(0) N
= Ac(0=10°) = (6.234 x 1072%) (4.44 x 10~%) m?
= 2771 x 10725 m?
Ao(6=30°) = (8.016 x 1072) (4.44 x 107%) m?

3.563 x 10728 m?2.

If we know the atomic density D and thickness ¢ of the target material, we
can estimate the number of particles scattered at an angle 6 by

Ny = Ny A o(6)Dt,

where Ny is the number of incident particles. Therefore, for the two given
angles we get

Nigo = (109) (2.771 x 1072%) (6 x 10%*) (107°)
~ 1663 s

Nigo = (10°) (3.563 x 107%%) (6 x 10**) (107°)
~ 21s L

Since the detector is only 60% efficient, therefore the count rate recorded at
the two angles will be

Cl 00
0300

(1663)(0.6) = 998 s !
(21)(0.6) = 13 s~ 1.

Q

Q
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2.4.B Passage of Charged Particles through Matter

There is a fundamental difference between the interaction of charged particle beams
and photon beams with matter. We saw earlier that whenever a photon interacts
with material, it is either absorbed or scattered and consequently removed from the
beam. On the other hand, when a charged particle interacts with matter it does
not get removed from the beam except for the rare cases where it gets scattered to
a very large angle.

There are a number of electronic and nuclear mechanisms through which charged
particles can interact with particles in the medium. However the net result of all
these interactions is a reduction in the energy of the particles as they pass through
the medium. Although the underlying interaction mechanisms are fairly complicated
but fortunately the rate of this energy loss can be fairly accurately predicted by a
number of semi-empirical relations developed so far.

The rate at which a charged particle loses energy as it passes through a material
depends on the nature of both the incident and the target particles. This quantity
is generally referred to in the literature as the stopping power of the material. It
should be noted that stopping power does not represent the energy loss per unit
time rather the energy that a charged particle loses per unit length of the material
it traverses. Generally speaking, any charged particle can have either electronic,
nuclear, or gravitational interaction with the particles of the material through which
it passes. However the gravitational interaction is too low to be of any significance
and is generally ignored. The total stopping power is then just the sum of the
stopping powers due to electronic and nuclear interactions.

dE
Stotal = _E
dE
- E Selectronic + Snuclear (246)

Here the negative sign signifies the fact that the particles lose energy as they pass
through the material. For most practical purposes the nuclear component of the
stopping power can also be ignored as it is generally only a fraction of the total
stopping power. For particles such as electrons, this statement is always valid since
they are not affected at all by the strong nuclear force. For heavy positive charges,
such as a-particles, this holds if the particle energy is not high enough for it to pen-
etrate so deep into the atom that the short range nuclear forces of nuclear particles
become appreciable. Hence the stopping power can be written as a function of the
electronic component only.

7% = Delectronic (247)

The first successful attempt to derive a relation for the energy loss experienced by
an ion moving in the electromagnetic field of an electron was made by Neil Bohr. He
argued that such an expression can be obtained by simply considering the impulses
delivered by the ion to the electron as it passes through its electromagnetic field.
This consideration led him to the following relation.

_dE _ Amg®e’N, In Vmev3f(2)
qe?

= 2.4.8
Bohr meUQ ( )
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Here e is the unit electron charge,
me is the mass of electron,
N, is the electron number density,
q is the charge of the ion,
v is the velocity of the ion,

f(Z) is a function of the atomic number Z of the material, and

7 is the relativistic factor given by (1 — 7}2/02)71/2.

Example:
Derive equation 2.4.8.

Solution:

Let us suppose that a heavy charged particle (such as an ion) is moving in
z-direction in the electric field of an electron and define an impact parameter
b as the perpendicular distance between the two particles (see figure 2.4.4).
The rationale behind this definition is the fact that the impulse experience
by the electron as the ion approaches it will be canceled by the impulse
delivered by the receding ion and consequently the only contribution left will
be perpendicular to the motion of the ion.

Supposing that the ion passes by the electron before it can move any sig-
nificant distance, we can calculate the momentum transferred to the electron
through the impulse delivered by the ion as

o —
sp= [ (=eBy),
—00
where E| is the perpendicular component of the electric field intensity given
relativistically by
= b
T
(b2 +72v2t2)3/2
Here v = 1/sqrt (1 —v?/c?) is the relativistic factor for the ion moving with
velocity v.
Integration of the above equation yields

_ 2¢e?
T b
In terms of energy transferred to the electron AE = Ap?/2m,, this can be
written as
2¢%e

AE =22
mev2bh?

(2.4.9)
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Let us now define a cylinder of radius b around the path z of motion of ion with
a volume element of 2wbdbdz. If N, is the electron number density then the
total number of electrons in this volume element will be equal to 2w N bdbdzx.
Every electron in this volume element will experience the same impulse and
therefore the total energy transferred to the electron when the ion moves a
distance dx will be

E
_IE N / AEbdb.
dz
47TNeq2€4 1 bmaz
= n -
'rnev2 bmzn

Here we have evaluated the integral from minimum to maximum impact pa-
rameter (bin t0 bygy) since integrating from 0 to oo would yield a divergent
solution.

In order to determine a reasonable value of b,,;, we note that the minimum
impact parameter will correspond to collisions in which the kinetic energy
transferred to electron is maximum. The maximum energy that the ion can
transfer to the electron turns out to be FEu = 2mey?v?. The reader is
encouraged to perform this derivation (Hint: use law of conservation of linear
momentum). Substitution of this in equation 2.4.9 gives

2.4
AE|b = 2q76 = 2'y.

mev2b; ..

Hence we find
qe?

ymev?

bmin =

Now we will use some intuitive thinking to come up with a good estimate
of the maximum impact parameter. In order for the ion to be able to deliver
a sharp impulse to the electron, it should move faster than the electron in the

atomic orbit, such as
bmam < &.
YU Ve
Here R, is the atomic radius and v, is the velocity of the electron. Since this
ratio is a function of the atomic number Z of the material, we can write

bmaz o ¢(z)

o0,
Substitution of b,,;, and by,e, in 2.4.10 yields the required equation 2.4.8.

_dE _ Amg?eN, I Vmev3 f(Z)
dz | gopr  MeV? qe?
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electron

eter for a charged particle (such as an ion)

b Figure 2.4.4: Definition of impact param-
\L . moving in the electric field of an electron.

) X
mon

Later on Bethe and Bloch derived another expression for the stopping power

using quantum mechanics.
dE AT N 4r2mopZq? o

[__} — AT el P {m(W )—52} (2.4.10)
dzx Bethe— Bloch AB I

Here N4 =6.022 x 10?3 mole™! is the Avogadro’s number;

re = 2.818 x 1071% m is the classical radius of the electron;

me = 9.109 x 10731 kg is the rest mass of the electron;

q is the electrical charge of the ion in units of unit electrical charge;

p is the density of the medium;

A is the mass number of the medium;

I is the ionization potential of the medium;

[ is a correction factor. It is generally calculated from the

1/2

relation: § = [1 - Eofiém] where Ey = 931.5 MeV
is the rest mass energy per nucleon and FE' is the energy
of the incident particle having mass number A;; and

Winaz is the maximum energy transferred in the encounter.

It can be calculated from: Wi,a, = 2mec?3?/(1 — 52).

The factor 47 Nar2m.c? is constant and therefore can be permanently substituted

in the above formula, which then becomes

—18 2
{@] _ 48938 102 rZq {m <Wm”> - 52} Jm~t (2.4.11)
A | Bethe—Bloch Ap I

Although the units of Jm ™! are in standard MKS system, however in literature the
stopping power is generally mentioned in units of MeVem ™!, Therefore it is more
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convenient to write the above equation in the form

{ dE] _ 0.30548pZ ¢> [m (Wmm
A% | pethe—Bloch Ap? I

One of the difficult parameters to evaluate in the above expression is the ionization
potential I of the medium. For this a number of empirical formulas have been
proposed, such as

) ﬂQ] MeVem™.  (2.4.12)

I = 122+47,Z<13
I = 9.76Z +5.5827%Y 7 >13 (2.4.13)

This equation has been corrected for two factors that become significant at very
high and moderately low energies. One is the shielding of distant electrons because
of the polarization of electrons by the electric field of the moving ion. This effect
depends of the electron density and becomes more and more important as the energy
of incident particle increases. The second correction term applies at lower energies
and depends on the orbital velocities of the electrons. Both of these correction terms
are subtractive and generally represented by the symbols § and C respectively.

The modern form of the Bethe-Bloch formula for stopping power after applying
the above corrections is given by

E 4w N g7 e 207 q? max
{—d—} — AT el Pod {m <W ) gl dl Q] (2.4.14)
dx | Bethe—Bloch Ap I 2

Z
Bethe-Bloch formula can also be written in terms of mass stopping power, which
is simply the stopping power as defined by 2.4.10 or 2.4.14 divided by the density

of the medium.
1dE dnNaremec?Z¢* [\ Winas

{ d } _dr Arem;C q [ln (Wmaw> - o _ g} (2.4.15)

P dx Bethe—Bloch Aﬂ I 2 Z

It should be noted that the above expression for mass stopping power deals with
a medium with unique atomic number and hence is valid for a pure element only.
In case of a compound or a mixture of more than one element, we can use the so
called Bragg-Kleeman rule to calculate the total mass stopping power.

1dE " [w; (dE
-— = E — | — 2.4.16
L’ dm:|t0tal i1 [Pi (dﬂ’j >J ( )

Here w; and p; are the fraction by mass of element ¢ in the mixture and its density
respectively.
The Bragg-Kleeman rule can also be applied to compute stopping power of a

compound material using
dE] - (dE)
— = w; | — ) . (2.4.17)
|:d$ total Z ' dzx %

i=1

If we substitute the expressions for stopping power and mass stopping power in
the above relations, we can find expressions for average ionization potential < I >,
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< ZJA >, and < § >. However these expressions do not give reliable results due
mainly to the increased bonding strength of electrons in compounds as compared to
that in elements. The higher bonding energy of electrons in a compound means that
a simple weighted mean of individual ionization potentials would be an underesti-
mate. For more reliable estimates, one can use tables given in (52) and (51), which
have been generated after including several correction.

Example:
Calculate the stopping power of 5 MeV a-particles in air.

Solution:

Let us assume that air is composed of 80% nitrogen and 20% oxygen. Accord-
ing to Bragg-Kleeman rule (equation 2.4.16), the total mass stopping power
of air would be the weighted sum of the mass stopping powers of nitrogen and
oxygen.

For simplicity, let us use the uncorrected Bethe-Bloch formula 2.4.10 (this
assumption is valid since at this energy the correction factors 6 and C are
insignificantly small). For a-particles we have Z = 2 and ¢ = 2. The other
factors in equation 2.4.10 can be calculated as follows.

1/2
8 = [1- _ B
Ey+ E/A,

931.5 Y2
[ 9315+ 5/2}
= 0.05174
s B

1— 32

(0.05174)2

= 2051)7— (0.05174)2
= 2743 x 1072 MeV

The mass attenuation coefficient, according to equation 2.4.12, can then be

Winaer = 2mec

written as
{_ 1 dE} 0.305487¢” {m (Wmaz) ~ 52}
P dx Bethe—Bloch Aﬁ2 I

(0.30548)(2)(2)? 2.743 x 1073 5
= 1 - . 1 4
A(0.05174)2 | T (0.05174)
12. 2.743 x 1073
_ 9 Agg?’ [m( r 3; 0 )—2.677><103].

To calculate ionization potentials of nitrogen and oxygen we use equation
2.4.13.

I = 12Z+7
= Initrogen = 12(7) +7=91¢V
Logygen = 12(8) +7 =103 eV
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The mass attenuation coefficients for nitrogen and oxygen are given by

nitrogen _3
[_ld_E] _ 912.803 [m (2.743 <10 ) . 103]
p dx Bethe— Bloch 14 91 x 10—
= 221.91 MeVem?g™?
1dE oxrygen 12 2 4 1 _3 r
T odr = 22Oy, (2T XV ) 5677 x 1073
P AT | Bethe—Bioch 16 103 x 10—6

= 187.11 MeVem?2g~!

Now we can employ the Bragg-Kleeman rule 2.4.16 to compute the total stop-
ping power of 5 MeV a-particles in air.

1dE air 1dE nitrogen 1dE oxygen
102] ~ o9]-12] o) [-22]
P AT | Bethe— Bloch P A | gethe— Bioch P AT | pethe— Bioch

= (0.8)(221.91) + (0.2)(187.11)
= 214.95 MeVem?2g~!

2.4.C Bragg Curve

The Bethe-Bloch formulae for stopping power of charged particles we discussed in the
preceding section have an implicit dependence on the energy of the particle through
factors like § and Wi,.,. As a heavy charged particle moves through matter it
looses energy and consequently its sopping power changes. Since stopping power
is a measures the effectiveness of a particle to cause ionization, therefore as the
particle moves through matter its ionization capability changes. To understand this
dependence, let us plot the Beth-Bloch formula 2.4.12 for a-particles with respect
to their residual energy. By residual energy we mean the instantaneous energy of
the particle retained by it as it travels through the material. For simplicity we will
lump together all the terms that are constant for a particular material. Equation
2.4.12 can then be written as

E K max —
[d_} == [m <W_4 ) ﬁQ] MeVem™, (2.4.18)
A% | ethe—Bloch P 10

where K = 0.30548pZq?/A is a constant for a given material. Since we are only
concerned with the shape of the curve and not its numerical value, therefore we
have used I = 10~* MeV in the above expression. This value is typical of low Z
materials. A plot of the above equation is shown in Fig.2.4.5. As one would expected,
the stopping power increases with the residual energy of the particle. Hence as the
particle looses energy it causes more and more ionization in its path until it reaches
the highest point known as Bragg peak. After that point the particles have lost
almost all of their energy and get quickly neutralized by attracting electrons from
their surroundings.

The plot shown in Fig.2.4.5 is generally known as Bragg curve. A point to note
here is that the range of a particle traveling through a material depends on its
instantaneous energy. Hence one could in principle plot the stopping power with
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= Figure 2.4.5: Plot of equation 2.4.18
“;’ 10°- for a-particles having initial energy of
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= r ing an ionization potential of 100 eV.
S i This variation of stopping power with re-
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respect to range as well and get the same Bragg curve. In fact, it is much easier to
draw the Bragg curve in this way because most of the empirical relations between
range and energy of particles can be used to derive very simple relations between
stopping power and range. We will see how this is done shortly, but before that let
us have a look at a couple of very important phenomena related to energy loss and
range.

2.4.D Energy Straggling

The stopping power equations presented above do not contain information about
the statistical variations in the energy lost by the incident particles. In fact, due to
this statistical effect, a mono-energetic beam of incident particles gets a finite width
in its energy distribution as it travels through the medium. The effect is known
as energy straggling and can be represented by a Gaussian distribution for thick
absorbers.

N(E)dE = e~ (B=B)*/o? (2.4.19)

Ck’iTl/Q

Here « is known as the straggling parameter It can be computed from

kI 2mu?
o? = dng’e* Nz [1 + In < my >} ,

mo? I

where k ~ 4/3 is a constant, I is the ionization potential of the medium, ¢ is the
electrical charge of the ion (in units of unit electrical charge) having mass m and
velocity v, e is the unit electronic charge, and x( is the thickness of the medium.
At lower absorber thicknesses, the energy straggling distribution becomes skewed
and develops a tail at higher energies. For very thin absorbers it is best represented
by a Landau distribution (31; 37). We will look at this distribution in the section on
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Without Energy Straggling
(Single Particle)

Figure 2.4.6: Bragg curves for
With Energy Strageling a single particle (dotted line)

(Particle Beam) and a particle beam (solid line).
A beam of particles, which is
originally mono-energetic, as-
sumes a distribution as it travels
through matter due to energy
straggling.

Stopping Power

Residual Energy

electrons later in the chapter. The equations we will present there will be applicable
to heavy charged particles passing through thin absorbers as well.

It is interesting to note that the Bethe-Block formulas 2.4.14 and 2.4.15 can not
be used to describe the behavior of a single particle. Because of energy straggling,
which is a stochastic process, these formulas actually represent the average stopping
power.

Since this process is probabilistic in nature and the distribution is skewed specially
for thin absorbers, therefore it is natural to look for the most probable energy loss
as well. This parameter has higher relevance to detector calibrations than the mean
energy loss. The reason is that the tail of the distribution generally gets buried in
the background and it becomes difficult to define it.

A consequence of the energy straggling is shown in Fig.2.4.6. The shape of
the Bragg curve slightly changes specially at the end of the particle track. Two
differences are clearly visible: the Bragg peak is more profoundly rounded and the
curve has a small tail at the end.

2.4.E Range and Range Straggling

It is very tempting to try to compute the average distance a particle beam will
travel (also called range) in a medium by integrating the stopping power over the
full energy spectrum of the incident particles, such as,

R(T) = /O ! [—%] - dE. (2.4.20)

However due to multiple Coulomb scattering , the trajectory of a charged parti-
cle in a medium is not a straight line. Rather the particle moves in small straight
line segments. This implies that the range of a beam of particles would show sta-
tistical fluctuation around a mean value. In analogy with the energy straggling
phenomenon, this fluctuation is termed as range straggling. It should be noted
that there is a fundamental difference between loss of energy and range and their
corresponding statistical fluctuations: the energy loss and energy straggling are dif-
ferential quantities while range and range straggling are integral quantities. It is
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apparent that theoretical computation of range is a difficult task. A number of ex-
perimentalists therefore turned to empirical means of measuring this quantity and
modeling the behavior on the basis of their results.

Bragg and Kleeman gave a formula to compute the range of a particle in a medium
if its range is known in another medium.

Ry po {z‘h]l/?

Ry m

Z (2.4.21)

Here p and A represent density and atomic mass of the materials. If we have a
compound material an effective atomic mass given by

1 w;
NZwY = Z N (2.4.22)

is used instead. Here w; is the weight fraction of i*" element having atomic mass A;.

E.1 Range of a-Particles

Several empirical and semi-empirical formulae have been proposed to compute range
of a-particles in air. For example, (56),

) el-61vVEa for B, <4 MeV
R Imm] = (2.4.23)
(0.05E, + 2.85)E% for 4 MeV < E, < 15 MeV

and

) 0.56F, for B, <4 MeV
R [em] = (2.4.24)

1.24FE, — 2.62 for 4 MeV < E, <8 MeV

Both of these equations yield almost same results as can be seen from Fig.2.4.7
which has been plotted for the a-particles having energy up to 8 MeV. Hence at
least in this energy range one could use any one of these equations to compute the
range in air. To compute the range in some other material, equation 2.4.21 can be
used. For example, at normal pressure and temperature the range of a-particles in
any material x can be determined from

VA

T

R% =3.37 x 1071 RY" (2.4.25)
Here we have used the effective atomic number of air A,;, = 14.6 and its density
pair = 1.29 x 1073 g/em3. Although it is very tempting to use Bragg-Kleeman rule,
however it should be noted that the values thus obtained are only approximations
and care must be taken while using them to draw conclusions.
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Figure 2.4.7: Range of a-particles in air
as computed from equations 2.4.23 (solid
line) and 2.4.24 (dashed line).
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Example:
Compute the range of 4 MeV a-particles in air and tissue.

Solution:

Using equation 2.4.23 we get
RAT (0.05E, + 2.85)E3/?
= 244 mm = 2.44 cm.

To calculate the range in tissue we can make use of the simplified Bragg-
Kleeman identity 2.4.25

Vv Atissue
Ptissue

Riissue = 3.37 x 1074 R

Substituting pyissue = 1 g/ em? and Ayigsue ~ 9 in the above equation, we get
V9

1
= 10.1 x 10~* em = 10.1 pm.

Rlissue  ~ 337 x10712.44

As an exercise, let us also compute the range in air using equation 2.4.24.
RY" — 1.24E, —2.62
2.34 cm

This shows that the relative difference between the ranges calculated from the
relations 2.4.23 and 2.4.24 is only 4% for 4 MeV a-particles.
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E.2 Range of Protons

There have been several theoretical and experimental studies of variation of range
of protons with energy in several materials (see, for example (36; 9; 58; 45)). These
studies have lead to the development of empirical relations specific for the material
under investigation and within the energy range used in the experiment. Fortu-
nately the number of such studies is so high that, together with some theoretical
computations, several large databases of the proton range values are now available.

Let us have a look at the proton range relations for air and aluminum. In air the
range of protons having energy F, can be computed from (61)

) E 1.8
Egﬂmiz[gg] for E, < 200 MeV, (2.4.26)

while for aluminum, one can use the relation (8)

3.837E, 5™ for 1.13 MeV < E, < 2.677 MeV
R;u [mgem ™2 = (2.4.27)

a2
oty for 2677 MeV < B, <18 MeV.

These two relations have been plotted in Fig.2.4.8. The reader should note that
equation 2.4.27 gives range in mg/em? and therefore the value must be divided by
the density of aluminum to obtain the range in dimensions of length.

350
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E 250 ,
§250 -
1200i ! Figure 2.4.8: Range of protons in air
E 5 (dashed line) and in aluminum (solid
= I line) as computed from equations 2.4.26
%150? and 2.4.27. For aluminum the equa-
= tion has been divided by its density
& 100~ Aluminum 2.7 gem™3 to yield range in dimension
r of length.
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D 2.5 Interaction of Electrons with Matter

The way an electron beam would behave when passing through matter depends, to
a large extent, on its energy. At low to moderate energies, the primary modes of
interaction are

» ionization,

» Moeller scattering,

» Bhabha scattering, and

» electron-positron annihilation.

At higher energies the emission of Bremsstrahlung dominates as shown in Fig.2.5.1.

B 0.20

~ 1 O}Electrons o1
| by
ESO Bremsstrahlung QI?D
7 g
3 Jo10 =

'—'\IETJ Tonization 4
0.5~ Mgller () ]
Bhabha (e*) o.05

|7 Positron_5
annihilation
| | L1 11ll 4t

071 10 100 1000
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Figure 2.5.1: Fractional energy loss of electrons and positrons
per radiation length as a function of energy (19)

2.5.A Interaction Modes

A.1 lonization

If an incident electron departs enough energy to the atom, it may eject one of its
loosely bound electrons, resulting in the ionization of the atom. The energy of the
ejected electron depends on the incident electron energy as well as its binding energy.
If the energy carried away by the ejected electron is enough energy it can produce
secondary ionization in the same manner as the primary ionization. The process can
continue until the energy of the ejected electron is less than the ionization potential
of the atom. This process is graphically depicted in Fig.2.5.2. It should, however,
be noted that not all electrons that have energy higher than the ionization potential
of the atom produce subsequent ionization. The probability with which an electron
can cause ionization depends on its cross section, which to a large extent depends
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Figure 2.5.2: Depiction of electron-induced ionization processes. At
each stage of ionization, if the ejected electron has an energy greater
than the binding energy of the atom, it can cause another ionization.

on its energy and the type of target atom. It has been seen that, at each step of
this ionization, only about one third of the electrons cause subsequent ionizations.

The ionization of atoms or molecules is a highly researched area due to its utility
in material and physics research. Electrons have be ability to penetrate deep into
the materials and can therefore be used to extract information about the structure
of the material.

As can be seen from Fig.2.5.1, the ionization with electrons dominates at low to
moderate energies. Electron impact ionization is a term that is extensively used in
literature to characterize the process of ionization with electrons at relatively high
energies. This useful process is routinely employed in spectroscopy of materials in
gaseous state.

Symbolically, for an atom or a molecule X, with total positive charge ¢, the
electron ionization process can be written as

e+ Xy — Xgq1 + 2e. (2.5.1)

A.2 Moeller Scattering

This refers to the elastic scattering of an electron from another electron (or a positron
from another positron). The interaction can be symbolically described by

et+e—e+te. (2.5.2)

In quantum electrodynamics, Moeller scattering is said to occur due to exchange
of virtual photons between the electrons. In classical electrodynamic terms one can
simply call it a consequence of Coulomb repulsion between the two electrons.

A.3 Bhabha Scattering

It is the scattering of an electron from a positron. The reaction can be written as

etet —wetel. (2.5.3)



124 Chapter 2. Interaction of Radiation with Matter

In terms of quantum electrodynamics, as with Moeller scattering, Bhabha scatter-
ing is also considered to be due to exchange of virtual photons between the electron
and the positron. Classically, it can be thought to occur because of the Coulomb
attraction between the two particles.

A.4 Electron-Positron Annihilation

The process of electron-positron annihilation has already been explained earlier in
the chapter. In this process an electron and a positron annihilate each other and
produce at least two photons. It is a perfect example of the notion that mass can
be converted into energy.

We saw earlier that during this process, to conserve energy and momentum,
at least two photons, each having 511 keV, are produced. However more than
two electrons can be and in fact are produced. The cross section for this process
at low electron energies in a material is not very high and decreases to almost
zero at high energies. This low cross section is due to the very low abundance of
positrons in materials. Fig.2.5.1 shows this behavior for electrons of energy from
1 MeV to 100 MeV. Due to its lower cross section, this process does not contribute
significantly to the total energy loss specially at moderate to high energies.

A point that is worth mentioning here is that the electron-positron annihilation
process can also produce particles other than photons provided their center-of-mass
energy before collision is high enough. For example, at very high energies (several
GeV), the annihilation process produces quarks, which form mesons. Since discus-
sion of such interactions is out of the scope of this book, the interested reader is
referred to standard texts of particle physics and high energy physics.

A.5 Bremsstrahlung

We saw earlier in the chapter that the process of Bremsstrahlung refers to the
emission of radiation when a charged particle accelerates in a material. For electrons
we came up with a critical or cut-off wavelength below which no Bremsstrahlung
photons can be emitted. This wavelength is given by

hc
>\min = W )

where V' is the potential experienced by the electron. For high Z materials, the
process of Bremsstrahlung dominates other types of interactions above about 10
MeV.

As can be seen from Fig.2.5.1, the Bremsstrahlung process is the dominant mode
through which the moderate to high energy electrons loose energy in high Z mate-
rials.

Example:
In an x-ray machine, electrons are accelerated through a potential of 40 kV.
Compute the cut-off wavelength and energy of the emitted photons.
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Solution
The cut-off wavelength is given by
hc
)\min = W

(6.634 x 10734)(2.99 x 10®)
(1.602 x 10~19)(40 x 103)
= 3.095 x 107" m =30.95 fm.

