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Objectives

After studying this chapter, the reader should be able to:

¢ Understand the relationship between nuclear instability and
radioactive decay.

¢ Describe the different modes of radioactive decay and the

conditions in which they occur.

Interpret decay schemes.

State and use the fundamental equations of radioactive decay.

Perform elementary computations for sample activities.

Describe the principles of transient and secular equilibrium.

Discuss the principles of the artificial production of radionuclides.

Introduction

The composition of matter has puzzled philosophers and scien-
tists for centuries. Even today, the mystery continues as strange
new particles are detected in high-energy accelerators. Various

models proposed to explain the composition and mechanics
of matter are useful in certain applications, but invariably fall
short in others. One of the oldest models, the atomic theory of
matter devised by early Greek philosophers,! remains a useful
approach to understanding many physical processes, including
those important to the study of the physics of radiation ther-
apy. The atomic model is used in this text, but it is important to
remember that it is only a model, and that the true composition
of matter remains an enigma.

Atomic and nuclear structure

The atom is the smallest unit of matter that possesses the physi-
cal and chemical properties characteristic of one of the 118 ele-
ments, 92 of which occur naturally and the others are produced
artificially. The atom consists of a central positive core, termed
the nucleus, surrounded by a cloud of electrons moving in orbits
around the nucleus. The nucleus is composed of protons and
neutrons, collectively termed nucleons, with a diameter on the
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2 Chapter 1: Atomic structure and radioactive decay

order of 107! meters (m). Protons are subatomic particles with
a mass of 1.6734 x 107 kilograms (kg) and a positive charge
of +1.6 X 1071 Coulombs. Neutrons are subatomic particles
with a mass of 1.6747 X 10?7 kg and no electrical charge. The
electron cloud surrounding the nucleus has a diameter of about
1079 m.

Electrons have a mass of 9.108 X 107! kg and a negative
charge of -1.6 x 107 Coulombs. In the neutral atom, the num-
ber of protons in the nucleus is balanced by an equal number
of electrons in the surrounding orbits. An atom with a greater or
lesser number of electrons than the number of protons is termed
a negative or positive ion.

An atom is characterized by the symbol/ X, in which A is the
number of nucleons in the nucleus, Z is the number of protons in
the nucleus (or the number of electrons in the neutral atom), and
X represents the chemical symbol for the particular element to
which the atom belongs. The number of nucleons, A, is termed
the mass number of the atom and Z is called the atomic number
of the atom. The difference A - Z is the number of neutrons in
the nucleus, termed the neutron number, N. Each element has
a characteristic atomic number but can have several mass num-
bers depending on the number of neutrons in the nucleus. For
example, the element hydrogen has the unique atomic number
of 1, signifying the solitary proton that constitutes the hydrogen
nucleus, but can have zero ({H), one (H), or two (H) neutrons.
The atomic forms 'H,?H, and>H (the subscript 1 can be omit-
ted because it is redundant with the chemical symbol) are said
to be isotopes of hydrogen because they contain different num-
bers of neutrons combined with the single proton characteristic
ofhydrogen. Isotopes of an element have the same Z but different
values of A, reflecting a different neutron number, N. Isotones
have the same N but different values of Z and A.°H,*He, and
>Li are isotones because each nucleus contains two neutrons
(N = 2). Isobars have the same A, but different values of Z and
N. 3Hand *He are isobars (A = 3). Isomers are different energy
states of the same atom and therefore have identical values of Z,
N, and A. For example *™Tc and *Tc are isomers because they
are two distinct energy states of the same atom. The m in *™Tc
signifies a metastable energy state that exists for a finite time
(6 hours half-life) before changing to *Tc. The term nuclide
refers to an atomic nucleus in any form.

Atomic units

Units employed to describe dimensions in the macroscopic
world, such as kilograms, Joules, meters, and Coulombs, are too
large to use at the atomic level. Units more appropriate for the
atomic scale include the atomic mass unit (amu) for mass, elec-
tron volt (eV) for energy, nanometer (nm) for distance, and elec-
tron charge (e) for electrical charge.

The amu is defined as 1/12 of the mass of an atom of the most
common form of carbon, '2C, which has 6 protons, 6 neutrons,
and 6 electrons. One amu = 1.66 X 107 kg. By definition, the
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atomic mass of an atom of 12C is 12.00000 amu. In units of amu,
the masses of atomic particles are as follows:

electron = 0.00055 amu
proton = 1.00727 amu

neutron = 1.00866 amu

Every atom has a characteristic atomic mass, A,,. The gram-
atomic mass of an isotope is an amount of the isotope in grams
that is numerically equivalent to the isotope’s atomic mass. For
example, one gram-atomic mass of 1>C is exactly 12 grams. One
gram-atomic mass of any isotope contains 6.0228 x 10% atoms,
which is a constant value that is known as Avogadro’s number
N, . With these expressions, the following quantities can be com-
puted:

Number of atoms/g = N, /A,
Number of electrons/g = (N,Z)/A,,
Number of g/atom = A,,/N,

Example 1-1

Compare the number of electrons/g for '*C to the number of
electrons/g for “Ar.

For 2C, the atomic number is 6 and the atomic mass is
12.000. Consequently, the number of electrons/g is 6.0228 X
102 X 6/12.000 = 3.0114x10% electrons/g.

For *°Ar, the atomic number is 18 and the atomic mass is
39.948. Consequently, the number of electrons/g is 6.0228 X
10% x 18/39.948 = 2.714 x 10% electrons/g.

Note that, although the atomic masses and atomic numbers
of carbon and argon are widely different from one another, the
electron densities are within 10% of each other. Because for most
materials the mass number is approximately twice the atomic
number, the electron densities will be relatively constant.

The electron volt (eV) is a unit of energy equal to the kinetic
energy of a single electron accelerated through a potential differ-
ence (voltage) of 1 volt. One keV = 10% eV and 1 MeV = 10° eV.
One nanometer (nm) is 10~° meters. The electron unit of elec-
trical charge = 1.6 x 107! Coulombs. One eV is equal to 1.6 X
107! Joules of energy.

Example 1-2

What is the kinetic energy (E,) of an electron accelerated
through a potential difference of 400,000 volts [400 kilovolts
(kV)]?

