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BASIC CONCEPTS

Whether we date the origin of nuclear physics from Becquerel's discovery of
radioactivity in 1896 or Rutherford’s hypothesis of the existence of the nucleus in
1911, it is clear that experimental and theoretical studies in nuclear physics have
plaved a prominent role in the development of twentieth century physics. As a
result of these studies, a chronology of which is given on the inside of the front
cover of this book, we have today a reasonably good understanding of the
properties of nucler and of the structure that is responsible for those properties.
Furthermore, techniques of nuclear physics have important applications in other
areas, including atomic and solid-state physics. Laboratory experiments in nuclear
physics have been applied to the understanding of an incredible variety of
problems, from the interactions of quarks (the most fundamental particles of
which matter is composed), to the processes that occurred during the early
evolution of the universe just after the Big Bang. Today physicians use techniques
learned from nuclear physics experiments to perform diagnosis and therapy in
areas deep inside the body without recourse to surgery; but other techniques
learned from nuclear physics experiments are used to build fearsome weapons of
mass destruction, whose proliferation is a constant threat to our future. No other
field of science comes readily to mind in which theory encompasses so broad a
spectrum, from the most microscopic to the cosmic, nor is there another field in
which direct applications of basic research contain the potential for the ultimate
limits of good and evil.

MNuclear physics lacks a coherent theoretical formulation that would permit us
to analyze and interpret all phenomena in a fundamental way; atomic physics
has such a formulation in quantum electrodynamics, which permits calculations
of some observable quantities to more than six significant figures. As a result, we
must discuss nuclear physics in a phenomenological way, using a different
formulation to describe each different type of phenomenon, such as o decay, §
decay, direct reactions, or fission. Within each type, our ability to interpret
experimental results and predict new results is relatively complete, yet the
methods and formulation that apply to one phenomenon often are not applicable
to another. In place of a single unifying theory there are islands of coherent
knowledge in a sea of seemingly uncorrelated observations. Some of the most
fundamental problems of nuclear physics, such as the exact nature of the forces



that hold the nucleus together, are yet unsolved. In recent years, much progress
has been made toward understanding the basic force between the quarks that are
the ultimate constituents of matter, and indeed attempts have been made at
applyving this knowledge to nuclei, but these efforts have thus far not contributed
to the clarification of nuclear properties.

We therefore adopt in this text the phenomenological approach, discussing
each type of measurement, the theoretical formulation used in its analysis, and
the insight into nuclear structure gained from its interpretation. We begin with a
summary of the basic aspects of nuclear theory, and then turn to the experiments
that contribute to our knowledge of structure, first radicactive decay and then
nuclear reactions. Finally, we discuss special topics that contribute to micro-
scopic nuclear structure, the relationship of nuclear physics to other disciplines,

and applications to other areas of research and technology.

1.1 HISTORY AND OVERVIEW

The search for the fundamental nature of matter had its beginnings in the
speculations of the early Greek philosophers; in particular, Democritus in the
fourth century B.C. believed that each kind of material could be subdivided into
smaller and smaller bits until one reached the very limit beyond which no further
division was possible. This arom of material, invisible to the naked eye, was to
Democnitus the basic constituent particle of matter. For the next 2400 years, this
idea remained only a speculation, until investigators in the early nineteenth
century applied the methods of experimental science to this problem and from
their studies obtained the evidence needed to raise the idea of atomism to the
level of a full-fledged scientific theory. Today, with our tendency toward the
specialization and compartmentalization of science, we would probably classify
these early scientists (Dalton, Avogadro, Faraday) as chemists. Once the chemists
had elucidated the kinds of atoms, the rules governing their combinations in
matter, and their systematic classification (Mendeleev's periodic table), it was
only natural that the next step would be a study of the fundamental properties of
individual atoms of the varous elements, an activity that we would today classify
as atomic physics. These studies led to the discovery in 1896 by Becquerel of the
radioactivity of certain species of atoms and to the further identification of
radicactive substances by the Curies in 1898, Rutherford next took up the study
of these radiations and their properties; once he had achieved an understanding
of the nature of the radiations, he turned them around and used them as probes
of the atoms themselves. In the process he proposed in 1911 the existence of the
atomic nucleus, the confirmation of which (through the painstaking experiments
of Geiger and Marsden) provided a new branch of science, nuclear physics,
dedicated to studying matter at its most fundamental level. Investigations into
the properties of the nucleus have continued from Rutherford’s time o the
present. In the 1940s and 1950s, it was discovered that there was yet another level
of structure even more elementary and fundamental than the nucleus. Studies of
the particles that contribute to the structure at this level are today carried out in
the realm of elementary particle (or high energy) physics.

Thus nuclear physics can be regarded as the descendent of chemistry and
atomic physics and in turn the progenitor of particle physics. Although nuclear



physics no longer occupies center stage in the search for the ultimate components
of matter, experiments with nuclei continue to contribute to the understanding of
basic interactions. Investigation of nuclear properties and the laws governing the
structure of nuclei is an active and productive area of physical research in its own
right, and practical applications, such as smoke detectors, cardiac pacemakers,
and medical imaging devices, have become common, Thus nuclear physics has in
reality three aspects: probing the fundamental particles and their interactions,
classifying and interpreting the properties of nuclei, and providing technological
advances that benefit society.

1.2 SOME INTRODUCTORY TERMINOLOGY

A nuclear species is characterized by the total amount of positive charge in the
nucleus and by its total number of mass units. The net nuclear charge i1s equal to
+ Ze, where Z is the atomic number and e is the magnitude of the electronic
charge. The fundamental positively charged particle in the nucleus is the proton,
which is the nucleus of the simplest atom, hydrogen. A nucleus of atomic number
Z therefore contains £ protons, and an electrically neutral atom therefore must
contain # negatively charged electrons. Since the mass of the electrons is
negligible compared with the proton mass (m , = 2000m_), the electron can often
be ignored in discussions of the mass of an atom. The mass number of a nuclear
species, indicated by the symbol A, is the integer nearest o the ratio between the
nuclear mass and the fundamental mass unit, defined so that the proton has a
mass of nearly one unit. (We will discuss mass units in more detail in Chapter 3.)
For nearly all nuclei, A is greater than Z, in most cases by a factor of two or
more. Thus there must be other massive components in the nucleus. Before 1932,
it was believed that the nucleus contained 4 protons, in order to provide the
proper mass, along with 4 = Z nuclear electrons to give a net positive charge of
Ze. However, the presence of electrons within the nucleus is unsatisfactory for
several reasons:

The nuclear electrons would need to be bound to the protons by a wvery
strong force, stronger even than the Coulomb force. Yet no evidence for this
strong force exists between protons and aromic electrons.

If we were to confine electrons in a region of space as small as a nucleus
(Ax ~ 10~ m), the uncertainty principle would require that these electrons
have a momentum distribution with a range Ap — A/ 4x = 20 MeV /¢
Electrons that are emitted from the nucleus in radicactive § decay have
energies generally less than 1 MeV; never do we see decay electrons with
20 MeV energies. Thus the existence of 200 MeV electrons in the nucleus is
not confirmed by observation.

The total intrinsic angular momentum (spin) of nuclei for which 4 — 7 is
odd would disagree with observed values if 4 protons and 4 — Z electrons
were present in the nucleus., Consider the nucleus of deuterium (A4 = 2,
# = 1), which according to the proton-electron hypothesis would contain 2
protons and 1 electron. The proton and electron each have intrinsic angular
momentum (spin) of 1, and the quantum mechanical rules for adding spins
of particles would require that these three spins of 1 combine to a total of
either 3 or 1. Yet the observed spin of the deuterium nucleus is 1.



4, Nuclei containing unpaired electrons would be expected to have magnetic
dipole moments far greater than those observed. If a single electron were
present in a deuterium nucleus, for example, we would expect the nucleus to
have a magnetic dipole moment about the same size as that of an electron,
but the observed magnetic moment of the deuterium nucleus is about 5 of
the electron’s magnetic moment.

Of course it is possible to invent all sorts of ad hoc reasons for the above
arguments to be wrong, but the necessity for doing so was eliminated in 1932
when the neutron was discovered by Chadwick. The neutron is electrically neutral
and has a mass about equal to the proton mass (actually about 0.1% larger). Thus
a nucleus with £ protons and 4 — Z neutrons has the proper total mass and
charge, without the need to introduce nuclear electrons. When we wish to
indicate a specific nuclear species, or nuclide, we generally use the form X,
where X 1s the chemical symbol and N is the neurron number, A — Z. The
symbols for some nuclides are [H,, 23U, ., °Fe,,. The chemical symbol and the
atomic number Z are redundant—every H nucleus has Z = 1, every U nucleus
has Z = 92, and so on. It is therefore not necessary to write Z. It is also not
necessary to write N, since we can always find it from 4 — Z. Thus U is a
perfectly valid way to indicate that particular nuclide; a glance at the periodic
table tells us that U has Z =92, and therefore “*U has 238 — 92 = 146
neutrons. You may find the symbols for nuclides written sometimes with Z and
N, and sometimes without them, When we are trying to balance Z and N in a
decay or reaction process, it 15 convenient to have them written down: at other
times it 18 cumbersome and unnecessary to write them.

Neutrons and protons are the two members of the family of nucleons. When we
wish simply to discuss nuclear particles without reference 1o whether they are
protons or neutrons, we use the term nucleons, Thus a nucleus of mass number 4
contains A nucleons.



When we analyze samples of many naturally occurring elements, we find that
nuchides with a given atomic number can have several different mass numbers;
that is, a nuclide with £ protons can have a variety of different neutron numbers,
Muclides with the same proton number but different neutron numbers are called
isotopes; for example, the element chlorine has two isotopes that are stable
against radioactive decay, **Cl and ¥CL It also has many other unstable isotopes
that are artificially produced in nuclear reactions; these are the radioactive
isotopes (or radivisotopes) of CL

It is often convenient to refer to a sequence of nuclides with the same N but
different Z; these are called isorones. The stable isotones with ¥ = 1 are *H and
*He. Nuclides with the same mass number 4 are known as isobars; thus stable
*He and radioactive *H are isobars.