The energy corresponding to this wavelength is given by

hv

Emaa: = N
min

(6.634 x 10734) (2.99 x 10%)
3.095 x 10—
6.4 x 10710 J
40 keV. (2.5.4)

A.6 Cherenkov Radiation

The concept of Cherenkov radiation has already been discussed earlier in the chapter.
We saw that an electron, being a very light particle, can emit Cherenkov radiation
when accelerated to high energies in a medium. Its energy should be so high that
its velocity becomes higher than the velocity of light in that medium.

The velocity of light in a medium of refractive index n is given by ¢/n, where c is
the velocity of light in vacuum. For Cherenkov radiation to be emitted, the velocity
of the charged particle traversing the medium must be greater than this velocity,
such as ¢

Vg, > —. (2.5.5)

3

Similarly the threshold energy is given by
By = ynmoc®, (2.5.6)

where my is the electron rest mass, ¢ is the velocity of light in vacuum, and ~y, is
the relativistic factor defined as

2 1-1/2
Veh = {1—%}
= [1-g3)7" (2.5.7)
(2.5.8)

Here the term [y, = vy, /c is an oft quoted condition for Cherenkov emission. From
the above equations we can also deduce that

n

2.5.9
- (2.5.9)

Vth =
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An important factor is the direction of emission of Cherenkov light. As the light is
emitted in the form of a cone, we can define an angle of emission as the direction
of the cone. This angle ©. of the Cherenkov for a particle moving in a medium of
refractive index n is given by

n

O, = arccos <51> . (2.5.10)

This equation can be used to define the maximum angle ©7'* that one should
expect to see in a medium. The maximum will occur when 3 = 1, that is, when the
particle’s velocity is approximately equal to the velocity of light in vacuum. Hence

1
07" = arccos <—) . (2.5.11)
n

Example:

Compute the maximum angle of the Cherenkov cone one can observe in water
having refractive index of 1.4.

Solution:

We use equation 2.5.11 to compute the desired angle.

1

O = arccos (—)
n

1

= arccos | —

1.4

= 0.775 radians

_ 0775180 _ o
™

The number of Cherenkov photons dN emitted by a particle having charge ze (e
is the unit electrical charge) per unit length dz of the particle flight in a medium
having refractive index n is given by

AN , [ 1 1

Here « is the fine structure constant and \ is the wavelength of light emitted. It is
interesting to note that the threshold of Cherenkov depends not only on the velocity
of the particle but also on the refractive index of light in the medium. Since the
refractive index is actually dependent on the wavelength, therefore by just looking at
the refractive index we can deduce whether the photons of a particular wavelength
can be emitted or not. Based on this reasoning it can be shown that most of
the Cherenkov radiation emitted in water actually lies in the visible region of the
spectrum. Therefore the above equation can be safely integrated in the visible region
of the spectrum to get a good approximation of the number of photons emitted per
unit path length. This yields

dN
e 49022 sin’©  em ! (2.5.13)
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For an electron with z = 1, the above equation becomes

N
N 400sin? © em~. (2.5.14)
dx

Example:

An electron moving in water emits Cherenkov radiation in a cone making
an angle of 40" with electron’s direction of motion. Compute the number of
photons emitted per centimeter by the electron.

Solution:
Using equation 2.5.14 with § = 40°, we get
N
N o0sin?e
dx

= 490sin%(40%) ~ 272 em L.

Discriminating such a small number of photons from background is a very
difficult task. Generally, the conic signature of the Cherenkov radiation is
used to discriminate the Cherenkov photons from the background radiation.

2.5.B Passage of Electrons through Matter

As compared to heavy charged particles, electrons behave quite differently when
passing through matter. The main reason for this difference is, of course, the very
small mass of electrons as compared to heavy charged particles. Due to their low
mass, electrons travel so fast that their velocity may become very close to the velocity
of light. Since in such a situation the relativistic effects must be taken into account
to deduce meaningful results, therefore the computations become more complicated
than for the heavy charged particles.

We saw earlier that in certain situations an electron may even attain a velocity
greater than the velocity of light in the same material. If this happens, a special kind
of radiation, called Cherenkov radiation, with a specific cone signature is emitted.
As electrons pass through matter they rapidly lose energy and hence decelerate.
This deceleration gives rise to another type of radiation called Bremsstrahlung.

Whenever an electron beam passes through a material, the individual electrons
in the beam can interact with the target atoms or molecules in a number of ways,
most of which we have already discussed in the preceding sections. Fig.2.5.1 shows
the contributions of various types of interactions on the stopping power of lead for
electrons of various energies. It is interesting to note that except for the ionization
process, the Bremsstrahlung remains the dominant mode of interaction from low to
high energies. Therefore the radiative component of the stopping power can not be
neglected in case of electrons.

At low to moderate energies the collisional energy loss of electrons is quite signif-
icant and up to a certain energy is higher than the radiative energy loss. Hence the
stopping power of a material for electrons consists of two components: collisional
and radiative.

Selectron = Ocollisional T Sradiative
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The collisional component not only includes the inelastic impact ionization process
but also the other scattering mechanisms we discussed earlier, such as Moeller and
Bhabha scattering. The analytic forms of the collisional and radiative components
of the total stopping power for electrons are given by

[_@] _2nZe'p {ln< mev?’E ) B
dx collisional m€1}2 212(1 - ﬂQ)

In2 (2 1— 32 —1+ ﬁ2> + (2.5.15)

1=+ (v )

and

dE Z(Z 4+ 1)e*pE 2F 4
[——} _ 2zt Ve pE {4111 ( 2> - —] . (2.5.16)
Ax | o diative 13"mz2c MeC 3

From these two equations we can deduce that the rate of energy loss of an electron
through the collisional and radiative processes can be approximately expressed as

Seollisional X hl(E) and
Sradiative x E.

This implies that the losses due to radiative effects such as Bremsstrahlung increase
more rapidly than the losses due to collisional effects such as ionization. This can
also be seen from Fig.2.5.3, where the two effects have been plotted for electrons
traveling through a slab of copper. The energy at which these two types of losses
become equal is called the critical energy. A number of attempts have been made
to develop a simple relation for this critical energy, the most notable of which is the
one that uses the approximate ratio of equations 2.5.15 and 2.5.16 given by

Sradiatiue ~ (Z + 12)E
Scollisional 800 ’

(2.5.17)

where F is in MeV. From this equation we can find the critical energy E. by
equating the two types of loss rates. Hence

800
cTZ+12

MeV. (2.5.18)

This definition was originally given by Berger and Seltzer (6). Although this is a
widely used and quoted definition of the critical energy but there are other definitions
as well that work equally well for most materials. For example, Rossi (48) has
defined critical energy as the point where the ionization loss per unit radiation length
becomes equal to the electron energy. This definition is also graphically depicted in
Fig.2.5.3.

Equation 2.5.18 does not give accurate results for all types of matter because it
does not take into account the state of the matter, that is, it gives same results
whether the matter is in solid, liquid, or gaseous state. A much better approach is

to parameterize the curve

a
F.~—— M 2.5.1
c Z+b ev, ( 5 9)
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Figure 2.5.3: Energy loss per unit track length of electrons in copper as a
function of energy. The plot also shows two definitions of the critical energy
(19).

using the values obtained by the energy loss equations to find the constants a and
b. Such computations have been shown to give the following values for solids and
gases (19):

Solids: a =610, b=1.24
Gases: a =710, b=10.92

Equation 2.5.17 clearly shows that, for materials with low atomic numbers and
low incident electron energies, the collisional component of the stopping power domi-
nates. Hence most of the electrons in a beam of low energy electrons passing through
a gas will loose their energy through collisions with the gas molecules. But for the
same electrons passing through a high Z material (such as Lead), the radiative losses
will be significant.

A very important point to note here is that these expressions are valid only for
electrons. For positrons, the cross sections for the interactions are quite different,
even though the underlying processes may be similar. The difference in cross sections
for electrons and positrons are mainly due to the fact that the positrons passing
through a material see an abundance of electrons with which they could combine
and annihilate. On the other hand, the electrons only seldom encounter a positron
along their paths.
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Example:
Compute the critical energy for electrons in aluminum.

Solution:
To compute the critical energy, we use equation 2.5.19 with Z = 13, a = 610,
and b = 1.24.

a
Z+b

610
13+1.24
42.84 MeV

E.

2.5.C Energy Straggling

In case of heavy charged particles we saw that, for at least thick absorbers, the
fluctuations in the energy loss can be described by a symmetric distribution. This
is not the case for electrons, which, owing to their small mass, suffer more collisions
as compared to heavy charged particles of same energy. As a consequence of such
motion the energy distribution of these electrons gets skewed with a long tail towards
high energy. Since for heavy charged particles passing through thin absorbers one
can employ the Landau distribution to describe the energy straggling, therefore it is
natural to use the same methodology for the electrons as well. This strategy works
reasonably well for most materials and electron energies. The Landau distribution
can be expressed as

P
flz,A) = %, (2.5.20)
where
1 1
D(N) = —/ e‘“ln(")_“)‘sin(ﬂ'u)du and
™ Jo

_1
¢

Here v = 0.577 is known as Euler’s constant. The term In(F) in the above equation
can be computed from

A=Z[A=&n(§) —In(E) +1-7)].

I*(1— %)

In(E) = In {W] + 62, (2.5.21)

where I is the logarithmic mean excitation energy and § = v/c, v being particle’s
velocity. £ is called the scale of the Landu distribution and is given by

2N et Z
% or (2.5.22)
0.15362

¢ = 20T ey, (2.5.23)

pA
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where N4 is the Avogadro’s constant, Z is the atomic number of the target atom,
A is its atomic mass, and x is the thickness of the material given in the second
expression in mg/ em?.

Since Landau distribution is an asymmetric distribution therefore its most prob-
able value is different from its average value. The most probably value is simply the
value at which the distribution has a maximum. The average value, on the other
hand, is much more complicated to determine. The reason is that in order to deter-
mine the average value one generally has to cut the tail of the distribution at some
point, which may depend on some scheme or the personal bias. Since the average
value is rarely used in practice and does not even have much physical significance,
therefore we will concentrate here the most probable energy loss instead. The most
probable energy loss, as obtained from the Landau distribution, can be computed
from

Dppp =& [ln (%) + 0.423] , (2.5.24)
which can also be written as
2me? %€ 2

Landau distribution is a skewed distribution with a long tail at the high energy
side (see Fig.2.5.4). The degree of its skewness increases with the decrease in the
thickness of the material. For very thin absorbers, the distribution no longer depicts
reality even for electrons and should be replaced by some other distribution. As a
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matter of fact, in real practice, the use of Landau distribution is somewhat limited
due to one or more of the following reasons.

» The Landau distribution is valid only if the maximum energy loss in a single
collision is much larger than the typical energy loss. In the actual formalism
of the distribution, it is assumed that the maximum energy transfer can be
infinite.

» The Landau theory assumes that the typical energy loss is much larger than
the binding energy of the innermost electron such that the electrons may essen-
tially be considered free. This condition is not really fulfilled by most gaseous
detectors, in which the average energy loss can be a few kel/, which can be
lower than the binding energy of the most tightly bound electrons of the gas
atoms.

» It assumes that the velocity of the particle is constant, meaning that the de-
crease in particle’s velocity is insignificantly small.

» If the Landau distribution is integrated, the result is an infinite value.

» Landau distribution is difficult to handle numerically since the energy loss
computed from it depends on the step size used in the computations.

Another distribution describing the energy straggling phenomenon is the so called
Vavilov distribution. With increase in the thickness of the material, the tail of the
Landau distribution becomes smaller and the distribution approaches the Vavilov
distribution. Because of this some authors prefer to call the Vavilov distribution a
more general form of the Landau distribution. However, since one can not approx-
imate the Landau distribution from the Vavilov distribution, we do not encourage
the reader to make this assumption.

A major problem with Vavilov distribution is its difficult analytic form requiring
huge numerical computation. Its use is therefore only warranted in situations where
highly accurate results are needed and speed in computations is not an issue.

For general radiation measurements, we encourage the reader to concentrate on
the Landau distribution as it gives acceptable results without computational diffi-
culties.

2.5.D Range of Electrons

As opposed to heavy charged particles, the range of electrons is very difficult to treat
mathematically. The primary reason for the difficulty lies in the higher large-angle
scattering probability of electrons due to their extremely low mass as compared to
the heavy charged particles. However it has been found that the bulk properties of an
electron beam can be characterized by relatively simple relations. The attenuation of
an electron beam, for example has been seen to follow an approximately exponential
curve given by

N = Nge #*, (2.5.26)

Here N represents the number of electrons transmitted through a thickness z of
the material. p is the absorption coefficient of the material for the electrons and
is also a function of the electron energy. For electrons having a continuous energy
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spectrum, it depends on their endpoint energy. Following the analogy of attenuation
of photons in matter, here also we can define a path length or absorber thickness as

t="-, 2.5.27
m ( )

the interpretation of which can be understood by substituting « = ¢ in the exponen-
tial relation above.

N = Noe!
= No. of electrons absorbed = Ny— N = Ny(1 —e™})
= 0.63N

This implies that ¢ is the thickness of the material which absorbs about 63% of
the electrons of a certain energy. In Fig.2.5.5 we have plotted N versus = on both
linear and semilogarithmic scales. Since the behavior of electrons is not perfectly
logarithmic, therefore if one performs an experiment to measure the variation of
electron intensity with respect to the thickness of the material, a perfect straight
line on the semilogarithmic scale is not obtained. Such a curve is known as absorption
curve. Absorption curves for specific materials are routinely obtained to determine
the range of electrons in the material.

An experimental setup to obtain the absorption curve for a material simply con-
sists of slabs of the material of varying thickness, a known source of electrons, and
a radiation detector. The electrons from the source are allowed to pass through
the material. The number of electrons transmitted through the material are then
counted through the detector. This process is repeated for various thicknesses of
the material. A plot of thickness versus log of number of counts gives the required
absorption curve. The obtained curve looks similar to the second curve shown in
Fig.2.5.5. However, since the simple exponential attenuation of electrons does not
strictly hold for most of the materials, therefore the variation is not as linear as
shown in the figure. The curve is actually seen to bend down at larger thicknesses.
The determination of range from a perfectly linear variation is very simple as it can
be done by extrapolating the line to the background level (see Fig.2.5.6). However
if the curve shows a curvature with increasing thickness then the end point is gen-
erally taken as the range. Sometimes the experiment is not performed till the end,
such as, till the detector stops seeing any electrons. In such a case the curve can
be extrapolated as shown in Fig.2.5.6. It is interesting to note that the range as
obtained from a real curve actually corresponds to the endpoint energy of electrons
from a radioactive source.

Although the best way to determine the range of electrons in a material is to
perform an experiment as described above, however it may not be always practical
to do so. Fortunately enough, the range of electrons in any material can be fairly
accurately determined from the following simple formulae given by Katz and Penfold
(29).

4.12F1:265-0.0954In(E) - o1 10 keV < E < 2.5 MeV
RPlkgm™?] = (2.5.28)

5.30E —1.06 for £ > 2.5 MeV
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Here the energy of the electrons E should be taken in units of MeV. The superscript
sp of RZP specifies that the expression represents the specific range in units of kg/m?.
The range (or more specifically the specific range) as computed from these formulae
are independent of the material. This, up to a good approximation, is a correct
statement as can be seen from Fig.2.5.7. Here we have plotted the range using these
functions as well as the ESTAR provided values for aluminum and silicon. ESTAR
is an online database of parameters related to interaction of electrons in elements,
compounds and mixtures (23). It is based on the values tabulated in the ICRU
Report 37 (22). It is apparent from the figure that the variations are quite small
and unless the application requires high accuracy, the above formulae can be safely
used. The case of compounds and mixtures is a little bit complicated, though. For
such materials, these expressions do not give reasonably accurate results specially at
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Figure 2.5.6:  Typical absorp-
tion curve for electrons passing
through a material. The curve
deviates from the ideal straight
line with increasing thickness.
Since the extrapolation of the
straight line overestimates the
range, therefore normally the end
of the curve is extrapolated to the
background level to determine the
. true range. This corresponds to
Log(Background Counts) the electrons of endpoint energy.

Log(Counts)

Thickness

higher energies. This can be seen from Fig.2.5.7, where we have plotted the ESTAR
data for water and air along with the values computed from the above expressions.

It should be noted that the spectrum of electrons emitted from a radioactive
source is continuous with an endpoint energy. In such a case generally one is inter-
ested in determining the range of the most energetic electrons. This can simply be
done by substituting the endpoint energy of the spectrum into the above expression.
Such computations are important, for example to determine the shielding necessary
for a particular source in the laboratory.

The specific range as computed from the expressions 2.5.28 or obtained from some
other data source (such as ESTAR) can be divided by the density of the material to
determine the range in units of distance, such as

R, = ==, (2.5.29)

where p denotes the density of the material.

Example:
Compute the thickness of aluminum shielding required to completely stop
electrons having an endpoint energy of 5 MeV'.
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Solution:

We use equation 2.5.28 to compute the specific range of 5 MeV electrons.

R® = 530F —1.06
= 5.30x5—1.06
= 25.44 kgm ™2

2.544 gem 2

The range of electrons in aluminum is then simply determined by dividing this
number with the density of aluminum.

Sp
e

R, =
p
2.544
= —— =094 cm
2.699
Hence it will take less than 1 c¢m thick slab of aluminum to completely stop
(-particles having an endpoint energy of 5 MeV .
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D 2.6 Interaction of Neutral Particles with Matter

Neutrons and neutrinos are two chargeless particles that are found in abundance in
nature. As neutrons have been found to be extremely useful, we will discuss here
how they interact with matter in detail. The interaction mechanisms of neutrinos

will be discussed briefly afterward.

2.6.A Neutrons

Since neutrons do not carry any electrical charge, they are not affected by the electric
field of the atoms. This enables them to move swiftly through large open atomic
spaces without interacting with atoms. However if they pass near the nuclei they
encounter strong nuclear force. In such a situation, depending on their energy, they
can interact with the nuclei in the following ways,

» Elastic scattering
» Inelastic scattering
» Spallation reaction
» Transmutation

» Radiative capture
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A.1 Elastic Scattering

Elastic scattering is the principal mode of interaction of neutrons with atomic nuclei.
In this process the target nucleus remains in the same state after interaction. The
reaction is written as A(n,n)A or

n+4+ X —n+ X (2.6.1)

The elastic scattering process of neutrons with nuclei can occur in two different
modes: potential elastic and resonance elastic. Potential elastic scattering refers to
the process in which the neutron is acted on by the short range nuclear forces of
the nucleus and as a result scatters off of it without touching the particles inside.
In the resonance mode, a neutron with the right amount of energy is absorbed by
the nucleus with the subsequent emission of another neutron such that the kinetic
energy is conserved.

The cross section for elastic cross section for uranium-238 as computed from
different models is shown in Fig.2.6.1 (21).
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Figure 2.6.1: Neutron elastic cross section for uranium-238 (21).

A.2 Inelastic Scattering

Unlike elastic scattering, the inelastic scattering leaves the target nucleus in an
excited state. The reaction is written as A(n,n)A* or

n+ X —n+ (X)) (2.6.2)

In such a process the incoming neutron is absorbed by the nucleus forming a
compound nucleus. The compound nucleus is unstable and quickly emits a neutron
of lower kinetic energy. Since it still has some excess energy it goes through one or
more y-decays to return to the ground state.
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A.3 Transmutation

It is a reaction in which an element changes into another one. Neutrons of all energies
are capable of producing transmutations. For example, when a Boron-10 nucleus
captures a slow neutron it transforms into Lithium-7 and emits an a-particle,

n+ B® — Lil +a.

A.4 Radiative Capture

Radiative capture is a very common reaction involving neutrons. In such a reaction,
a nucleus absorbs the neutron and goes into an excited state. To return to stable
state, the nucleus emits y-rays. In this case no transmutation occurs, however the
isotopic form of the element changes due to increase in the number of neutrons. The
reaction is represented by A(n,y)A + 1 or

+ +p+1
n+ X, — X)TPT 4y (2.6.3)
Radiative capture is generally used to produce radioisotopes, such as Cobalt-60

n+Co® — Co% + 4.

A.5 Spallation

Spallation refers to the fragmentation of a nucleus into several parts when a high
energy neutron collides with it. This process is important only with neutrons having
energy greater than about 100 MeV'.

A.6 Fission

This is perhaps one of the most important reactions a neutron can initiate. In this
process a slow neutron is captured by a heavy nucleus, such as uranium-235, taking
it into an excited state. The nucleus then splits up in fragments after a brief delay.
Several neutrons and ~-ray photons are also emitted during this process. Fission of
uranium-235 can be written as

n+Ug> — 1337 + Yiy +2n + . (2.6.4)

It should be pointed out that although iodine and yttrium are the most probable
elements produced during this fission process, however in a sample of large number
of fission processes, fragments of varying atomic numbers can be found.

The fission process is the source of thermal energy produced in nuclear reactors.
A nuclear reactor core is a controlled environment where neutrons are allowed to
produce the so called chain fission reaction. In this process the neutrons emitted
from the fissioning nucleus produce more fissions, which produce even more neutrons.
As a result the fission initiated by a few neutrons spreads quickly to the whole
fissioning material. The large number of fission fragments thus produced quickly
loose their energy in the material due to their heavy masses. This energy is released
in the form of heat, which is the main source of thermal energy in a nuclear reactor.
The thermal energy is then converted into electrical energy through other processes.
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A.7 Total Cross Section
The total neutron interaction cross-section is the sum of the cross-sections of all the
processes described above.

Ot = Oclastic 1 Oinelastic T ------ (265)

The total cross section for neutrons of energy up to 200 MeV is shown in Fig.2.6.2
(21). It is obvious that at very low neutron energies the variation in cross section
with respect to energy is larger as compared to higher energies.
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Figure 2.6.2: Total neutron cross section for uranium-238 (21).

A.8 Passage of Neutrons through Matter

A neutron interacts with the nuclear particles predominantly through the strong
nuclear force. The strong force is extremely short range and therefore the particle
must be very close to the nucleus to be affected by it. Neutrons, owing to their
effective electrical neutrality, can get extremely close to the nucleus. In contrast,
positively charged particles, such as protons and a-particles, experience Coulomb
repulsion as they try to approach the nucleus. Unless their energy is fairly high,
these charged particles can not penetrate deep enough to experience the strong nu-
clear force. Another major difference between neutrons (or for that matter, any
other neutral particle) and charged particles is that the neutrons do not loose their
energy through electromagnetic interactions with the material atoms. Hence they
can penetrate deeper into the material as compared to the charged particles. This
higher penetration capability is quite problematic in terms of developing effective
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radiation shields around neutron sources, such as nuclear reactors. Deeper penetra-
tion also carries advantages, though. For example, a neutron beam can be used for
non-destructive testing of materials.

Just like photons, a beam of neutrons passing through a material also suffers
exponential attenuation. The intensity of a neutron beam at a distance x from
origin can then be evaluated from

I = Ipe "™, (2.6.6)

where p,, is the attenuation coefficient of neutrons. It depends on the type of material
as well as the neutron energy and is usually quoted in dimensions of inverse length.
We can define the mean free path of neutrons by substituting

1
Ap = —, 2.6.7
" b (26.1)
and x = A, in the above exponential relation. This gives
Ip—1
0 ~63 (2.6.8)

Iy

which implies that A, corresponds to the depth of the material that attenuates about
63% of the neutrons.
The attenuation coefficient can also be written in terms of the total nuclear cross-
section oy, such as
tn = Noy, (2.6.9)

where N is the number density of nuclei in the material, which can be computed
from N = Nyp/A, where N4 is the Avogadro’s number, p is the weight density of
the material, and A is its atomic weight. The attenuation coefficient can then be
computed from

Nap

The above relation is valid only for a single element. In case of a compound with
several elements or isotopes, generally an average attenuation coefficient is computed
by taking weighted mean of total nuclear interaction cross-sections of all the isotopes
present in the sample.

1 (E) = p, [Z wiai(E)l (2.6.11)
=1

Here w; is the fractional number of i** isotope in the sample of n isotopes and p,, is
the number density of the sample.

Equation 2.6.6 can be used to experimentally determine the attenuation coefhi-
cient for an elemental isotope since we can write pu, as

= 1 In (&) . (2.6.12)
T 1

Such experiments are generally performed to determine the attenuation coefficients
for materials at specific neutron energies.
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Example:

Compute the thickness of a gold foil needed to remove 90% of the neutrons
from a beam of thermal neutrons. The total cross section of thermal neutrons
in gold can be taken to be 100 b. The density of gold is 1.9 x 10* kgm 3.

Solution:
The attenuation coefficient of thermal neutrons in gold is

Mn = NAP
A
(6.022 x 10%%) (1.9 x 10%)
197 x 103
= 580.8m .

Ot

100 x 10~28

Note that here we have used A in kg/mole. To compute the thickness of the
foil we can use equation 2.6.12. For 90% removal of the neutrons we substitute
I/Iy = 0.1 and p, as calculated above in this equation to get

L (o
= — 1N _
T . T
1
= — (1
580.8 2(10)

= 3.96 x 1073 m = 3.96 mm.
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D 2.7 Problems

1.

10.
11.

12.

13.

14.

The x-ray flux measured at a distance of 1.2 m from an x-ray machine is
3.6 x 108 em~2s~!. Compute the flux at a distance of 3.5 m.

. Compare the mean free paths of thermal neutrons in silicon and aluminum.

Assume the total cross sections for silicon and aluminum to be 2.35 b and 1.81
b respectively.

. The mean free path of N, ions in nitrogen gas at 273 K and 1.2 atm is approx-

imately 107° em. Compute the relative change in mean free path if the gas is
brought to the standard conditions of 27°C and 1 atm.

. A gas-filled detector is filled with 90% COs and 10% C H, under atmospheric

conditions of temperature and pressure. Compute the radiation length of high
energy electrons passing through the detector.

. Compute the maximum frequency of the photons emitted when an electron is

accelerated through a potential of 30 kV.

. The cut-off Bremsstrahlung wavelength of an x-ray machine is found to be 35

fm. Estimate the electric potential applied across its electrodes.