E, = (1 electron) (400,000 volts)
= 400,000 eV = 400 keV

Mass defect and binding energy

The neutral >C atom contains 6 protons, 6 neutrons, and 6
electrons. The mass of the components of this atom can be
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computed as:

Mass of 6 protons = 6(1.00727 amu) = 6.04362 amu
Mass of 6 neutrons = 6(1.00866 amu) = 6.05196 amu
Mass of 6 electrons = 6(0.00055 amu) = 0.00330 amu
Mass of components of 2C = 12.09888 amu

The mass of an atom of '2C, however, is 12.00000 amu by
definition. That is, the sum of the masses of the components
of the 12C atom exceeds the actual mass of the atom. There is
a mass defect of 0.09888 amu in the 12C atom. The difference
in mass must be supplied to separate the 2C atom into its con-
stituents. The mass defect can be described in terms of energy
according to Einsteins expression E = mc?, for the equivalence
of mass and energy. In this expression, E is energy, m is mass,
and c is the speed of light in a vacuum (3 X 10® m/sec). From the
formula for mass-energy equivalence, 1 amu of mass is equiva-
lent to 931 MeV of energy. For example, the energy equivalent
to the mass of the electron is (0.00055 amu) (931 MeV/amu) =
0.511 MeV.

The energy associated with the mass defect of >C is
(0.09888 amu)(931 MeV/amu) = 92.0 MeV. The energy equiv-
alent to the mass defect of an atom is known as the binding
energy of the atom and is the energy required to separate the
atom into its constituent parts. Almost all of the binding energy
of an atom is associated with the nucleus and reflects the influ-
ence of the strong nuclear force that binds particles together in
the nucleus. For '2C, the average binding energy per nucleon is
92.0 MeV/12 = 7.67 MeV/nucleon. When computing the aver-
age binding energy per nucleon as the quotient of the binding
energy of the atom divided by the number of nucleons, the small
contribution of electrons to the binding energy of the atom is
ignored.

Example 1-3

What is the average binding energy per nucleon of O with an
atomic mass of 15.99492 amu?
Mass of 8 protons = 8(1.00727 amu) = 8.05816 amu
Mass of 8 neutrons = 8(1.00866 amu) = 8.06928 amu
Mass of 8 electrons = 8(0.00055 amu) = 0.00440 amu
Mass of components of '°0O = 16.13184 amu
Mass of '°0O atom = 15.99492 amu
Mass defect = 16.13184 amu — 15.99492 amu
= 0.13692 amu

(0.13692 amu)(931 MeV /amu)
127.5 MeV

Average binding energy per nucleon
= (127.5 MeV)/16
= 7.97 MeV /nucleon

The average binding energy per nucleon is plotted in Fig-
ure 1-1 as a function of the mass number of different isotopes.
The greatest average binding energies per nucleon occur for
isotopes with mass number in the range of 50 to 100. Heavier
isotopes gain binding energy by splitting into lighter isotopes.

Binding energy of '°O
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Figure 1-1 Average binding energy per nucleon versus mass number.

This is equivalent to saying that heavier isotopes release energy
when they split into lighter isotopes, a process known as nuclear
fission. The isotopes ***U, 2*U, and **°Pu fission spontaneously
when a neutron is added to the nucleus. This process is the origin
of the energy released during fission in nuclear reactors and fis-
sion weapons. Similarly, energy is released when light isotopes
combine to form products with higher average binding ener-
gies per nucleon. This latter process is termed nuclear fusion
and is the source of energy released during an uncontrolled
fusion reaction, such as that in a “hydrogen” bomb. Uncontrolled
nuclear fission is the process employed in uranium or pluto-
nium atomic bombs. Controlled nuclear fission is the process
employed in a nuclear reactor.

Electron energy levels

The model of the atom in which electrons revolve in orbits
around the nucleus was developed by Niels Bohr in 1913.2 This
model represented a departure from explanations of the atom
that relied on classical physics. In the Bohr model, each orbit or
“shell” can hold a maximum number of electrons defined as 2n?,
where # is the number of the electron shell. The first (1n = 1 or K)
shell can hold up to 2 electrons, the second (n =2 or L) shell can
contain up to 8 electrons, the third (n = 3 or M) shell can hold up
to 18 electrons, and so on. The maximum number of electrons in
a particular electron orbit is defined by the Pauli Exclusion Prin-
ciple, which states that in any atom (or atomic system) no two
electrons can have the same four quantum numbers. The four
quantum numbers of an electron are the principal, azimuthal,
magnetic, and spin quantum numbers. The outermost occu-
pied M, N, or O electron shell, called the valence shell, how-
ever, can hold no more than 8 electrons. Additional electrons
begin to fill the next level to create a new outermost shell before
more than 8 electrons are added to an M or higher shell. The
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atoms are shown in Figure 1-2. } 3
An electron neither gains nor loses energy so long as it 2
remains in a specific electron orbit. Energy is needed, however, 5
to move an electron from one orbit to another farther from the
nucleus because work must be done against the attractive elec- .
trostatic force of the positive nucleus for the negative electron. Hydrogen
Similarly, energy is released when an electron moves from one (2700
orbit to another nearer the nucleus. This transition can occur Eg (eV)
only if a vacancy exists in the nearer orbit, perhaps because n  Shell |Hydrogen Tungsten
an electron has been ejected from that orbit by some physical T K _135 69,500
process. 2 L 34 -11,280
The energy required to remove an electron completely from 3 0™ -15 -2810
an atom is defined as the binding energy of the electron. The 4 N -0.90 -588
positive charge of the nucleus (i.e., the Z of the atom) and the ! Tungsten 5 o) -0.54 -73

particular shell from which the electron is removed are the prin-
cipal influences on the electrons binding energy. Minor influ-
ences are the particular energy subshell of the electron within
the orbit and the direction of rotation as the electron spins on
its own axis while it revolves in the electron orbit. The electron
orbits of a particular atom can be characterized in terms of the
binding energies of electrons in the orbits.

Binding energies for electron orbits in hydrogen (Z = 1) and
tungsten (Z = 74) are compared in Figure 1-3. Binding ener-
gies are much greater in tungsten than in hydrogen because the
higher nuclear charge exerts a stronger attractive force on the
electrons. In hydrogen, an electron moving to the K shell from a
level farther from the nucleus releases energy usually in the form
of ultraviolet radiation. In tungsten, an electron falling into the
K shell releases energy usually in the form of an x ray, a form
of electromagnetic radiation much more energetic than ultra-
violet radiation. The actual energy released equals the differ-
ence in binding energy between the electron orbits represent-
ing the origin and destination of the electron. For example, an
electron moving from the L to the K shell in tungsten releases
(69,500 — 11,280 = 58,220 eV) 58.2 keV of energy, whereas an
electron falling from the M to the K shell in tungsten releases

Figure 1-3 Binding energies for electrons in hydrogen (Z = 1) and tungsten
(Z =74). A change in scale is required to show both energy ranges in the
same diagram.