1.3 NUCLEAR PROPERTIES

Once we have identified a nuclide, we can then set about to measure its
properties, among which (to be discussed later in this text) are mass, radius,
relative abundance (for stable nuclides), decay modes and half-lives (for radioac-
tive nuclides), reaction modes and cross sections, spin, magnetic dipole and
electric quadrupole moments, and excited states. Thus far we have identified
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Figure 1.1 Stable nuclei are shown in dark shading and known radioactive
nuclei are in light shading.
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nuclides with 108 different atomic numbers (0 to 107); counting all the different
isotopes, the total number of nuclides is well over 1000, and the number of
carefully studied new nuclides is growing rapidly owing to new accelerators
dedicated to studying the isotopes far from their stable isobars. Figure 1.1 shows
a representation of the stable and known radioactive nuclides.

As one might expect, cataloging all of the measured properties of these many
nuclides is a formidable task. An equally formidable task is the retrieval of that
information: if we require the best current experimental value of the decay modes
of an isotope or the spin and magnetic moment of another, where do we look?

Muclear physicists generally publish the results of their investigations in
journals that are read by other nuclear physicists; in this way, researchers from
distant laboratories are aware of one another's activities and can exchange ideas.
Some of the more common journals in which to find such commumications are
Physical Review, Section C (abbreviated Phys. Rev. C), Physical Review Letters
{ Phys. Rev. Lett.), Physics Letters, Section B (Phys. Lert. B), Nuclear Physics,
Section A ( Nucl. Phys. A), Zeitschrift fiir Physik, Section A (Z. Phys. A4), and
Journal of Physics, Section G (J. Phys. ). These journals are generally published
monthly, and by reading them (or by scanning the table of contents), we can find
out about the results of different researchers. Many college and university
libraries subscribe to these journals, and the study of nuclear physics is often
aided by browsing through a selection of current research papers.

Unfortunately, browsing through current journals usually does not help us to
locate the specific nuclear physics information we are seeking, unless we happen
to stumble across an article on that topic. For this reason, there are many sources
of compiled nuclear physics information that summarnze nuclear properties and

give references to the literature where the original publication may be consulted.
A one-volume summary of the properties of all known nuchdes is the Table of
Isotopes, edited by M. Lederer and V. Shirley (New York: Wiley, 1978). A copy
of this indispensible work is owned by every nuclear physicist. A more current
updating of nuclear data can be found in the Nuclear Data Sheets, which not
only publish regular updated collections of information for each set of isobars,
but also give an annual summary of all published papers in nuclear physics,
classified by nuclide. This information is published in journal form and is also
carried by many libraries. It 1s therefore a relatively easy process to check the
recently published work concerning a certain nuclide.

Two other review works are the dtomic Dara and Nuclear Data Tables, which
regularly produces compilations of nuclear properties (for example, 8 or ¥
transition rates or fission energies), and the Annual Review of Nuclear and Particle
Science (formerly called the Annual Review of Nuclear Science), which each year
publishes a collection of review papers on current topics in nuclear and particle
physics.



1.4 UNITS AND DIMENSIONS

In nuclear physics we encounter lengths of the order of 107" m, which is one
femtometer (fm). This unit is colloguially known as one fermi, in honor of the
pioneer [talian-American nuclear physicist, Enrico Fermi. Nuclear sizes range
from about 1 fm for a single nucleon to about 7 fm for the heaviest nuclei.

The time scale of nuclear phenomena has an enormous range. Some nuclei,
such as “He or *Be, break apart in times of the order of 10" s. Many nuclear
reactions take place on this time scale, which is roughly the length of time that
the reacting nuclei are within range of each other’s nuclear force. Electromagnetic
{v) decays of nuclei occur generally within lifetimes of the order of 10 % s
{nanosecond, ns) to 1071 5 {picosecond, ps), but many decays occur with much
shorter or longer lifetimes. « and B8 decays occur with even longer lifetimes, often
minutes or hours, but sometimes thousands or even millions of vears.

MNuclear energies are conveniently measured in millions of electron-volis {MeV),
where 1 eV = 1.602 x 10" J is the energy gained by a single unit of electronic
charge when accelerated through a potential difference of one volt. Typical 8 and
v decay energies are in the range of 1 MeV, and low-energy nuclear reactions take
place with kinetic energies of order 10 MeV. Such energies are far smaller than
the nuclear rest energies, and so we are justified in using nonrelativistic formulas
for energy and momentum of the nucleons, but #-decay electrons must be treated
relativistically.

Nuclear masses are measured in terms of the wnified atomic mass unit, u,
defined such that the mass of an atem of '*C is exactly 12 u. Thus the nucleons
have masses of approximately 1 u, In analyzing nuclear decays and reactions, we
generally work with mass energies rather than with the masses themselves. The
conversion factor is 1 u = 931,502 MeV, so the nucleons have mass energies of
approximately 1000 MeV. The conversion of mass to energy is of course done
using the fundamental result from special relativity, £ = mc”; thus we are free to
work either with masses or energies at our convenience, and in these units
e = 931.502 MeV /u.



Structure of the Nucleus

As already stated, the nucleus of an atom 15 composed of protons and neutrons.
The number of protons 1s called the atomic number of the element and denoted
by Z. The number of neutrons is denoted by N, and the sum of the protons and
neutrons, £ + N, 15 called the mass number, denoted by A. The symbolic represen-
tation of an element, X, is given by gx_.., . For example, sodium has 11 protons
and 12 neutrons with a total of 23 nucleons. Thus, it is represented as ﬁNa;:.
However, the atomic number Z of an element i1s known, and N can be calculated
as A—Z; therefore, it suffices to simply write “*Na (or Na-23).

To explain the vanous physical observations related to the nucleus of an atom,
two models for the nuclear structure have been proposed: the liquid drop model
and the shell model. The hgquid drop model was introduced by Niels Bohr and
assumes a spherical nucleus composed of closely packed nucleons. This model
explains vanous phenomena, such as nuclear density, energetics of particle emis-
sion in nuclear reactions, and fission of heavy nuclei.

In the shell models, both protons and neutrons are arranged in discrete energy
shells in a manner similar to the electron shells of the atom in the Bohr atomic
theory. Similar to the electronic configuration of the noble gas atoms, nucler with
2, 8,20, 28, 50, 82, or 126 protons or neutrons are found to be very stable. These
nucleon numbers are called the magic numbers.

It 15 observed that atomic nuclei containing an odd number of protons or neu-
trons are normally less stable than those with an even number of protons or neu-
trons. Thus, nuclel with even numbers of protons and neutrons are more stable,
whereas those with odd numbers of protons and neutrons are less stable. For
example, '*C with six protons and six neutrons 153 more stable than "*C containing
s1x protons and seven neutrons. There are 280 naturally-oceuwrming stable nuchdes
of which 166 are even N—even Z, 57 are even—odd, 53 are odd—even, and only 4
are odd—odd.

The stability of these elements 1s dictated by the configuration of protons and
neutrons in the nucleus. The ratio of the number of neutrons to the number of pro-
tons (N/Z) 15 an approximate indicator of the stability of a nucleus. The N/Z ratio
i 1 in low-Z elements such as '2C, "IN, and IED, but 1t increases with increasing
atomic number of elements. For example, it is 1.40 for '5]1 and 1.54 for “3Pb.
The plot of the atomic number versus the neutron number of all nuclides 1s shown
m Fig. [.2. All stable nuclear species fall on or around what 15 called the line of
stahifity. The nuclear species on the left side of the line have fewer neutrons and
more protons; that 1s, they are proton-nch. On the other hand, those on the nght
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Fic. 1.2. The plot of atomic number (Z) versus the number of neutrons (N) for allnuchdes.
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line represents nuclides with Z=N.

side of the line have fewer protons and more neutrons; that is, they are neutron-
rich. The nuclides away from the line of stability are unstable and disintegrate to
achieve stability.

Nuclear Binding Energy

According to the classical electrostatic theory, the nucleus of an atom cannot exist
as a single entity, because of the electrostatic repulsive force among the protons in
the nucleus. The stability of the nucleus 15 explained by the existence of a strong
binding force called the nuclear force, which overcomes the repulsive force of
the protons. The nuclear force is effective equally among all nucleons and exists
only in the nucleus, having no influence outside the nucleus. The short range of
the nuclear force leads to a very small size (~10~" ¢m) and very high density
(~10" g/cm?) of the nucleus.

The mass M of a nucleus 15 always less than the combined masses of the nucle-
ons A in the nucleus. The difference in mass (M—A) 15 termed the mass defect,
which has been used as binding energy for all nucleons in the nucleus. The aver-
age binding energy of a nucleon is equal to the total binding energy (calculated
from the mass defect) divided by the number of nucleons. It is of the order of
69 MeV, although the binding energy of an individual nucleon has a defimte



value, depending on the shell it occupies. The binding energy of a nucleon must
be supplied to completely remove it from the nucleus. Note that whereas the bind-
ing energy of the nucleons is in the megaelectron volt (MeV) range, the electron
binding energy in the atomic orbital is of the order of kiloelectron volts (keV), a
factor of 1000 lower.

Nuclear Nomenclature

A nuclide 15 an atomic species with a definite number of protons and neutrons

arranged in a definite order in the nucleus.

Radionuclides are those nuchdes that are unstable and thus decay by emission of
particles or electromagnetic radiations or by spontaneous fission,

Isotopes are the nuclides having the same atomic number Z but different mass
number A. Isotopes exhibit the same chemical properties. Examples of carbon
1sotopes are e, 2, and L.

Isotones are the nuchdes having the same number of neutrons N but different
numbers of protons. Examples of isotones are: ‘;";‘C:a 1ﬂKe, and ’gf[, each
having 79 neutrons.