. Compute the threshold energy an a-particle must possess to emit Cherenkov

radiation in light water with n = 1.3. At what angle would the light be emitted
at this energy? Is it practical to build a Cherenkov detector for detecting «
particles?

. In a liquid filled Cherenkov detector, the maximum angle of Cherenkov cone

ever observed was 48°. Assuming that the particle emitting Chrenkov radiation
traveled at a velocity of 0.9¢, estimate the refractive index of the liquid.

. A fast moving electron in light water produces about 300 photons per cm of

its travel path. Estimate the angle of the Cherenkov cone thus produced.
Compare the critical energies of electrons in lead and aluminum.

A photon beam of wavelength 80 nm ionizes hydrogen atoms. Compute the
energy of the emitted electrons.

Compare the cutoff wavelengths of cesium in metallic and free states for pho-
toelectric effect to occur. The ionization energy and work function of cesium
are 3.9 eV and 1.9 eV respectively.

A metal is illuminated with light of 290 nm, which results in the emission of
electrons with a kinetic energy of 3.1 eV. Compute the work function of the
metal.

A photon having an energy of 200 keV scatters off of an atom at an angle of
35, Compute

» the wavelength of the scattered photon,

» the kinetic energy of the scattered electron, and
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15.

16.

17.

18.

19.

20.
21.
22.

23.
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» the angle of the scattered electron.

An incident photon having an initial energy of 1.2 MeV undergoes Comp-
ton scattering. Estimate the energies of the scattered electrons if the photon
scatters at 302, 60° and 90°.

A 190 keV photon strikes an electron and scatters it off at an energy of 70
keV. Compute the energy and the angle of the scattered photon.

Determine the thickness of lead required to decrease the intensity of x-rays by
a factor of 10°.

Compute the mean free paths of 190 kel x-ray photons in lead.

In a Rutherford scattering experiment 1.2 x 10* « particles are detected per
second at an angle of 35° with respect to their initial direction of motion. How
many a-particles one should expect to observe at angles of 15° and 90°7

Compute the stopping power of 6.5 MeV a-particles in air.
Compare the range of 2.5 MeV protons and a-particles in air.

Calculate the mean free path of thermal neutrons in cadmium having a density
of 8.6 x 103 kgm™3. The cross section of neutrons can be taken to be 2.4 x 10*
b. Estimate the thickness of cadmium needed to remove 99% of the neutrons
from the beam.

A gas filled ionization chamber is constructed as shown in the figure below.
The chamber is divided into two 1 ¢m wide regions filled with C'O5 under
standard conditions. The central electrode and the windows are made up of 10
pm mylar foil. The windows are metalized only on their inner sides with 3 um
thick aluminum while the central electrode has 3 pum of aluminum deposited
on both sides. Compute the percentage of the number of 100 kel photons that
pass through the chamber without getting absorbed. Mylar can be assumed to
be made up of carbon with a density of 1.4 g/cm?3.

Insulator —

7
|

\Aluminum/7

Mylar
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Chapter 3

Gas Filled Detectors

Radiation passing through a gas can ionize the gas molecules, provided the energy
delivered by it is higher than the ionization potential of the gas. The charge pairs
thus produced can be made to move in opposite directions by the application of an
external electric field. The result is an electric pulse that can be measured by an
associated measuring device. This process has been used to construct the so called
gas filled detectors. A typical gas filled detector would consist of a gas enclosure
and positive and negative electrodes. The electrodes are raised to a high potential
difference that can range from less than 100 volts to a few thousand volts depending
on the design and mode of operation of the detector. The creation and movement of
charge pairs due to passage of radiation in the gas perturbs the externally applied
electric field producing a pulse at the electrodes. The resulting charge, current,
or voltage at one of the electrodes can then be measured, which together with
proper calibration gives information about the energy of the particle beam and/or
its intensity.

It is apparent that such a system would work efficiently if a large number of
charge pairs are not only created but are also readily collected at the electrodes
before they recombine to form neutral molecules. The choice of gas, the geometry of
the detector, and the applied potential give us controlling power over the production
of charge pairs and their kinematic behavior in the gas.

In this Chapter we will look at general design considerations of gas filled detectors
and discuss their behavior in different conditions. Some of the extensively used
special types of gaseous detectors will also be discussed in this Chapter.

D 3.1 Production of Electron-lon Pairs

Whenever radiation interacts with particles in a gas, it may excite the molecules,
ionize them, or do nothing at all. To complicate the matter further, there are
different mechanisms through which these interaction could take place. In chapter
2 we visited some of these interaction mechanisms and found out that their gross
outcomes can be fairly accurately predicted by using statistical quantities such as
cross section and stopping power. Another quantity that is extremely important, at
least for radiation detectors, is the average energy needed to create an electron-ion
pair in a gas. This energy is referred to as the W-value. It would be natural to
think that if the underlying radiation interaction processes are so complicated and
dependent on energy and types of particles involved then the W-value would be
different at each energy, for each radiation type, and for each type of gas. This is
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certainly true but only to a certain extent. In fact it has been found that the W-
value depends only weakly on these parameters and lies within 25-45 eV per charge
pair for most of the gases and types of radiation (see Table 3.1.1). An interesting
point to note here is that the W-value is significantly higher than the first ionization
potential for gases, implying that not all the energy goes into creating electron-ion
pairs. Of course this is understandable since we know that radiation is not only
capable of ionizing the atoms but can also just excite them.

The charges created by the incident radiation are called primary charges to dis-
tinguish them from the ones that are indirectly produced in the active volume. The
production mechanism of these additional charge pairs are similar to those of pri-
mary charges except that they are produced by ionization caused by primary charge
pairs and not the incident radiation. The W-value represents all such ionizations
that occur in the active volume. For a particle that deposits energy AF inside a
detector, the W-value can be used to determine the total number of electron-ion
pairs produced by

N == (3.1.1)

If the incident particle deposits all of its energy inside the detector gas, then of
course AF would simply be the energy E of the particle. However in case of partial
energy loss, we must use some other means to estimate AE. An obvious parameter
that can be used is the stopping power dE/dx, which we discussed in chapter 2. In
terms of stopping power, the above relation can be written as

1 dFE
N=——A 1.2
Wdz " (3.1.2)

where Ax is the path covered by the particle. Sometimes it is more convenient, at
least for comparison purposes, to calculate the number of electron-ion pairs produced
per unit length of the particle track

n= id—E (3.1.3)
W dx

As we saw in chapter 2, due to energy straggling, the stopping power fluctuates
around its mean value. Similarly the W-values for different gases as measured by
different experimenters suffer from significant uncertainties. Variations of as much
as 30% in the reported values have been observed. These factors must be taken into
consideration while estimating the total number of charges.

As mentioned above, the W-value represents all ionizations that occur inside the
active volume of the detector. Sometimes it is desired to know the primary charge-
pair yield as well. However, because of almost inevitable secondary ionizations that
occur at nominal applied voltages, it is not always possible to determine this number
experimentally. Nevertheless, a number of experiments have been performed and

primary as well as total ionization yields have been reported by several authors (see
Table 3.1.1).
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Table 3.1.1: Tonization potentials I., W-values, stopping powers (dE/dx), primary
ionization yield n,,, and total ionization yield n; of different gases at standard atmo-
spheric conditions for minimum ionizing particles (37) (ip stands for the number of
electron-ion pairs).

Gas 7 Density I, %1% dE /dx np g
(x1074g/em?) | (V) | eV/pair | (keV/em) | (ip/em) | (ip/cm)
H; 2 0.8 15.4 37 0.34 5.2 9.2
He 2 1.6 24.6 41 0.32 5.9 7.8
Ny 14 11.7 15.5 35 1.96 10 56
0> 16 13.3 1.2 31 2.26 22 73
Ne 10 8.4 21.6 36 1.41 12 39
Ar 18 17.8 15.8 26 2.44 29 94
Kr 36 34.9 14.0 24 4.60 22 192
Xe 54 54.9 12.1 22 6.76 44 307
COy | 22 18.6 13.7 33 3.01 34 91
CHy | 10 6.7 10.8 28 1.48 46 93

To determine the number of total and primary charge pairs in a gas mixture, a
composition law of the form

n = chi%‘j@i (3.1.4)

i
and n, = Zminp’i, (3.1.5)
i

can be used. Here the subscript ¢ refers to the i*” gas in the mixture and z; is the
fraction by volume of gas 1.

Example:
Compute the total and primary number of charge pairs produced in a mixture
of 90% COy and 10% C Hy.
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Solution:
The total number of charge pairs, according to equation 3.1.4 is given by
(dE/dl')COQ (dE/dx)chzl
ng = (09)—+(0.1)——————
! ( ) Wc02 ( ) Wch4
3.01 x 103 1.48 x 103
= 9)——— d)——
(0.9)——3— + (0.1)—¢

Q

87 charge-pairs/cm.

Similarly, the number of primary ion pairs can be computed from equation
3.1.5 as follows.

np = (0.9)(np,co2) + (0-1)(np,cha)
(0.9)(34) + (0.1)(46)
35 charge-pairs/cm.

Q

D 3.2 Diffusion and Drift of Charges in Gases

Both the electrons and ions produced as a result of passage of radiation quickly lose
their energy by multiple collisions with gas molecules. The way these charges move
in the gas depends largely on the type and strength of the force they experience. The
behavior of the charges therefore with and without electric field differ significantly
from each other.

3.2.A Diffusion in the Absence of Electric Field

In the absence of an externally applied electric field, the electrons and ions having
energy E can be characterized by the Maxwellian energy distribution (39),

F(E) = %(1@1’)*3/2@@%/”, (3.2.1)

where k is the Boltzmann’s constant and 7T is the absolute temperature. The average
energy of charges, as deduced from this distribution, turns out to be

E= ng, (3.2.2)

which at room temperature is equivalent to about 0.04 eV'. Since there is no exter-
nally applied electric field, there is no preferred direction of motion for the charges in
a homogeneous gas mixture and therefore the diffusion is isotropic. In any direction
x, the diffusion can be described by the Gaussian distribution

N
dN = \/ﬁeiz2/4[)td$, (323)

where N is the total number of charges and D is the diffusion coefficient. This
relation simply represents the number of charges dN that can be found in an element
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dz at a distance x from the center of the initial charge distribution after time ¢. D
is generally reported in dimensions of em?/s and is an important quantity since it
can be used to determine the standard deviation of the linear as well as the volume
distribution of charges through the relations

o, = V2Dt (3.2.4)
and o, = V6Dt (3.2.5)

Electrons, owing to their very small mass, diffuse much faster. This can also be
deduced by comparing the thermal velocities of electrons and ions, which usually
differ by two to three orders of magnitude. The diffusion coefficient for electrons is,
therefore, much different from that of the ions in the same gas. Since the diffusion
coefficient has mass and charge dependence, therefore for different ions it assumes
values that may differ significantly from each other. Further complications arise
due to its dependence on the gas in which the ion is moving. Since in radiation
detectors we are concerned with the movement of ions that are produced by the
incident radiation therefore we restrict ourselves to the diffusion of ions in their own
gas. Addition of admixture gases in the filling gas can also modify the diffusion
properties, in which case the correct value of the diffusion coefficient, corresponding
to the types and concentrations of the gases used, should be sought. The values of
diffusion coefficients for different gases and gas mixtures have been experimentally
determined and reported by several authors (see Table.3.2.1).

A.1 Diffusion in the Presence of Electric Field

In the presence of electric field the diffusion is no longer isotropic and therefore can
not be described by a scalar diffusion coefficient. The diffusion coeflicient in this
case is a tensor with two non-zero components: a longitudinal component Dy and
a transverse component Dr. For many gases, the longitudinal diffusion coefficient
Dy, is smaller than the transverse diffusion coefficient Dy (39).

3.2.B Drift of Charges in Electric Field

In a gaseous detector, the Maxwellian shape of the energy distribution of charges
can not be guaranteed. The reason is the applied bias voltage that creates electric
field inside the active volume. The electrons, owing to their small mass, experience
a strong electric force and consequently their energy distribution deviates from the
pure Maxwellian shape. On the other hand, the distribution of ions is not signifi-
cantly affected if the applied electric field is not high enough to cause discharge in
the gas (39). The electrons behave quite differently than ions in the presence of
electric field and therefore we must study the two types of charges separately.

B.1 Drift of lons

In a gaseous detector the pulse shape and its amplitude depend not only on the
motion of electrons but also of ions. The ions are positively charged and much
heavier than electrons and therefore move around quite sluggishly. In most gaseous
detectors, specially ionization chambers, the output signal can be measured from the
positive or from the negative electrode. In both cases, however, what is measured
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is actually the change in the electric field inside the active volume. Hence the drift
of electrons and ions both contribute to the overall output pulse. This implies that
understanding the drift of positive charges is as important in a chamber as the
negative electrons.

In the presence of externally applied electric field, ions move toward the negative
electrode with a drift velocity that is much lower than that of electrons. The distri-
bution of these ions can be fairly accurately characterized by a Gaussian distribution

of the form
N

Var Dt

where vy is the drift velocity of ions, which is actually the velocity of the cloud
of ions moving along the electric field lines. This velocity is much lower than the
instantaneous velocity of ions. ¢ is the ion drift time. Drift velocity is an important
parameter, since it tells us how quickly we should expect the ions to reach the
cathode and get collected. It has been found that as long as no breakdown occurs
in the gas, this velocity remains proportional to the ratio of electric field and gas
pressure.

AN = ¢~ (= tva)?/ADt gy (3.2.6)

E
Vi = Ht g (3.2.7)

Here E is the applied electric field, P is the pressure of the gas, and pu4 is the
mobility of ions in the gas. Mobility depends on the mean free path of the ion in
the gas, the energy it looses per impact, and the energy distribution. In a given gas,
it therefore remains constant for a particular ion. Table 3.2.1 gives the mobility,
diffusion coefficient, and mean free paths of several ions in their own gases.

Table 3.2.1: Mean free path A, diffusion coeflicient D, and mobility p of ions in
their own gas under standard conditions of temperature and pressure.

Gas | A(x107%¢cm) | D(em?/s) | p(em?s~1v—1)
Hos 1.8 0.34 13.0
He 2.8 0.26 10.2
Ar 1.0 0.04 1.7
O- 1.0 0.06 2.2
H>0 1.0 0.02 0.7

A useful relationship between mobility and diffusion coefficient given by
e
Fe =

is known as Nernst-Einstein relation. Here k is the Boltzmann’s constant and T is
the absolute temperature.

D, (3.2.8)
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For a gas mixture, the effective mobility can be computed from the so called
Blanc’s law

1 - Cj
— =Y (3.2.9)
s

where n is the number of gas types in the mixture, 1% is the mobility of ion ¢ in gas
j and ¢; is the volume concentration of gas j in the mixture.

The drift velocity of ions is roughly two to three orders of magnitude lower than
that of electrons. The slow movement of ions causes problems of space charge
accumulation, which decreases the effective electric field experienced by the charges
decreases. The resulting slower movement of ions has the potential of increasing the
space charge and decreasing the pulse height at the readout electrode. This and
other signal deterioration effects will be discussed later in the Chapter.

B.2 Drift of Electrons

If a constant electric field is applied between the electrodes, the electrons, owing to
their small mass, are rapidly accelerated between collisions and thus gain energy.
The energy that these electrons lose through collisions with gas molecules is not
very large (again because of their small mass). Because of these collisions their
mean energy increases and consequently the energy distribution can no longer be
described by a Maxwellian distribution.

Along the electric field lines, the electrons drift with velocity v4 which is usually
an order of magnitude smaller than the velocity of thermal motion v.. However the
magnitude of drift velocity depends on the applied electric field and finds its limits
at the breakdown in the gas. The approximate dependence of drift velocity on the
electric field E is given by (33)

- 2€Elmt
" 3mev,

Vg (3.2.10)
where [,,; is the mean momentum transfer path of electrons. Using theory of elec-
tron transport in gases, more precise expressions for drift velocity and other related
parameters have been obtained and reported by several authors (see (39) and refer-
ences therein).

In early days of gaseous detector developments, a number of experimental studies
were carried out to determine the drift velocities of electrons in the usual gases used
in radiation detection. At that time the availability of computing power was a
bottleneck in numerically solving complex transport equations needed to determine
the drift velocities and therefore resort was made to experimental studies. Although
we now have the capability to perform such computations, the published results of
earlier experimental studies are still extensively used in modern detectors.

Fig.3.2.1 shows the variation of electron drift velocity in methane, ethane, and
ethylene with respect to the applied electric field. It is apparent that only in the
low field region, the drift velocity increases with the energy. Beyond a certain value
of the electric field that depends on the type of gas, the velocity either decreases or
stays constant. As evident from figures 3.2.2 and 3.2.3, this behavior is typical of
gases that are commonly used in radiation detectors.

An important result that can be deduced from Fig.3.2.2 is the non-negligible
dependence of electron drift velocity on the pressure of the gas. This, of course, can
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Figure 3.2.1: Variation of drift velocity of electrons in methane,
ethane, and ethylene (14).

also be intuitively understood by noting that as the pressure of the gas increases the
density of the target atoms also increases, thus forcing an electron to make more
collisions along its track. Due to this dependence, many authors prefer to tabulate
or plot the electron drift velocities with respect to the ratio of electric field intensity
and pressure, that is, E/P. Such a curve is shown in Fig.3.2.4.
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Figure 3.2.2: Variation of drift velocity of electrons in a mixture of
argon, propane, and isobutane with respect to electric field strength.
The curves have been drawn for different gas pressure values (23).

3.2.C Effects of Impurities on Charge Transport

In most applications, gaseous detectors are filled with a mixture of gases instead
of a single gas. The ratio of the gases in the mixture depends on the type of
detector and the application. In addition to these, the detector also has pollutants or
impurities, which degrade its performance. Most of these pollutants are polyatomic
gases, such as oxygen and air. Since they have several vibrational energy levels
therefore they are able to absorb electrons in a wide energy range. Such agents are
called electronegative and their electron attachment coefficients are generally high
enough to be of concern. The main effect of these impurities is that they absorb
electrons and result in degradation of the signal.

There are two methods by which electron capture occurs in gaseous detectors:
resonance capture and dissociative capture. Resonance capture can be written as

e+ X — X7 (3.2.11)

where X represents the electronegative molecule in the gas and * denotes its excited
state. To de-excite, the molecule can either transfer the energy to another molecule

X748 X 45, (3.2.12)

or emit an electron
X" - X+e (3.2.13)
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Figure 3.2.3: Variation of drift velocity of electrons in a mixture of xenon and
CyHg with respect to electric field strength. The curves have been drawn for
different values of externally applied magnetic fields. The variation of drift ve-
locity with magnetic field is very small and therefore except for very high field
strengths it can be neglected for most practical purposes (31).

Here S can be any gas molecule in the gas but is generally an added impurity called
quench gas. We will learn more about this later in the chapter. The process of
electron emission is favorable for radiation detectors because the only effect it has is
the introduction of a very small time delay between capture and re-emission of the
electron. It does not have any deteriorating effect on the overall signal height.

If a constant electric field is applied between two electrodes, the number of elec-
trons surviving the capture by electronegative impurities after traveling a distance
x is given by

N = Nye He?, (3.2.14)
where Ny is the number of electrons at x = 0 and p. is the electron capture coef-
ficient, which represents the probability of capture of an electron. It is related to
electron’s capture mean free path A, by

1

= . 3.2.15
He A ( )



3.2. Diffusion and Drift of Charges in Gases 159

TOOPPM
0.5- . i s
. 300 PPM
o4r I""'I-..__’_E_'___|,,.-—-'|—‘—'_ - bl | [—
) 100 PPM
OF | .
0.2r
KRYPTON + BDE
ik 0- 300 PPM
L4 ]
= A i e L i
1 O —
S
=
= | ™
o4t [ \"\ o0 PPM
0.3 ATo PPM h o
F L o — ¥ 2 u-- ‘1
o2k 12 """‘F.mn PFM
KRYPTON + CH,
oty 0-370 PPM
o

0I0 020 030 040 050 060
Xip Viem/mm Hg

Figure 3.2.4: Variation of drift velocity of electrons in mixtures of (krypton
+ CO9) and (krypton + C'Hy) with respect to the ratio of the electric field
strength and the gas pressure (10).

Using this, we can define \. as the distance traveled by electrons such that about
63% of them get captured. The capture mean free path depends on the electron
attachment coefficient n, which characterizes the probability of electron capture in
any one scattering event. If o is the total electron scattering cross section of the
electronegative gas, then no will represent the attachment cross section. If N, is
the number density of the gas molecules (number of molecules per unit volume) and
f is the fraction of its electronegative component, then the capture coefficient and
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the capture mean free path can be written as

pe = fNmno (3.2.16)
1

Now since A, is the capture mean free path, we can simply divide it by the average
electron velocity v to get its capture mean lifetime 7.

1

Te

The exponential relation 3.2.14 can then also be written in terms of time as
N = Noe~ /™, (3.2.19)

where Ny is the initial electron intensity and N is the intensity at time t¢.

The factors h, o, and v in the above relations depend on the electron energy
while N, has dependence on temperature and pressure. It is therefore not possible
to find the values of these parameters in literature for all possible energy and working
conditions. Further complications arise if there are more than one electronegative
elements in the gas. This is because the charge exchange reactions between these
elements can amount to significantly higher electron attachment coefficients as com-
pared to the ones obtained by simple weighted mean. In such cases, one should
resort to the experimentally determined values of A, or 7., which are available for
some of the most commonly used gas mixtures.

Example:

Compute the percent loss of 6 eV electrons created at a distance of 5 mm from
the collecting electrode in a gaseous detector filled with argon at standard
temperature and pressure. Assume a 1% contamination of air with n = 107°.
The total scattering cross section of air for 6 eV electrons is 5 x 10714 em?.

Solution:
The given parameters are

= 0.01,

107°,

= 5x 107" em?,
0.5 cm.

8 9 3 =
I

and

To estimate IN,, we note that the contamination level in argon is very low
(1%) and therefore we can safely use the argon number density in place of
the overall density of the gas. The number density of argon atoms can be
calculated from
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where N, is the Avogadro’s number, p is the weight density, and A is the
atomic mass. Hence for argon we have

(6.022 x 10%3)(1.78 x 1073)
18
= 5.97 x 10" atoms/cm?.

N

The percent loss of electrons ngps, according to equation 3.2.14 is then given

by
No— N
Nabs = OJT x 100 = [1 - e*me"”] % 100.
= [1—exp{—(0.01)(5.97 x 10")(107°)(5 x 10~'*)(0.5)}] x 100
13.8%

This example clearly shows how problematic small amounts of contaminants
can be in a detector. For precision measurements, parasitic absorption of about
14% of the electrons could be enough to deteriorate the signal to unacceptable
levels.

D 3.3 Regions of Operation of Gas Filled Detectors

Fig. 3.3.1 shows different regions of operation of a gas filled detector. Based on the
applied bias voltage, a detector can be operated in a number of modes, which differ
from one another by the amount of charges produced and their movement inside
the detector volume. Choice of a particular mode depends on the application and
generally detectors are optimized to work in the range of the applied voltage that
is typical of that particular mode only. These operation regions are discussed here
briefly.

3.3.A Recombination Region

In the absence of an electric field the charges produced by the passage of radiation
quickly recombine to form neutral molecules. At the application of the bias voltage
some of the charges begin to drift towards the opposite electrodes. As this voltage is
raised the recombination rate decreases and the current flowing through the detector
increases. The recombination region depicted in Fig.3.3.1 refers to the range of
applied voltage up to the value when the recombination is negligibly small. Because
of appreciable recombination in this region, the current measured at the output of
the detector does not honestly reflect the energy deposited by the incoming radiation.
Consequently in terms of measuring the properties of radiation, it is useless to
operate the detector in this region.

3.3.B lon Chamber Region

The collection efficiency of electron-ion pairs in the recombination region increases
with applied voltage until all the charges that are being produced get collected. This
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Figure 3.3.1: Variation of pulse height produced by different types of de-
tectors with respect to applied voltage. The two curves correspond to two
different energies of incident radiation.

is the onset of the so called ion chamber region. In this region further increasing
the high voltage does not affect the measured current since all the charges being
produced get collected efficiently by the electrodes. The current measured by the
associated electronics in this region is called saturation current and is proportional
to the energy deposited by the incident radiation. The detectors designed to work
in this region are called ionization chambers.

It is almost impossible to completely eliminate the possibility of charge pair
recombination in the ion-chamber region. However, with proper design, ionization
chambers having plateaus of negligibly small slopes can be built.

3.3.C Proportional Region

In the previous chapter we studied the process of production of electron-ion pairs
by the passage of radiation. This type of ionization is referred to as the primary
ionization. If the charges produced during primary ionization have enough energy
they themselves can produce additional electron-ion pairs, a process called secondary
ionization. Further ionization from these charges is also possible provided they have
enough energy. Obviously this process can occur only if a high enough electric
potential exists between the electrodes so that the charges could attain very high
velocities. Although the energy gained by the ions also increases as the bias voltage
is increased, the electrons, owing to their very small mass, are the ones that cause
most of the subsequent ionizations.

This multiplication of charges at high fields is exploited in the proportional detec-
tors to increase the height of the output signal. In such a detector the multiplication
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of charges occurs in such a way that the output pulse remains proportional to the
deposited energy. That is why these detectors are called proportional detectors.
From figures such as Fig.3.3.1 it is sometimes concluded that in proportional coun-
ters the output pulse height is proportional to the applied bias. This is correct only
up to an approximation, though. The correct reason for calling these devices pro-
portional counters is that the total number of charges produced after multiplication
is proportional to the initial number of charges. Let us now have a closer look at
the process of charge multiplication.

C.1 Avalanche Multiplication

For a detector working in the proportional region, an electric field as high as several
kV/em is not uncommon. This high electric field not only decreases the charge col-
lection time but also initiates a process called avalanche multiplication, which is a
rapid multiplication of charges by primary charges produced from the incident radi-
ation. This charge multiplication results in the increase in output pulse amplitude.
Up to a certain bias voltage, the output pulse amplitude remains proportional to the
bias voltage. A detector working in this region is therefore known as a proportional
counter.

Due to the high electric field between the electrodes, the charges quickly gain
energy between collisions. If the total energy of an electron or an ion becomes
higher than the ionization potential of the gas atoms, it can ionize an atom, thus
creating another charge pair.