(69,500 — 2810 = 66,690 V) 66.7 keV. X rays emitted by elec-
tron transitions between orbits are termed characteristic x rays
because their energy is characteristic of the atomic number of
the atom and the particular electron shells involved in the tran-
sition. Characteristic x rays are sometimes called fluorescence
xrays.

When an electron falls from the L to the K shell in a heavy
atom, a vacancy is created in the L shell. This vacancy is usu-
ally filled instantly by an electron from a shell farther from the
nucleus, usually the M shell. The vacancy created in this shell is
then filled by another electron from a more distant orbit. Hence,
avacancy in an inner shell of an atom usually results in a cascade
of electrons with the emission of a range of characteristic ener-
gies, often as electromagnetic radiation. In tungsten, transitions
of electrons into the K and L shell result in the release of x rays,
whereas transitions into M and higher shells produce radiations
too low in energy to qualify as x rays.
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Energy that is liberated as an electron falls to an orbit closer to
the nucleus is not always released as electromagnetic radiation.
Instead, it may be transferred to another electron farther from
the nucleus, resulting in the ejection of the electron from its
orbit. The ejected electron is termed an Auger electron and has
a kinetic energy equal to the energy transferred to it, decreased
by the binding energy required to eject the electron from its
orbit. For example, an electron falling from the L to the K shell
in tungsten releases 58,220 eV of energy. If this energy is trans-
ferred to another electron in the L shell, this electron is ejected
with a kinetic energy of (58,220 — 11,280 = 46,940) eV. Usually,
an Auger electron is ejected from the same energy level that
gave rise to the original transitioning electron. In this case, the
kinetic energy of the Auger electron is Ey; - 2E, |, where Ey; is the
binding energy of the inner electron orbit that receives the tran-
sitioning electron and E, , is the energy of the orbit that serves
as the origin of both the transitioning and the Auger electrons.

Example 1-4

What is the kinetic energy E; of an Auger electron released from
the L shell of gold [(Ey); = 13.335 keV] as an electron falls from
the L to the K shell [(E})x = 80.713 keV]?
E, = Ey; — 2E,, = [80.713 — 2(13.335)] keV’
= 54.043 keV

The emission of characteristic electromagnetic radiation and
the release of Auger electrons are alternative processes that
release energy from an atom during electron transitions. The
fluorescence yield, w, defines the probability that an electron
vacancy will result in the emission of characteristic radiation as
it is filled by an electron from a higher orbit.

_ Number of characteristic radiation emitted
Number of electron shell vacancies

For low-Z nuclides, Auger electrons tend to be emitted more
frequently than characteristic radiations, as shown in Figure
1-4. As Z increases, the fluorescence yield also increases, so
that characteristic radiations are released more frequently than
Auger electrons.’

Nuclear stability

The nuclei of many atoms are stable. In general, it is these atoms
that constitute ordinary matter. In stable nuclei of lighter atoms,
the number of neutrons is about equal to the number of protons.
A high level of symmetry exists in the placement of protons and
neutrons into nuclear energy levels similar to the electron shells
constituting the extranuclear structure of the atom. The assign-
ment of nucleons to energy levels in the nucleus is referred to
as the shell model of the nucleus. For heavier stable atoms, the
number of neutrons increases faster than the number of protons,
suggesting that the higher energy levels are spaced more closely
for neutrons than for protons. The number of neutrons (i.e., the
neutron number) in the nuclei of stable atoms is plotted in Fig-
ure 1-5 as a function of the number of protons (i.e., the atomic
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Figure 1-5 Number of neutrons (N) in stable (or least unstable) nuclei as a
function of the number of protons (atomic number Z).
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Table 1-1 Radioactive decay processes.

January 15, 2016

Type of Decay New A New Z New N Comments
Emax

Beta (f -) Z+1 N-1 Ep-mean & 3

. IE!
Positron (5 +) Z-1 N+ 1 Ep-mean & ';a"
Electron capture isomeric transition y A Z-1 N+1 Characteristic + Auger electrons Metastable if

emission Ty > 1076 sec

Internal conversion (IC) A V4 N IC electrons: characteristic + Auger electrons
Alpha (a) A-4 7=32 N-2

number). Above Z = 83, no stable forms of the elements exist
and the plot depicts the neutron/proton (N/Z) ratio for the least
unstable forms of the elements (i.e., isotopes that exist for rela-
tively long periods before changing).

Nuclei that have an imbalance in the N/Z ratio are positioned
away from the stability curve depicted in Figure 1-5. These
unstable nuclei tend to undergo changes within the nucleus to
achieve more stable configurations of neutrons and protons.
The changes are accompanied by the emission of particles and
electromagnetic radiation (photons) from the nucleus, together
with the release of substantial amounts of energy related to
an increase in binding energy of the nucleons in their final
nuclear configuration. These changes are referred to as the
radioactive decay of the nucleus, and the process is described
as radioactivity. If the number of protons is different between
the initial and final nuclear configurations, Z is changed and
the nucleus is transmuted from one elemental form to another.
The various processes of radioactive decay are summarized in
Table 1-1.

Radioactivity was discovered in 1896 by Henri Becquerel,’
who observed the emission of radiation (later shown to be beta
particles) from uranium salts. Becquerel experienced a skin burn
from carrying a radioactive sample in his vest pocket. This is the
first known biological effect of radiation exposure.

Radioactive decay

Radioactivity can be described mathematically without refer-
ence to the specific mode of decay of radioactive atoms. The rate
of decay (the number of atoms decaying per unit time) is directly
proportional to the number of radioactive atoms N present in the
sample:

AN/At = —JAN (1-1)
where AN/At is the rate of decay. The constant 4 is the decay
constant of the particular species of atoms in the sample, and
the negative sign reveals that the number of radioactive atoms

in the sample is diminishing as the sample decays. The decay
constant can be expressed as:

AN
(%)

At
revealing that it represents the fractional rate of decay of the
atoms. The value of 4 is characteristic of the type of atoms in the

sample and changes from one nuclide to the next. Units of 4 are
(time)~!. Larger values of A characterize more unstable nuclides

J=-—

that decay more rapidly.