Isobars are the nuclides with the same number of nucleons, that 15, the same mass
number A, but a different combination of protons and neutrons. For example:
52Y, 8281, #Rb, and *Kr are all 1sobars having the mass number 82

Isomers are the nuclides with the same number of protons and neutrons, but
having different energy states and spins. *Tc and *™Tc are 1somers of the
same nuclide. Individual nuclides can exist in different energy states above
the ground state due to excitation. These excited states are called the isomeric
states, which can have a lifetime varying from picoseconds to years. When the
1someric states are long-lived, they are referred to as metastable states. These
states are denoted by “m™ as in "™ T,



1. THE MASSES OF ATOMIC NUCLEL

The phenomena of the electrical discharge not only permit properties
of the electron to be determined, but also provide a means for studying
the carriers of positive electricity. Beams of positive rays were first pro-
duced by Goldstein' by the simple expedient of drilling small “canals”
through the cathode of a discharge tube. Positive ions accelerated toward
the cathode pass through these canals and produce bright streamers of
light in the low-pressure region beyond the cathode. The properties of
these positive rays were first studied quantitatively by J. J. Thomson
using combined electric and magnetic deflections. Positive lons are
accelerated in a discharge tube, and a narrow pencil of ions is selected
by the “canal”’; these are then acted on by parallel electric and magnetic
fields, whose lines of force are normal to the beam. Analysis shows that
the traces produced on a photographic plate consist of a series of para-
bolas, each curve produced by positive ions with the same e/m, but
differing velocities. Figures 1 and 2 show Thomson parabolas obtained by
Bainbridge for a number of common ions. Both electric and magnetic
fields have their axes parallel to the common horizontal axis of the
parabolas, An early important contribution of Thomson’s method of
positive ray analysis was the discovery of the isotopes (20, 22) of neon.?

The first mass spectrograph capable of making precision determina-
tions of isotope masses was that developed by Aston.! The focusing
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principle used in this instrument, employs successive electric and mag-
netic fields in a geometry such that all ions of the same ¢/m but with
a considerable range in velocity are focused as a line on the photographic
plate. Aston’s instrument achieved a significant increase in intensity and
resolving power as compared with the parabola method. Aston employed
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Fic. 1. Thomson Parabolas of Various Ions. Singly charged ions of atomic and molecular
hydrogen and the relatively unstable Hy* jon are at top of Figure. The lower group of
parabolas include those of several hydrocarbon ions, and also the isotopes of neon which
were discovered by J. J. Thomson using this method. One of the parabolas is formed by
doubly charged Ne?® ions, Courtesy of K. T. Bainbridge, Harvard University.

this apparatus for an extensive study of isotopes of the lighter elements,
leading to the discovery of many of the 283 naturally occurring isotopes
and also providing a precise method for determining atomic weights. The
mass spectrograph gives both the relative abundance and masses of the
isotopes of an element, and from these are calculated the atomic weight
as the weighted mean of the measured masses of the individual isotopes.
The atomic weights of the elements are expressed on a relative scale in



which oxygen is 16. However, since oxygen occurs not only as the abur}-
dant isotope 16, but also as the much rarer isotopes 17 and '?’ tw? stamic
mass scales are needed. In the physical scale the integer 16 is assigned to
the oxygen isotope of this mass number, whereas on the ckemical 'scale 16
is used for the average atomic weight of the mixture of oxygen isotopes

12

Fi16. 2. Thomson Parabolas Due to the Neon Isotopes (Inc]uding Doubly Charged Ne20)
several Hydrocarbons and Singly Charged Hg Tons. Courtesy of K. T. Bainbridge Hary d’
Universily. < =

of mass numbers 16, 17, 18 occurring in Nature. Due to the small pro-
portions of O'7 (0.04 per cent) and O (0.20 per cent), the two scales
differ only slightly, but in precision work the appropriate scale must pe
used. The difference between the two scales can be illustrated by the two
atomic weights of the natural oxygen mixture,? thyg.

On chemical scale: Natural oxygen mixtyre — 16.000000
On physical scale: Natural oxygen mixtyre — 16.004412
‘ A. O. Nier, Phys. Rev. 77, 792 (1950).
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An impf) rtant forfn. of mass spectrograph is that devised by Dempster,
shown in Fig. 3. Positive ions produced in a spark are accelerated and
then collimated by the slits Sy, Ss, after which they are deflected through
90 deg in an electric field. After traversing a final defining slit S, the
ions are deflected through 180 deg by a magnetic field. This arrangement
has the property of focusing a divergent bundle of ions differing somewhat
in velocity and direction into a sharp line image on the photographic
plate. Each group of ions is focused as a line, whose position is determined
by the value of e¢/m. The uranium isotope of mass number 235 was dis-
covered by Dempster? with this apparatus. The relative abundance of
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F16. 3. The Dempster Mass Spectrograph. Afler Dempsler.

U2% in naturally occurring uranium is very small, being only about 1 /140
that of the common isotope U?38,

Many other forms of mass spectrographs and spectrometers have
been developed. Those of Bainbridge and of Nier have been especially
useful for the precise measurement of isotopic masses and for establishing
the relative isotopic abundances with precision.®

The mass-spectrometer principle was incorporated into huge electro-
magnetic systems at Oak Ridge for the separation of the uranium isotope
U*%* from natural uranium. While the method has been superseded for



this purpose, the electromagnetic plants are used to prepare LS 1sotopes
of many elements, including the mercury isotopes used for light sources
in spectroscopy.’ :

pMass spIZZtrometers based on the principle that for particles of
equal momentum the time of flight of an ion depends on its mass have
been built and successfully operated by L. G. Smith at the Brookhaven
National Laboratory.$

2. THE CONSTITUENTS OF NUCLEI

Atomic nuclei are composed of protons and neutrons. Thesc particles
are often considered as the two states of a nucleon. The number of
nucleons in a nucleus is specified by the atomic mass number A4 , this being
the integer nearest the isotopic mass of the nucleus on the atomic weight
scale. The number of protons in a nucleus equals the atomic number Z,
which gives the position of the element in the periodic system. The
nuclear charge (+Ze) largely determines the chemical and physical prop-
erties of an element. The integer 4 — Z is the number of neutrons in¥a
nucleus. In Fig. 4 are shown the numbers of protons and neutrons in
various isotopes. Isotopes of an element (same Z) all lie on the same
vertical line, isotones (same N) are on horizontal lines, and isobars
(same A) are located on lines having slopes of minus one. Isomers are
nuclei having the same Z, 4, and N values, but differing markedly in
certain properties such as their radioactive half-lives, The four classifica-
tions of nuclei: isotopes, isomers, isobars, and isotones are known col-
lectively as nuclides.

On the full line at 45 deg to the axes are
equal numbers of protons and neutrons. In t.he lower part of the periodic
system a number of isotopes fall on this line, for €Xxample: |H2 ,[jq4
sLi%, ¢B10 ,C12, N1, 08 10Ne20, Mg, 145128 16522, Howeve;- arie’,
increases, the ratio of neutrons to protons in nuclej steadily in ,as Z
and at ¢,U%*® the neutron-proton ratio has a value of 150 In Igr e,
“line of maximum stability” passes near the majority of r.latur llt]g e
curring isotopes and indicates the steady gain of neutrong pe) aly oc-
protons as A increases. Below Z = 82 only the stable nuclides gy, ative to
and above uranium only certain of the most stable of tp, ra(;:' Shox.vn,

loactive

transuranium elements are plotted to indicate the tren( of .
maximum stability, the line of

plotted the nycle; having
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Nuclear binding energies can be calculated from the nuclear masses
with the special relativity law giving the relation between mass and

energy,

E = Mc* (1)

The observed isotopic masses are always less than the sum of th.e masses
of the component neutrons, protons, and electrons that constitute the
atom. Table 1 gives the masses of certain isotopes that have been meas-

ured with precision by the mass spectrograph.’

Table 1.

MASSES AND NUCLEAR BINDING ENERGIES OF
CERTAIN ISOTOPES

Mass Defect  Binding Energy, per Nucleon,

Isotope Mass, amu AM, amu Mev Mev
H? 1.008145  ....... L...... S
1H? 2.014741 0.00238 2.22 1000
H3 3.01699 0.00912 8.49 2.83
oHe? 3.01698 0.00828 7.70 2.57
2He* 4.00387 0.03038 28.30 7.04
sLi7 7.01822 0.04213 39.22 5.60
4B 10.01613 0.07033 65.50 6.55
¢C12 12.003816 0.09893 92.05 7.67
N14 14.007526 0.11234 104.5 7.46
5016 16.000000* 0.13699 127.20 7.95
3017 17.004536 0.14144 131.8 7.75
sO18 18.004884 0.15007 138.9 7.71
gF19 19.004443 0.15866 147.7 7.76
1uNa2 22.997091 0.20026 186.6 8 11
;sMg?4 23.992671 0.21282 198.0 8.24
AL 26.990111 0.24148 224.8 8 33
145128 27.985821 0.25392 236.2 8.44

o 51.9569 0.4866 453.0 8 71
2 Krs4 83.9382 0.7860 731.5 8.71
saxel’? 131.9462 1.1940 1112 8.44
esEuls? 152.9692 1.3601 1268 8.29

oHg?  200.0313 1.6979 1580 > %0

g2Ph20% 208.041 1.7578 1636 7.87

92238 235.117 1.915 1784 7.60
2 U3 238.125 1.936 1803 ¥ g8

* Standard. .

It is evident that although isotopic masses rf:t'crred to O are close
to integers, nevertheless small departures occur in all cases except Q16
The third column of Table 1 gives the mass defect AM, which ig the diﬁ'er:

s A. O. Nier et al., Phys. Rev. 102, 1071 (1956); 108, 1014 (1957); 107, 1664 (1957).



Ve

ence between a nuclear mass and the sum of the masses of the neutrons
and protons of which it is composed. Its value determines the nuclear
binding energy according to the relativity relation between mass and
energy. In the units commonly used in nuclear physics 1 atomic mass
unit: amu = 931.14 Mev of energy. "

To illustrate the calculation of nuclear binding energy, the isotope
2sMn?* will serve as an example. The mass of this isotope on the physical
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F1c. 5. Nuclear Binding Energy per Nucleon.

scale determined with the mass spectrograph is 54.9558 amu. The masses
of its components are
30 neutrons = 30 X 1.00898 = 30.2694 amu

25 protons = 25 X 1.00758 25.1895
25 electrons = 25 X 0.00055 = 0.01375

Total mass of components = 55.47265

The mass defect of Mn®® is therefore 0.517 amu, which is equivalent to a
binding energy of 481 Mev, or 8.75 Mev per nucleon. The binding
energies are also given for the isotopes in Table 1. The binding energy
per nucleon for isotopes throughout the periodic system are shown in
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Fig. 5. It is evident that the binding energy per nucleon is greatest near
the middle of the system of elements. As the value of 4 increases in the
heavy elements the binding energy per nucleon falls, and the binding is
also low for light nuclei. Details in the region of low atomic masses are
shown by Fig. 6, which indicates the general increase in binding with
atomic mass and also reveals that elements for which 4 = 4#n (except
A = 8) are unusually stable.