If all of the conditions, such as electric field, temperature, and pressure remain
constant and the electric field is uniform, then the change in the number of charge
pairs per unit path length is simply proportional to the total number of charge pairs,
that is

dN

dr
Here N represents the total number of charge pairs and « is known as the first
Townsend coefficient. The first Townsend coefficient represents the number of col-
lisions leading to ionization per unit length of the particle track and is simply the
reciprocal of the mean free path for ionization

aN. (3.3.1)

a= 1 (3.3.2)

Here A = N,,,0 is the mean free path for ionization with N,,, being the number of
gas molecules per unit volume and o the total ionization cross section. a depends
on the energy that an electron gains in a mean free path and the ionization potential
of the gas. Solution of 3.3.1 as obtained by simple integration is

N = Noe“®. (3.3.3)

If @ > 0 this equation guarantees exponential growth of number of charge pairs
with distance. The multiplication of charges can be quantitatively described by
multiplication factor M as follows.

N
No
= e (3.3.4)

M:
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The above equation is true only for a uniform electric field. In an non-uniform
field, the Townsend coefficient becomes a function of x. In that case the multipli-
cation factor for an electron that drifts from point r; to ro can be calculated from

M = exp { / a(a:)da:} . (3.3.5)

Hence if we want to compute the multiplication factor, we must know the spatial
profile of the first Townsend coefficient. Although it is quite challenging to determine
this profile analytically, it has been shown that the reduced Townsend coefficient has
a dependence on the reduced electric field intensity, that is

% = f (%) , (3.3.6)

where E is the electric field intensity and P is the gas pressure. Several authors
have reported different forms of the first Townsend coefficient but a commonly used
expression is the one originally proposed by Korff (19). It is given by

o BP

where the parameters A and B depend on the gas and the electric field intensity.
These parameters have been experimentally determined for a number of gases (see
Table.3.3.1).

Another simple expression for « that has been reported in literature is based on
the intuition that since « is inversely related to the mean free path of electrons in
a gas it should therefore be directly related to the molecular density N, of the gas
and the energy £ of the electrons. This argument leads to the expression

a =D, Np& (3.3.8)
where the proportionality constant D, has been experimentally determined for sev-

eral gases (see Table.3.3.1).

Table 3.3.1: Experimentally determined values of parameters appearing in equations
3.3.7 and 3.3.8 (37).

Gas | A(lem™'Torr=Y) | B(WVem™'Torr) | Do(x1077em?V 1)

He 3 34 0.11
Ne 4 100 0.14
Ar 14 180 1.81

An interesting aspect of avalanche is its geometric progression, which assumes
the shape of a liquid drop because of the large difference between the drift velocities
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of electrons and ions (see, for example (37)). The electrons move much faster than
ions and quickly reach the anode leaving behind a wide tail of positive ions drifting

slowly towards the cathode (see Fig.3.3.2).

Ionizing
Radiation

Anode

Example:

Figure 3.3.2: Typical droplet
shape of avalanche in a gas filled
detector. The incident radiation
(shown by a solid line with an
arrow) produces the charge pairs
along its track. The charges start
moving in opposite directions under
the influence of the applied electric
field. The electrons, being lighter
than positively charged molecules,
move faster and leave behind a
long tail of positive charges drifting
slowly towards cathode. Note that
there is a time lag between the ini-
tial creation of charge pairs and the
formation of droplet.

Calculate the first townsend coefficient for a helium filled chamber kept under

760 torr when an electric field of 10* Vem ™!

is established across the chamber

electrodes. Also estimate the gas gain at a distance of 0.1 ¢m from the anode.

Solution:

The first townsend coefficient can be calculated from equation 3.3.7 using the

values of A and B as given in table 3.3.1.

BP
a = APexp (——

F)

= 1721 cem™ !

(3)(760) exp {—

(34)(760)
]

The multiplication factor at x = 0.1 ¢m is then given by

M = e**

l

172.1)(0.1)

~ 3x107.
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3.3.D Region of Limited Proportionality

As we increase the bias voltage, more and more charges are produced inside the active
volume of the detector. Now since heavy positive charges move much slower than
the electrons, they tend to form a cloud of positive charges between the electrodes.
This cloud acts as a shield to the electric field and reduces the effective field seen
by the charges. As a consequence the proportionality of the total number of charges
produces to the initial number of charges is not guaranteed. This region is therefore
termed as the region of limited proportionality (see Fig.3.3.1). Since the loss of
proportionality means loss of linearity, radiation detectors are not operated in this
region.

3.3.E Geiger-Mueller Region

Increasing the voltage further may increase the local electric field to such high values
that an extremely severe avalanche occurs in the gas, producing very large number
of charge pairs. Consequently a very large pulse of several volts is seen in the
readout electronics. This is the onset of the so called Geiger-Mueller region. In this
region, it is possible to count individual incident particles since each particle causes
a breakdown and a large pulse. Since the output pulse is neither proportional to the
deposited energy nor dependent on the type of radiation, the detectors operated in
this region are not appropriate for spectroscopy.

There is also a significant dead time associated with such detectors. Dead time
is the time during which the detector is essentially dead. This can happen due to
the detector itself or the associated electronics. If there is a large accumulation of
positive charges, it can reduce the internal electric field to a value that it can no
longer favor avalanche multiplication. If radiation produces charge pairs during this
time, the charges do not get multiplied and no pulse is generated. The detector
starts working again as soon as most of the positive charges have been collected by
the respective electrode. Dead time will be discussed in some detail later in the
chapter.

The multiplication of charges in a GM detector is so intense that sometimes it is
termed as breakdown of the gas. We will discuss this phenomenon in the following
section.

E.1 Breakdown

The large number of ions created during the avalanche drift much slower than the
electrons and therefore take longer to reach the cathode. When these heavy positive
charges strike the cathode wall, they can release more ions from the cathode material
into the gas. The efficiency v of this process is generally less than 10%. + is known
as the second Townsend coefficient. At moderate voltages, v is not high enough
to make significant increase in charge population. However at higher voltages the
secondary ion emission probability increases, deteriorating the linearity of the output
pulse with applied voltage. Further voltage increase may start discharge in the gas.
At this point the current goes to very high values and is limited only by the external
circuitry, that is, the height of the pulse becomes independent of the initial number of
electron ion pairs. Geiger tubes, that we will visit later in the chapter, are operated
in this region.
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To understand the breakdown quantitatively, let us write the equation for the
multiplication factor M under steady state condition of discharge. It can be shown
that when the discharge becomes independent of the ionization in the gas, the equa-
tion 3.3.4 should be replaced by (27)

ea:c

M = 1= (e 1)’ (3.3.9)
where « and ~ are the first and second Townsend coeflicients respectively. The
singularity in the above equation represents the breakdown (the value at which the
current becomes infinite, at least theoretically), which occurs if the bias voltage is
increased to very high values. The mathematical condition to start and sustain
breakdown can therefore be written as

1l—v(E*™*-=1) = 0

1
S5 = . (3.3.10)

e — 1

Here «y is the critical value of the coefficient at which the breakdown starts. Fur-
thermore as long as this condition remains fulfilled, the breakdown is sustained.
Note that this value depends not only the first Townsend coefficient but also on
the position x. As stated earlier, in most radiation detectors under normal oper-
ating conditions the second Townsend coefficient remains below 0.1, that is, the
probability that a breakdown will occur is less than 10%.

Since the first Townsend coefficient in the above expression depends on the electric
field intensity and gas pressure therefore we will see if we can derive an expression
for the breakdown voltage. For this we first write the above relation as

1
alen(l—l——).
Y

Substitution of equation 3.3.7 in this expression gives

(APz)exp (—ij—P) = In (1 + %)

BP
=B = NAPa ma+ i) (3:3.11)

Let us now suppose that we have a parallel plate geometry in which the electrodes
are separated by a distance x = d. To write the above equation in terms of voltage,
we note that for such a geometry E = V/d. Hence the breakdown voltage Vi eqk is
given by

BPd
In[APd/In(1+1/7)]

This useful relation tells us that for a given gas the voltage at which the breakdown
occurs depends on the product of pressure and electrode separation (that is, Pd). It
is generally known as Paschen’s law and a curve drawn from this equation between
Pd and Vjeqr is referred to as Paschen curve. Fig.3.3.3 shows such a curve for
helium with arbitrarily chosen v = 0.1. The point of minima in such a curve is

Vireak = (3.3.12)
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called Paschen minimum, which is the voltage below which the breakdown is not
possible.

An expression for the Paschen minimum can be derived by differentiating Vi, .cqk
with respect to Pd and equating the result to zero (see example below).

(Pd)min = %m {1 T H (3.3.13)

Here (Pd)pmn is the value at which Viyeqr is minimum and e is the natural logarithm
number.
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Example:
Derive equation 3.3.13 for Paschen minimum.

Solution:
We will start with equation 3.3.12 for the breakdown voltage.

BPd
In[APd/In (1 +1/7)]

To simplify the mathematical manipulations with respect to Pd we first write
this equation as

‘/break =

BPd
In[A/In (14 1/7)] + In(Pd)"
Bu
In(v) + In(u)”

%reak

or ‘/break
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where

uw = Pd, and
_ A
In(14+1/7)

The minimum in the Vi eqr — u (that is, Vireqr — Pd) curve can be obtained by
differentiating both sides of the above equation with respect to u and equating
the result to zero.

d%raak
erens )
du
du |In(v) +In(u)|
1 1
— = 0 since B#0

[In(v) + In(u))? - In(v) + In(u)
= In(v) + In(u)

= In(uv)
=uv=ce
e
=u=-
v

This is the value of u at which Vjeqr is minimum. Hence we can substitute
u = (Pd)min and the actual expression for v in this expression to get the
desired result

e 1
Pd)pin = —In |1+ —|.
(Pd) AH{JFW}

3.3.F Continuous Discharge

The breakdown process we studied in the previous section can further advance to the
process of continuous discharge if the high voltage is raised to very high values. This
continuous discharge starts as soon as a single ionization takes place and can not
be controlled unless the voltage is lowered. In this region, electric arcs can produce
between the electrodes, which may eventually damage the detector. It is apparent
that radiation detectors can not be operated at such high voltages and therefore one
must make sure that it remains below the threshold for this process.

D 3.4 lonization Chambers

Tonization chambers are one of the earliest constructed radiation detectors. Because
of their simplicity in design and well understood physical processes they are still one
of the most widely used detectors.
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3.4.A Current Voltage Characteristics

Fig.3.4.1 shows the current-voltage characteristics of an ionization chamber at differ-
ent incident radiation intensities. Normally the chambers are operated in the middle
of the plateau region to avoid any large variation of current with small variations
in the power supply voltage. This ensures stability and softens the requirement of
using very stable power supplies, which are normally very expensive.

As we stated earlier, the plateau of any chamber always has some slope but
normally it is so small that it does not affect the signal to noise ratio in any significant
way.

As shown in Fig.3.4.1, the form of the current-voltage characteristic curve of an
ion chamber does not depend on the intensity of the incident radiation. Quantita-
tively, two differences arise: one is the onset of the plateau region and the second is
the output current amplitude. The underlying reason for both of these differences is
the availability of larger number of electron-ion pairs at higher intensities. If the rate
of production of charge pair increases, then a higher electric field intensity will be
needed to eliminate (or more realistically to minimize) their recombination. Hence
the plateau in such a case will start at a higher voltage. Also, as we will see later, the
output current is proportional to the number of charge pairs in the plateau region
and therefore at higher intensities the plateau current is higher.

>0 >

bs>92>41 Figure 3.4.1:  Current-voltage
7 characteristic curves of an ion-
3 ization chamber at different in-
0> cident radiation intensities. The
output signal as well as the on-
7 o set of the plateau (indicated on
1 the plot with 1,2, and 3) in-
crease with increasing intensity

or flux of radiation.
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3.4.B Mechanical Design

The mechanical design of an ion chamber consists of essentially three components:
an anode, a cathode, and a gas enclosure. The particular geometry of these parts
are application dependent. Fig.3.4.2 shows the two most common ion chamber
geometries and the electric field inside their active volumes. Both of these designs
have their own pros and cons, which we can only understand if we look at the
production and behavior of electron-ion pairs.

B.1 Parallel Plate Geometry

This simple design consists of two parallel plates maintained at opposite electrical
potentials (see Fig.3.4.3). Although, as we saw earlier, the curvature in the electric
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Figure 3.4.2: (a) Parallel plate ion chamber and
a two dimensional view of electric field inside its
active volume. The curved electric field at the
sides may induce nonlinearity in the response.
(b) Cylindrical ion chamber and a two dimen-
sional view of radial electric field in its active vol-
ume. The increased flux of electric lines of force
near the positively charged anode wire greatly
enhances the electron collection efficiency.

lines of force at the edges of such a detector can potentially cause nonlinearity in
the response, but with proper designing this problem can be overcome. In fact,
very high precision parallel plate ionization chambers have been developed (see, for
example (1)).

Let us see how the output voltage pulse from such a chamber looks. For this we
note that the voltage pulse is actually the result of the perturbation in the electric
potential caused by the movement of charge pairs towards opposite electrodes. This
is because the electrons and ions generated inside the chamber decrease the effective
electric field. The strength of this effective field varies as the charges move toward
opposite electrodes, generating a voltage pulse at the output. The effective voltage
at any time ¢ inside the chamber can be written as

V;iff(t) =V - Vnp(t)~ (3.4.1)

where Vj is the static applied potential and V,,,() is the potential difference at time
t caused by the electrons and ions inside the chamber.
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Figure 3.4.3: Simple parallel plate ionization chamber. In
this geometry the output voltage V.ys depends on the point
where charge particles are generated. Electrons owing to
their small mass move faster than ions and therefore the
distribution of electrons is shown to have moved a larger
distance as compared to that of ions.

If we have Ny ion pairs at any instant ¢, then the kinetic energy possessed by the
electrons having average velocity v,, is given by

T.(t) = NoeEuv,t

Vo
= jNOeUnt,
where we have assumed that the electric field intensity F, under whose influence
the electrons move, is uniform throughout the active volume and can be written as
E =Vp/d, d being the distance between the electrodes. Similarly the kinetic energy
of ions having average velocity v, can be written as

Tp(t) = NoeEupt
Yo

7 Noevpt.

The potential energy contained in the chamber volume having capacitance C' can be

written as

1 2
Uch == 5 CVnp’

while the total energy delivered by the applied potential Vj is

1
Utotal = §CV02'
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In the short circuit condition, this total energy should be equal to the total of kinetic
and potential energy inside the chamber volume, that is
Utotal = Uch + Tp + Tn
1 1
= 50{/02 = ECVnQp + NoeEv,t + NoeEwpt. (3.4.2)

The above equation can be rearranged to give an expression for the effective potential
Verr = Vo — Vpp as follows.

2Ny Vye
(Vo = Vap) (Vo + Vip) = gdo (vp +vn)t
Noe

Here we have used the approximation
Vo + Vip = 2.

Since the electrons move much faster than ions (v, >> vp), therefore initial pulse
shape is almost exclusively due to electron motion. If we assume that the charge pairs
are produced at a distance x from the anode (see Fig.3.4.3), then the electrons will
take t, = x/v, to reach the anode. This will inhibit a sharp increase in pulse height
with the maximum value attained when all the electrons have been collected by the
anode. The ions, owing to their heavier mass, will keep on moving slowly toward
cathode until time ¢, = (d — x) /v, increasing the pulse height further, however at a
much lower rate. The maximum voltage is reached when all the charges have been
collected. Based on these arguments, we can rewrite the expression for the output
pulse time profile for three distinct time periods as follows.

Noe (y, + o)t : 0<t<t,
Vepr = ey, +a)t © t,<t<t, (3.4.4)
S L t>t,

The above equation is graphically depicted in Fig.3.4.4. However an actual pulse
measured through some associated electronic circuitry differs from the curve shown
here due to the following reasons.

» An actual voltage readout circuit has a finite time constant.
» The charge pairs are not produced in highly localized areas.

In the above derivation leading to the pulse profile of Fig.3.4.4 we have not
considered the effect of the inherent time constant of the detector and associated
electronics on the pulse shape. Time constant is simply the product of resistance and
capacitance of the circuit (7 = RC'). Every detector has some intrinsic capacitance
as well as the cable capacitance. These capacitances together with the installed
capacitor (if any) and load resistance of the output make up the effective time
constant of the circuit. The difference between this time constant and the charge
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collection time characterizes the shape of the output pulse (see Fig.3.4.5). Tt is
apparent that the quicker the pulse decays, the easier it will be to distinguish it from
the subsequent pulse. On the other hand very small time constant may amount to
loss of information and even non-linearity. Therefore considerable effort is warranted
to tune the effective time constant according to the requirements. We will learn more
about this in the chapter on signal processing.
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Figure 3.4.5: Realistic pulse
< Tr<T3< Ta shapes of an ion chamber with dif-
ferent time constants. The dif-
ference between the effective time
constant of the detector and its
& charge collection time determines
T the shape of the pulse.
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B.2 Cylindrical Geometry

Cylindrical ionization chambers offer a number of advantages over their parallel
plate counterparts. Most notably their charge collection efficiency is much supe-
rior due to the presence of non-uniform electric field strength inside their active
volumes. Such a chamber generally consists of a metallic cylinder and an anode
wire stretched along the axis of the cylinder. The cylinder acts as the gas container
as well as the cathode with the obvious advantage of large ion collection area and
consequent high ion collection efficiency. As the anode is generally very thin, the
electric lines of force around it are extremely dense and concentrated (see Fig.3.4.2).
The electrons, therefore, travel toward the anode at much faster speeds than the ions
moving toward the cathode. This increases the electron drift speed and improves
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the electron collection efficiency over the parallel plate geometry. Fig.3.4.6 shows a
typical cylindrical ionization chamber.

Insulation Insulation c

. / Anode Wire ~ . I }_V.
out

Cathode (Cylinder) R

-+

Figure 3.4.6: Sketch of a typical cylindrical ionization chamber.

Whenever an ionization interaction takes place inside the chamber, the charge
pairs start moving to the respective electrodes under the influence of the applied
voltage. This inhibits a change in the potential energy inside the chamber and
causes a voltage pulse at the output electrode (generally anode), which can then be
measured. We will now try to analytically study the time evolution of this signal.
For this we first note that the change in the potential energy caused by the movement
of a charge @) in the chamber by a small distance dr at r can be written as

d®(r)
dU = Q——=dr. 3.4.5
Q™ ar (3.45)
For a cylindrical chamber the potential ®(r) can be represented by
Ol r
o(r) = —52ln H (3.4.6)

Here € is the permeability of the gas, C; is the capacitance per unit length of the
chamber, Vj is the voltage applied across the electrodes, 7 is the radial distance from
the center of the cylinder, and a is the radius of the cylinder.

The reader should note that, due to axial symmetry of the cylinder, the potential
varies only in the radial direction. This is certainly not true for the potential at
the two edges, since there the electric lines of force are no more uniform along the
axial direction. However, the majority of practical ionization chambers have a long
enough length to make this effect negligible.

Differentiating above equation with respect to r gives us the required potential

gradient
dd(r) _ClVol

= . 3.4.7
dr 2me r ( )
Substituting this in equation 3.4.5 gives
CiW 1
dU = —Q—=2ar. (3.4.8)
TE T

The potential energy U in the above equation is just the electrostatic energy con-
tained in the electric field inside the chamber. For a cylindrical chamber of length [
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Figure 3.4.7: Production of an electron ion
pair in a cylindrical ionization chamber at a
distance of ry from the center of the anode
wire.

/

Cathode

this can also be written as

1
U= Elclvgf. (3.4.9)
Differentiating both sides of this equation gives
dU = 1CVpdV. (3.4.10)

Equations 3.4.8 and 3.4.10 can be equated to give

Q1. (3.4.11)

dV = —
2mel r

Let us now suppose that a charge pairs are produced at a radial distance ro (see
Fig.3.4.7). The electrons and ions thus produced move in opposite directions under
the influence of the electric potential. The change in potential due to the movement
of electrons having total charge —() can be computed by integrating the above
equation from a + rg to a. Hence we have

a
V. = @ 1dv"

2mel Jopr, T

@ [“ + TO} . (3.4.12)

- 2mel a

Similarly, since the ions having the total charge @ move from a + rg to b, therefore
the change in potential caused by them can be calculated as

b
1
@ —dr

27el Joirg T

o9y [ b ] (3.4.13)

 2mel . a—+ry

V+
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To determine the total change in potential we must add V'~ and VT together.
V = V 4+V*
Q a+ 7o Q b
— | — 1
2mel . a * 2mel t a-+1o

@ m (3.4.14)

el 1 a

Since the capacitance per unit length C; for a cylindrical chamber is given by

O = hjb% (3.4.15)

therefore the total potential change V' in equation 3.4.13 can also be written as

Q

V=-—+~o.
e

(3.4.16)

This result clearly shows that for a cylindrical chamber the pulse height is indepen-
dent of the point of charge generation, which proves its advantage over the parallel
plate geometry. However, since the parallel plate chambers are easier to build as
compared to the cylindrical chambers, therefore they are still widely used. The
true advantage of the cylindrical geometry lies in its ability to produce radially
non-uniform electric field and high field intensity near the anode wire, thus greatly
enhancing the probability of gas multiplication. The process of gas multiplication is
exploited in proportional and GM counters which we will visit later in the Chapter.

3.4.C Choice of Gas

Since the average energy needed to produce an ion pair in a gas (W-value) depends
very weakly on the type of gas, therefore, in principle, any gas can be used in an
ionization chamber. Ion chambers filled with air are also fairly common. However
when it comes to precision detectors, the W-value is not the only factor that has to
be considered since the precision of a detector depends heavily on the efficiency of
charge collection. The charge collection efficiency depends not only on the detector
geometry and the bias voltage but also on the drift and diffusion properties of
the electrons and ions in the gas. Furthermore, small amounts of contaminants in
the filling gas can severely deteriorate the performance of the chamber. The most
troublesome of these contaminants are the so called electronegative gases, which
parasitically absorb the electrons and produce non-linearity in detector’s response.
Since this effect is extremely important for the operation of a gas filled detector,
we will revisit it in some detail later in the Chapter when we discuss the sources of
errors in gaseous detectors.

The reader should again be pointed to the fact that the choice of gas is highly
application dependent. For low resolution detectors where we are not concerned with
fluctuations of a few percent in signal height, we can use any available gas. In fact,
it is also possible to operate an ionization chamber filled with air. Such detectors
are widely used in laboratories for educational purposes and generally consist of a
cylindrical chamber with one end open.
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3.4.D Special Types of lon Chambers

Tonization chambers are perhaps the most widely used radiation detectors. Because
of their heavy usage and applicability in diverse applications, we will now visit some
of the most commonly used variants of the standard ionization chamber geometry.

D.1 Parallel Plate Frisch Grid Chamber

The simple parallel plate geometry we discussed earlier has a major flaw: the pulse
amplitude depends on the position of charge pair production (see equation 3.4.4).
A cylindrical chamber, on the other hand, does not have such a dependence. This
problem can be solved in parallel plate geometry as well by using the so called Frisch
grid between the two electrodes. Fig.3.4.8 shows such a chamber. The grid (shown
as dashed line) is simply another electrode kept at a potential that is intermediate to
that of anode and cathode. Mechanically, the grid is made porous so that electrons
could pass through it easily on their way to the anode. The chamber is designed in
such a way that the incident radiation interacts only within the region enclosed by
the grid and the cathode.

Incident Radiation

W Shield

tion chamber with a Frisch grid. The
incident radiation is directed with
the help of shield to interact only
within the volume bounded by the
grid and the cathode. In such a
chamber the pulse shape does not de-
pend on the position of charge pair
production.

r
|

|

| Figure 3.4.8: Parallel plate ioniza-
|

|

|

: R Vout

The output voltage in such a chamber is measured across a resistor between the
anode and the cathode and is exclusively due to the motion of electrons. This implies
that as long as there are no electrons moving between the grid and the anode, the
output voltage remains constant. The point of interaction, therefore, does not have
any effect on the shape of the signal. Using similar arguments as in the case of simple
parallel plate ion chamber, we can deduce the expression for the output voltage. In
this case, since the signal starts developing as soon as electrons pass through the
grid, therefore it can be considered as a simple ionization chamber in which the
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charge pairs are always produced near the cathode (which in this case is actually
the grid). Hence we can simply modify equation 3.4.4 to get

0 D 0<t<ty
V;)ut = %vnt : tnl S t S tn? (3417)
Me ot >t

where time t,; and t,9 refer to the times the electrons take to reach the grid and
the anode respectively. The shape of the pulse is shown in Fig.3.4.9.

Vout
P
Figure 3.4.9: Output pulse
tn1= X/ shape of a Frisch grid ionization
tna= dhp chamber. The signal is exclu-

sively due to motion of electrons
between the grid and the anode.

tng Ino t

D.2 Boron-lined lon Chamber

Standard ionization chambers are almost insensitive to neutron flux due to low
neutron interaction cross sections in the usual filling gases. The neutrons, having
no electrical charge, can hardly ionize atoms and almost exclusively interact with
the nuclei. Therefore to detect neutrons one must use a material with which the
neutrons could interact and produce another particle, which could then ionize the
gas. Boron-10 is one such material, which absorbs a thermal neutron and emits an
a-particle according to

n+ Bi® — Li} + o (3.4.18)

The a-particle thus emitted can ionize the gas and thus a measurable signal can
be produced. The boron-10 can be used either in gaseous form as BF3 gas or in
solid form. The BF3 filled chambers are commonly used for neutron detection and
have the same characteristics as the standard chambers. However the difficulty in
purification of the BFj3 gas and its degradation with time is a major problem with
these chambers. BFj counters are generally operated in the proportional region to
obtain better signal to noise ratio. The other possibility is to use boron in solid form,
which is relatively easier to purify and maintain. Such detectors, often called boron-
lined chambers, are actually preferred over BF3 chambers for this particular reason.
In such a detector, boron is coated on the inside of the cylindrical chamber, which is
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filled with some conventional gas. In commercially available chambers the boron is
enriched to about 20% by weight in boron-10, while in custom made chambers much
higher concentrations of boron-10 are used. The thickness of the boron coating is
kept smaller than the mean range of a-particles. This ensures that most of the a-
particles enter the chamber volume and get detected. The detection mechanism of
slow neutrons in a cylindrical boron-lined chamber is shown in Fig.3.4.10. The boron-
lined chamber is also mostly used as a proportional counter but in high radiation
environments it can be operated in the ionization chamber region.