Equation (1-1) describes the expected decay rate of a radioac-
tive sample. At any moment the actual decay rate may differ
somewhat from the expected rate because of statistical fluctua-
tions in the decay rate. The decay constant A is also called the
transformation constant. The decay constant of a nuclide is
truly a constant: it is not affected by external influences such as
temperature and pressure, or by magnetic, electrical, or gravita-
tional fields. The rate of decay of a sample of atoms is termed
the activity A of the sample (i.e., A = AN/At). A rate of decay of
1 atom per second is termed an activity of 1 Becquerel (Bq). That
is, 1 Bq = 1 disintegration per second (dps). A common unit of
activity is the megabecquerel (MBq), where 1 MBq = 10° dps.
An earlier unit of activity, the Curie (Ci) is defined as 1 Ci =
3.7 x 10719 dps. The Curie was defined in 1910 as the activity
of 1 gram of radium. Although subsequent measures revealed
that 1 gram of radium has a decay rate of 3.61 x 10! dps, the
definition of the Curie was left as 3.7 X 10'° dps.

Multiples of the Curie are the picocurie (10~'2 Ci), nanocurie
(10~ Ci), microcurie (107 Ci), millicurie (1073 Ci), kilocurie
(10° Ci), and megacurie (10° Ci). The Becquerel and the Curie
are related by 1 Bq = 1 dps = 2.7 x 107! Ci. The activity of a
radioactive sample per unit mass (e.g., MBg/mg) is known as
the specific activity of the sample.

Example 1-5

A. A §2C0 source has a decay constant of 0.131 y~'. Find the

activity in MBq of a sample containing 10'> atoms.
A = AN

= 4.2 X 10° atoms/s = 4.2 x 10°Bq

= 4.2 MBq
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B. What is the specific activity of the sample in MBq/g? The
gram-atomic mass of ®°Co is 59.9338.

(10" atoms) (59.9338 g/g-atomic mass )

6.023 X 10?3 atoms/g-atomic mass
=9.95x108¢g

Specific activity = (4.2 MBq)/(9.95 x 1078 g)
=42 x 10° MBq/g

Sample mass =

Through the process of mathematical integration, an expres-
sion for the number N of radioactive atoms remaining in a sam-
ple after a time, £, has elapsed can be shown to equal:

N =Nye™ (1-2)
where N, is the number of atoms present at time t = 0. Equa-

tion (1-2) reveals that the number N of parent atoms decreases
exponentially with time and can also be written as:

A=A (1-3)
where A is the activity of the sample at time ¢, and A, is the activ-
ity at time £ = 0.

The number of radioactive atoms N* that have decayed after
time ¢t is Ny — N, or:

N* = Ny(1—e™*) (1-4)

The probability that a particular atom will not decay during time
t is N/N, or e~*, and the probability that the atom will decay
during time ¢ is 1 — N/Nyor 1 — e™*.

For small values of At, the probability of decay (1 — e ~*) can
be approximated as At or expressed as the probability of decay
per unit time, p(decay per unit time) ~A. Radioactive decay must
always be described in terms of the probability of decay; whether
any particular radioactive nucleus will decay within a specific
time period is never certain.

The physical half-life, T, ,, of a radioactive sample is the time
required for half of the atoms in the sample to decay. The half-life
is logarithmically related to the decay constant of the sample.

Ty, = (n2)/A = 0.693/4

Each radioactive isotope has a unique decay constant and,
avg Of a radioactive
sample, sometimes referred to as the mean life, is the average

therefore, a unique half-life. The average life ¢

time for decay of atoms in the sample. The average life is t,,, =
1/4 = 1.44(T, ).

Example 1-6

What are the half-life and average life of the sample of $Co
described in Example 1-5?2
T,), = 0.693/4= 0.693/0.131y""
= 5.3y
Tp = L44(T, ) = 1.44(5.3y)
= 7.63y

January 15, 2016
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The percent of original activity remaining in a radioactive
sample is depicted in Figure 1-6(a) as a function of elapsed time.
This variable is replotted in Figure 1-6(b) on a semilogarith-
mic graph (activity on a vertical logarithmic scale and time on
a horizontal linear scale) to yield a straight line. Semilogarith-
mic plots yield straight lines of variables, such as activities that
vary according to an exponential relationship, and are useful in
depicting several quantities in radiation therapy (e.g., radioac-
tive decay, attenuation of radiation, and survival of tumor cells
following irradiation).

Example 1-7

The physical half-life of '*'T is 8.0 days.

A sample of '*'T has a mass of 100 xg. How many 3! atoms are
present in the sample?
Number of atoms, N:

(Number of grams) (Number of atoms/gram-atomic mass)

(Number of grams/gram-atomic mass)

(100 x 10~%grams) (6.02 X 10**atoms/gram-atomic mass

131 grams/gram-atomic mass
= 4.6 X 10" atoms

How many '*!T atoms remain after 20 days have elapsed?

_ —(0.693t/T)
N = Nye 12

= (4.6 X 10"7atoms)e~(0693/8 D20 )
= 8.1 x 10%atoms

What is the activity of the sample after 20 days?
A = AN

= (0.693/8.0d)(1/86, 400 s/d)(8.1 X 10'6atoms)
= 8.2 x 10'"%atoms/sec
= 8.2 X 10*MBq

What is the specific activity of the *!T sample?

SA = 8.2 x 10*MBq/0.1mg

= 8.2 X 10°MBq/mg

What activity should be ordered at 8 AM Monday to provide an
activity of 8.2 x 10* MBq at 8 AM on the following Friday?

Elapsed time = 4 days

N = Nye™#
8.2 x 10" MBq = N~ (0-693/84)(4d)
8.2 X 10* MBq = N,,(0.7072)

N, = 11.6 X 10* MBq must be ordered
Types of radioactive decay

The process of radioactive decay often is described by a decay
scheme in which energy is depicted on the vertical (y) axis
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and the atomic number is shown on the horizontal (x) axis. A
generic decay scheme is illustrated in Figure 1-7. The original
nuclide (or parent) is depicted as 4 X, and the product nuclide
(or “progeny”) is denoted as element P, Q, R, or S depending on
the decay path. Parent and progeny nuclei are also referred to
as mother and daughter. In the path from X to P, the nuclide
gains stability by emitting an alpha (@) particle, two neutrons,
and two protons ejected from the nucleus as a single particle. In
this case, the progeny nucleus has an atomic number of Z - 2 and
amass number of A — 4 and is positioned at reduced elevation in

Energy ——»
Y
o

LS

X

z-1 z z+2

Atomic number

Figure 1-7 Symbolic radioactive decay scheme. A decay scheme is a useful
way to assimilate and depict the decay characteristics of a radioactive
nuclide.