3. NUCLEAR RADII

Rutherford scattering of alpha particles proved that atomic nuclej
have radii of the order of 1072 cm. These first estimates have been refined
by measurements of the total scattering cross section for high-energy
neutrons by nuclei, the neutron being especially useful for this purpose,
as it is uncharged and there is no coulomb repulsion. Such neutron scatter-
ing experiments have been made with elements from Be to U distributed
throughout the periodic system, and the nuclear radii so determined are
proportional to A%, proving that nuclei have compact structures with
volumes proportional to the number of nucleons they contain, 1 The most
detailed neutron scattering experiments for determining nuclear radii
have been performed at the Brookhaven National Laboratory, 1 These
have been analysed angd give values for a wide range of nuclear raqj; as

19, M. McMillan, et al., Phys. Rev. 76, 7 (1949); J. DeJuren and N, Knable, Phys

Rev, T7, 606 (1950).
1T, Coor, R, W, Wilson et al, Phys. Rev. 98, 1369, 1387 (1055),



follows:

R=12X10"134% ¢m )

The most powerful method yet devis
nuclear radii is that of Hofstadter :nd his co:v((])r{((::rrst\};?thn;;zs}‘:im}tlent :
Linear Accelerator for Electrons at Stanford University.'? Elegtr::: ;gr};
accelerated to energies up to as much as 900 Mev and are then scattered
from targets of a wide range of clements. Elastically scattered electrons
can be separated from those inelastically scattered and from a large back-
ground of gamma radiation by the use of Cerenkov counters that respond
only to the high-energy elastically scattered electrons. The analysis of
the scattering of these highly relativistic electrons by nuclei is a problem
of considerable complexity, but the results are believed to give informa-
tion on nuclear sizes with considerable accuracy.

The experiments, made with many different nuclei as scatterers, con-
firm the fact first established by neutron scattering, that nuclear matter
is of almost constant density and that the radii throughout a wide range
of the periodic system can be represented by,

R = 1.07 X 10734% cm 3)

if the shapes are assumed spherical, which is a good approximation for
many nuclei. This result is in close agreement with the nuclear radii
obtained from neutron scattering, and the slightly smaller values obtained
by electron scattering are probably due to the fact that the range of the
nuclear force active in neutron scattering is absent from the electron
interactions.

The electron scattering experiments have the great advantage that
the coulomb interaction between electrons and protons is not only com-
pletely understood but is relatively weak, so that the experiments are not
complicated by polarization effects of the target nuclei to any appreciable
extent.

Hofstadter’s experiments provide sufficient resolution to determine
the fact that the nuclear surface is not sharp but has a diffuse character,
while the bulk of the nucleus is of constant density. These properties are

expressed by the function:
Po
p=—"" =R (4)
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where po is the constant nuclear density throughout the principal volume
of the nucleus of radius R = 1.07 X 10734* cm; and ¢ = 0.53 X
107" cm is the nuclear surface thickness parameter.

The high-energy electron scattering experiments have been refined
to the extent that they have determined the size and shape of both
proton and neutron, the former directly by scattering from hydrogen,
the latter indirectly by scattering from deuterium. The results for the
proton give » = 0.8 X 10™'* c¢m for the rms radius for both its charge
distribution and the effective extent of its magnetic dipole moment. For
the neutron the same rms radius is obtained for the spatial extent of its
magnetic dipole moment, but a much smaller radius for its effective
charge distribution. This last result is probably closely related to the
small value of the electron-neutron interaction discussed in Chapter IX.

The size of the alpha particle has also been very accurately deter-
mined by electron scattering. Here the radius is found to be unexpectedly
large, a fact which may mean that the forces of interaction between
nucleons may include a strong repulsive contribution at very short
distances.

Other methods are available for determining nuclear radii. One of the
more accurate of these involves the “mirror nuclei,”” which are pairs of
nuclei having the same total number of nucleons, but differing in the
exchange of a proton and neutron. Pairs of such “mirror nuclej” are
(BY, C1), (C'3, N*3), (N5, O'%), etc. Mirror nuclei differ in mass cor-
responding to the difference in their binding energy of

AE:[(M2+1—M2)+(Mn_Mp)]C2 (5)

With a single exception, the mirror nucleus of higher atomic number
decays into the lower with emission of a positron, the exception being
H?* — He?® where an electron is emitted. If it is assumed that the nuclear
binding forces between n-n, n-p, and p-p (neglecting coulomb repulsion)
are equal, then the energy difference between two mirror nucle; is due
to electrostatic energy of the extra proton in the parent nucleus, The
electrostatic self-energy of Z protons distributed uniformly throughou
a sphere of radius R is

2
BZ) =327 -1% ”

Thus the difference in electrostatic energy hetween two mirror nuclej is

6 . e
AE=EZ+1)—E2)=32% @



If the difference in binding energy between mirror nuclei is due to the
change in electrostatic energy caused by transformation of a proton into

a neutron, then relations (5) and (7) can be equated and solved for the
nuclear radius, thus:

R = 3Ze(\(M 21 — Mz) — (M, — M)} 7)™ (8)

Many pairs of mirror nuclei have been studied, and the nuclear radii
determined from them are consistent with those found by other methods:'3

R =128 X 107184% cm (9)

Several other methods are available for the determination of nuclear
sizes. The more important of these depend on observations of the lifetimes

of nuclei for alpha-particle decay, and measurements of the fine structure
in the atomic energy states of u-mesonic atoms.



Radioactive Decay

In 1896, Henn Becquerel first discovered natural radioactivity in potassium ura-
nyl sulfate. Artificial radioactivity was not produced until 1934, when 1. Curie
and F. Johot made boron, aluminum, and magnesium radicactive by bombarding
them with g-particles from polonium. This introduction of artificial radioactivity
prompted the invention of cyclotrons and reactors in which many radionuclides
are now produced. So far, more than 3400 radionuclides have been artificially
produced and charactenized 1n terms of their physical properties.

Radionuchides are unstable and decay by emission of particle or y-radiation to
achieve stable configuration of protons and neutrons in the nucleus. As already
mentioned, the stability of a nuchde in most cases 1s determined by the N/Z ratio
of the nucleus. Thus, as will be seen later, whether a nuchide will decay by a par-
ticular particle emission or p-ray emission 15 determmned by the N/Z and/or exci-
tation energy of the nucleus. Radionuclides can decay by one or more of the six
modes: spontaneous fission, isomeric transition (IT), alpha (a) decay, beta ()
decay, positron (%) decay, and electron capture (EC) decay. In all decay modes,
energy, charge, and mass are conserved. Different decay modes of radionuchdes
are described later in detail.

Spontaneous Fission

Fission 15 a process in which a heavy nucleus breaks into two fragments accompa-
nied by the emission of two or three neutrons. The neutrons carry a mean energy
of 1.5 MeV and the process releases about 200 MeV energy that appears mostly
as heat.

Spontaneous fission occurs in heavy nuclel, but its probability 13 low and in-
creases with mass number of the nuclel. The half-life for spontaneous fission is
2 % 10" years for 2*U and only 55 days for *Cf. As an alternative to the sponta-
neous fission, the heavy nuclei can decay by a-particle or y-ray emission,



I[somenc Transition

As previously mentioned, a nucleus can exist in different energy or excited states
abowve the ground state, which 15 considered as the state involving the arrangement
of protons and neutrons with the least amount of energy. These excited states are
cialled the isomeric states and have hifetimes of fractions of picoseconds to many
years. When 1somenc states are long-hved, they are reterred to as merastable
states and denoted by “m™ as in " Tc. An excited nucleus decays to a lower
energy state by giving off its energy, and such transitions are called isomeric tran-
sitions (ITs). Several 1someric transitions may occur from intermediate excited
states pnor to reaching the ground state. As will be seen later, a parent radionu-
clide may decay to an upper 1someric state of the product nucleus by a-particle
or f-particle emission, in which case the isomeric state returns to the ground state
by one or more isomeric transitions. A typical 1someric transition of **™T¢ 1s il-
lustrated in Fig. 2.1, Isomenc transihons can ocour 1in two ways: gamma (y-ray
emission and internal conversion.

Gamma (y)-Ray Emission

The common mode of an isomeric transition from an upper energy state of a
nucleus to a lower energy state is by emission of an electromagnetic radiation,
called the y-ray. The energy of the p-ray emitted 1s the difference between the two
1someric states. For example, a decay of a 525-keV isomeric state to a 210-keV
isomeric state will result in the emission of a 315-keV p-ray.

Internal Conversion

An alternative to the y-ray emission 15 the internal conversion process. The ex-
cited nucleus transfers the excitation energy to an orbital electron—preferably

e (6.02h)

142 keV
¥ 140 keV

99
uTl: (212 x 10% yr)

Fig.2.1. Isometric transitionof *™Tc. Ten percent of the decay follows internal conversion.