Neutron

Figure 3.4.10: Principle of detection
of a slow neutron from a boron-lined
cylindrical chamber.

/

Cathode

D.3 Compensated lon Chamber

Determination of slow neutron dose in a nuclear reactor is difficult due to the pres-
ence of the accompanying high v-ray flux. A simple boron-lined ion chamber would
not work in such a situation since it can not differentiate between the two types of
particles. The flux measured from such a detector is the sum of the neutron and the
~-ray responses and the elimination of the «-ray background from the measurement
is impossible. The trick that is often employed in such a situation is to simulta-
neously measure the total flux and just the y-ray flux and then subtract the latter
from the former. Such a system, consisting essentially of two separate or segmented
ionization chambers, is referred to as a compensated ion chamber.

There are several possible designs of such a system including two separate detec-
tion systems for both fluxes. However the most commonly used design consists of
a single but segmented ionization chamber for both measurements. One segment of
this detector is boron lined sensitive to both neutrons and ~-rays while the other is
an ordinary ion chamber capable of measuring only the ~-ray flux (see Fig.3.4.11).
The current measured at the central electrode in this design is the current produced
in the boron-lined segment minus the y-ray induced current, which is proportional
to the flux of neutrons.
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3.4.E Applications of lon Chambers

Tonization chambers are extensively used in a variety of applications due to their
simplicity in design and manufacturing, durability, radiation hardness, and low cost.
Some of their common applications include diagnostic x-ray measurements, portable
dose monitoring, radiation intensity monitoring, anduse in smoke detectors.

3.4.F Advantages and Disadvantages of lon Chambers

It should be noted that there is no such thing as a universal detector that could be
used in any application. Some detectors, such as ionization chambers, can be used
in a variety of applications, however most are designed and built according to the
particular applications and requirements. Therefore talking about advantages and
disadvantages of detectors is somewhat relative. Still, due to the versatility of ion-
ization chambers we will have a general look at their advantages and disadvantages.
Let us first discuss some of their advantages.

» Insensitivity to applied voltage: Since the ionization current is essentially
independent of the applied voltage in the ion chamber region, therefore small
inevitable fluctuations and drifts in high voltage power supplies do not deterio-
rate the system resolution. This also implies that less expensive power supplies
can be safely used to bias the detector.

» Proportionality: The saturation current is directly proportional to the energy
deposited by the incident radiation.

» Less Vulnerability to Gas Deterioration: There is no gas multiplication
in ionization chambers and therefore small changes in the gas quality, such as
increase in the concentration of electronegative contaminants, does not severely
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affect their performance. This is true for at least the low resolution systems
working in moderate to high radiation fields.

Even though the ionization chambers are perhaps the most widely used detectors,
still they have their own limitations, the most important of which are listed below.

» Low current: The current flowing through the ionization chamber is usu-
ally very small for typical radiation environments. For low radiation fields the
current could not be measurable at all. This, of course, translates into low sen-
sitivity of the system and makes it unsuitable for low radiation environments.
The small ionization current also warrants the use of low noise electronics cir-
cuitry to obtain good signal to noise ratio.

» Vulnerability to atmospheric conditions: The response of ionization cham-
bers may change with change in atmospheric conditions, such as temperature
and pressure. However the effect is usually small and is only of concern for
high resolution systems.

D 3.5 Proportional Counters

We saw earlier that the maximum pulse amplitude that can be achieved in a parallel
plate ionization chamber is directly proportional to the number of charge pairs cre-
ated by the incident radiation (see equation 3.4.4). This implies that for situations
when the incident particle energy is not very large or the flux is small, the pulse
amplitude may not be large enough to achieve acceptable signal to noise ratio.

Any increase in pulse amplitude is therefore tied to increase in the number of
electron-ion pairs. The easiest way to achieve large number of charge pairs is to
allow the primary charges produced by the incident radiation to create additional
charges. We have seen this phenomenon in the section on Avalanche Multiplication.
There we discussed that the primary charges are capable of producing secondary
ionizations in the gas provided they achieve very high velocities between collisions.
The process leads eventually to avalanche multiplication and consequently a large
pulse at the output.

The basic requirement for the avalanche to occur is therefore application of very
high electric potential between the two electrodes. Parallel plate geometry is very
inefficient for this purpose because the electric lines of force near the anode and cath-
ode have the same density. Even if we manage to operate a parallel plate chamber
at the breakdown voltage, still it is not possible to attain acceptable proportional-
ity between the applied voltage and the output pulse amplitude. The reason is of
course the dependence of the pulse amplitude on the point of interaction of radiation.
Cylindrical geometry solves both of these problems. Typically a cylindrical propor-
tional counter is similar to a cylindrical ionization chamber, though with mechanics
that can withstand higher electric potentials.

A typical proportional counter is shown in Fig.3.5.1(a). The anode in this cham-
ber is in the form of a thin wire stretched across the center of the chamber while
the wall of the cylinder acts as the cathode. This geometry ensures a higher electric
field intensity near the anode wire as compared to the cathode. This non-uniformity
in the electric field ensures, among other things, better electron collection efficiency
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Figure 3.5.1: (a) Schematic of a cylindrical proportional counter.
(b) Cross-sectional view of a cylindrical proportional counter. The
thin central wire acts as the anode while the outer wall acts the
cathode. (c) Radial electric field intensity profile inside a cylindrical
chamber.

as compared to parallel plate geometry. The electric field intensity at any radial
distance 7 in such a cylinder of radius b having center wire of radius a is given by

1 W

Ew:;mwa. (3.5.1)

Here V; is the applied voltage. a and b are the radii of the anode wire and the
cylinder respectively. This implies that the electric field intensity in radial direction
has a 1/r behavior (see Figs.3.5.1(b and ¢)).

As stated earlier, the high electric field intensity in the vicinity of the anode
ensures better electron collection efficiency. There is however another more profound
effect of this, that is, the high field enables the electrons to initiate the process
of avalanche multiplication, which we discussed earlier in the Chapter. For every
counter geometry there is a unique range of applied voltage in which the number of
charges produced in the avalanche is proportional to the number of primary charges
produced by the incident radiation, that is

N = MN,
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where M is the multiplication factor, which for typical chambers lies between 103-
10%. Since the output signal is proportional to the total number of charges, therefore
it is evident that such a chamber can amplify the signal considerably.

A detrimental effect of increasing the high voltage in proportional counters is
the build up of space charge around the anode wire due to slower motion of heavy
positive ions. The higher the voltage, the more ions are produced, which move
much slower than electrons. The result is the screening of the electrodes and the
consequent decrement in the effective electric field intensity inside the active volume.
When this happens, the proportionality between the deposited energy and the pulse
height can no longer be guaranteed. The proportional counters are therefore always
operated below the onset of this region of limited proportionality.

3.5.A Multiplication Factor

Determination of the multiplication factor is central to the operation of a propor-
tional counter. We saw earlier in this chapter that for a uniform field the multipli-
cation factor can be obtained from the relation 3.3.4

_ax
M = e**,

where « is the first Townsend coefficient. In a non-uniform field in which the
Townsend coefficient has a spatial dependence, the relation 3.3.5, that is

M - o o]

should be used instead. To evaluate this integral we need the spatial profile (more
specifically radial profile for a cylindrical geometry) of a. We start with the simple
relation 3.3.8 between « and the average energy gained by the electron between
collisions &

a = DoNpk.

Since the electron is drifting in the influence of the electric field intensity E, therefore
the energy it gains while traversing the mean free path A = 1/« can be written as

& = EX
E
= —. 3.5.2
) (35.2)
Substituting this in the above expression for « gives
a = (DoNyE)Y2 . (3.5.3)

Now we are ready to evaluate the multiplication factor using the relation 3.3.5. But
before we do that we should first decide on the limits to the integral in that relation.
We know that the initiation of the avalanche depends on the electric field strength.
Therefore there must be a critical value of the field below which the avalanche will
not occur. Let us represent this critical electric field intensity by E. and the radial
distance from the center of the cylinder at which the field has this strength by r..
What we have done here is to essentially defined a volume around the anode wire
inside which the avalanche will take place (see Fig.3.5.2). Outside of this volume
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Figure 3.5.2: Depiction of
avalanche region around the an-
ode wire, the critical radial dis-
tance 7., and critical electric field
intensity E. in a cylindrical pro-
portional counter. In reality the
avalanche region is very close to
the anode wire.
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there will not be any avalanche. The integral in relation 3.3.5 can then be evaluated
from the surface of the anode wire a to r.. Hence we have

e [ Do Ny Vo 12
M = S —
eXp/a [rln(b/a)] ar

Do N Voa\ "% [ [re
2 ——— ——=1]. 3.5.4
<P [ < In(b/a) > a ( )
The ratio r./a in the above expression can also be expressed in terms of applied
voltage Vp and the threshold voltage V;. The threshold voltage is defined as the

voltage applied at the anode below which there will not be any avalanche. Hence it
can be evaluated by substituting r = ¢ and E = F, in equation 3.5.1.

V, = aE,In <9> (3.5.5)

a
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Also, if we substitute » = r. in equation 3.5.1, we will get an expression for the
critical field intensity FE., that is

Vo

E.=————. 3.5.6

" r.In(b/a) ( )
By combining the above two relations we get
Te Vo

— = . 3.5.7

= (357)

The good thing about this expression is that the fraction on the right hand side
can be easily determined since V; is simply the voltage at which the avalanche
multiplication begins. In other words V; corresponds to the onset of proportional
region. Substituting this ratio in equation 3.5.4 gives

Do Ny Voa\'"* [ [V
M = 2 ————— — 1. 3.5.8
P l i) (V5 (358)
This expression has been shown to be in good agreement with experimental results
up to the moderate values of M (on the order of 10*). At very high electric fields,
the initial approximation for oz we used in this derivation breaks down and therefore
can not be used. However general proportional counters are operated such that the

multiplication factor falls within the applicability range of this expression.
The above expression can also be written in terms of capacitance per unit length

27me

~ In(b/a)’

Hence it can be shown that

B DN, CVoa\ "2 [ Vo

Either equation 3.5.8 or 3.5.9 can be used to determine the multiplication factor
for a cylindrical chamber at a certain voltage. As stated earlier, the values ob-
tained from these expressions are good up to the usual range of applied voltages for
proportional counters (37).

Example:

Plot the dependence of multiplication factor for a cylindrical proportional
counter filled with argon under standard temperature and pressure on the
applied voltage of up to 1000 V. The active volume of the counter has
a diameter of 6 cm and the anode wire has a radius of 10 ym. Take the
threshold voltage to be 500 V. The weight density of argon under standard
conditions is 1.784 kg/m3.

Solution:
The given parameters are

a=10"2em, b=3cm, and V; = 500 V.
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For argon D, = 1.81x 10717 ¢m?/V (see Table 3.3.1) and its molecular number
density can be calculated from

Nap
Ny = 1
A

where N, is the Avogadro’s number, p is the weight density, and A is the
atomic mass. Hence for argon we have

(6.022 x 1023)(1.784 x 1073)
18
= 597 x 10! atoms/cm3.

N,

Substituting all these values in equation 3.5.8 we get

=i 3\ 1/2
W = l2 ((1.81 x 10717)(5.97 x 10'%)(Vp)(10 3)) ( Vo 1)]

In(3/10-3) 500

Vi
exp l0.73 V0< 57%1)].

The required plot of this equation is shown in Fig.3.5.3.

10*-
10° E
= 2L Figure 3.5.3: Variation of multiplication
c factor with applied voltage for an argon
L filled proportional counter.
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3.5.B Choice of Gas

As with ionization chambers, virtually any gas can be used in proportional counters
as well. This follows from the fact that all gases and their mixtures allow the
process of gas multiplication, which is the basic requirement for a detector to work
as a proportional counter. However there are other factors that must be taken into
account while deciding on a filling gas, some of which are discussed below.

B.1 Threshold for Avalanche Multiplication

During the discussion on the multiplication factor we realized that every gas at a
certain pressure has a threshold electric potential below which the Avalanche does
not take place. This threshold depends on the type of gas as well as its pressure. In
Fig.3.5.4 we have plotted the first Townsend coefficient for three different types of
gas mixtures. It is evident from this figure that not only the threshold for Townsend
avalanche is different for each gas mixture but its voltage profile also differs some-
what. The reader should be warned that the published values of the first Townsend
coefficients vary significantly from one source to another due to the difficulty in the
associated measurements. Care should therefore be exercised while using the values
available in literature specially for the design purposes.

3.5
- 3
EZSi Figure 3.5.4: Dependence
; r of the first Townsend coeffi-
S 2: cient on electric field inten-
= E sity for three gas mixtures:
= r 80%Ne+20%COy  (solid line),
1'5; 90%Ar+10%CH, (dashed line),
- and 70%Ar+30%COy (dotted
1= line).
0.5
:\,l\/\ ‘ | ‘ | ‘ | ‘ I ‘ L1

50 100 150 200 250
E (x1073 V/cm)

Since the threshold for gas multiplication in noble gases is much lower than in
polyatomic gases, therefore in general, the standard practice is to use a noble gas
as the main component of the filling gas mixture. Perhaps the most commonly



3.5. Proportional Counters 189

used noble gas in proportional counters is argon mainly because of its lower cost as
compared to other inert gases.

B.2 Quenching

The avalanche multiplication in a proportional counter is a very localized pro-
cess. However it has a byproduct that has the ability to cause additional localized
avalanches. This byproduct is a photon with the wavelength in and around the
ultraviolet region of the spectrum, which is produced during the avalanche process.
The exact mechanism of the emission of these ultraviolet photons is the de-excitation
of the gas molecules. For example, for argon we have

v+ Ar — e+ Art* - Tonization (3.5.10)
Art* —  Art 44, - De-excitation. (3.5.11)

Here ~ in the first reaction above symbolically represents any ionizing radiation and
Yuv in the de-excitation process represents the ultraviolet photon emitted by argon.
The minimum energy of these ultraviolet photons in argon is 11.6 eV. This energy is
unfortunately higher than the ionization potential of the metals commonly used in
proportional counters. Hence when an ultraviolet photon strikes the cathode wall it
may knock off an electron from the metal. If this electron enters the gas it gets accel-
erated between collisions with the gas molecules due to the high electric field inside
the chamber. Eventually it may approach the anode and cause another avalanche.
This process of secondary avalanche is graphically depicted in Fig.3.5.5. An obvious
way to solve this problem is to add an agent in the gas that has high absorption
coefficient for the photons in the ultraviolet region. Polyatomic gases (such as C'Hy)
fulfill this criteria since they have a number of closely spaced vibrational and ro-
tational energy levels. Also after absorption of the photon a polyatomic molecule
generally dissociates, which can be regarded as a radiationless process. The pro-
cess of decreasing the probability of secondary discharges is called quenching and an
agent used for this purpose is called quencher. The advantage of using a quencher
in a proportional counter is evident from Fig.3.5.5.

Without Quencher With Quencher

In cid} Cathode In® - ?Calhode
Radiation \ 7 Radiation \ Vv
uv
Anode ._ Anode ._

S?/y @

Cathode Cathode

gr\:;rllg;}éhe A i?/ca(ljgr(nlglrl{ @ Quencher <= Charge Transfer ---> Non-radiative Energy Loss

Figure 3.5.5: Positive effects of adding a quenching agent in a proportional counter.

Another effect that introduces nonlinearity in the response of a proportional
counter is the emission of an electron during the process of ion-electron recombina-
tion near the cathode. We saw earlier that due to the slow movement of ions, a space
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charge of positive ions gets accumulated near the cathode. These ions attract free
electrons from the surface of the metallic cathode and recombine with them to form
neutral atoms. Although the atoms are neutralized but they are left in excited states
due to the excess energy available to the ions and the electrons. The transition of
such an atom to the ground state is generally accomplished through the emission of
a photon, which may as well induce secondary electron emission from the cathode.
Furthermore since there is a sheath of ions attracting electrons from the cathode,
more electrons can be freed than required for the neutralization. All such electrons
are potential avalanche initiators. This process, if not controlled, may lead to sec-
ondary avalanches in proportional counters. This problem is also solved by adding
a polyatomic quenching gas in the main filling gas. The quencher molecules, having
large number of rotational and vibrational energy levels, neutralize the ions through
charge transfers. But since their own de-excitation processes are mostly non radia-
tive therefore they considerably decrease the probability of secondary avalanches.

Although the polyatomic quenchers have obvious advantages we just discussed,
however their use is not free from negative effects on the chamber. There are two
main problems associated with the polyatomic quenchers: the buildup of polymers
on anode and cathode surfaces and the decrease in the lifetime of the chamber.
Both problems have the same cause, that is, the dissociation or polymerization of
quenching molecules during the process of their de-excitation. The degradation of
the electrodes with time is a serious problem because it may change the properties of
the chamber with time. The decrease in lifetime of the chamber is a serious problem
for sealed detectors. This can be circumvented by allowing the gas to continuously
flow through the chamber.

B.3 Gas Gain

An important consideration while choosing filling gas for a proportional chamber is
the maximum attainable gain or multiplication factor. We noted earlier that most
proportional counters are operated with a multiplication factor on the order of 10%.
However sometimes it is desired to achieve higher gain before the Geiger breakdown,
that is before the onset of multiple avalanches caused by a single primary avalanche.
The quenching mechanism we just discussed serves this purpose to some extent.
However, if the voltage is raised to high values to increase the gain, the free electrons
can get enough energy to cause multiple avalanches. Therefore one must ensure that
the active volume gets continuously depleted of these low energy free electrons. The
best method to achieve this is by adding an electronegative impurity in the main
filling gas. Freon is one such polyatomic gas. The good thing is that such gases act
both as electronegative impurities as well as quenchers. The bad thing about them is
their capability to parasitically capture the good electrons as well, thus suppressing
even the primary avalanche processes. Certainly such an effect should be minimized
as it can lead to appreciable decrease in detection efficiency.

3.5.C Special Types of Proportional Counters

C.1 BFj; Proportional Counter

BF3 filled proportional counter is one of the most widely used neutron detectors.
When a slow neutron interacts with boron-10, it produces an a-particle with two
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possible energies (2.31MeV and 2.79MeV).
n -+ Béo — Lig +

The a-particle thus produced has a very short range and therefore quickly inter-
acts with gas molecules to produce electron-ion pairs. The electrons then under the
influence of high electric field, initiate the avalanche. This usual gas multiplication
process typical of proportional counters then ensures a large pulse at the readout
electrode. BFj counters have a very good neutron discrimination capability due to
good deposition of energy by the neutrons.

Fig.3.5.6 shows the energy spectra obtained from a very large and a typical BF}3
proportional counter. In a large counter, the electrons produced by the a-particles
deposit their full energy in the active volume of the detector and thus only two well
defined peaks corresponding to the two « energies are obtained. A typical counter
is however not that large. In fact, the counter diameters are generally smaller than
the range of energetic electrons.

A BFj3 counter can not be directly used to detect fast neutrons because of the low
interaction cross section of boron-10 for fast neutrons. Therefore in order to detect
fast neutrons some kind of moderator, such as paraffin, is used to first thermalize the
neutrons. Thermalization or moderation is the process through which the neutrons
quickly transfer their energy to the medium.

C.2 Helium Proportional Counters

A proportional counter filled with helium gas can be used to detect thermal neutrons.
When an incoming neutron interacts with the helium nucleus, a proton is emitted.
This proton creates secondary ionizations in the counter volume, which form the
output pulse. The primary neutron interaction with a helium-3 nucleus can be
written as

n+ Hel — H} +p. (3.5.12)

C.3 Multi-Wire Proportional Counters

A Multi-Wire Proportional Counter or simply MWPC consists of an array of closely
spaced wires in a gas filled container. The wires are roughly 1 mm apart and act
as anodes of individual proportional counters. Since each wire is read out through
a separate electronic channel therefore the counter is used as a position sensitive
detector. We will therefore defer a discussion on it to the chapter on radiation
imaging.

3.6 Geiger-Mueller Counters

We mentioned earlier that, if the voltage is increased to very high values, the process
of avalanche multiplication can spread throughout the detector to produce the so
called breakdown in the gas. The spread is mainly caused by the ultraviolet photons
emitted during the localized avalanches (see Fig.3.6.1). These photons have high
enough energy to produce secondary electrons in the gas as well as in the electrodes
and windows of the detector. The electrons thus produced drift towards the anode
under the influence of the effective field inside the chamber. Since this field is very
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high, the electrons attain high enough energy between the collisions to produce sec-
ondary avalanches. The secondary avalanche may produce more ultraviolet photons,
which may produce more avalanches and so on. This spread of avalanches through-
out the detector volume is generally known as Geiger breakdown and the detector
that behaves in this way is called a Geiger-Mueller or simply GM counter. In such
a counter, whenever a single ionization takes place, it initiates an avalanche process
which spreads so quickly that it causes the breakdown. The current flowing through
the detector in this situation is extremely high and is limited only by the external
circuitry. The voltage pulse is also quite high, generally of the order of several volts.
This is a big advantage since it eliminates the need for amplification, something that
is required in almost all the other types of detectors.

It is evident that the GM tubes can not provide any information about the particle
energy since every particle causing an ionization in the gas produces the same pulse
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Figure 3.6.1: Spread of Geiger avalanche due to the ultraviolet photons in a GM
counter.

amplitude irrespective of its energy. Hence these tubes are absolutely useless for
spectroscopic purposes or for making any measurement to reveal properties of the
incident radiation. This implies that the GM detectors can be used for particle
counting purposes only.

3.6.A Current-Voltage Characteristics

Let us go back to Fig.3.3.1 and have a closer look at the Geiger Mueller region. A
closer view of this region is shown in Fig.3.6.2. It is evident that the pulse height at a
certain bias voltage is independent of the energy delivered by the incident radiation.
However the pulse height is not really independent of the applied voltage and a small
positive slope is clearly visible. This occurs since at higher voltages it takes more
time for the space charge to build up and decrease the effective electric field below
the threshold for avalanche.

This slope, however, is of no significance as far as the operation of GM tubes
is concerned. The reason is that these detectors are generally connected with a
discriminator circuitry that increments an internal counter as soon as the pulse
crosses its preset threshold that is chosen corresponding to the operational voltage.

Breakdown

Limited Proportionality . GM Region

Figure 3.6.2: Pulse height vari-
ation with respect to applied
voltage in and around the
Geiger Mueller region of a gas
filled detector.

Pulse Height

Bias Voltage
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3.6.B Dead Time

The physical process of a Geiger breakdown takes some time to subside in a GM
counter. The output pulse therefore is not only large but also fairly long. The
problem is that from the initiation of the breakdown until it has died and the pulse
has been recorded, the counter remains dead for the subsequent ionization events.
The time is called the dead time of the GM counter. Since it is not possible to
eliminate the dead time therefore one must make corrections in the recorded count
rate to account for the missed events. If N. and V; are the recorded and true count
rates then, for a GM counter, they are related by

Ne = niNy, (3.6.1)

where 1 can be thought to represent the effitency of the counter. The efficiency
depends on many factors, for example the dead time due to the discharge process,
the dead time due to electronics, and efficiency to discriminate the good events
from noise etc. Let us now see if we can derive a simple relation for the efficiency
using intuitive arguments. Suppose there is an average dead time 7 during which the
detector becomes unable to record any new ionizing event. We can assume this since
under constant operating conditions the time it will take the avalanche to spread
throughout the detector, cause breakdown, and then subside should not vary from
pulse to pulse. Now, if C is the total number of counts recorded by the detector in
a time ¢, then the recorded count rate will be

N, = % (3.6.2)

Since 7 is the dead time of the detector therefore the rate Nj,s; at which the true
events are not recorded is given by

Nlost = TNCNt7 (363)

where N; is the true count rate or the rate at which the detector will record pulses
if it had no dead time. It is simply the sum of the recorded count rate and the lost
count rate.

Ny = N+ Niost (3.6.4)

Using the above two equations we can write

Nt = Nc-f-’TNCNt

N,
= N, —_— 3.6.5
K 1—7N, (36:5)
Hence the efficiency of a GM tube can be written as
n= 1— TNC, (366)

Typical GM tubes have a dead time of the order of 100 us. It is obvious from the
above relation that such a detector will have an efficiency of 50% if operated in a
radiation field of 10 kHz. In other words, on the average, it will detect one particle
out of two incident particles.
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Example:

A GM detector having an efficiency of 67% is placed in a radiation field. On
the average, it reads a count rate of 1.53 x 10? per second. Find the true rate
of incident radiation and the dead time of the detector.

Solution:
The rate of incident radiation is the true count rate of equation 3.6.5. Hence
we have

N,
N, = =
n

1.53 x 10* P

For the dead time we use equation 3.6.6 as follows.

n = 1—7N,
1—n
= =
T N,
. 1-0.67
~ 1.53 x 104

= 215x107%s =21.5 us

Dead time for GM tubes is generally determined experimentally in laboratories
by using the so called two-source method. This involves recording the count rates
from two sources independently and then combined.

According to equation 3.6.5, the true count rates N1, Nyo, and Ny 12 of the two
sources independently and combined are given by

N.1
Ny = ——ol
b 1—7Nes
N¢o
N, - "
b2 1—7N.»
N N2
612 1-— TNCJQ

Where N, with x = 1,2, 12 represent the recorded count rates in the three respec-
tive configurations. Now, since the atoms in the two sources decay independent of
each other therefore their true rates should add up, that is

Nij2 = Nii + Neo. (3.6.7)

Substituting the true count rate expressions in this equations gives

N2 _ Ne1 Ne¢oa
1 —TNC712 1 —TNCJ 1 _TNQQ
N, N.o — N,
o on et Ne2” Moz (3.6.8)

2Nc,1Nc,2
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Note that, in order to determine the dead time using this method, one does not
require the knowledge of the true count rates of either of the two sources. Hence
any source with arbitrary strength can be chosen for the purpose. However one must
make certain that the decay rate is neither very low nor very high to ensure that
the efficiency of the detector does not fall too low.