Time (T, units)

Figure 1-6 Percentage of original activity of
a radioactive sample as a function of time in
units of half-life. (a) Linear plot. (b)

(b) Semilogarithmic plot.

the decay scheme to demonstrate that energy is released as the
nucleus gains stability through radioactive decay. The released
energy is referred to as the transition energy. The transition
energy released during radioactive decay is also referred to as
the disintegration energy and the energy of decay. In the path
from X to Q, the nucleus gains stability through the process in
which a proton in the nucleus changes to a neutron. This process
can be either positron decay or electron capture and yields an
atomic number of Z - 1 and an unchanged mass number A. The
path from X to R represents negatron decay in which a neutron
is transformed into a proton, leaving the progeny with an atomic
number of Z + 1 and an unchanged mass number A. In the path
from R to S, the constant Z and constant A signify that no change
occurs in nuclear composition. This pathway is termed an iso-
meric transition between nuclear isomers and results only in
the release of energy from the nucleus through the processes of
y emission and internal conversion.

Alpha decay

Alpha decay is a decay process in which greater nuclear stability
is achieved by emission of 2 protons and 2 neutrons as a sin-
gle alpha (a) particle (a nucleus of helium) from the nucleus.
Alpha emission is confined to relatively heavy nuclei. The sum
of mass numbers and the sum of atomic numbers after the
transition equal the mass and atomic numbers of the parent
before the transition. In a decay, energy is released as kinetic
energy of the a particle, and is sometimes followed by energy
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4.59 MeV
6%

4.78 MeV
94%

0.19 MeV

222Rn

86 88 90
Atomic number

Figure 1-8 Radioactive decay scheme: a decay of 2°Ra.

released during an isomeric transition resulting in emission of a

y ray or conversion electron. Alpha particles are always ejected

with energy characteristic of the particular nuclear transition.
An example of alpha decay is the decay of 2*°Ra:

226 222 4
88 Ra — 86 Rn +2He

An alpha transition is depicted in Figure 1-8, in which the par-
ent 2°Ra decays directly to the final energy state (ground state)
of the progeny *2Rn in 94% of all transitions. In 6% of the tran-
sitions, 22°Ra decays to an intermediate higher energy state of
222Rn, which then decays to the ground state by isomeric tran-
sition. For each of the transition pathways, the transition energy
between parent and ground state of the progeny is constant. In
the example of ?2°Ra, the transition energy is 4.78 MeV.

Beta decay

Nuclei with an N/Z ratio that is above the line of stability tend to
decay by a form of beta (f) decay that is sometimes referred to
as negatron emission. In this mode of decay, a neutron is trans-
formed into a proton, and the Z of the nucleus is increased by 1
with no change in A. In this manner, the N/Z ratio is reduced,
and the product nucleus is nearer the line of stability. Simulta-
neously an electron is ejected from the nucleus together with a
neutral massless particle, an antineutrino, that carries away the
remainder of the released energy that is not accounted for by
the negatron. Neutrinos and antineutrinos seldom interact with
matter and are not important to applications of radioactivity in
medicine.
The process of beta decay may be written:

1
0

n—lp+ %e+7

—ip+ B+v
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E,.y=0.094 MeV
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Figure 1-9 Energy spectrum of electrons fromggC 0.

where Je depicts the ejected beta particle and I reflects the
nuclear origin of the electron. The symbol v represents the
antineutrino. An example of beta decay is the beta decay of
%Co:

ggCO — ggNi + _?ﬁ + ¥ + isomeric transition

with the isomeric transition often accomplished by the release of
cascading y rays of 1.17 and 1.33 MeV. A decay scheme for *°Co
is shown in Figure 1-10 below. The transition energy for decay
of °Co is 2.81 MeV.

A discrete amount of energy is released when an electron is
emitted from the nucleus. This energy is depicted as the maxi-
mum energy E, . of the electron. Electrons, however, usually are
emitted with some fraction of this energy and the remainder is
carried from the nucleus by the antineutrino. The mean energy
of the electron is E_, /3. An energy spectrum of 0.31 MeV E_ .
electrons emitted from ®°Co is shown in Figure 1-9. Electron
energy spectra are specific for each electron transition in every
nuclide by this mode of nuclear transformation.

Example 1-8

Determine the transition energy and the E_ . of electrons
released during the decay of $YCo (atomic mass 59.933814 amu)

$9Ni (atomic mass 59.930787 amu).
op - 60 60 60NTi 4 0p 4 5
Transition : 5;Co [+27e] o N+ _(f+ Y
+isomeric transmission
where the e on the left side of the transition must be added
from outside the atom to balance the additional positive nuclear
charge of *Ni compared with ®°Co.

2
= (59.933814 + 0.00055)amu
—(59.930787 + 0.00055)amu

= 0.003027amu
Transition energy = (0.003027 amu)(931 MeV /amu)
= 2.81 MeV

. _ 60 0 6077 4 O
Mass difference = mass(3,Co + _Je) — mass (zsN’ + _lﬂ)

The isomeric transition in ®°Co accounts for (1.17 + 1.33) =
2.50 MeV (Figure 1-10). Hence the electron E, , is 2.81 — 2.50 =
0.31 MeV.
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80Co (5.3y)

>99%; E, . = 0.31 MeV
E__ =1.48 MeV
max ¢ y=1.17 MeV
y=1.33 MeV
60N|
1 1
27 28

Atomic number

Figure 1-10 Radioactive decay scheme: Beta decay of ®*Co.

Nuclei below the line of stability are unstable because they
have too few neutrons for the number of protons in the nucleus.
These nuclei tend to gain stability by a decay process in which a
proton is transformed into a neutron, resulting in a unit decrease
in Z with no change in A. One possibility for this transformation
is positron decay:

1 1 0
W= gnt ety

- ln+ Jp+v

where +(1’ p represents the nuclear origin of the emitted positive
electron (positron). A representative positron transition is:

SF= 10+ (p+v
where v represents the release of a neutrino, a noninteractive
particle similar to an antineutrino except with opposite axial
spin. In positron decay, the atomic mass of the decay products
exceeds the atomic mass of the atom before decay. This differ-
ence in mass must be supplied by energy released during decay
according to the relationship E = mc?. The energy requirement
is 1.02 MeV. Hence, nuclei with a transition energy less than
1.02 MeV cannot undergo positron decay. For nuclei with tran-
sition energy greater than 1.02 MeV, the energy in excess of
1.02 MeV is shared among the kinetic energy of the positron,
the energy of the neutrino, and the energy released during iso-
meric transitions. Decay of ®F is depicted in Figure 1-11 below,
in which the vertical component of the positron decay pathway
represents the 1.02 MeV of energy that is expressed as increased
mass of the products of the decay process.