FiG. 2.2. Internal conversion process. The excitation energy of the nucleus is transferred
to a K-shell electron, which is then ejected with kinetic energy equal to £,-Eg, and the
K-shell vacancy is filled by an electron from the L shell. The energy difference between
the L shell and K shell appears as the characteristic K x-ray. Alternatively, the characteristic
K x-ray may transfer its energy to an L-shell electron, called the Auger electron, which is
then ejected.

the K-shell electron—of its own atom, which is then ejected from the shell,
provided the excitation energy is greater than the binding energy of the elec-
tron (Fig. 2.2). The ejected electron is called the conversion electron and carries
the kinetic energy equal to E, — E, where E, is the excitation energy and Eg is
the binding energy of the electron. Even though the K-shell electrons are more
likely to be ejected because of the proximity to the nucleus, the electrons from
the L shell, M shell, and so forth also may be ejected by the internal conversion
process. The ratio of the number of conversion electrons (N,) to the number of
observed y-radiations (N,) is referred to as the conversion coefficient, given as
a = NJN,. The conversion coeflicients are subscripted as ayx, a;, ay,... depending
on which shell the electron is ¢jected from. The total conversion coefficient ar
is then given by

ar = ax + oy + oty + -




Total number of disintegrations

=N,-|—Nr
=0.11N, + N,
= L.11N,

Thus, the percentage of p-radiations
N'F'
111N

1
1

¥
Zﬁ}(lm

= 90 9%

An intermal conversion process leaves an atom with a vacancy in one of its
shells, which 15 filled by an electron from the next higher shell. Such situations
may also oceur in nuchdes decaying by electron capture (see later). When an
L electron fills in a K-shell vacancy, the energy difference between the K shell
and the L shell appears as a characteristic K x-ray. Altermatively, this transithion
energy may be transterred to an orbital electron, which 15 emitted with a kinetic
energy equal to the charactenistic x-ray energy minus its binding energy. These
electrons are called Auger elecirons, and the process s termed the Auger process,
analogous to internal conversion. The Auger electrons are monoenergetic. Be-
cause the charactenstic x-ray energy (energy difference between the two shells)
15 always less than the binding energy of the K-shell electron, the latter cannot
undergo the Auger process and cannot be emitted as an Auger electron.

The vacancy in the shell resulting from an Auger process 15 filled by the tran-
siion of an electron from the next upper shell, followed by emission of similar
charactenstic x-rays and/or Auger electrons. The fraction of vacancies in a given
shell that are filled by ermithing charactenistic x-ray emissions 15 called the fluo-
rescence vield, and the fraction that 1s filled by the Auger processes is the Auger
yield. The Auger process increases with the increasing atomic number of the atom.

Alpha (a)-Decay

The a-decay occurs mostly in heavy nuclides such as uranium, radon, plutonium,
and so forth. Beryllium-8 is the only lhightest nuclide that decays by breaking up
into two a-particles. The a-particles are basically helium ions with two protons
and two neutrons 1n the nucleus and two electrons removed from the orbital of
the helium atom. After a-decay, the atomic number of the nucleus 15 reduced by
2 and the mass number by 4.

232 218
seBn — " Po+



The a-particles from a given radionuclide all have discrete energies correspond-
ing to the decay of the initial nuchide to a particular energy level of the prod-
uct (including, of course, its ground state). The energy of the a-particles is, as
a rule, equal to the energy difference between the two levels and ranges from
1 to 10 MeV. The high-energy a-particles normally onginate from the short-lived
heavy radionuclides and vice versa. The range of the a-particles is very short
in matter and 15 approximately 0.03 mm mm body tissue. The a-particles can be
stopped by a piece of paper, a few centimeters of air, and gloves.

Beta (f7)-Decay

When a radionuclide 15 neutron rich—that is, the N/Z ratio 1s greater than that of
the nearest stable nuclide—it decays by the emission of a f-particle (note that
it 15 an electron') and an antineutrino, v. In the f-decay process, a neutron is
converted to a proton, thus raising the atomic number £ of the product by 1. Thus:

n—=p+g +v

The difference in rest masses between the parent nuchde and the daughter nuchde
plus f-parhicle appears as the kinetic energy, which 1s called the transition or
decay energy, denoted by E,,.. The f--particles carry E,.. or part of it, exhibiting
a spectrum of energy as shown in Fig. 2.3, The average energy of the §--particles
18 about one-third of E, ... This observation indicates that §--particles often carry
only a part of the transition energy, and energy is not apparently conserved in
fi-=decay. To satisfy the law of energy conservation, a particle called the antineu-
iring, v, with no charge and a neghgible mass has been postulated, which carnes
the remainder of £, in each f-decay. The existence of antineutrinos has been
proven expernimentally.

In fim-decay, the parent nuchde may decay to the ground state or an excited
state of the daughter nuclide and also, if energetically permitted, may emit several
fi-=particles. The excited states then decay to the ground state by p-ray emission or
mternal conversion (Fig. 2.4).

The decay process of a radionuclide 15 normally represented by what 15 called
the decay scheme. Typical decay schemes of 'l and ¥Mo are shown in Figs. 2.4
and 2.5, respectively. The f-decay 1s shown by a left-to-nght arrow from the par-
ent nuchde to the daughter nuchde, whereas the 1somenc transihon 15 displayed
by a vertical arrow between the two states. (Note: The f~-decay 15 shown by a
two-step right-to-left arrow between the two states, the electron capture decay
by a right-to-left arrow, and the a-decay by a down arrow). Although it is often
said that '*'I emits 364-keV yp-rays, it should be understood that the 364-keV p-ray
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Fig. 2.4. Decay scheme of 1. Eighty-one percent of the total '¥'1 radionuclides decay by
364-keV p-ray emission. The 8.0-day half-life of '¥'I is shown in parentheses.

belongs to ' Xe as an isomeric state. This is true for all - §*- or electron cap-
ture decays that are followed by p-ray emission.
Some examples of f--decay follow:

aMo — "nTe+ g 49
W UXe ++7
89Cu — SiZn+ B~ + ¥

?@Sr—r fﬂh"-i—ﬁ_+ﬁ
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FiG. 2.5. Decay scheme of “Mo. Approximately 87 % of the total Mo ultimately decays
to "™Tc, and the remaining 13 % decays to *Tc. A 2-keV transition occurs from the
142-keV level to the 140-keV level. All the 2-keV j-rays are internally converted. (The
energy levels are not shown in scale.)

It should be noted that in f--decay, the atomic number of the daughter nuclide is
mncreased by 1 and the mass number remains the same.

Positron (f*)-Decay

When a radionuclide is proton rich—that is, the N/Z ratio is low relative to that of
the nearest stable nuclide—it can decay by positron () emission accompanied
by the emission of a neutrino (v), which is an opposite entity of the antineutrino.
In f*-decay, essentially a proton 15 converted to a neutron plus a positron, thus,
decreasing the atomic number Z of the daughter nuclide by 1. Thus,

p—=n+pT+vw

Positron emission takes place when the parent nuchde has a minimum of
mass-energy equivalent of 1.022 MeV more than the daughter nuclide. The re-
quirement of 1.022 MeV for #*-decay arises from the fact that one electron mass
has to be added to a proton to produce a neutron and one positron 15 created.
Since each electron or positron mass 15 equal to 0.511 MeV, one electron and one
positron are equal to 1.022 MeV, which is required as a minimum for f§-decay.
Energy in excess of 1.022 MeV (E,,,,—1.022) 15 shared as kinetic energy between
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Fic. 2.6. Decay scheme of **Ga. The positrons are annihilated in medium to give rise to
two 511-keV y-rays emitted in opposite directions.

the fparticle and v. This results in an energy spectrum of £ particles similar to
the f-particles. The parent nuclide may decay by one or more ground states of
the daughter nuclide, followed by y-ray emission or internal conversion.

Some examples of f*-decay follow:

BF — R0+ 8" +v
®Ga— $Zn+ gt +v
N BC+B +v
RO — UN+8"+v

The energetic f -particle loses energy while passing through matter. The range of
positrons is short in matter. When it loses almost all of its energy, it combines with
an atomic electron of the medium and is annihilated, giving rise to two photons
of 511 keV emitted in opposite directions. These photons are called annihilation
radiations.

The decay scheme of ®*Ga 1s presented in Fig. 2.6. Note that the f*-decay is
represented by a two-step night-to-left arrow.

Electron Capture

Decay by electron capture (EC) is an alternative to the f*-decay for proton-rich
radionuclhides with N/Z lower than that of the stable nuclide. In EC decay, an elec-
tron from an extranuclear shell, particularly the K shell because of its proximity,
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Fig. 2.7. Decay scheme of '"'In illustrating the electron capture process. The abundances
of 171 and 245-keV y-rays are 90 and 94 %, respectively.

1s captured by a proton in the nucleus, forming a neutron accompanied by the
emission of a neutrino for conservation of energy. Thus,

p+e —n+v

In this process, the atomic number of the daughter nuclide 1s lowered by 1. The
EC process occurs usually in nuchides having mass-energy equivalent less than
1.022 MeV. In nuclides having energy greater than 1.022 MeV, both EC and f*-
decay can occur, although the probability of f*-decay increases with higher en-
ergy. The decay scheme of '"'In 1s shown in Fig. 2.7. The EC decay 1s indicated
by a right-to-left arrow. Some examples of EC decay follow:

oIn+e” — 'Cd+v

fGa+e — $Zn+v
Bl+e” = 'BTe+v

3Co+e™ — JYFe+v

23 - 2
153l+(’ —> 1532T6+\'

In EC decay, analogous to the situation in internal conversion, a vacancy 1s cre-
ated 1n the shell from which the electron is captured. It is filled in by the transition
of an electron from the next upper shell, in which case the difference in energy
between the two shells appears as a charactenistic x-ray of the daughter nuclide.
Also, as described earlier, instead of charactenistic x-ray emission, the Auger pro-
cess can occur, whereby an Auger electron 1s emitted.



Questions

1. What are the pnmary cntenia for f* and f-decay?

2. 1f the mass-energy difference between the proton-rich parent nuchide and the
daughter nuchide 15 1.2 MeV, could the parent radionuchde decay by §* decay
and/or electron capture? If the energy difference 1s 0.8 MeV, what should be
the mode of decay?

3. If the total conversion coethicient (ay) of 195-keV y-rays of a radionuchide 15

0.23, calculate the percentage of 195-keV photons available for imaging,

Can a K-shell electron be emutted as an Auger electron? Explain.

Explain how charactensbic x-rays and Auger electrons are emutted.

Why 15 an antineutnino emtted n f--decay?