Example:

In an attempt to find the dead time of a GM counter, three measurements
are taken. The first two with separate radiation sources give average count
rates of 124 s~! and 78 s~!. With both the sources in front of the detector,
the count rate is found to be 197 s~!. Estimate the dead time of the counter.

Solution:
We can use equation 3.6.8 to estimate the dead time as follows.

Nei+ Nea — Neo
2Nc,1Nc,2
124 + 78 — 197
2(124)(78)
= 26x107%s.

3.6.C Choice of Gas

As with proportional counters, the basic design criteria for the GM counters is
that the filling gas should have low avalanche multiplication threshold. All inert
gases fulfill this requirement and therefore can be used in GM counters. There is,
however, an additional condition for the detector to operate in GM region, that is,
it should allow the process of avalanche multiplication to cause breakdown in the
gas. We discussed the process of breakdown earlier and noted that the condition for
breakdown is governed by the so called Paschen’s law, equation 3.3.12

BPd
In[APd/In(1+1/%)]

%Teak =

where A and B are experimentally determined constants, P is the gas pressure and
d is the separation of electrodes. Using this equation we arrived at the expression
for the value of Pd at which the minimum Vj,..r was possible.

(Pd)in = %m {1 + H
This is a very useful relation as it can be used to determine the threshold value
of the product of gas pressure and electrode gap for Geiger breakdown. Generally
the physical dimensions of the detector are fixed by the engineering considerations.
This means that the type of gas and its appropriate pressure can then be determined
from the above relation.
Apart from the above condition, another thing to note is that sometimes due to
safety considerations it is desired that the operating voltage is kept as low as possible.
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However since at lower voltages the avalanche multiplication can not be achieved
unless the pressure is lowered therefore in such situations the gas pressure is lowered
to less than atmospheric pressure. The drawback to this approach as compared
to the tubes that operate on atmospheric pressure is that they require specially
designed containers and walls to be able to withstand the pressure gradients. In any
case it must be ensured that the Paschen condition remains fulfilled.

We saw earlier that even an small amount of electronegative contaminant in the
filling gas can drastically decrease the electron population due to parasitic absorp-
tion. In proportional counters this results in a decrease in the output signal strength.
For GM counters the problem is not of signal strength, rather the spread and sus-
tainment of the avalanche. With too much absorption of the electrons this process
may die out soon enough and the resulting pulse may not be high enough to pass
the discriminator threshold. Therefore a necessary condition for proper operation of
a GM counter is that its filling gas should be as free from electronegative impurities
as possible.

3.6.D Quenching

The positive ions moving towards the cathode attract electrons from the cathode
wall. The impact of these electrons on the ions may for them to emit more elec-
trons. These new electrons can initiate another breakdown process. The result is
a pulsating response of the detector after the main signal pulse has died. The two
most commonly used quenching methods to reduce the dead time of a GM counter
can be classified as internal and external quenching methods.

D.1 Internal Quenching

In this type of quenching a small amount of a polyatomic gas is added to the main
fill gas in a concentration of around 5-10%. The main idea is to transfer the positive
charge of the ion produced in the avalanche process to a molecule that, unlike the
original ion, does not subsequently emit an electron thus suppressing the probability
of another avalanche. This implies that there are two conditions that must be met
by the added gas:

» It should have low enough ionization potential to ensure that the charge is
efficiently transferred.

» It should not de-excite by emitting an electrons.

These two conditions are fulfilled by many polyatomic molecules. They have
low ionization potentials and a number of closely spaced vibrational energy levels.
Furthermore they generally de-excite by dissociating into simpler molecules.

D.2 External Quenching

The externally applied electric field helps the detector in multiple pulsing and is
therefore the main cause of the dead time. An obvious method to solve this problem
is then to decrease the high voltage rapidly so that the subsequent avalanches do
not occur.
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A good example of an external quenching circuit is the one that rapidly drops
the anode voltage right after the beginning of a discharge. This is essentially equiv-
alent to delivering a negative pulse of high amplitude to the detector, thus rapidly
removing the space charge. The rise time of such a pulse is kept very small (on the
order of several tens of a nanosecond) to ensure high efficiency in decreasing the
dead time (8).

3.6.E Advantages and Disadvantages of GM Counters

The advantages of GM counters are:

» Simplicity in design: GM counters are perhaps the easiest to build and
operate in terms of readout electronics.

» Invulnerability to environmental changes: Since the magnitude of the
output pulse in GM detectors is very high, therefore they work almost inde-
pendent of changes in temperature and pressure.

Following are some of the disadvantages of GM counters.

» Energy/Particle discrimination: The pulse height of the GM counters is
not proportional to the energy deposited by the radiation and therefore they
can not be used to measure dose or discriminate between types of radiations
or their energies.

» Low dynamic range: The dead time losses in GM counters increase with
radiation strength. The effect can be reduced by decreasing the size of the
chamber, though at the expense of reduced sensitivity. Due to this the dynamic
range of GM counters is very limited.

D 3.7 Sources of Error in Gaseous Detectors

3.7.A Recombination Losses

Ideally the measured ionization current in an ionization chamber should consist of
all the electron-ion pairs generated in the active volume. However, due to different
losses, the electrons and ions are not fully collected. For precision measurements,
these losses must be taken into account. The recombination of electrons and ions
is one of the major source of uncertainty in measurements especially at high fluxes
of incident photons. Intuitively one can think that the recombination rate should
depend directly on the concentration of charges. This suggests that the rate of
change in the number of positive and negative charges should be proportional to the
number of charges themselves, that is

+
% = S—antn” (3.7.1)
dn = S—antn". (3.7.2)

dt
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Here « is called the recombination coefficient and S represents the source of charges.
The above two equations can be combined to give

d(n= —n™)
dt
=n" = nt+0Cy, (3.7.3)

= 0

where C] is the constant of integration and depends on the initial difference be-
tween the number of positive and negative charges. Substituting equation 3.7.3 into

equation 3.7.2 gives

dn_ N2 -
g;:57a01)+aQn. (3.7.4)

This is a first order linear differential equation with a solution of

r1 — roCs exp ( 012 + rS/at)
n” = . (3.7.5)
1—026Xp( C’lz—i—rS/at)

Here 1 and ry are the roots of the quadratic equation on the right side of equation

3.7.4 given by
1
T2 =5 [01 +4/CE + 45/04} . (3.7.6)

Similarly the solution for positive charges can be obtained from equation 3.7.1. The
roots in this case are given by

1
T2 =g [01 +4/C% + 4S/oz] (3.7.7)

The constants C7 and Cy can be determined by using the boundary conditions:
n=ngatt=0and n =mn at t =t. Instead of solving this equation for a particular
case, we note that these solutions represent complex transcendental behavior, which
eventually reach the steady state value of ro, that is

Neo — T9 as T — o0.

For a special case when the initial concentrations of positive and negative charges
are equal, the constant C| assumes the value zero and consequently the steady state
charge concentration becomes

S

This shows that the equilibrium or steady state charge concentration is completely
determined by the source producing electron-ion pairs and the recombination coef-
ficient.

Application of electric field forces the charges to move toward respective elec-
trodes thus reducing the recombination probability.

Example:
Estimate the steady state density of ions in a 0.5 atm helium filled ionization
chamber if the ionization rate is 1.5 x 10 em™3s~!. The recombination
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coefficient for helium at 0.5 atm is approximately 1.7 x 10~7 em?s™ L.

Solution:
Assuming that the initial concentrations of electrons and ions are equal, we
can estimate the required quantity using equation 3.7.8.

S
Noo = —
(0%

1.5 x 1011
1.7 x 10~7
9.4 x 103 em™3

3.7.B Effects of Contaminants

The gases used in radiation detectors are generally not free from contaminants. The
most problematic of these contaminants are the electronegative molecules, which
parasitically absorb electrons and form stable or metastable negative ions. Some of
these impurity atoms are listed in Table 3.7.1. The most commonly found contami-
nants in gaseous detectors are oxygen and water vapors. It is almost impossible to
purify a filling gas completely of oxygen. In fact, generally a few parts per million of
oxygen is present at the filling of any gaseous detector. This concentration increases
with time due to degassing of the chamber and, if the detector windows are very
thin, by diffusion from outside.

The capture of electrons by these contaminants is not only a problem for pro-
portional counters but also for high precision ionization chambers. On the other
hand, for general purpose ionization chambers, capture of a few electrons by the
contaminants is of not much concern as the nonlinearity caused by this generally
falls within the tolerable uncertainty in detector response.

Table 3.7.1: Electro affinities of different molecules and ions (18).

Molecule | Electron Affinity (eV') | Negative Ion | Electron Affinity (eV)
Oy 0.44 O~ 1.47
Co 3.54 c- 1.27
Cly 2.38 cl~ 3.61
OH 1.83 H™ 0.75

Often one is interested in comparing the probability of electron attachment for
different gases. We can define this quantity with the help of two factors that have
been measured for different gases: the mean lifetime 7. for the electrons and their
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collision frequency v.. In terms of 7. and v, the probability of capture in a single
collision can be written as (37)
1

Tele

p= (3.7.9)
The values of these parameters for some common gases are shown in Table 3.7.2. Tt
is apparent that the extremely small capture lifetimes of these gases can be a serious
problem for at least high precision systems. Even small quantities of contaminants
such as oxygen and water can produce undesirable non-linearity in detector response.

Table 3.7.2: Mean capture time 7, collision frequency v,, and probability of electron
capture in a single collision p for some common contaminants and filling gases for
radiation detectors (37). All the values correspond to electrons at thermal energies
and gases under standard atmospheric conditions.

Gas Te (8) ve (s7h) D

Oy | 71x107*|22x10" |64x107?
COy [1.9x1077 | 2.1 x 10" | 2.5 x 1075
HyO | 1.4x1077 | 2.8 x 10" | 2.5 x 107°
Cly |47x1072 | 45 x 10 | 4.7 x 1074

Let us now have a look at different mechanisms by which the contaminants cap-
ture electrons.

B.1 Radiative Capture

In this kind of capture, the capture of electron leaves the molecule in such an excited
state that leads to the emission of a photon. Radiative capture can be symbolically
represented as

e+X — X7°

X7 — X +1, (3.7.10)
where (%) represents the excited state of molecule X. The radiative capture occurs
in molecules that have positive electron affinity. Fortunately enough, for the con-
taminants generally found in filling gases of radiation detectors the cross section for
this reaction is not significant (39).

B.2 Dissociative Capture

In this process the molecule that has captured an electron dissociates into simpler
molecules. The dissociation can simply be the emission of an electron with an energy
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smaller than the energy of the original electron.

e+ (XY.VZ)
(XY.VZ)™*

(XY.VZ)™*
(XY.VZ)*+¢ with Ey < E, (3.7.11)

N
N
Here (XY..VZ) represents a polyatomic molecule. In a proportional counter, the
energy and the point of generation of the second electron may or may not be suitable
to cause an avalanche. This uncertainty can therefore become a significant source
of nonlinearity in the detector’s response if the concentration of such molecular
contaminants in the filling gas is not insignificant.

Not all polyatomic molecules emit secondary electrons during the process of de-
excitation. Some molecules dissociate into smaller molecules such that each of the
fragments is stable. Such a reaction can be written as

e+ (XY.VZ) —» (XYy.vzZ)™*
(XY.VZ)™ — (XY)" 4+ (VZ) (stable) or (3.7.12)
(XY.VZ)™ — (XY.V)* 4 Z (stable). (3.7.13)
It is also possible for a fragmented part of the molecule to go in a metastable state

and then decay to ground state by emitting an electron or by further dissociating
according to

e+ (XY.VZ) — (XY.VZ)*
(XY.VZ)™* — (XY)' +(VZ)™*
(XY)*+(VZ)™ — (XY)*+(VZ)* +e or (3.7.14)
(XY)'+(VZ2)™ — (XY)'+V'+2Z". (3.7.15)

B.3 Capture without Dissociation

In this process the polyatomic molecule captures an electron and instead of dissoci-
ating into simpler molecules, it transfers its excess energy to another molecule. This
reaction can be written as

e+ (XY) — (XY)™*
(XY)™*+2Z — (XY) +2*
AR (3.7.16)

3.7.C Effects of Space Charge Buildup

We noted earlier that the slow mobility of the positive charges towards cathode
produces a sheath of positive charge cloud between the electrodes. This sheath
moves slowly towards the cathode under the influence of the applied electric field.
The most prominent effect of this charge cloud is that it decreases the effective
electric field intensity and thereby affects the drift of electrons. To quantitatively
understand this effect, let us suppose that we have a parallel plate chamber in which
a cloud of positive ions is moving toward the cathode (see Fig.3.7.1).

Assuming that the positive charge density p is constant throughout the sheath
of charges having a width of dz, the equation of motion of this cloud of charges can
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be written as
= P+

v-E = & (3.7.17)
€

J. = piui (3.7.18)

v = piE. (3.7.20)

Here J; represents the current density of the charge flow, v is the drift velocity of
the charges, and p is their mobility. These equations can be shown to yield

e [E (v : E)} =0. (3.7.21)
For our case of parallel plate geometry this equation can be written in one dimension
as
d dE
— |E|— || =0. 3.7.22
dz { ( dx )] ( )

This is justified if we assume that the distance between the electrodes is far less than
the length and width of the electrodes. The correct way to say this is that we have
assumed the electrodes to be infinitely long and wide, thus eliminating any need to
consider the non-uniformity of electric field intensity at the ends of the chamber. In
real detectors the electrodes are not that big but with proper designing (for example
by using end rings) on can ensure that the edge effects are minimal. The solution
to the above equation is

E=[2(Ciz + Cy)])2, (3.7.23)

where C] and Cs are constants of integration. To determine these constants we use
the following initial conditions.

E = —% —FE;, atz=0 (3.7.24)
E = % o at . =d (3.7.25)
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Here Vj is the applied electric potential and E is the electric field intensity due
to the sheath of positive charges. Using these conditions in equation 3.7.23, the
integration constants can be found to be

WE
C, = -2 d2+ and (3.7.26)
1 [V ?
Cy = 5[?‘#&} . (3.7.27)
Hence equation 3.7.23 becomes
1/2

E =

E Vi 2
g VB (—0 + E+> (3.7.28)

d? d

The dependence of the space charge induced electric field strength E on the effective
electric field intensity E for a parallel plate chamber of d = 2 ecm at 2.5 em, 3.5 cm,
and 4.99 c¢m from the cathode has been plotted in Fig.3.7.2. The applied potential
is 500 V. It is apparent that even an space charge induced electric field equal to 10%
of the applied electric field can decrease the effective field intensity to unacceptable
levels. Of course the value of F; depends on the number of positive charges in the
space charge sheath and the effect will therefore depend on the number of charge
pairs being created by the incident radiation. Now since we know that the number of
charge pairs created depends on the energy deposited by the radiation therefore we
can intuitively conclude that the effect of space charge will become more and more
prominent as the energy and/or the intensity of the incident radiation increases.
Since, due to very slow mobility of the positive ions, it is almost impossible to
completely eliminate this effect, therefore the question that should be answered is
that how much space charge can be tolerated. This depends on the application and
the type of detector. In ionization chambers, where we have a plateau over a large
range of applied potentials (and therefore effective electric field intensities), a small
space charge effect is of not much significance. On the other hand, in a proportional
chamber one must be careful in keeping the space charge to a minimum since it
could lead to a decrease in the electric field intensity to lower than the avalanche
threshold.

Since the effect of space charge induced electric field intensity is not negligible
therefore we will now try to derive a relation for a simple case of monoenergetic
photons incident uniformly over the whole detector. From the uniformity of the flux
we mean that the incident flux can be factorized into two parts ¢o(y, z,t) and ¢(z, t)
such that only the second factor varies as the photons get absorbed in the detector.
Let us now suppose that we want to find the number of photons absorbed in an
element of thickness dz at a distance z (cf. Fig.3.7.1). If 2/ is a distance in this
element, then according to the exponential law of photon absorption in matter, the
number of photons being absorbed per unit time in 2’ from x is given by

Gabs = ¢0(y7z,t)¢(a:,t)
= oy, 2, t)e " (1—6*“’”’>. (3.7.29)

Here i and p are the mass absorption coefficient and density of the filling gas.
The first exponential term in the above equation represents the number of photons
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Figure 3.7.2: Dependence of space charge induced electric
field F, inside a 2 ¢m long parallel plate chamber on the
effective electric field intensity at three distances from the
anode: 2.5 cm (dotted line), 3.5 cm (dashed line), 4.99 cm
(solid line). Applied voltage is 500 V.

surviving the absorption after traveling a distance z. ¢q is simply the incident photon
flux. The term on brackets represents the number of photons being absorbed per
unit time in a thickness 2’ from z.

Let us now suppose that the photon flux is constant in time. In this case the rate
of creation of charge pairs will also be constant. The charge pairs thus created will
move in opposite directions and constitute a current. The current can be integrated
over time to determine the total charge. A good approximation of the total charge
Q@ produced by the movement of charges by a distance Ax is

N
Q= 67 Az (3.7.30)

where N represents the number of charges each having a unit charge e and moving
with a drift velocity v. Using the relation we can estimate amount of space charge
in the volume element dx to be

0 ek, Cpr /h /b ool dyd /I+6z (1 —Mpﬂ?/) d’ (3.7.31)
= —0e 0\Y, <%, yaz — € X . .
W’U+ y=0 J2z=0 z'=x

Here
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e is the electronic charge,

E, is the photon energy,

W is the energy needed to create an electron-ion pair,
vy is the drift velocity of the ions,

h is the height of the space charge sheath, and

b is the breadth of the space charge sheath.
After integration the above equation yields

E,N, ~ppz
0= eW”Tfe*W [533 _ eup (1 — eﬂp‘h)] , (3.7.32)

where

h b
Ny = / / (j)o(y,z,t)dydz
y=0 J2=0

To simplify this relation we make a very valid assumption that the mean free path
of the photons is much larger than the elemental length dx, that is

1
Ay = — >> 0z,
pp

In this case the above relation for the space charge becomes

BN,
eﬂ;’—vfe_“pxéx (1—errr). (3.7.33)

Now that we know the amount of charge in the sheath of space charge, we can
compute the electric field intensity due to the whole space charge by using the
Gauss’s law. This law states that the net electric field intensity from a closed surface
is drivable from the amount of charge @ enclosed by that surface, that is

fﬁ - fids = 9, (3.7.34)
€

where € is the permeability of the medium. From the beginning we have assumed
that the variation in the number of charges is only in x direction. We can now extend
this assumption to conclude that the components of the electric field intensity in y
and z directions can be taken to be constant. Hence application of the Gauss’s law
on our case with @) given by equation 3.7.33 yields

h b
ek NO _ _
Ese |2 = 0 mmprgy (1 — 7T 7.

e { /y—O /z_o dydz] Weo, © 0w (1= e7) (3.7.35)

The factor 2 on the left hand side of this equation has been introduced to account
for the fact that we have to integrate over both the left and the right surfaces out of
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which the electric lines of force are passing through. Hence the electric field intensity
due to a sheath of charges is given by

€E,YN0

By = —— 20
% = 9Wevyhb

e HPTST (1 — e 7). (3.7.36)

Now to obtain the space charge induced electric field at the edges of the volume
enclosed by the electrodes we integrate the above relation over all whole x.

eE,Ny 4 _ _
B, = 0] mpx (1 _ o=HPTY g
* oW evs hb /xzoe (1= ) du
ek, No —2upd —ppd
= ———— |1 HPd _ Qe HP 3.7.37
AW evy pphb [ te € ] ( )

Equations 3.7.37 and 3.7.28 can be used to determine the effective electric field
inside a gaseous detector illuminated with a photon beam. The factors h and b in
equation 3.7.37 can be determined from the cross sectional area of the photon beam,
diffusion coefficient D of the filling gas for positive ions, and the charge integration
time 7 of the readout circuitry through the relations

h = h*+2V6Dr (3.7.38)
and b = b*+2V6Dr, (3.7.39)

where h* and b* are the height and breadth of the incident photon beam.

3.8 Detector Efficiency

Now that we know about the different sources of error and their impact on detector
performance, we can appreciate the fact that it is not practically possible to build
a detector that is 100% efficient. If we could, such a detector would detect and
measure the radiation as it is and not as it sees it. We can intuitively think that the
detection efficiency of a gas filled detector would depend on many factors, such as
detector geometry, type of filling gas, gas pressure and temperature, type of incident
radiation, type of electronic circuitry etc. etc. The intuition is correct and leads to
the problem that with so many parameters, it is fairly difficult, if not impossible,
to analytically calculate the absolute efficiency of the system. However if we are
really hard pressed to do that, the easier way to proceed would be to decompose the
overall efficiency in components related to different parameters or sets of parameters.
The individual efficiencies would then be easier to handle analytically. To make
this strategy clearer, let us follow the path of a radiation beam through a parallel
plate ionization chamber. As the beam passes through the entrance window of
the chamber, a part of it gets parasitically absorbed in the window material. This
implies that we can assign an efficiency to the system that tells us how effective
the window is in not absorbing the radiation. Let us call it 7,. The beam of
particles then passes through the filling gas of the chamber and deposits some of
its energy. Now, a number of factors affect this absorption of energy by the gas
molecules. Let us lump them together in an absorption efficiency and represent it
by 7n4. The absorbed energy can produce electron ion pairs through processes that
we know are not 100% efficient (see chapter 2). Let us represent this efficiency by
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7p. The electrons and ions thus produced drift toward opposite electrodes under the
influence of the applied electric potential. If the signal is measured at anode then
we are mainly concerned with the drift of electrons (which, of course, also depends
on the distortion of field due to the slow movement of heavy ions). We will call the
efficiency of these electrons to reach the anode without being parasitically absorbed
or getting escaped from the active volume by 7,. Lastly we will lump together the
efficiencies of the electronic circuitry into a single parameter, 7.. The total efficiency
will then be given by
= NwgTpTalle- (3.8.1)
The efficiency associated with absorption in the window can be easily calculated for
photons by recalling that a photon beam in matter follows exponential attenuation,
that is
I = [je v, (3.8.2)

where Iy and I are the incident and transmitted photon intensities, p,, is the atten-
uation coefficient of photons for the material of the window, and x,, is the thickness
of the window. The efficiency is then given by

I
Iy
= et (3.8.3)

Thw =

To calculate the absorption efficiency 74, we again use the exponential attenuation
term but since this time it is the absorption we are are interested in, the efficiency
is given by
Iy—1
Ng = —F—
g9 IO
= 1—e 9%, (3.84)

where 4 is the attenuation coefficient of the filling gas and x4 is the thickness of the
active volume of the detector. The value is also referred to as the quantum efficiency
of the detector. It depends on the attenuation coefficient, which is a function of the
energy of the incident radiation and the type of the material. Therefore quantum
efficiency has implicit energy and material dependence.

Let us now move on to the next efficiency factor, that is the efficiency of creating
electron ion pairs by absorbed radiation. This process, though not 100% efficient,
can still be considered so for the gases typically used in radiation detectors. The
reason is that in these gases the possibility of loss of energy in the form of phonons
(heat carrying particles) is fairly small. Also, the low levels of contaminants in
these gases ensure that energy does not get parasitically absorbed. Hence for most
practical purposes we can safely assume that

p ~ 1. (3.8.5)

The efficiency of the electronic circuity highly depends on its type and therefore
can vary significantly for values very close to unity for well designed systems to
moderately low for systems with not so perfect designs. Therefore there is no general
function or value that could be assigned to every type of electronic signal analysis
and data acquisition chain. It should be mentioned that by electronic efficiency of
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pulse counting systems we essentially mean that the system does not miss any real
pulse and does not count any false pulse. This is a very stringent requirement and is
rarely met even by most sophisticated systems. One can however safely say that a
well designed modern system has an efficiency that approaches unity. Let us assume
that the efficiency of the electronic system is about The total efficiency of the system
is then given by

N = NwhgMpTale
— (e (1 e (1) (1)
— ¢ HuTw (1 _ e*#.qig) . (3.8.6)

It should be stressed here that this is a somewhat simplified picture of the actual
situation. We assigned perfect efficiencies to two factors. This might not be the
case in a real system. But then the question is: how accurately we actually want to
know the overall efficiency?. There is no general answer to this question since it is
the application that dictates the answer.

The efficiency factor related to absorption in the detector window can also be,
for most practical, purposes be assumed to be very close to unity. The reason is
that the windows are generally made of very thin materials having low absorption
cross sections in the energy range of interest. In such a case, the overall efficiency is
simply given by the quantum efficiency of the system, that is

n= QE =mn,
= 1—e Ha%, (3.8.7)

This is the reason why most experimenters concern themselves with the quantum
efficiency of the system. Quantum efficiency actually sets a physical limit on the
efficiency of the system. A system’s efficiency can not be better than its quantum
efficiency no matter how well the system has been designed.

Quantum efficiency, though very useful, does not tell us how efficiently the detec-
tor detects the incident particles. The reason is that it is only concerned with the
efficiency of absorption of particles in the detection medium. A much more useful
quantity is the so called detective quantum efficiency or DQFE, which actually tells us
how well the system works in terms of detecting and measuring radiation. Earlier in
the chapter we looked at two types of gas filled detectors: integrating and quantum,
though we didn’t assign them these names. An ionization chamber is an integrating
detector since it integrates the charges on an external capacitor for a predefined
period of time and the resulting voltage is then measured by the readout circuitry.
The voltage measured is proportional to the charge accumulated on the capacitor,
which in turn is proportional to the energy deposited by the incident radiation. A
quantum detector, such as a GM tube, on the other hand, counts individual pulses
created by incident particles. Due to the difference in their modes of operation,
these two types of detectors have different detective quantum efficiency profiles. For
an integrating system, DQF is given by (43)

_er (3.838)

g

L+ @mivg

DQEint =
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where Nj,, is the number of incident photons and U% represents the standard devi-
ation of measurements. Note that this is not the standard deviation of the number
of incident particles, which is given by g, = v/Njp.

For a quantum detector, where the charges are not integrated and individual pulses
are counted, this equation is not valid. For such detectors, the detective quantum
efficiency is given by (43)

DQEquant = QE 1-

@A) o, (LQEAWN)) (g

At At

where, as before, N;, is the number of incident photons, 7 is detector’s dead time,
and At is the maesurement time.