The emission of positrons from radioactive nuclei was discov-
ered in 1934 by Iréne Curie (daughter of Marie Curie) and her
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'3 F (109 min)
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97%
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Figure 1-11 Radioactive decay scheme: fl p: e capture decay of 188F.

husband Frédéric Joliot.® In bombardments of aluminum by a
particles, they documented the following transmutation:
SHe+ 1Al = P+ n
WP - NSi+ Ip+v

An alternate pathway to positron decay is electron capture,
in which an electron from an extranuclear shell, usually the K
shell, is captured by the nucleus and combined with a proton to
transform it into a neutron. Electron capture of K-shell electrons
is known as K-capture; electron capture of L-shell electrons is
known as L-capture; and so on.

The process is represented as:

}P+‘l)e—>‘l)n+v

Electron capture does not yield a mass imbalance before and
after the transformation. Hence, there is no transition energy
prerequisite for electron capture. Low N/Z nuclei with transition
energy less than 1.02 MeV can decay only by electron capture.
Low N/Z nuclei with transition energy greater than 1.02 MeV
can decay by both positron decay and electron capture. For these
nuclei, the electron capture branching ratio describes the prob-
ability of electron capture, and (1 - branching ratio) depicts
the probability of positron decay. Usually, positron decay occurs
more frequently than electron capture for nuclei that decay
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by either process. In Figure 1-11, illustrating electron capture
and positron decay, the branching ratio for electron capture of
8F is 3%.

Example 1-9

Determine the transition energy and E_, of positrons
released during the transformation of 'SF (atomic mass =
18.000937 amu) to '§O (atomic mass = 17.999160 amu). There
are no isomeric transitions in this decay process.

Transition: lgF — lgO + (l)ﬂ +v+ (1)9

where the %e on the right side of the transition must be released
from the atom to balance the reduced positive nuclear charge of
180 compared with '8E

Mass difference = mass ('SF) —mass'§O+ 98+ v+ e

(18.000937) amu

—(17.999160 + 2(0.00055) amu
= 0.000677 amu

Energy availableas E,, = (0.000677 amu)(931 MeV /amu)
= 0.630 MeV

The energy equivalent to the mass of the +‘1)ﬂ and Ye is
2(0.00055 amu) (931 MeV/amu) = 1.02 MeV. Hence the total
transition energy is (0.63 + 1.02) MeV = 1.65 MeV.

A few unstable nuclei can decay by negatron decay, positron
emission, or electron capture. For example, the decay scheme for
74 As reveals that electron decay occurs 32% of the time, positron
emission occurs with a frequency of 30%, and the nuclide decays
by electron capture 38% of the time.

Gamma emission and internal conversion

Frequently during radioactive decay, a product nucleus is
formed in an “excited” energy state above the ground energy
level. Usually the excited state decays instantly to a lower energy
state, often the ground energy level. Occasionally, however, the
excited state persists with a finite half-life. An excited energy
state that exists for a finite time before decaying is termed a
metastable energy state and denoted by an “m” following the
mass number (e.g., ™ Tc, which has a half-life of 6 hours). The
transition from an excited energy state to one nearer the ground
state, or to the ground state itself, is termed an isomeric tran-
sition because the transition occurs between isomers with no
change in Z, N, or A. An isomeric transition can occur by either
of two processes: y emission or internal conversion.

Gamma rays are a form of high-energy electromagnetic radi-
ation and differ from x rays only in their origin. Gamma rays
are emitted during transitions between isomeric energy states of
the nucleus, whereas x rays are emitted during electron transi-
tions outside the nucleus. Gamma rays and other electromag-
netic radiation are described by their energy E and frequency v,
two properties that are related by the expression E = hv, where

January 15, 2016
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h = PlancK’s constant (h = 6.62 X 1073 J-sec). The frequency,
v, and wavelength, 4, of electromagnetic radiation are related
by the expression v = ¢/4, where c is the speed of light in a
vacuum.

No radioactive nuclide decays solely by y emission; an iso-
meric transition is always preceded by a radioactive decay pro-
cess, such as electron capture or emission of an alpha particle,
negatron, or positron. Isomeric transitions for ©Co (as depicted
in an earlier marginal figure) yield y rays of 1.17 and 1.33 MeV
with a frequency of more than 99%. Gamma rays are frequently
used in medicine for the detection and diagnosis of a variety of
ailments, as well as for the treatment of cancer.

Internal conversion is a competing process to y emission for
an isomeric transition between energy states of a nucleus. In a
nuclear transition by internal conversion, the released energy
is transferred from the nucleus to an inner electron, which is
ejected with a kinetic energy equal to the transferred energy
reduced by the binding energy of the electron. Internal con-
version is accompanied by the emission of x rays and Auger
electrons as the electron structure of the atom resumes a sta-
ble configuration following ejection of the conversion electron.
The internal conversion coefficient is the fraction of conver-
sion electrons divided by the number of y rays emitted during a
particular isomeric transition. The conversion coefficient can be
expressed in terms of specific electron shells denoting the origin
of the conversion electron. The probability of internal conver-
sion increases with Z and the lifetime of the excited state of the
nucleus.

Radioactive equilibrium

Some progeny nuclides produced during radioactive decay are
themselves unstable and undergo radioactive decay in a contin-
uing quest for stability. When a radioactive nuclide is produced
by the radioactive decay of a parent, a condition can be reached
in which the rate of production of the progeny equals the par-
ent’s rate of decay. In this condition, the number of progeny
atoms and therefore the progeny activity reach their highest
level and are constant for a moment in time. This constancy
reflects an equilibrium condition known as transient equilib-
rium because it exists only momentarily. In some texts, transient
equilibrium is defined as the extended period over which the
progeny decays with an apparent half-life equal to the half-life of
the parent. This definition is not appropriate because no equilib-
rium exists beyond the moment when the rate of production of
the progeny equals its rate of decay. In cases in which a shorter-
lived radioactive progeny is produced by decay of a longer-lived
parent, the activity curves for parent and progeny intersect at
the moment of transient equilibrium. This intersection reflects
the occurrence of equal activities of parent and daughter at that
particular moment. After the moment of transient equilibrium
has passed, the progeny activity decays with an apparent half-life
equal to that of the longer-lived parent. The apparent half-life of
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12  Chapter 1: Atomic structure and radioactive decay

the progeny reflects the simultaneous production and decay of
the progeny.