A K-shell electron 15 ejected by the mtenal conversion of a 155-keV y-ray

photon. If the binding energy of the K-shell electron 15 25 keV, what 15 the

kinetic energy of the electron?

8. What 15 the average energy of the fi--particles ermtted from a radionuchde?

9. Explaim the production of anmhilation radations.

Radioactive Decay Equations

General Equation

As mentioned in Chapter 2, radionuclides decay by spontaneous fission, a-, fi--,
and f*-particle emissions, electron capture, or isomeric transition. The radioac-
tive decay 15 a random process, and 1t 15 not possible to tell which atom from a
group of atoms disintegrates at a specific time, Thus, one can only talk about
the average number of radionuclides disintegrating during a period of time. This
gives the disintegration rate of a particular radionuchde.

The disintegration rate of a radionuclide, that 15, the number of disintegrations
per unit time, given as —dN/dt, 1s proportional to the total number of radioactive
atoms present at that time. Mathematically,

—dN
—=IN 3l
= (3.1)



where N 1s the number of radioactive atoms present, and 4 15 referred to as the
decay constant of the radionuchde. As can be seen from Eq. (3.1), it 15 a small
fraction of the radioactive atoms that decays in a very short period of time. The
unit of 4 1s (time) ™. Thus, if 11 0.2 s for a radionuclide, then 20 % of the radio-
active atoms present will disappear per second.

The disintegration rate —dN/dt 15 referred to as the radioactivity or simply
the activity of the radionuclide and denoted by A. It should be understood from
Eq. (3.1) that the same amount of radioactivity means the same disintegration
rate for any radionuchde, but the total number of atoms present and the decay
constants differ for different radionuchides. For example, a radioactive sample A
containing 10° atoms and with £ = 0.01 min™ would give the same disintegration
rate ( 10,000 disintegrations per minute) as that by a radiactive sample B contain-

ing 2 % 10° atoms and with a decay constant 0,005 min™",

Now from the preceding discussion, the following equation can be written:

A= iN (32)

From a knowledge of the decay constant and radioactivity of a radionuclide, one
can calculate the total number of atoms or mass of the radionuchdes present {us-
ing Avogadro’s number 1 g - atom = 6.02 x 10* atoms).
Because Eq. (3.1) 1s a first-order differential equation, the solution of this

equation by integration leads to

N, = Noe~ M (3.3)
where N and V, are the number of radivactive atoms at 1 = 0 and time ¢, respec-
tively. Equation (3.3) 15 an exponential equation indicating that the radioactivity
decays exponentially. By multiplying both sides of Eq. (3.3) by 4, one obtains

A, = Age™H (3.4)
The factor ¢ is called the decay factor. The decay factor becomes ™ if the ac-
tivity at time ¢ before £ =0 1s to be determined. The plot of activity versus time on
a linear graph gives an exponential curve, as shown in Fig. 3.1. However, if the
activity 15 plotted against tme on semiloganthmic paper, a straight line results,
as shown in Fig. 3.2



Half-Life

Every radionuclide is characterized by a half~life, which is defined as the time
required to reduce its imihial activity to one half. It is usually denoted by #,; and is
unique for a radionuchde. It 15 related to the decay constant 4 of a radionuchde by

. 0693
i= (3.5
fir2
. . . - i Fic. 3.1, Plot of radioactivity versus-
1 2 3 4 5 5 7 time on a linear graph indicating an
Time (half-lives) exponential curve.

Fiz. 32. Plot of radioactivity against
time on a semilogarithmic graph
indicating a straight line. The hali-
life of the radionuclide can be
determined from the slope of the
ling, which i1s given as the decay
constant Z. Alternatively, an activ-
ity and half its value and their cor-
responding times are read from the
plot. The difference in the two time
readings gives the half-life.

From the defimition of half-hfe, it 15 understood that A, 15 reduced to 4y/2 1in one
half-life: to Ay/4, that 15, to Ay2* in two half-lives: to 4y/8, that is, to 4y/2* in three
half-lives; and so forth. In n half-lives of decay, it 1s reduced to 4y2". Thus, the
radioactivity 4, at time ¢ can be calculated from the imtial radioactivity A by

Ao Ao

Al = E = 2—::#!]}1}

= Apl(0.5)/"7 (3.6)



where r 1s the time of decay. Here, /7 can be an integer or a fraction depending
on f and #;7. For example, a radioactive sample with t,; = 3.2 days decaying at a
rate of 10,000 disintegrations per minute would give, after seven days of decay,
10,000/20732) = 10,000/22* = 10,000/4.59 = 2178 disintegrations per minute.

It should be noted that ten half-lives of decay reduce the radioactivity by a fac-
tor of about 1000(2'" = 1024), or to 0.1 % of the initial activity.

The half-life of a radionuclide 15 determined by measuring the radioactivity at
different time intervals and plotting them on semilogarithmic paper, as shown in
Fig. 3.2. An initial activity and half its value are read from the line, and the corre-
sponding times are noted. The difference in time between the two readings gives
the half-life of the radionuchide. For a very long-lived radionuclide, the half-life
18 determined by Eq. (3.2) from a knowledge of its activity and the number of
atoms present. The number of atoms N can be calculated from the weight W of
the radionuclide with atomic weight 4 and Avogadro’s number 6.02 x 107 atoms
per g - atom as follows:

N = % x 6.02 x 102 3.7

When two or more radionuclides are present in a sample, the measured count
of such a sample comprises counts of all individual radionuclides. A semiloga-
rithmic plot of the activity of a two-component sample versus time 15 shown in

Activity (log scale)

1 L 1 1 1 1 ]
10 20 30 40 50 [=11] 70
Time (hours)

Fig. 3.3, A composite radicactive decay curve for a sample containing two radionuclides
of different half-lives. The long-lived component () has a half-life of 27 h and the short-
lived component (&) has a half-life of 5.8 h.

Fig. 3.3, The half-life of each of the two radionuclides can be determined by what
is called the pesiing or siripping method. In this method, first, the tail part (sec-
ond component) of the curve 15 extrapolated as a straight line up to the ordinate,
and its half-life can be determined as mentioned previously (e.gz., 27 h). Second,
the activity values on this line are subtracted from those on the composite line to
obtain the activity values for the first component. A straight line 15 drawn through
these points, and the half-life of the first component 1s determined (e.g., 5.8 h).
The stnpping method can be applied to more than two components in the sumilar
IMANMET.



Mean Life

Another relevant quantity of a radionuclide is its mean life, which is the average
lifetime of a group of radionuclides. It is denoted by r and 1s related to the decay
constant 4 and half-life ¢, as follows:

= 38
T=- (3.8)

fyy2
= ﬂ‘ﬁ'gB =144 i']_lllg {39]

In one mean life, the activity of a radionuclide 1s reduced to 37 % of its initial
value.

Units of Radioactivity

The unit of radioactivity is a curie. It is defined as
Icurie (Ci) = 3.7 x 10" disintegrations per second (dps)
= 2.22 x 10" disintegrations per minute (dpm)
| millicurie (mCi) = 3.7 x 107 dps
=2.22 x 10” dpm

1 microcurie (uCi) = 3.7 x 10* dps

= 2.22 x 10° dpm

The System Internationale (SI) unit for radioactivity is the becquerel (Bq), which

is defined as 1 dps. Thus,
1 becquerel (Bq) = 1dps = 2.7 x 107" Ci

1 kilobecquerel (kBq) = 10° dps = 2.7 x 107%Ci
I megabecquerel (MBq) = 10° dps = 2.7 x 107°Ci

1 gigabecquerel (GBq) —— 109 dps =27 % 10—2 Ci

1 terabecquerel (TBq) = 10" dps = 27 Ci

Similarly,
1 Ci=3.7 x 10' Bq = 37 GBq

I mCi = 3.7 x 10 Bq = 37 MBgq

1Ci = 3.7 x 10* Bq = 37 kBq



Specific Activity

The presence of “cold,” or nonradioactive, atoms in a radioactive sample always
induces competition between them in their chemical reactions or locahization in
a body organ, thereby compromising the concentration of the radioactive atoms
mn the organs. Thus, each radionuchde or radwactive sample 15 charactenzed by
specific activity, which 1s defined as the radioactivity per unit mass of a radionu-
clide or a radioactive sample. For example, suppose that a 200-mg '“I-labeled
monoclonal antibody sample contains 350-mCi (12.95-GBq) '*°1 radioactivity. Its
specific activity would be 350/200 = 1.75 mCi/mg or 64.75 MBg/mg. Sometimes,
it 15 confused with concentration, which 15 defined as the radioactivity per unit
volume of a sample. If a 10-ml radioactive sample contains 50 mCi (1.85 GBq),
it will have a concentration of 50/10 = 5 mCi/ml or 185 MBg/ml.

Specific activity 1s at times expressed as radioactivity per mole of a labeled
compound, for example, mCi/mole (MBg/mole) or mCi/gmole (MBg/umole) for
*H-, “C-, and *¥*S-labeled compounds.

The specific activity of a carrier-free (see Chapter 5) radionuclide sample
is related to i1ts half-life and mass number A: the shorter the half-life and the
lower the A, the higher the specific activity. The specific activity of a carrier-free

radionuclide with mass number A and half-life 1,, in hours can be calculated as
follows:
Suppose 1 mg of a carner-free radionuclide is present in the sample.

-3
Number of atoms in the sample = _l XAIO % 6.02 x 102 = 6.02: 10°°
Deca tant £ = it -1

y cons S —0 < 60"
Thus, disintegration rate D = AN
_0.693 x 6.02 x 10™
= ti2 X A x 60 x 60
1.1589 x 10"
A x 2
Thus, specific activity (mCi/mg) = 1.1589 x 10"
’ B A xhax3Ix10
13 x 10°
A x 2

where A4 i1s the mass number of the radionuchde, and #,, 1s the half-life of the
radionuclide in hours.

From Eq. (3.13), specific activities of carrier-free *™Tc and "'l can be cal-
culated as 527 x 10° mCi/mg (1.95 x 10° GBg/mg) and 1.25 x 10° mCi/mg
(4.6 x 10° GBg/mg), respectively.