Looking at equations 3.8.8 and 3.8.9 it becomes apparent that the two types of
detectors have fairly different behaviors. The detective quantum efficiency of an
integrating detector increases with incident photon intensity while the behavior of a
quantum detector is quite the opposite (see Fig.3.8.1). This can also be understood
by an intuitive argument: as the photon intensity increases, more and more photon
pulses arrive within the dead time of a quantum detector, thus decreasing its detec-
tion efficiency. On the contrary, an integrating detector sees more pulses within the
integration (measurement) time and hence its DQFE increases.

™\

Integrating

Detector
- Figure 3.8.1:  Variation of detective
) quantum efficiencies with respect to in-
Q cident number of photons for integrating

Quantum

Detector and quantum detectors.

log( N;,)

The reader should again be reminded that quantum efficiency sets the physical
limit of any detector. That is why the maximum D@QFE possible for integrating and
quantum detectors, according to equations 3.8.8 and 3.8.9, is actually given by QF
(cf. Fig.3.8.1).

Example:

An parallel plate ionization chamber is used to measure the intensity of a 5
keV photon beam. The detector, having an active length of 5 cm, is filled
with dry air under standard conditions of temperature and pressure. For an
input number of photons of 10°, arriving at the detector within a specific
integration time, the standard deviation of the measurements turns out to
be 150 photons. Assuming that the absorption in the entrance window can
be safely ignored, compute the quantum efficiency and detective quantum
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efficiency of the detector.

Solution:

The quantum efficiency of the detector can be calculated from equation 3.8.7.
However to use that equation, we need the value of the attenuation coefficient
g for dry air. For that we turn to the physical reference data made available
by the National Institute of Standards and Technology (12). We find

Pmair = 40.27 cm29_1
and  pgir = 1.205 x 1072 gem ™3,
where py, 4ir is the mass attenuation coefficient of dry air for 10 keV' photons

and pg;- is the density of dry air under standard conditions. The attenuation
coefficient is then given by

Hair =  Mm,airPair
= (40.27) (1.205 x 107%)
= 485 x 102 em™ L.

We now substitute this and the length of the chamber into equation 3.8.7 to
get the quantum efficiency.

QE = 1 _ e_ﬂairmaiw“.
= 1—exp[—(4.85x1072) (5)].
0.21

To compute the detective quantum efficiency, we make use of equation 3.8.8.

OF
2
L+ oyt
0.21

1502
L+ @an o

= 0.10

DQE'L'nt =

This shows that the detective quantum efficiency of the detector is only 10%,
which may not be acceptable for most applications. However at higher incident
photon fluxes the DQFE will be higher and will eventually reach the quantum
efficiency.

The detector in the previous example did not have a good quantum efficiency.
But the good thing is that one has several options to increase the efficiency before
building the detector. One can customize a detector according to the application to
yield the maximum possible detective quantum efficiency. Perhaps the best way to
increase the DQF is to increase the quantum efficiency. This can be done in may
ways, such as by increasing the density of gas, using another gas, or by increasing
the size of the detector.
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Example:

A GM detector having a quantum efficiency of 0.34 and dead time of 50 us
is used in a low radiation environment. If within a measurement time of 1
s, 1000 photons enter the detector’s active volume, compute its detective
quantum efficiency. What will be the DQFE if the number of photons increases
to 10° within the same measurement time?

Solution:
Since a GM detector is a quantum detector, we can use equation 3.8.9 to
compute the DQE.

(QE@ (qu e (_ (QE) 2 (Nm)>

(0.34) (50 x 10~6) (1000)] ’ y
1

DQEquant = QE |:1_

0.34 [1 =

( (0.34) (50 x 107) (1000))
exp | — 1

= 0.32

Next we have to determine the detective quantum efficiency for the case when
the same detector is used in a much more hostile radiation environment. Since
all other parameters remain the same, we substitute N;, = 10° in the above
equation to get

DQFEquant = 0.2.

3.8.A Signal-to-Noise Ratio

Signal-to-Noise ratio, generally represented by SN R or S/R is one of the most widely
used parameters to characterize detector response. As the name suggests, it is given
by the ratio of the signal to noise, that is

S
NR= - 8.1
SNR= (3.8.10)

where S and N represent signal and noise respectively. There are generally two
types of SN Rs that are associated with detectors: input SNR and output SNR.
The input SNR tells us what we should expect to see from the detector, while the
output SN R represents the actual situation. Let us take the example of a photon
detector. If we know the flux of photons incident on the detector window, we can
calculate the number of photons expected inside the detector. This will be our input
signal S;,. The noise of this signal is given by the statistical fluctuations in the
number of photons, which can be calculated from

Nin = \/Sin. (3.8.11)
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The signal-to-noise ratio will then be given by

SNR;, =

I
| &
:_' 3

(3.8.12)

Example:
A detector is exposed to a photon fluence of 10° e¢m™2. If the detector’s
window has a radius of 3 ¢m, calculate the input signal-to-noise ratio.

Solution:
The number of photons seen by the detector are

Sin = (?) (7r7“2)
= (10°) (r3?)
= 2.83 x 10° photons.

The expected noise from this signal is given by

Nin = /S;
= 1/2.83 x 108

1.68 x 103

The input singal-to-noise ratio is

S
N;
2.83 x 106

1.68 x 103
= 1683.

SNR;, =

The output signal-to-noise ratio is defined in a similar fashion but now the signal
represents the actual particles seen by the detector and the noise includes all the
sources of noise in the detector. If detetor’s quantum efficiency is QF, the output
signal is given by

Sout = (QE)(Sin)- (3.8.13)

The output noise includes statistical noise in Sy, as well as readout noise of the
system, that is

Nout = [Uztat + Ugout] V2 (3814)
= [SOUt + Uzout] 12
= [(QE)<Szn) =+ Uzout] e . (3.8.15)

Note that here readout noise includes all the noise sources in the detector and not
just the electronics noise.
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Example:
If the detector of the previous example has a readout noise of 200 photons
and a quantum efficiency of 0.54, compute its output signal-to-noise ratio.

Solution:
The output signal is given by

Sout = (QE>(Sm)
= (0.54) (2.83 x 10°)

= 1.53 x 10% photons.

The output noise can be computed from equation 3.8.15.

1/2
Nouwt = [Sout + Uzout} 4
= [(1.53 x 10°) + (200)2] /2
= 125 x10°
The output signal-to-noise ratio is then given by
Sout
SNR, = —
out Nout

153 x10°

- 1.25 x 103

= 1224. (3.8.16)

In the previous section we learned about detective quantum efficiency. The DQFE
can be calculated from the square of the ratio of the output to input signal-to-noise
ratios, that is

NRou]”
SNR t} (3.8.17)

bRE = [W

Example:
Compute the detective quantum efficiency of the detector described in the
previous two examples.

Solution:
We use equation 3.8.17 to compute the detective quantum efficiency.

o SNRout 2
por = |Gz

_ [1224)°
— 1683

= 0.53. (3.8.18)
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D Problems

1.

10.

11.

Compute the total and primary charge pairs created per ¢m in a mixture of
90% argon and 10% carbon dioxide.

. If the concentrations of argon and carbon dioxide as given in the previous

problem are reversed, how many charge pairs will be created per cm.

. A gaseous detector is filled with 99% helium and 1% air (contaminant) at

standard temperature and pressure. Assume that incident radiation produces
6 eV electrons at a distance of 10 mm from the collecting electrode. Compute
the percent loss of these electrons at the electrode assuming that their total
scattering cross section is 5 x 1074 em?.

. Determine the breakdown voltage for an argon filled chamber having electrode

separation of 0.3 c¢m and first townsend coefficient of 100 em ™! at standard
pressure. What will be the breakdown voltage if the filling gas is replaced by
helium?

. The first Townsend coefficient for an argon filled chamber is desired to be

around 300 cm~! at a distance of 0.5 mm from the anode. If the gas must be
kept at a pressure of 826 torr, estimate the electric field.

. Determine the first Townsend coefficient for a gas at 0.01 ¢m from the electrode

to achieve a multiplication factor in excess of 10°. Also determine the second
Townsend coefficient at the same location.

. Derive the expression for Paschen minimum as a function of the Townsend

coefficient.

. Compare the Paschen minimum for helium filled chamber with that of an argon

filled chamber at 0.02 ¢m from the positive electrode. Assume that the gases
in both chambers are kept at 1.6 atm and the electric field intensity is 3 x 10%
Vem ™

. A collimated source of 6.5 MeV 3 particles is placed in a vacuumed enclosure

in front of an argon filled ionization chamber having a depth of 1.7 cm. The
window of the detector is made of 12 pm thick mylar sheet. If the filling
gas pressure is 1.5 atm, calculate the energy deposited by S-particles in the
detector.

A helium filled cylindrical chamber is operated under standard conditions of
temperature and pressure. The radii of the chamber and its anode wire are
3.5 cm and 12 pm respectively. At what applied voltage you would expect this
chamber to work as a proportional counter having a multiplication factor of at
least 1007

A GM detector having a dead time of 85 s measures count rates of 225 s~!
and 133 s~! from two separate sources. If both the sources are placed in front
of the detector at the same time, what count rate you would expect the GM
counter to measure?
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13.

14.

15.

16.

17.

18.

19.
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. A GM counter records a rate of 2 x 10% counts per second when placed in a
radiation field. Compute the efficiency of the detector if its dead time is 90 us.
Also compute the GM count rate you would expect if the detector was 100%
efficient.

A gas filled ionization chamber is bombarded with a steady beam of photons
having intensity of 10'° em™3s~!. The photons produce electron ion pairs in
the active volume of the detector. If the number density of electrons (or ions) is
found to be in a steady state with a value of approximately 10° ¢m ™3, estimate
the recombination coefficient of the filling gas.

Estimate the decrease in quantum efficiency of a photon detector if the entrance
window absorbs 10% of incident photons instead of 1%. Assume that the
absorption in the active volume remains 60% of the available photons in both
cases.

An ionization chamber having an active depth of 5 e¢m is exposed to a photon
flux of 1.5 x 10° ¢m?s~!. The entrance window of the detector has an area
of 6 em? and the detector is filled with CO, under standard conditions of
temperature and pressure. Compute the quantum efficiency of the detector.
You can assume that the absorption in the window material is negligible.

For the detector in the previous problem, calculate the detective quantum ef-
ficiency if the standard deviation of the measurements turns out to be 400
photons within the integration time of 1 second. What should be the stan-
dard deviation of the measurement be if the detective quantum efficiency is to
increase by 10%.

Derive expression for the detective quantum efficiency of an integrating detector
(equation 3.8.8).

A quantum detector is exposed to a photon beam delivering 10* photons per
second. Assume that the quantum efficiency of the detector is 0.6 and its dead
time is 100 pus. Compute the detective quantum efficiency for a measurement
time of 1 s. What will be the detective quantum efficiency if the measurement
time is decreased by half?

A detector having a quantum efficiency of 0.4 sees a photon flux of 106 s~1. The
detector’s window has an area of 5 cm?. Assuming that the readout noise for
the integration time of 100 ms is 350, compute the detective quantum efficiency
of the system.
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Chapter 4

Liquid Filled Detectors

There is no reason why a liquid can not be used as an ionizing medium for detection
of radiation. When radiation passes through a liquid, it produces charge pairs,
which can be directed towards electrodes for generation of a pulse. If the liquid
assures good proportionality between the energy deposited and the number of charge
pairs generated, the height of the pulse would give a good measure of the energy
deposited. As it turns out, there are a number of liquids that have fairly good
proportionality and therefore can be used as detection media. Now, one would
expect the charge recombination probability in a liquid to be much higher that in
a typical gas. This is certainly true but we should also remember that the higher
density ensures production of larger number of charge pairs as well. We will discuss
these two competing factors later in the chapter, but the point to consider is that,
in principle, liquids can be used as ionizing media to detect and measure radiation.

Apart from a section on bubble chambers, in this chapter we will concentrate
on different types of electronic detectors that use liquids as detection media. The
bubble chambers, as we will see later, do not work like conventional electronic detec-
tors in which the voltage or current is measured at the readout electrode. Instead,
the particles passing though them produce bubbles that are photographed and then
visually inspected. There is also a class of detectors, called liquid scintillation detec-
tors, in which the liquids produce light when their molecules are excited by incident
radiation. Such devices will be discussed in the chapter on scintillation detectors.

The reason for devoting a whole chapter on this topic is that the use of liquids
as active detection media is now gaining momentum in different fields, including
medical imaging and high energy physics, which have traditionally relied on gas
filled and solid state detectors.

D 4.1 Properties of Liquids

Before we go on to specific types of detectors, let us first discuss some properties of
liquids that are important with respect to their use in detectors.

4.1.A Charge Pair Generation and Recombination

The principle mechanism of a liquid filled detector is the same as a gas filled detector:
a charge pair is created by the incident radiation and the resulting change in current
or voltage across the electrodes is measured. Therefore the first thing to investigate
is whether the generation of charge pairs in liquids and gases are analogous or not.
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Unfortunately, unlike gases, in liquids the energy needed to create a charge pair does
depend on the type of liquid. In the Chapter on gaseous detectors we introduced
a term W -value to signify the energy needed to create an electron ion pair. The
same terminology is used for liquids as well even though the values in liquid state
are quite different from the ones in gaseous state. For liquid, another term that
is extensively used is the G-value, which is defined as the yield of electrons for an
energy of 100 eV. That is, the number of electrons (or the charge pairs) generated
when the incident radiation deposits an energy of 100 eV. The reader should note
that this is simply a conventional terminology and has nothing to do with the physics
of pair generation in liquids. Certainly the W and the G values can be derived from
one another through the relation

W= (4.1.1)

where W will be in eV

Table.4.1.1 gives the W and G values for various liquids that have been found to
be suitable for use in radiation detectors. The reader would readily note that the
energy needed to produce a charge pair in the liquefied noble gases are lower than
the usual 30 eV for gases. This is encouraging for their use in radiation detectors
since it would imply that more charge pairs are produced in liquids as compared to
gases with the deposition of the same amount of energy. Another positive factor for
liquids is their higher molecular density, because of which the total deposited energy
per unit path length traversed by the radiation is also higher. The higher density
in liquids implies spatial proximity of molecules, which increases the recombination
probability of charges. This is a negative effect as far as radiation detectors are
concerned since it introduces some uncertainty in the proportionality of measured
pulse height with the deposited energy.

Liquefied argon is the most commonly used detection medium in large area de-
tectors, such as liquid calorimeters for high energy physics experiments. Liquid
xenon is generally used as a scintillation medium, that is, it produces light when its
molecules are excited by the incident radiation. Liquid xenon filled detectors will
be discussed in the Chapter on scintillators.

The basic principle of creation of a charge pair in a liquid is the same as in a
gas. However since the energy states in liquid state are quite different than those in
gaseous state therefore the process is a bit more complicated for the case of liquids.
To understand this the reader is referred to Fig.4.1.1, which shows idealized energy
level sketches of an element in gaseous and liquid states. The first point to note here
is that the energy levels in a gas are discrete while in a liquid they are so closely
spaced that they are said to form valence and conduction bands. In a liquid, the
difference between the bottom of the conduction band to the top of the valence band
is the band gap, which determines the energy required by an electron in the valence
band to jump to the conduction band and become free to move around. In a gas
this gap is much larger and therefore more energy is needed to force an electron in
one of the valence energy levels to become free.

Up until now we have deliberately avoided to use the term electron ion pairs for
liquids. The reason can be inferred from the energy level structure of liquids as shown
in Fig.4.1.1. In a gaseous state, at least to a good approximation, each molecule can
be regarded as an individual entity with its own discrete energy levels. In liquids
the situation is not that simple since the spatial proximity of molecules makes them
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Table 4.1.1: W and G values of several liquids used in radiation detectors (25; 9).

Liquid W (eV) | G
Liquid Argon 23.7 4.2
Liquid Krypton 20.5 4.9
Liquid Xenon 16.4 6.1
Tetramethylsilane (TMS) 33.3 3.0

Tetramethylgermanium (TMG) 33.3 3.0

Tetramethyltin (TMT) 25.6 3.9
Hexamethyldisilane (HMDS) 50 2.0
Conduction Level Conduction Band
Vo
4 I liquic
Forbidden Gap a

Lo Forbidden Gap

Valence Band

Valence
Levels

Gaseous State Liquid State

Figure 4.1.1: Comparison of energy levels in a gas and a
liquid. Here I represents the ionization potential.

susceptible to each other’s electromagnetic fields. The existence of energy bands is
actually the result of this physical nearness. Hence, to understand the creation of a
charge pair in a liquid, we must consider the whole liquid as an entity and not its
individual molecules. Now let us suppose that we supply the liquid enough energy
that it elevates one of its electrons from the valence band to the conduction band
(see Fig.4.1.2). This process creates a vacancy in the valence band, which effectively
produces a positive charge. This effective charge is generally referred to as a hole
to signify the fact that it represents a vacancy in the valence band. The quantum
mechanical treatment of this hole has shown that it can be regarded as a particle



224 Chapter 4. Liquid Filled Detectors

having an effective mass and unit positive charge. It is also able to move from one
site to another by a reciprocal movement of an electron.

Conduction Band

| -0 |
Electron ;. Figure 4.1.2: Creation of an electron-hole pair. Hole
Forbidden Gap U represents a vacancy created in the valence band cre-
Hole\ ated by migration of an electron to the conduction
=5 band. It has an effective positive charge.

Valence Band

The concept of hole is most exclusively used while treating movement of charges
in solids, in which case the molecules share the electrons through bonding with
neighboring molecules. The importance of such a treatment will become clear when
we discuss the semiconductor detectors later on in this book. The case of liquids
in a radiation detector is a little bit complicated as compared to gases and solids
since we must consider holes as well as ions. The reason is that, apart from the main
liquid molecules, there are other molecules in there too, which have their own energy
level structures. These molecules, having lower density, can in fact be ionized. Let
us suppose there is another molecule X in the filling liquid composed of molecules
M. As the incident radiation passes through the liquid, it creates electron hole pairs
as described earlier. These pairs can become involved in the following reactions.

» Recombination: The electron can fall back into the valence band and recom-
bine with the hole either at the site of origination or at a spatially separated
site. This would neutralize the molecule M but would leave it in an excited
state. The excess energy contained by M™* will be equal to at least the differ-
ence of energy between the conduction band’s lower edge and valence band’s
upper edge. M?* will eventually de-excite by emitting a photon, which can
either escape from the detector or create another electron ion pair at another
site. This process is graphically depicted in Fig.4.1.3.

Incident ‘ """""" >‘ Emitted

Charge Pair Creation Recombination and De—excitation

Figure 4.1.3: Creation of an electron hole pair and its subse-
quent recombination.

» Charge Transfer: As stated earlier, the hole produced by the incoming radi-
ation can also transfer its charge to a free molecule (see Fig.4.1.4).
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Electron
Incident ‘

Radiation
\ . | : ) x+
M

Charge Pair Creation Charge Transfer

Figure 4.1.4: Creation of an electron hole pair in a molecule M
with a subsequent transfer of positive charge to another molecule
X.

» Recombination of X*: The ion X" can also recombine with an electron to
form a neutral molecule (See Fig.4.1.5). A photon may be emitted during the
process as well.

Electron

Emitted
Photon

@ﬁ@

Hole )@ / ‘

Charge Transfer Recombination

Figure 4.1.5: Recombination of X with a free electron. During
the process a photon may or may not be emitted depending on
the type of molecule X. A multiatomic molecule having lots of
vibrational and rotational energy states can also dissociate with
a radiationless transition.

The recombination rate of electron hole pairs in a liquid is generally higher than
electron ion recombination rate in gases due mainly to the spatial proximity of
molecules. Also, as we saw earlier, the number of charge pairs created in liquids
is lower than in gases for the same amount of deposited energy. Hence one should
expect that the number of charges available in a liquid to create a measurable out-
put pulse is lower than in gases. This makes the use of liquefied gases to detect
and measure very low level fluxes somewhat impractical. Therefore apart from the
liquid scintillators, the liquid filled detectors are generally used in moderate to high
radiation fields.
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Let us now turn our attention to the liquids that can be used as active detection
media in detectors at room temperature. In Table 4.1.1 we mentioned four such
compounds: tetramethylsilane, tetramethylgermanium, tetramethyltin, and hexam-
ethyldisilane. One thing that can be readily observed is that the number of charge
pairs created in these liquids is less than the liquefied noble gases. This implies that
the signal obtained by such detectors will be weaker as compared to the conventional
liquid filled detectors used in the same radiation field. Another problem that may
be of concern is the creation of charge pairs through thermal agitation. However,
since the difference between the valence and the conduction bands of liquids is higher
than the thermal energy of molecules at room temperature, this effect can be safely
ignored. In solid state detectors, such as silicon based detectors, the band gap is
shorter and therefore creation of thermally agitated electron hole pairs can not be
ignored. We will discuss this in detail in the Chapter on solid state detectors.

4.1.B Drift of Charges

B.1 Drift of Electrons

While discussing the drift of charges in gases we noted that the drift velocity of
electrons, to a very good approximation, is proportional to the applied electric field.
In liquids the situation is not that simple, as can be deduced from Fig.4.1.6, which
shows the variation of drift velocity with respect to the electric field strength for
liquefied noble gases as well as their mixtures with nitrogen. It can be seen that at
low electric field strengths the drift velocity can be fairly accurately described by
the relation

vy = KB, (4.1.2)

where . is the mobility of electrons. However at higher field strengths, the electron
drift velocity becomes less and less proportional to the field strength and at very
high fields it becomes essentially independent of the field strength. The drift velocity
of electrons at this stage is generally referred to as the saturation wvelocity. This
nonlinear behavior of drift velocity is mainly due to the underlying nonlinearity in
the energy gained by electrons through multiple collisions with increasing electric
field strength.

An important thing that can be observed in Fig.4.1.6 is the independence of drift
velocity on small amounts of nitrogen in the main liquid at low to moderate electric
field strengths. The effect at high fields is an increase in the saturation velocity.
However this behavior is not typical of all impurities or contaminants. In fact, some
impurities have been seen to change the drift velocity even at very low electric field
strengths (cf. Fig.4.1.7). In most cases the impurities change the drift properties of
electrons significantly since their molecules act as scattering centers for the electrons.
The electrons loose their energy through inelastic collisions and consequently their
velocity distribution changes. In most cases, this effect is more pronounced at high
field strengths when the energy gained by an electron becomes equal to or greater
than the excitation energy of the impurity molecule.

Let us now turn our attention to the mobility of electrons in liquefied gases. Ta-
ble.4.1.2 shows the mobilities and saturation velocities of commonly used liquefied
noble gases at different temperatures. The values shown clearly demonstrate the
sensitivity of electron transport on the temperature of the liquid. The drift velocity
plots we saw earlier correspond to values obtained at specific temperatures. Small
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Figure 4.1.6: Variation of electron drift velocity with electric
field strength for liquefied noble gases (in pure state and
with addition of nitrogen). Liquid temperatures for argon,
krypton, and xenon are 87 K, 12 K, and 165 K respectively
(32).

fluctuations in temperature change the mobility, which changes the drift properties
of electrons. This is a serious drawback of using liquefied noble gases in radia-
tion detectors as it requires very careful monitoring and control of the temperature.
Keeping the liquid at such low temperatures is generally accomplished by a liquid
nitrogen flow system, which is costly as well as maintenance intensive. Even with
these difficulties the liquefied noble gases are still the choice for most radiation de-
tector developers. A number of room temperature liquids are now gaining exposure
and although they have not yet been very successful but it looks like a matter of
time for them to succeed their low temperature counterparts.

B.2 Drift of lons

Unfortunately the transport of ions in liquids, that are commonly used in radiation
detectors, has not been studied as rigorously as the transport of electrons. Since
such studies are mostly need-related therefore we might be tempted to assume that
for liquids the behavior of ions in liquids is not as important as in gases. This,
however, is not a true statement because the output signal of the detector depends
on movement of both negative and positive charges. The reader would recall our
argument in the chapter on gaseous detectors that the output pulse is actually
generated due to the change in the effective potential inside the chamber, which
depends on how the positive and negative charges move under the influence of the
applied electric field. The situation is not different for the liquid filled detectors
either, even though here the output is almost always measured from the anode.
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Figure 4.1.7: Variation of electron drift velocity with elec-
tric field strength for liquefied argon (T = 87 K) with addi-
tions ethane in concentrations of 5.5 x 10Y ¢m™3 (circles),
8.7 x 1019 ¢m~3 (filled squares), and 5 x 10%° em ™3 (empty
squares). Solid line represents pure argon (32).

Table 4.1.2: FElectron mobilities p. and saturation velocities vy of the three liquefied
noble gases that are commonly used in radiation detectors at different absolute
temperatures (32).

Liquid T (K) | pre (em?V=1s71) | vy (em s7h)
Liquid Argon 87 400 £ 50 6.4 x 10°
85 475 7.5 x 10°
Liquid Krypton | 120 1200 =+ 150 4.5 x 10°
117 1800 3.8 x 10°
Liquid Xenon 165 2000 + 200 2.6 x 10°
163 1900 2.9 x 10°

As in case of gases, in liquids too the drift velocity is proportional to the applied
electric field, that is

Vg = PlionEa (413)
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where 0, represents the mobility of ions. Fig.4.1.8 shows an experimental curve
of drift velocity of ions in liquid argon versus applied electric field intensity. It is
apparent that the above equation holds up to a good approximation. The mobility
in this case will be almost constant, which can be seen in Fig.4.1.9.
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Figure 4.1.8: Variation of drift
velocity of ions in liquid argon
with respect to applied electric
! field. The parameters F and
G are related to the experiment
F=166 MW/CM and are irrelevant for our discus-
524500 VLM sion (15).

5
T

anET YELOLITY (CM/BEC)
‘ T

UM (AN (NS N S SR JCHN UL [t N ML WO e SN

| | 1
1000 2000 3000 4000
E (V/TM)

B LIQUID AR

8
T

Figure 4.1.9: Variation of mo-
bility of ions in liquid argon
with respect to applied electric
i field. The parameters F and
F=145 MY/CM G are related to the experiment
G=2500 VM and are irrelevant for our discus-
- sion (15).