If no progeny atoms are present at time ¢ = 0, the number N,
of progeny atoms at any later time  is:

N, = [4,/(A, — A))INye~M! (1-5)

In this expression, N, is the number of parent atoms present at
time t = 0, A, is the decay constant of the parent, and 4, is the
decay constant of the progeny. If progeny atoms are present at
time t = 0, the expression for N, is written:

N, = (Ny)ge™ " + [A,/(Ay — 4))INy(e™h! — e™hh)

Transient equilibrium for a hypothetical nuclide Y formed by
decay of the parent X is illustrated in Figure 1-12. The activ-
ity of Y is greatest at the moment of transient equilibrium and
exceeds the activity of X at all times after transient equilibrium
is achieved, provided that no amount of Y is removed from the
sample. After transient equilibrium, the activity of progeny Y
decays with an apparent half-life equal to that of the parent X.
The ratio of activities A; and A, for X and Y, respectively, is:

AI/A2= (4, = /11)/12

In the hypothetical transient equilibrium between parent X and
progeny Y, equilibrium occurs:

« at only one instant of time

« when Y reaches its maximum activity

* when the activity of Y is neither increasing or decreasing
 when the activities of X and Y are equal.

The principle of transient equilibrium is employed in the pro-
duction of short-lived nuclides useful in nuclear medicine. The
nuclide *™Tc (T,;, = 6 hours), used in more than 85% of all
nuclear medicine examinations, is produced in a radionuclide
generator in which the progeny *™Tc is produced by decay of

Relative activity
o

0.01 - s s
1 2 3 4

Time (days)

Figure 1-12 Transient equilibrium. Hypothetical radionuclide Y formed by
the decay of parent X.
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Figure 1-13 Transient equilibrium. Formation of ®™Tc by the decay of
9 Mo.

the parent ®Mo (T, = 67 hours). This process is illustrated in
Figure 1-13, in which the moment of transient equilibrium is
illustrated as the point of greatest activity in the curve for ®™Tc.
In this case, the *™Tc activity never reaches that of the parent
%Mo because not all of the Mo atoms decay through the iso-
meric energy state **™Tc. In a *>™Tc generator, the progeny atoms
are removed periodically by “milking the cow” (i.e., removing
activity from the generator) by using saline solution to flush an
ion exchange column to which the parent is firmly attached.
This process gives rise to abrupt decreases in ™ Tc activity, as
depicted in Figure 1-14.

When the half-life of the parent greatly exceeds that of the
progeny (e.g., by a factor of 10* or more), equilibrium of the
progeny activity is achieved only after a long period of time has

1.0
S
~
. S Mo
4 —
99m-|—c =~
2
=
k9]
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= 1
= d
©
< 4
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0.01 L L !
1 2 3 4
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Figure 1-14 Transient equilibrium. Reestablishment of equilibrium after
“milking” a ™ Tc generator.
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Figure 1-15 Growth of activity and secular equilibrium of 2?2Rn formed by
the decay of 22°Ra.

elapsed. The activity of the progeny becomes relatively constant,
however, as the progeny activity approaches that of the parent,
a condition depicted in Figure 1-15. This condition is known as
secular equilibrium and is a useful approach for the production
of the nuclide ?2?Rn, which was used at one time in radiation
therapy. For radionuclides approaching secular equilibrium, the
activities of parent (A,) and progeny (A,) are equal, and the
number of atoms of parent N, (which is essentially N, because
few atoms have decayed since time ¢ = 0) and progeny (N,) are
related by the expression:

A=A,
MN, = 41N,
No/(T1/2)1 = NZ/(TI/Z)Z

An intraophthalmic irradiator containing *°Sr sometimes is
used to treat various conditions of the eye. The low-energy beta
particles from **Sr are not useful clinically, but the higher-energy
beta particles from the progeny *°Y are useful. The relatively
short-lived Y (T,,, = 64 hours) is contained in the irradiator in
secular equilibrium with the longer-lived parent *°Sr (T, = 28
years) so that the irradiator can be used over many years with-
out replacement. Radium needles and capsules that were for-
merly used widely in radiation oncology contained many decay
products in secular equilibrium with the long-lived (T, = 1600
years) parent 2Ra.

January 15, 2016
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Natural radioactivity and decay series

Most radionuclides in nature are members of one of three nat-
urally occurring radioactive decay series. Each series consists
of a sequence of radioactive transformations that begins with a
long-lived radioactive parent and ends with a stable nuclide. Ina
closed environment such as the earth, intermediate radioactive
progeny exist in secular equilibrium with the long-lived parent,
and decay with an apparent half-life equal to that of the parent.
All naturally occurring radioactive nuclides decay by emitting
either alpha or negative beta particles. Hence, each transforma-
tion in a radioactive series changes the mass number by either 4
or 0 and changes the atomic number by -2 or +1.

The uranium series depicted in Figure 1-16 begins with the
isotope 238U and ends with the stable nuclide 2°°Pb. The parent
and each product in this series have a mass number that is divis-
ible by 4 with remainder of 2; the uranium series is also known
as the 4n + 2 series. The naturally occurring isotopes 2°Ra and
222Rn are members of the uranium series. The actinium (4n +
3) series begins with 23U and ends with 297Pb, and the tho-
rium (4n) series begins with 2*2Th and ends with 2®Pb. Mem-
bers of the hypothetical neptunium (4n + 1) series do not occur
in nature because no long-lived parent is available. Fourteen nat-
urally occurring radioactive nuclides are not members of a decay
series. These nuclides, all with relatively long half-lives, are *°H,
14C 40K 50y 87RY, 15Ty 130T, 138 o 142Ce, 144N, 1475, 176y,
187Re, and ?Pt.

Artificial production of radionuclides

Radioactive isotopes with properties useful in biomedical
research and clinical medicine may be produced by bombard-
ing selected nuclei with neutrons or high-energy charged parti-
cles. Nuclides with excess neutrons that subsequently decay by

226 /ZggRa
A/
222 P
. L
2 218 2§§P°:7ZQ§A‘E
E (RaA)
=
- 214 n:
g 214 210002 2B gt
=

(RaBy(RaC) 1 RaC)|
I

210
oo 12 APb a0y oo
(RaD) ARaE) 1(RaF)

210

206 [49 Tli-ngg PB*(RaG)

(stable)

81 82 83 84 85 86 87 88
Atomic number

Figure 1-16 Uranium (4n + 2) decay series. Note that 2*U (with mass
number 238 and atomic number 92) is not shown on this graph.
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negatron emission are created by bombarding nuclei with neu-
trons in a nuclear reactor or from a neutron generator. Typical
reactions are:

BC+}n — *C+ isomeric transition
13 1 32 : ; fes
1 5P + o — 15P + 1someric transition

Useful isotopes produced by neutron bombardment include
*H, **S, 1 Cr, ®Co, Mo, 1**Xe, and 1°® Au. Because the isomeric
transition frequently results in the prompt emission of a y ray,
neutron bombardment often is referred to as an (n, y) reaction.
The reaction yields a product nuclide with an increase in A of
1 and no increase in Z. The complete transformation, includ-
ing radioactive decay that results from neutron bombardment,
is demonstrated by the example of ®Co:

g?Co +'n - ggCo + isomeric transitions
9Co - ONi+ p+v+i ic transiti
5,Co = SeNi+ | v + isomeric transitions

The transition can be represented as *Co(n, y)®Co. The
decay of ®*Co occurs with a half-life of 5.27 years. The isomeric
transitions accompanying this decay process almost always
result in the emission of cascading y rays of 1.17 and 1.33 MeV.