Calculation
Some examples related to the calculation of radioactivity and its decay follow:










Interaction of Radiation with Matter

All particulate and electromagnetic radiations can interact with the atoms of an
absorber during their passage through it, producing ionization and excitation of
the absorber atoms. These radiations are called ionizing radiations. Because par-
ticulate radiations have mass and electromagnetic radiations do not, the latter
travel through matter longer distance before losing all energy than the former
of the same energy. Electromagnetic radiations are therefore called penetrating
radiations and particulate radiations non-peneiraiing radiations. The mechanisms
of interaction with matter, however, differ for the two types of radiation, and
therefore they are discussed separately.

Interaction of Charged Particles with Matter

The energetic charged particles such as a-particles, protons, deuterons, and
f-particles (electrons) interact with the absorber atoms, while passing through it.
The interaction occurs primarily with the orbital electrons of the atoms and rarely
with the nucleus. During the interaction, both ionization and excitation as well
as the breakdown of the molecule may occur. In excitation, the charged particle
transfers all or part of its energy to the orbital electrons, raising them to higher
energy shells. In 1onization, the energy transfer may be sufficient to overcome the
binding energy of the orbital electrons, ultimately ejecting them from the atom.
Electrons ejected from the atoms by the incident charged particles are called pri-
mary electrons, which may have sufficient kinetic energy to produce further ex-
citation or ionization in the absorber. The high-energy secondary electrons from
secondary ionizations are referred to as delta (d-) rays. The process of excitation
and 1onization will continue until the incident particle and all electrons come to
rest. Both these processes may rupture chemical bonds in the molecules of the
absorber, forming various chemical entities.

When charged particles travel through a medium at a speed greater than the
speed of light, they polarize the molecules of the medium, which then turn back rap-
idly to their ground state, emitting radiation in the process. The emitted radiation is



bluish in color, which is called Cerenkov radiation. The charged particles traveling
at more than the light speed creates a photonic shock wave in the medium, similar
to a situation when a supersonic body traveling at more than the speed of sound cre-
ates sound shock wave. This effect can be observed with electrons of a few hundred
keV energy, whereas - particles and protons require several thousands of MeV to
exceed the velocity of light and so to produce Cerenkov effect. Since its probability
i1s low, it 1s of no practical importance in nuclear medicine.

In ionization, an average energy of W is required to produce an ion pair in the
absorber and varies somewhat with the type of absorber. The value of W 15 about
35 eV in air and less in oxygen and xenon gases but falls in the range of 2545 eV
for most gases. The process of ionization, that is, the formation of ion pairs, is
often used as a means of the detection of charged particles in ion chambers and
Geiger—Miiller counters described in Chapter 7.

Three important quantities associated with the passage of charged particles
through matter are specific ionization, linear energy transfer, and range of the
particle in the absorber, and these are described next.

Specific lonization

Specific ionization (SI) is the total number of 1on pairs produced per unit length
of the path of the incident radiation. The SI values of a-particles are slightly
greater than those of protons and deuterons, which in turn are larger than those
of electrons.

Specific onization increases with decreasing energy of the charged particle
because of the increased probability of interaction at low energies. Therefore,
toward the end of the travel, the charged particle shows a sharp increase in ioniza-
tion (Fig. 6.1). This peak 1onization 1s called Bragg ionization. This phenomenon
15 predominant for heavy charged particles and 1s negligible for electrons.

10—

Specific lonization

Distance (cm)

Fii. 6.1. Nlustration of Bragg ionization showing a peak near the end of the travel of the
charged particle.



Tapre 6.1. LET values of some radiations in tissue.

Radiation LET (keV/um)

3 MV x-rays 0.5

250 KV x-rays 30

5-MeV a-particles 100.0

1-MeV electrons 0.25

l4-MeV neutrons 200
Linear Energy Transfer

The linear energy transfer (LET) is the amount of energy deposited per unit length
of the path by the radiation. From the preceding, it is clear that

LET = SI x W (6.1)

The LET is expressed in units of keV/um and is very useful in concepts of radia-
tion protection. Electromagnetic radiations and f-particles interact with matter,
losing only little energy per interaction and therefore have low LETs. In contrast,
heavy particles (a-particles, neutrons, and protons) lose energy very rapidly, pro-
ducing many ionmizations in a short distance, and thus have high LETs. Some
comparative approximate LET values in keV/mm in tissue are given in Table 6.1.

Problem 6.1
If a particulate radiation produces 45,000 ion pairs per centimeter in air,
calculate the LET of the radiation.

Answer
W = 35 eV per ion pair
Using Eq. (6.1),
LET=8I'xW

= 45,000 x 35

= 1,575,000 eV/cm

= 157.5 eV/um

= 0.1575 keV/um.

Range

The range (R) of a charged particle in an absorber is the straight-line distance
traversed by the particle in the direction of the particle. The range of a particle de-
pends on the mass, charge, and kinetic energy of the particle and also on the den-
sity of the absorber. The heavier and more highly charged particles have shorter



a Absorber

o -particle

Electron

Fic. 6.2. Concept of passage of a particles and electrons through an absorber: a heavy
& particles move in almost a straight line, b light electrons move in zigzag paths.

ranges than lighter and lower charged particles. The range of charged particles
increases with the energy of the particle. Thus, a 10-MeV particle will have a lon-
ger range than a 1-MeV particle. The range of the particle depends on the density
of the absorber, in that the denser the absorber, the shorter the range. The unit of
range is given in mg/cm’ of the absorber.

Depending on the type of the charged particle, the entire path of travel may
be unidirectional along the initial direction of motion, or tortuous (Fig. 6.2). Be-
cause the a-particle loses only a small fraction of energy in a single collision
with an electron because of its heavier mass and is not appreciably deflected in
the collision, the a-particle path is nearly a straight line along its initial direction
(Fig. 6.2a). Many collisions in a short distance create many ion pairs in a small
volume. In contrast, f-particles or electrons interact with extra nuclear orbital
electrons of the same mass and are deflected considerably. This leads to tortuous
paths of these particles (Fig. 6.2b). In this situation, the true range 1s less than the
total path traveled by the particle.

It is seen that the ranges of all identical particles in a given absorber are not
exactly the same but show a spread of 3—4 % near the end of their path (Fig. 6.3).
This phenomenon, reterred to as the strageling of the ranges, results tfrom the
statistical fluctuations in the number of collisions and in the energy loss per col-
lision. The range straggling is less prominent with a-particles but is severe with
electrons because it is mostly related to the mass of the particle. The light mass
electrons are considerably deflected during collisions and hence exhibit more
straggling. If the transmission of a beam of charged particles through absorb-
ers of different thicknesses 1s measured, the beam intensity will remain constant
until the region of range straggling is encountered, where the beam intensity falls
sharply [rom 1ls mibal value o zero. The absorber (hickness (hal reduces the
beam intensity by one half is called the mean range. The mean range of heavier
particles such as a-particles i1s more well defined than that of electrons. Because
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FiG. 6.3. Mean range and straggling of charged particles in an absorber.

[ -particles are emitted with a continuous energy spectrum, their absorption, and
hence their ranges, become quite complicated.

Bremsstrahlung

When energetic charged particles, particularly electrons, pass through matter and
come close to the nucleus of the atom, they lose energy as a result of deceleration
in the Coulomb field of atomic nuclei. The loss in energy appears as an x-ray that is
called bremssirahlung (German for “braking™ or “slowing down™ radiation). These
bremsstrahlung radiations are commonly used in radiographic procedures and are
generated by striking a tungsten target with a highly accelerated electron beam.

Bremsstrahlung production increases with the kinetic energy of the particle
and the atomic number (7) of the absorber For example, a 10-MeV electron loses
about 50 % of its energy by bremsstrahlung, whereas a 90-MeV electron loses
almost 90 % of its energy by this process. The bremsstrahlung production is pro-
portional to Z? of the absorber atom. Therefore, bremsstrahlung is unimportant in
lighter metals such as air, aluminum, and so forth, whereas it is very significant
in heavy metals such as lead and tungsten. High-energy f -particles from radio-
nuclides such as *’P can produce bremsstrahlung in heavy metals such as lead and
tungsten. For this reason, these radionuclides are stored in low-Z materials such
as plastic containers rather than in lead containers.

Bremsstrahlung is inversely proportional to the mass of the charged particles
and therefore is insignificant for heavy particles, namely a-particles and protons,
because the probability of penetrating close to the nuclei is relatively low due to
their heavier masses.



Annihilation

When energetic §*-particles pass through an absorber, they lose energy via inter-
action with orbital electrons of the atoms of the absorber. When the f*-particle
comes to almost rest after losing all energy, it combines with an orbital electron
of the absorber atom and produces two 511-keV annihilation radiations that are
emitted in opposite directions (180°). These annihilation radiations are the basis

of positron emission tomography (PET) in which two photons are detected in
coincidence, which is discussed in Chapter 13.

[nteraction of y-Radiations with Matter

Mechanism of Interaction of y-Radiations

When penetrating y-rays pass through matter, they lose energy by interaction with
the orbital electrons or the nucleus of the absorber atom. The y-ray photons may
lose all of their energy, or a fraction of it, in a single encounter. The specific ion-
ization of y-rays is one-tenth to one-hundredth of that caused by a non-penetrating
electron of the same energy. There is no quantity equivalent to a range of particles
for y-rays, but they travel a long path in the absorber before losing all energy.
The average energy loss per ion pair produced by the photons is the same as for
electrons, that is, 35 keV in air.

There are several mechanisms by which y-rays interact with absorber atoms
during their passage through matter, and they are described below.

Photoelectric Effect

In the photoelectric effect, the incident y-ray transfers all its energy to an orbital
electron of the absorber atom whereby the electron, called the phoioelectron, is
ejected with kinetic energy equal to E, — E, where E, and Ejy are the energy
of the y-ray and the binding energy of the electron, respectively (Fig. 6.4). The
photoelectron loses its energy by 1onization and excitation in the absorber, as
discussed previously. The photoelectric effect occurs primarily in the low-energy
range and decreases sharply with increasing photon energy. It also increases very
rapidly with increasing atomic number Z of the absorber atom. Roughly, the pho-
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Photoelectric Process

Fi. 6.4. The photoelectric effect in which a y-ray with energy E, transfers all its energy to
a K-shell electron, and the electron is ejected with £,— Eg, where E5 is the binding energy
of the K-shell electron.

toelectric effect is proportional to Z3/E f‘, The photoelectric contribution from
the 0.15-MeV y-rays in aluminum (£ = 13) is about the same (- 5 %) as that from
the 4.7-MeV p-rays in lead (£ = 82).