104 4 (EMEV-SEL)

o
[=]
T

IR B, TN D001 U T (O M | LS L ) LS00 WIS (e B S| D
% 1000 2000 3000 4000
E (w/CM)

D 4.2 Liquid lonization Chamber

Amongst the liquid filled detectors, the ionization chambers are the most widely
used. Most of these detectors are filled with liquid noble gases such as liquid argon
but other liquids are also now being investigated and used. Liquid filled ionization
chambers have some very favorable characteristics that make it suitable for use in a
variety of applications, some of which are listed below.

» Stability: Ionization chambers are stable over a longer period of time as com-
pared to, for example liquid proportional counters. The main reason for this
is their less vulnerability to small degradation of the liquid with time.
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» Proportionality: In the Chapter on gas filled detectors we saw that one of
the strongest points of ionization chambers is their excellent proportionality to
the deposited energy. This is also true for liquid filled ion chambers.

» Dynamic Range: Liquid filled ionization chambers are not very well suited
for low radiation fields due to the reasons that will become clear later in this
section. However, from moderate to high fluxes, they do cover a wide dynamic
range.

The basic principle of operation of a liquid filled ionization chamber is the same
as a gas filled ionization chamber. In its most simple form, a sealed container having
two electrodes is filled with a suitable liquid. The incident radiation produces charge
pairs, which move in opposite directions under the influence of the applied electric
field between the electrodes. The resulting current or the voltage pulse is measured
at the anode.

4.2.A Applications of Liquid Filled lon Chambers

Dosimetry is one of the applications where liquid filled ionization chambers are now
beginning to be used. In particle accelerators used for radiation therapy, where the
flux of particles is quite, such detectors are being successfully used. Liquid filled
detectors have two characteristics that make them suitable for such applications:
more radiation tolerant as compared to semiconductor detectors and smaller in size
than gas filled detectors. For high radiation fields they offer good precision and can
even be designed to provide a good degree of spatial resolution (29).

4.3 Liquid Proportional Counters

Let us now see if it is possible to develop a liquid filled proportional counter. We
know from our discussions in the chapter on gas filled detectors that charge multi-
plication is a prerequisite for a detector to operate in the proportional region. This
process can be achieved fairly easily in gases but in liquids it is neither easy to
initiate nor to maintain for the reasons that will become clear shortly. Nevertheless
several researchers have shown that such detectors can in fact be built.

4.3.A Charge Multiplication

As we saw earlier, in a liquid filled detector, the number of charge pairs produced
is generally higher than in a typical gas filled detector. The reason is mainly the
higher density of molecules and, in case of liquefied noble gases, the lower W-value.
Although the larger number of charges produces, together with less diffusion of elec-
trons, is a desirable factor specially for position sensitive detectors, but in certain
situations it is also desired that the charge pair population is further increased. This
can be accomplished by allowing the process of charge multiplication in much the
same way as we saw in the gas filled proportional counters. That is, a very high
potential can be applied in a chamber having suitable geometry such that the elec-
trons could gain enough energy between collisions to create additional charge pairs.
The most suitable geometry, as in case of gaseous proportional counters, is of course
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a cylinder with an anode wire stretched across its axis. Such a structure provides
a very high electric field intensity near the anode wire for charge multiplication as
well as better charge collection.

The basic underlying processes for charge multiplication in a liquid are the same
as in the case of a gas. These processes were discussed at length in the chapter on
gas filled detectors and therefore will not be repeated here. However, we will make
references to the equations derived there and modify those accordingly.

The three most important parameters related to charge multiplication are its
threshold voltage (or the electric field intensity), the first Townsend coefficient, and
the gain. We referred to these quantities in the chapter on gas filled detectors
through the terms V;, a, and M respectively. In gases a gain of 10 can be quite
easily achieved but in liquids it has been found that going beyond a few hundred is
extremely difficult even with single wire chambers having very thin anodes. This,
at first sight, may seem counterintuitive since one would expect the higher density
of molecules in a liquid to favor the charge multiplication. However we should keep
in mind that at each interaction not only electrons but also positive charges are
produced. The ions thus produced move much slower than the electrons and produce
a sheath of charges between the anode and the cathode. This cloud of charges
decreases the effective electric field experienced by the electrons, thus suppressing
the charge multiplication after some time.

The reader should note that even though the charge multiplication in liquids is
not as large as in gases, since the initial number of charge pairs in liquids is much
larger, the net effect is to increase the output signal height considerably.

The threshold for avalanche in liquids is higher than in gases, so cylindrical
chambers are generally used to build liquid filled proportional counters. The first
Townsend coefficient, in such a case, is a function of the position because the electric
field intensity has a radial dependence inside the chamber. The growth of electron
population is still exponential, that is

N = Ny exp [ / a(r)dT] , (4.3.1)

where Ny is the number of electrons initiating the avalanche and «/(r) is the position
dependent (or more specifically, electric field dependent) avalanche constant or, as
it is generally known, the first Townsend coefficient. The reader can compare this
equation with equation 3.3.3, which represents the avalanche multiplication in a
uniform electric field environment. Here we have deliberately avoided the use of Ny
to represent the initial number of electrons, which we used in the case of gases. The
reason lies in the fact that in liquids the recombination and parasitic absorption
of electrons is non-negligible. We will therefore represent the initial number of
electrons produced by the incident radiation by Ny and the number of electrons
that have survived the recombination by Nj. Nj can be approximately computed
from (see, for example (6))

Ny

KB (4.3.2)

Ny

where K is the recombination coefficient and F(r) is the radial electric field intensity.
We will discuss the process of recombination in the next section.
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Now, the electrons that survive local recombination, encounter impurity molecules
as they move toward the anode. This could result in the their parasitic capture by
the impurities. If u. is the capture coefficient of the liquid, then after moving a
distance r the number of electrons that survive the capture are given by

Ny = Nje He’, (433)

This, however, is an oversimplification of the actual situation since in reality the
capture coefficient is itself a function of the electron energy, which in turn is a
function of the electric field intensity. The above equation should then be replaced
by

Ny = Ny exp (- / ' ,uc(r)dr> , (4.3.4)

where a is the anode wire radius. Note that we have written the capture coefficient
as a function of position since it depends on the electric field intensity, which is a
function of position. It has been found that the capture coefficient varies approxi-
mately inversely with the electric field and can be written in a general form as (6)

e = A+ (4.3.5)

B
E(r)’
where the constants A and B depend on the characteristics of the liquid and are
determined experimentally.

The expression for the electric field intensity in the above equations depends
on the geometry of the chamber. For parallel plate geometry the field is uniform
throughout the active volume except at the edges. But such a geometry is not
suitable for operation in proportional region (see also chapter on gas filled detec-
tors). The reason is that the high field intensity needed to initiate the avalanche
in a parallel plate chamber requires application of extremely high potentials at the
electrodes. In liquid filled detectors the situation is even more demanding due to
higher probabilities of electron recombination and capture as compared to gases.
Therefore to ensure avalanche multiplication one should resort to cylindrical geom-
etry. For a cylindrical chamber having radius b and anode wire radius a, the electric
field intensity is given by

v
rin(b/a)’
where V is the applied potential. Hence for a cylindrical proportional counter the
capture coefficient can be written as

E(r) = (4.3.6)

B
pe = A+ Vrln <2) . (4.3.7)

Substitution of this expression into equation 4.3.4 yields

No = Niexp :—/GT{A—F—rln( >}dr]
~ Nyexp :—(r—a){A+(T+;B1 (5)}]

o [ {as 2 (2))] w1

Q
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where we have used the approximation r —a & r +a & r since r >> a. Substitution
of N; from equation 4.3.2 into the above equation gives

MmO s

As a reminder, Ny represents the number electrons that have survived the recombi-
nation and parasitic capture after traveling a distance r in the chamber. These elec-
trons are able to cause avalanche multiplication provided they have gained enough
energy between collisions. The number of electrons produced in the avalanche can
be estimated by substituting Ns in equation 4.3.1, that is

N = Hg;Em exp {_r {A + g In (2)} + / a(r)dr] . (4.3.10)

The multiplication factor M, which represents the ratio of the number of electrons
produced in the avalanche to the initial number of electrons, is then given by

N
No

me}{p {—r {A n % In <§>} + /aroz(r)dr] L (43.11)

The first and second terms in the brackets on right hand side represent the decay
and growth of electron population respectively. The decay is due to the absorption
of electrons by impurities and has a significant effect on the overall amplification.
Therefore in order to predict the multiplication constant correctly one needs to
evaluate this whole expression. However this requires the hard-to-find constants A,
B, and K for the particular case under study. Although a number of experimental
studies have been performed to determine these parameters but the fact that they
depend heavily on small changes in impurity concentrations makes their use limited
to the ones used in the experimental setup. For example the constant B, which
is sometimes referred to as the field dependent capture coefficient, is so sensitive to
the amount of impurity in the gas that it can range from almost zero for very low
impurity levels up to several thousand V/em? for impurity level of a few parts per
million in liquefied noble gases. In gases the variation is not that dramatic and
therefore small changes in impurity levels can be tolerated.

M =

4.4 Commonly Used Liquid Detection Media

For liquid filled ionizing detectors, liquid argon is perhaps the most widely used
detection medium. However, this does not mean that other liquefied gases do not
possess favorable properties. In fact, there are a number of liquefied gases that have
been successfully used to build ionizing and scintillating detectors. When it comes
to scintillation detectors, liquid xenon is generally the choice due to its favorable
scintillation light wavelength, refractive index, and Fano factor. In Table 77 we
list some useful properties of the liquefied noble gases. It is interesting to note
that all three gases listed in the table can act as scintillators, that is, they emit
light after absorbing energy. Hence, in principle, all of them can be used to build
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Table 4.4.1: Properties of liquefied noble gases.

Property Argon | Krypton | Xenon
A 18 36 58
A 40 84 131
Radiation Length (cm) 14.2 4.7 2.8
Critical Energy (MeV) 41.7 21.5 14.5
Fano Factor 0.107 0.057 0.041
Normal Boiling Point (K) 87.27 119.8 164.9
Liquid Density at Boiling Point (gem ™3) 1.4 24 3.0
Dielectric Constant 1.51 1.66 1.95
Scintillation Light Wavelength (nm) 130 150 175

scintillation detectors. However, as mentioned above, generally liquid xenon is used
in scintillation detectors while liquid argon in ionizing detectors.

The reader might be thinking as to why one does not use regular liquids instead of
the liquefied gases. There are several reasons why liquefied noble gases are preferred
over regular liquids. For example the liquefied noble gases are dielectrics, which
makes them suitable for free charge transport. Also, the large drift lengths of elec-
trons make these liquids suitable for building large area detectors. As we will shortly
see, the larger drift length is a consequence of lower recombination probability in
liquefied noble gases as compared to molecular liquids.

Looking at Table 4.4.1, it becomes clear that xenon is the best choice for scintil-
lating and ionizing detectors. Its stopping power is higher than argon and krypton
due to its higher density. Higher stopping power allows quicker and higher deposi-
tion of energy, which means better timing and energy resolutions. Although liquid
xenon is mostly used as a scintillating medium but it can, in principle, be used to
build ionizing detectors as well. The biggest disadvantage of liquid xenon is its cost,
which is much higher than liquid argon and krypton.

4.5 Sources of Error in Liquid Filled lonizing Detectors

4.5.A Recombination

Recombination of electrons with the positive ions (or holes) degrades the initial
electron population and therefore has the detrimental effect of signal weakening.
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This can also introduce nonlinearity in the detector’s response with respect to vary-
ing radiation levels. However with the introduction of high electric field across the
electrodes, the recombination probability can be significantly decreased.

Most of the recombination occurs near the radiation track in the detector, where
the charge pairs are produced. The electrons in a liquid quickly thermalize near
their production point and in the absence of an electric field fall back to the valence
band under the influence of the Coulomb field. This type of recombination is gen-
erally known as geminate recombination and is the major source of error in liquid
filled detectors. The high rate of thermalization is due to the inelastic scattering of
electrons near their point of generation. In the absence of any external electric field,
the thermalization time could be as short as a fraction of a picosecond for molecular
liquids at room temperature. This is a serious problem since it can lead to the loss of
information and has the potential of introducing nonlinearity in detector’s response.
Liquids having such short recombination times are therefore not suitable for use as
detection media. Fortunately, liquefied noble gases have recombination times on the
order of a few hundred picoseconds, which make them suitable for use in radiation
detectors. Table 4.5.1 lists the electron thermalization times in some liquefied gases
commonly used in radiation detectors.

Table 4.5.1: Electron thermalization times in liquefied noble gases (26; 24; 3).

Liquid Temperature (K) | Thermalization Time (ns)
Helium-4 4.2 0.4 x 1073

Argon 85 0.9+0.2
Krypton 117 4.4+0.2

Xenon 163 6.5£0.5

The geminate recombination just described is not the only type of recombination
that occurs in liquids. Apart from this localized recombination, there is also volume
recombination effect that can happen anywhere in the liquid volume. Fortunately the
probability of volume recombination is much lower than the geminate recombination
simply because of the low concentration of ions away from the particle track. Also,
under the influence of the applied electric field, the electrons move towards anode
and the ions move towards cathode, which does not leave many ions or recombination
centers for electrons to recombine with.

It was mentioned earlier that the number of electrons that survive the recombi-
nation can be calculated from (see equation 4.3.2)

No

N=1Tx/E@)

where Ny is the number of electrons produced by the incident radiation, E(z) is
the electric field intensity at position x in the detector, and K is a constant known



236 Chapter 4. Liquid Filled Detectors

as the recombination coefficient. Certainly for a parallel plate geometry the electric
field intensity is constant at each point and therefore independent of x. For cylin-
drical geometry it generally suffices to use the radial component of the electric field
intensity in the above relation.

The recombination coefficient in the above equation is determined experimentally.
Unfortunately not much data is available for liquids that could potentially be used
in radiation detectors. Also, one finds differences in reported values. Nevertheless,
one can get an approximate idea of the recombination by using the reported values
in the above equation (see example below).

Example:

A parallel plate liquid xenon filled ionization chamber is exposed to a flux
of ~-rays, which is producing 5 x 10% charge pairs per second midway
between the two electrodes. Compute the number of electrons that survive
the recombination if the applied electric field is 1 kV/em. Assume the
recombination coefficient to be 100 V/cem.

Solution:

Since it is a parallel plate chamber, we can assume that the electric field inten-
sity is constant throughout its active volume. We can then simply substitute
the given values in equation 4.3.2 to get the desired result.

No
1+ K/E(x)
5 x 10
1+ 100/1000
= 4.5 x 10% charge pairs

N =

4.5.B Parasitic Electron Capture and Trapping

One of the major problems associated with using a liquid as the ionizing medium
is the capture of electrons by the impurity molecules. The reader should note that
the capture process is separate from the recombination effect we just studied. The
recombination process involves the fall of an electron back into the conduction band
of the liquid while in the capture process the electron gets captured by an impurity
molecule. Another difference is that the recombination process generally occurs near
the site of the charge pair production. On the other hand the capture process does
not occur with this preference.

The impurity in a liquid filled detector can be of two types. One is the parasitic
capture and trapping impurity and the other is the so called reversible attachment
impurity. Most of the signal deteriorating effects in a detector are caused by the
impurity of the first kind, in which once the electron gets captured, it does not
get re-emitted and hence is said to have been trapped. The process of electron
attachment to a trapping impurity molecule (XY') can be written as

e+ (XY) = (XY) " (4.5.1)
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The (*) sign above represents the excited state of the molecule. The de-excitation
could be by emission of a photon or, in case of multi-atomic complex molecules, by
molecular dissociation into smaller fragments. The latter is a radiationless process.
A good example of such an impurity is the oxygen molecule, which is very commonly
found even in highly purified liquids.

There are also some molecular species that emit the electron after capturing it.
Such a reaction is written as

e+ (XY) = (XY). (4.5.2)

where the (=) sign represents the fact that the process of electron capture is re-
versible. A common example of such an impurity is the carbon dioxide molecule.

To understand the deteriorating effect of electron capture by an impurity molecule
on the detector response, we first note that the capture introduces an effective
negative charge on the molecule. The reader should recall that the output signal of
an ionization chamber has two edges: a fast rising edge and a slow falling edge. The
fast rising edge is almost exclusively described by the movement of negative charges
towards the anode. The introduction of heavy and slow moving negative ions in
the electron population produces larger slope in the rising edge and can even reduce
the signal height (the signal height depends on the movement of both positive and
negative charges). Hence for liquids, having higher molecular density, the electron
capture process can be a source of nonlinearity in the detector response.

Let us now see how we can numerically describe this parasitic capture process.
The reader may recall that earlier in the Chapter we had described the survival of
electrons in a liquid by an exponential function of the form (cf. equation 4.3.4)

N = Nye He®, (4.5.3)

where Ny represents the initial number of electrons, N is the number of electrons
that have survived after traversing a distance x. pu. is the capture coefficient for
electrons in the liquid. The capture coefficient depends not only on the type of
the medium but also on the energy of electrons. In most situations the electrons
are in thermal equilibrium with the liquid molecules and therefore we can use the
capture coefficient at the mean thermal energy for the liquid under consideration.
Using equation 4.5.3 we can define the probability of capture P, and probability of
survival P, through the relations

Ny— N
p = 07
4 No
e (4.5.4)
N
P o= —
No
= e HeT, (4.5.5)

Since p. in the above relations has the units of inverse distance, we can define a
term capture mean free path A. through the relation

Ae = —. (4.5.6)
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Substituting A\, = x in equations 4.5.4 and 4.5.5 gives us the definition of the capture
mean free path as

P. = 1—-¢ 12063
P, = ¢ 1~0.37,

that is, it represents the distance for which the capture and survival probabilities of
an electron is about 63% and 37% respectively. In other words, if a population of
electrons travels a distance A, then only about 37% of the electrons will survive the
capture by molecules.

Up until now we have used the spatial variation of the electron flux due to the
capture process. We can also describe the change in electron concentration with
respect to time. For this, we argue that the rate of electron capture should be pro-
portional to not only the impurity concentration but also the electron concentration
in the liquid. In fact this has been observed by various experimenters. We can
therefore write the rate equation as

dC,
dt

= _kCeCimpa (457>

where C stands for concentration (generally described in number of particles per
mole of the liquid) with subscripts e and imp representing electrons and impurity
molecules respectively. k is the constant of proportionality that depends on the
type of impurity. This so called reaction rate constant can generally be found in
literature in units of per mole per second (i.e. M ~1s~1). The negative sign in the
above expression describes the decrease in electron population with time.

If we now assume that the concentration of impurity in the liquid does not change
with time then equation 4.5.7 can be solved to give

Ce = Cege FCimrt, (4.5.8)

where we have used the initial condition C, = Cey at t = 0. It should be noted
that the constancy of Cj,, with time is not a strictly valid assumption specially for
trapping impurities since the loss of electrons also means loss of impurity molecules.
The reason is that most molecular ions thus formed loose their ability to capture
more electrons. However, since in liquid filled detectors that use high purity liquids
the capture rate is generally quite low, we can safely ignore the time dependence
of impurity concentration. For the reversible attachment impurity molecules this
assumption holds up to a good approximation. Such impurities release the captured
electron after a small time delay, which at most results in the longer transit time of
electrons and increases the slope of the rising edge of the output pulse by a small
amount. The signal height, however, is not affected.
Using equation 4.5.8 we can define the mean electron lifetime T as

1
N kczmp .

T (4.5.9)

7 represents the time it takes an electron population to decrease by about 63% (see
Example below).



4.5. Sources of Error in Liquid Filled Ionizing Detectors 239

Example:
Define the mean electron lifetime 7 in terms of capture rate of electrons.

Solution:

We just saw that the electron concentration at any time ¢ can be computed
from equation 4.5.8, provided the impurity concentration does not change
with time. Let us Substituting t = 7 from equation 4.5.9 into this equation to
determine the electron concentration after passage of one lifetime. This gives

Ce = Ceoe_l
Ce

= ~ 0.37
CeO

This implies that after time 7 the surviving electron population is about
37% of the initial population. In other words 7 is the time taken by the
impurity molecules to capture about 63% of electrons.

The reaction rate constant k is an important and widely used parameter to assess
the effect of impurities in detectors. It tells us how quickly or violently an impurity
captures the free electrons in the liquid, and therefore gives us a measure to deter-
mine which impurities can be tolerated in a certain environment. Another advantage
of using k is that it can be used to determine the lifetime of electrons.

The reaction rate constant can be determined from the following relation

b ~ / ~ o(B) f(E)dE, (4.5.10)
0

where o(E) is the energy dependent attachment cross section for electrons in the
liquid and f(F) is the distribution of electrons in the liquid. For most practical
purposes, we can safely assume that the electrons in a liquid can be described by
Maxwellian distribution even in the presence of high electric field. This is in contrast
to the case of gases where, as we saw in the previous chapter, the electrons do not
retain their Maxwellian distribution in the presence of high electric field. As a
reminder, the Maxwellian distribution is given by

f(E) = L i 2 —E/kpT (4.5.11)
= VrksT \ksT ) © ’ o

where kp is the familiar Boltzmann’s constant and T is the absolute temperature.
The distribution assumes that the particles are in thermal equilibrium with the
surrounding. The average energy of the electrons in such a case is given by

3
< E>=CkpT. (4.5.12)

This energy can be increased by the application of electric field across the electrodes,
something that is always done in liquid ionization and proportional chambers. As
stated earlier, this increase in the average energy does not significantly affect the
distribution of electrons and therefore the Maxwellian distribution can still be used
to determine the reaction rate constant.
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The reaction rate constants have also been determined for different impurities
by several researchers. The data varies considerably from one specie to the next.
for example for oxygen the value has been found to be 6 x 10 M~1s~1 while for
sulfur hexafluoride and carbon tetrachloride the constant assumes a value about
three orders of magnitude higher than that for oxygen (see, for example (9)).

Because of the inverse relationship between the electron lifetime and the rate
constant, the lower the rate constant the better for the detector since it would imply
that more electrons survive to induce the potential change necessary to produce the
output signal.

Example:
Determine the lifetime of electrons in a liquid argon filled detector having 2
ppm of oxygen as impurity.

Solution:
2 parts per million (ppm) of oxygen would be equivalent to a molar concen-
tration of

Cozy =2 x 1075 M. (4.5.13)
According to equation 4.5.9 the mean lifetime of electrons is given by

1
T =
kCozy

- 1

~ (6 x 1011) (2 x 10-6)

~ 0.8 us.

Such a small lifetime can be detrimental to the performance of the detector
specially in low radiation environments.

D 4.6 Cherenkov Detectors

In chapter 2 we discussed the process of production of Cherenkov radiation in trans-
parent media. The detectors based on the exploitation of this phenomenon to detect
particles are called Cherenkov detectors. Before we go on to the discussion of such
detectors, let us first summarize the basic points related to the emission process of
Cherenkov radiation.

» Whenever a charged particle in a medium moves faster than speed of light in
that medium, it emits Cherenkov radiation.

» Cherenkov radiation is composed of photons with wavelengths mostly in the
visible region of the electromagnetic spectrum.

» The radiation is emitted in the shape of a cone with the path of the particle
as its axis. The angle 6. of the cone is related to the velocity v of the particle
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and the refractive index n of the medium through the relation

c
cosf, = —
n

1
= G (4.6.1)

where 3 = v/c is the ratio of the velocity of the particle in the medium to the
velocity of light in vacuum.

» The threshold velocity of the particle to produce Cherenkov light as obtained
from the above relation is

C
= —. 4.6.2
Uth n ( )

» The angle of the cone is proportional to the energy of the particle producing
the radiation.

The last three points above are very important in terms of building a detector
based on Cherenkov emission. The unique conic geometry of the emitted radiation
can be used not only to tag events (that is, differentiate them from the background)
but also to estimate the energy of the particle producing the radiation.

A liquid filled Cherenkov detector uses a liquid to produce Cherenkov light either
directly by the particle to be detected or by another particle interacting with it.
The light thus produced is detected by detectors surrounding the liquid. Though
any type of detector can be used to detect light photons but the general practice is
to use photomultiplier tubes due to their high photon detection efficiency. We will
learn more about these tubes in the chapter on photo detectors.

Example:

Calculate the critical angle of Cherenkov cone produced by the passage of
electrons through light water. Assume the average velocity of the electrons to
be 0.92¢, where c is the velocity of light in vacuum.

Solution:
Substituting 5 = 0.92 and n = 1.33 (for light water) in equation 4.6.1, we get
a4
on
= L = 0.817
—(0.92)(1.33)
=0. = 3520

cosf. =

Fig.4.6.1 shows a Cherenkov detector consisting of a spherical ball containing a
liquid and photomultiplier tubes surrounding it. Such a detector has been built for
detecting neutrinos at the Sudbury Neutrino Observatory (SNO) in Canada. The
neutrinos, as we saw in chapter 1, have extremely low interaction cross section and
therefore detecting them is quite a challenging task. The SNO detector uses heavy
water to detect these elusive particles. There are three modes of interaction of
neutrinos that are exploited at this facility. We will look at one of those to explain
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the concept of indirect detection through Cherenkov light. A neutrino can elastically
scatter off an orbital electron in heavy water and set it free. Since the neutrinos
coming from the sun have high enough energy, they provide the electron with so
much energy that their velocity crosses the threshold of equation 4.6.2. As a result
the electron produces Cherenkov light. The cone of light spreads and is ultimately
detected by the photomultiplier tubes (see Fig.4.6.1).

v Figure 4.6.1: Sketch of the work-
ing principle of a neutrino detector.
The neutrino is shown to scatter off
an electron from the medium. If
the scattered electron moves with
a velocity higher than the veloc-
ity of light in that medium, it pro-
duces Cherenkov light in the form
of a cone. The light photons thus
produced are detected by an ar-
ray of photomultiplier tubes in-

Cherenkov
Cone

Detection stalled around the spherical con-

R Medium tainer of the detection medium.

N Such a detector has been built at

Photodetector Transparent the Sudbury Neutrino Observatory
Array Container in Canada.

4.7 Bubble Chamber

Bubble chamber is one of the earliest and extremely successful imaging detectors.
It was built for tracking particles in high energy particle collisions.

A conventional bubble chamber is made of a sealed container filled