Radionuclides with excess protons are produced when nuclei
are bombarded with high-energy positively charged particles
from a particle accelerator. These radionuclides then decay
by electron capture and, if the transition energy is adequate,
positron decay. A typical reaction is:

11 1 11 1
B+ P C+n

where ;n denotes that a neutron is ejected from the nucleus dur-
ing bombardment so that the parent and progeny nuclei are iso-
bars. This reaction can be represented as ''B(p, n)!'C and is
termed a (p, n) reaction. Other representative charged-particle
interactions include:

UN+3He — 70+ 1p [(a, p) reaction]

SZn+1p = $iGa+2in [(p, 2n) reaction]

27 4 30 1 :
AL+ 5He — 1P + n [(a, n) reaction]

$C+1p = PN+y [(p, y) reaction]

"H +2d — jHe + jn [(p, n)reaction]

where d stands for deuteron, a particle composed of a proton and
neutron (i.e., a nucleus of deuterium).

Radioactive nuclides are also produced as a result of nuclear
fission. These nuclides can be recovered as fission byproducts
from the fuel elements used in nuclear reactors. Isotopes such as
9081, Mo, 131, and '¥’Cs can be recovered in this manner.

Fission-produced nuclides (fission byproducts) are often
mixed with other stable and radioactive isotopes of the same
element, and cannot be separated chemically as a solitary
radionuclide.” As a consequence, fission byproducts are less use-
ful in research and clinical medicine than are radionuclides that
are produced by neutron or charged-particle bombardment.

January 15, 2016

Summary

* Radioactive decay is the consequence of nuclear instability.

* Negatron decay occurs in nuclei with a high N/Z ratio.

* Positron decay and electron capture occur in nuclei with a low
N/Z ratio.

« Alpha decay occurs with heavy unstable nuclei.

« Isomeric transitions occur between different energy states of
nuclei and result in the emission of y rays and conversion
electrons.

* The activity A of a sample is:

A=A e
where A is the decay constant (fractional rate of decay).

¢ The half-life T, is the time required for half of a radioactive
sample to decay.

¢ The half-life and the decay constant are related by:

T/, = 0.693/4

e The common unit of activity is the Becquerel (Bq), with
1 Bq = 1 disintegration/second.

e Transient equilibrium may exist when the progeny nuclide
decays witha T,,, < T, parent.

o Secular equilibrium may exist when the progeny nuclide
decays witha T,,, < T, parent.

 Most radioactive nuclides found in nature are members of nat-
urally occurring decay series.

Problems
1-1  Whatare the atomic and mass numbers of the oxygen iso-
tope with 17 nucleons? Calculate the mass defect, binding
energy, and binding energy per nucleon for this nuclide,
with the assumption that the mass defect is associated
with the nucleus. The mass of the atom is 16.999133 amu.
Natural oxygen contains three isotopes with atomic
masses in amu of 15.9949, 16.9991, and 17.9992 and rela-
tive abundances of 2500:1:5. Determine to three decimal
places the average atomic mass of oxygen.

1-2

1-3  Determine the energy required to move an electron from
the K to the L shell in tungsten and in hydrogen, and
explain the difference.

What is the energy equivalent to the mass of an electron?
A proton?

The energy released during the nuclear explosion at
Hiroshima has been estimated as equivalent to that
released by 20,000 tons of TNT. Assume that 200 MeV
is released when a ***U nucleus absorbs a neutron and

fissions and that 3.8 X 107] is released during detonation

1-4
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of 1 ton of TNT. How many nuclear fissions occurred at
Hiroshima, and what was the total decrease in mass?
Group the following nuclides as isotopes, isotones, and
isobars:

14 14 15 15 16 16 17
6 C’7N’7 N’6 C’71\[’ 8 O’S o

The half-life of 3P is 14.3 days. What interval of time is
required for 100 mCi of *?P to decay to 25 mCi? What
time is required for the decay of 7/8 of the *?P atoms?

A radioactive needle contains ;2°Rn (T, = 3.83 days) in
secular equilibrium with 2*Ra (T, = 1600 years). How
long is required for the 32Rn to decay to half of its origi-
nal activity?

In nature, ;2*Ra (T, = 1600 years) exists in secular equi-
librium with 38U (T, = 4.5 x 10° years). What frac-
tion of the world’s supply of radium will be left after 1600
years?

What is the mass in grams of 100 MBq of pure 3*P? How
many *2P atoms constitute 100 MBq? What is the mass in
grams of 100 MBq of Na, PO, if all the phosphorus in the
compound is radioactive?

If a radionuclide decays for an interval of time equal to
its average life, what percentage of the original activity
remains?

What are the wavelength and frequency of a 1 MeV pho-
ton? A 15 MeV photon?

1261 nuclei decay by negatron emission, positron emis-
sion, and electron capture. Write the decay equation for
each mode of decay and identify the daughter nuclide.
How many atoms and grams of *°Y are in secular equilib-
rium with 50 mCi of *°Sr?

How many MBq of '*I (T,,, = 2.3 hours) should be
ordered so that the sample activity will be 500 MBq when
it arrives 24 hours later?

127531 is the only stable isotope of iodine. What mode(s)
of decay would be expected for 1*11? 12°T2

January 15, 2016

References 15

1-17 For a nuclide X with the decay scheme how many y rays
are emitted per 100 disintegrations of X if the coefficient
for interval conversion is 0.25?

1-18 3H (3.016050 amu) decays to ;He (3.016030 amu) by
negatron emission. What is the transition energy and
negatron E,_, if no isomeric transitions occur?

1-19 ['C (11.011432 amu) decays to }'B (11.009305 amu) by
positron emission and electron capture. What is the tran-
sition energy and positron E, . if no isomeric transitions
occur?
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