The photoelectric effect occurs primarily with the K-shell electrons, with about
20 % contribution from the L-shell electrons and even less from higher shells.
There are sharp increases (discontinuities) in photoelectric effects at energies ex-
actly equal to binding energies of K-, L- (etc.) shell electrons. These are called K-,
L- (etc.) absorption edges. The vacancy created by the ejection of an orbital elec-
tron is filled in by the transition of an electron from the upper energy shell. It is
then followed by emission of a characteristic x-ray or Auger electron, analogous
to the situations in internal conversion or electron capture decay.

Compton Scattering

In Compton scattering, the y-ray photon transfers only a part of its energy to
an electron in the outer shell of the absorber atom, and the electron 1s ejected.
The photon, itself with reduced energy, is deflected from its original direction
(Fig. 6.5). This process 1s called the Compion scattering. The scattered photon of
lower energy may then undergo further photoelectric or Compton interaction, and
the Compton electron may cause ionization or excitation, as discussed previously.

At low energies, only a small fraction of the photon energy is transferred to
the Compton electron, and the photon and the Compton electron are scattered at
an angle 6. Using the law of conservation of momentum and energy, the scattered
photon energy is given by



E,. = E,/[1+(E,/0.511)(1 — cos )] (6.2)

LM

—-—.—-—

Compton Interaction

Fi. 6.5. The Compton scattering, in which a y-ray interacts with an outer orbital electron
of an absorber atom. Only a part of the photon energy is transferred to the electron, and
the photon itself is scattered at an angle. The scattered photon may undergo subsequent
photoelectric effect or Compton scattering in the absorber or may escape the absorber.

where E, and E,. are the energies in MeV of the initial and scattered photons. The
scattered photon energy varies from a maximum in a collision at 0° (forward) to
a minimum at & = 180° in a backscattering collision. Conversely, the Compton
electron carries a minimum energy in the forward collision to a maximum energy
in the backscattering collision. At higher energies, both the scattered photon and
the Compton electron are predominantly scattered in the forward direction.

If the photon is backscattered, that 1s, scattered at 180°, then the backscattered
photon has the energy £, given by the expression (cos180° =—1):

In backscattering of a 140-keV photon, the scattered photon and the Compton
electron would have 91 and 49 keV, respectively, whereas for a 1330-keV photon
these values are 215 and 1115 keV, respectively. It can be seen that as the photon
energy increases, the scattered photon energy approaches the minimum limit of
256 keV, and the Compton electron receives the maximum energy.

Compton scattering is almost independent of the atomic number Z of the
absorber. Compton scattering contributes primarily in the energy range of 0.1-
10 MeV, depending on the type of absorber.



Pair Production

When the p-ray photon energy is greater than 1.02 MeV, the photon can interact
with the nucleus of the absorber atom during its passage through it, and a posi-
tive electron and a negative electron are produced at the expense of the photon
(Fig. 6.6). The energy in excess of 1.02 MeV appears as the kinetic energy of the
two particles. This process is called pair production. It varies almost linearly with
72 of the absorber and increases slowly with the energy of the photon. In soft tissue,

0.511 MeV
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Fair Production

Fii. 6.6. Illustration of the pair production process. An energetic y-ray with energy greater
than 1.02 MeV interacts with the nucleus, and one positive electron (e') and one negative
electron (&) are produced at the expense of the photon. The photon energy in excess of
1.02 MeV appears as the kinetic energy of the two particles. | he positive electron eventu-
ally undergoes annihilation to produce two 511-keV photons emitted in opposite directions.
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FiG. 6.7. Relative contributions of the photoelectric effect, Compton scattering, and pair
production as a function of photon energy in absorbers of different atomic numbers.
(Adapted with permission from Hendee WR. Medical Radiation Physics.1st ed. Chicago:
Year Book Medical Publishers, Inc; 1970: 141).

pair production is insignificant at energies up to 10 MeV above 1.02 MeV. Positive
electrons created by pair production are annihilated to produce two 0.511-MeV
photons identical to those produced by positrons from radioactive decay.

The relative importance of photoelectric, Compton, and pair production in-
teractions with absorbers of different atomic numbers is shown in Fig. 6.7, as a
function of the energy of the incident photons. 1t 1s seen that the photoelectric
effect is predominant in high Z absorbers at lower energies (<0.1 MeV), whereas
the Compton scattering 1s predominant in intermediate Z absorbers at medium
energies (~1 MeV). At higher energies (>10 MeV), pair production predominates

in all Z absorbers.

Raleigh Scattering

In Raleigh scattering, a y-ray can interact with the atom as a whole atom instead
of individual orbital electrons, whereby the photon energy is spent for the atom to
oscillate in phase. The atom then releases the energy in the form of a y-ray with
almost the same energy as the inifial y-ray, which is emitted at a slightly different
angle than the original y-ray. This scattering is also termed coherent or classi-
cal scattering. Since it occurs only with low energy photons (<40 keV) and also
its overall probability of occurrence 1s low, it 1s of little significance in nuclear
medicine.

Photodisintegration

When the p-ray photon energy is very high (=10 MeV), the photon may interact
with the nucleus of the absorber atom and transfer sufficient energy to the nucleus
such that one or more nucleons may be emitted. This process is called the photo-
disintegration reaction, or photonuclear reaction and produces new nuclides. The
(7, n) reactions on targets such as '>C and '*N have been used to produce ''C and
N radionuclides but now are rarely used to produce radionuclides.



Absorber

|~
T
VAV AV A . o
a
QVAVAVa
Iy \E‘ It
(incident W—'W—' (transmitte
beam) p at beam)
ﬂuﬂfmﬂﬂmﬁ<:
&

Fig. 6.8_ Illustration of attenuation of a photon beam (/;) in an absorber of thickness x.
Aftenuation comprises a photoeleciric effect (r), Compton scatiering (), and pair produc-

tion (k). Photons passing through the absorber without interaction constitute the transmit-
ted beam (/,).

Attenuation of y-Radiations
Linear and Mass Attenuation Coefficients

p-ray and x-ray pholons are erther atienualed or transmitled as they travel through an
absorber. Attenuation results from absorption by the photoelectric effect, Compton
scattering, and pair production at higher energies. Depending on the photon energy
and the density and thickness of the absorber, some of the photons may pass through
the absorber without any interaction leading to the transmission of the photons
(Fig. 6.8). Attenuation of y-radiations is an important factor in radiation protection.

As shown in Fig. 6.8, if a photon beam of initial intensity [, passes through an
absorber of thickness x, then the transmitted beam /; is given by the exponential
equation

I, = Lye ™. (6.4)

where u is the linear attenuation coefficient of the absorber for the photons of interest
and has the unit of em™'. The factor ¢#* represents the fraction of the photons trans-
mitted. Because attenuation is primarily due to photoelectric, Compton, and pair pro-
duction interactions, the linear attenuation coefticient « is the sum of photoelectric
coefficient (), Compton coefficient (o), and pair production coefficient (k). Thus,

L=T+0+K (65)

Linear attenuation coetlicients normally decrease with the energy of the y-ray or
x-ray photons and increase with the atomic number and density of the absorber.
The relative contributions of photoelectric effect, Compton scattering, and pair

production in water (equivalent to body tissue) at different energies are illustrated
in Fig. 6.9.
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Fii. 6.9 Plot of linear attenuation coefficient of y-ray interaction in water (equivalent to
body tissue) as a function of photon energy. The relative contributions of photoelectric,
Compton, and pair production processes are illustrated.

An important quantity, ux,,, called the mass attenuation coefficient, is given by
the linear attenuation coefficient divided by the density p of the absorber

The mass attenuation coefficient u,, has the unit of em*/g or cm*/mg. The mass at-
tenuation coefficients for fat, bone, muscle, iodine, and lead are given in Fig. 6.10.

Half-Value Layer

The concept of half~value layer (HVL) of an absorbing material for y- or x-radia-
tions is important in the design of shielding for radiation protection. It 1s defined
as the thickness of the absorber that reduces the intensity of a photon beam by
one-half. Thus, an HVL of an absorber around a source of y-radiations with an
exposure rate of 150 mR/ h will reduce the exposure rate to 75 mR/ h. The HVL
depends on the energy of the radiation and the atomic number of the absorber. It
is greater for high-energy photons and smaller for high-Z materials.

For monoenergetic photons, the HVI. of an ahsorher is related to its linear at-
tenuation coefficient as follows:

0.693 (6.7)

u

Because u has the unit of cm™', the HVL has the unit of cm. The HVLs of lead for
different radionuclides are given in Table 6 2.
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Fig. 6.10. Attenuation coefficients for fat, muscle, bone, 10dine, and lead as a function of
photon energy. (Adapted with permission from Hendee WR. Medical Radiation Physics.

1st ed. Chicago: Year Book Medical Publishers, Inc; 1970: 221).

TasLe 6.2, Half-value layer values (HWVLs) of lead for commonly used radionuclides.

Radwonuchdes

HVL, Lead (cmp

HVL, Water {cm)®

1370
Wm’rc
L]
Mo
“Ga
123]
iy
125]
o
131]

I8E

.65
0.03
0.02
0.70
0.10
0.04
0.10

0.003

0.02
0.30
0.39

46

1.7

6.3

112

* Adapted from Goodwin PN, Radiation safety for patients and personnel. In; Freeman LM, edi-
tors. Freeman and Johnsons Clinical Radionuclide Imaging. 3rd ed. Philadelphia: WB Saunders;

1984: 320.
P HVL in water is considered equivalent to HVL in tissue.



Another important quantity, tenth-value layer (TVL), 1s the thickness of an
absorber that reduces the initial beam by a factor of ten. It is given by
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