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I. INTRODUCTION

Radioactivity is the emission of radiation originating from
a nuclear reaction or as a result of the spontaneous decay of
unstable atomic nuclei. The term radioactive decay refers to the
process whereby unstable atomic nuclei decay with the loss of
energy by the emission of elementary particles (e.g.. alpha
particles, beta particles, neutrons, and gamma-ray photons)
directly from the nucleus or the atomic clectron shells (e.g.,
Auger electrons and x-ray photons) within which the nucleus
resides. The rate of decay or disintegration rate of a radionuclide
(i.e., a specific isotope of an clement), as we shall see in this
chapter, is directly proportional to the mass of the radionuclide.
Thus, radioactivity analysis is essentially the quantitative
analysis of radionuclides. Methods of radioactivity analysis
have, for the most part, two approaches, namely, the determi-
nation of the disintegration rate of a radionuclide by the
counting of the atoms of a radionuclide disintegrating per unit
time or by measuring the mass of a radionuclide, such as is done
using mass spectrometry. Thus, we can calculate the mass of the
radionuclide from its disintegration rate and vice versa.

The analysis of radioactivity is a challenging field. Both the
sources of radioactivity (i.e., radionuclides) and the media
within which the radionuclides may be found can present
themselves in a wide range of complexities. Also, nuclear
radiation resulting from the decay of radionuclides can occur in
various types, percent abundances or intensities, and energies.
Furthermore, a given radionuclide may have more than one
mode of decay. The presence of appreciable activities of more
than one radionuclide in a sample can further complicate
analysis. In addition, the different parent—daughter nuclide
decay schemes, equilibria between parent and daughter radio-
nuclides, and the rates of decay that radioactive nuclides
undergo may fucilitate or complicate the analysis of a given
radionuclide. The problem of radioactivity analysis may be
confounded further by the wide range of chemical and/or
physical media (i.e.. sample matrices) from which the nuclear
radiation may emanate.

As we will find in this book, there are many modem methods
of radioactivity analysis. The types of detectors available for the
measurement of radioactivity are numerous, and they may be
designed in the gaseous, liquid, or solid state. They will differ
not only in their physical state but also in chemistry. The
instrumentation and electronic circuitry associated with radia-
tion detectors will also vary, As a result, the detectors and their
associated electronic instrumentation will perform with varying

efficiencies of radiation detection depending on many factors,
including the characteristics of the instrumentation, the types
and energices of the radiation, as well as sample properties.

The proper selection of a particular radiation detector or
method of radioactivity analysis requires a good understanding
of the properties of nuclear radiation, the mechanisms of
interaction of radiation with matter, half-life. decay schemes.
decay abundances, and energies of decay. This chapter covers
these concepts as a prelude to the various chapters that follow on
radioactivity analysis. Throughout the book, reference will be
made to the concepts covered in this introductory chapter. For
the experienced radioanalytical chemist, this chapter may serve
only as a review. However, the newcomer in this field should
find this introductory chapter essential to the understanding of
the concepts of radiation detection and measurement. He or she
will find that the concepts covered in this introductory chapter
will facilitate the selection of the most suitable radiation
detector and instrumentation required for any particular case,

The properties of nuclear radiation and the mechanisms
whereby nuclear radiation dissipates its energy in matter, dealt
with in this chapter, form the basis for the methods of detection
and measurement of radionuclides.

1. DISCOVERY AND EARLY
CHARACTERIZATION OF RADIOACTIVITY

A brief history of radioactivity and the pioneers, who have
contributed much to our understanding of this fascinating field
of science, is resented here. The history of the science is
important to our understanding of how we have arrived to where
we are today in this science, and it serves as a source of moti-
vation to fuwure pioneers in this field. For a more detailed
treatment of the history of radioactivity, the reader is invited to
peruse a previous work by the author (L' Annunziata, 2007).
Radioactivity was discovered in 1896 by Henri Becquerel.
At the beginning of 1896, on the very day that news reached
Paris of the discovery of x-rays, Henri Becquerel thought of
carrying out research 1o see whether or not natural phospho-
rescent materials emitted similar rays. He was then professor of
the Ecole Polytechnic in Paris where he went to work on some
uranium salts that he had inherited from his father, who had
previously studied phosphorescence as professor of applied
physics at the Polytechnic. Henri Becquerel placed samples of
uranium sulfate onto photographic plates, which were enclosed
in black paper or aluminum sheet to protect the plates from
exposure 1o light. After developing the photographic plates, he
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discovered that the uranium salts emitted rays that could pass
through the black paper and even a metal sheet or thin glass
positioned between the uranium salts and the photographic
plates. Becquerel reported his findings to the French Academy
of Sciences in February and March of 1896 (Becquerel,
1896a,b) and summarized his discovery in 1901 in the journal
Nature as follows:

At the commencement of the year 1896, in carrving out some
experiments with the salts of uranium..., I observed that these salts
emitted an invisible radiation. which traversed metals and bodies
opaque 1o light as well as glass and other transparent substances. This
radiation impressed a photographic plate and  discharged from
a distance electrified bodies — properties giving two methods of
studying the new rays,

At first he thought the rays were a result of phosphorescence,
that is, excitation of the crystals by sunlight forcing the crystals
to give off their own rays. However, Henri Becquerel carried out
further tests demonstrating that the rays emanating from the
uranium salts were independent of any external source of
excitation including light, clectricity, or heat, and the intensity
of the rays did not diminish appreciably with time. “We were
thus faced with a spontancous phenomenon of a new order™,
which were his words during his Nobel Lecture (Becquerel,
1903) given on December 11, 1903,

Becquerel provided evidence that all uranium salts emitted
the same radiation and that this was a property of the uranium
atom particularly since uranium metal gave off much more
intense radiation than the salts of that element. The new radi-
ation produced ionization, and the intensity of the radioactivity
could be measured by this ionization. Not only did these rays
produce ionization, but he was able to demonstrate that a large
portion of these rays could be deflected by a magnetic field and
were charged particles of property similar to cathode rays. It
was J. J. Thomson, Cavendish Professor of Experimental
Physics at Trinity College, Cambridge, who discovered in 1897
that the cathode rays were electrons (Thomson, 1897). Thus,
Becequerel was the first to provide evidence that some of the
radiation emitted by uranium and its salts were similar in
properties to electrons. It would be years later that Emest
Rutherford (1903) would name the electrons originating from
nuclear decay as beta particles,

Following Becquerel's discovery of spontancous radiation
from uranium, Marie Curie, who was born Maria Sklodowska in

Photographic emulsions
1 cm thick on glass plates A and B
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Warsaw, Poland. decided to study the mysterious rays emitted
by uranium and to apply the work for a doctorate degree in the
laboratory of her husband Pierre Curie, who was Professor of
the Municipal School of Industrial Physics and Chemistry in
Paris. France. In 1898 Maric Curie discovered that not only
uranium gave off the mysterious rays discovered by Becquerel,
but thorium did as well: this was independently discovered by
Gerhard Schmidt in Germany the same year. Pierre and Marie
Curic observed that the intensity of the spontancous rays
emitted by wranium or thorium increased as the amount of
uranium or thorium increased. They concluded that these rays
were a property of the atoms or uranium and thorium; thus, they
decided 1o coin these substances as “radioactive”. The emana-
tion of such spontancous rays from atoms would now be
referred to as “radioactivity™. Through tedious chemical sepa-
rations and analyses, Marie and Pierre Curie worked as a team
and found that another radioactive element with chemical
properties similar to bismuth was present in pitchblende. She
named this new element “polonium™ in honor of her native
country. They found yet a second new radioactive element in the
pitchblende ore with chemical properties close to that of
barium, and they named that new clement “radium” from the
Latin word radius meaning “ray” (Curie, 1905, 1911).

The discovery of a highly penetrating radiation that was
nondeviable in an external magnetic field, which is now known
as gamma radiation, was discovered by Paul Villard at the
Ecole Normal in Paris, France in 1900, Villard's discovery of
gamma radiation was reported to the French Academy of
Sciences (Villard, 1900a,b) and at the Meetings of the French
Society of Physics (1900¢). Villard did not provide any
diagrams of his experimental arrangements, which led 1o the
discovery of gamma rays: however, the writer sketched Fig. 1.1
to facilitate the description of his experiment. Villard placed
a sample of barium chloride containing radium sealed in
a glass ampoule within a lead shield that contained an opening.
which essentially provided a collimated beam of the radiation
from the radium source as illustrated in Fig. 1.1. To the radi-
ation beam, he exposed two photographic plates wrapped in
black light-tight protective paper. Between the two plates was
sandwiched a 0.3 mm thick lead barrier. A magnetic field was
applied to the collimated beam to deflect the deviable rays.
Alpha particles emitted by the radium are ignored, because
these are absorbed by the protective paper wrapping of the
photographic plates. The magnetic field caused a deviation of

FIGURE 1.1 Paul Villard's (a) experimental

2 und (b) expen ! results that lead to
his discovery of gamma rays in 1900, Photographic
plates A and B consisting of emulsion set on 1 ¢m
thick glass supports were separuted from each other
by a 0.3 mm thick lead barrier and wrapped in an
envelope of light-tight paper. The dashed circle
represents the pole of a magnet from which the lines
of force are directed imo the plane of the page
perpendicular to the path of radiation emitted by the

dium source,
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the beta particles whereas a very penetrating radiation
remained unaffected or undeviable by the magnetic field as
evidence from the images produced by the radium emanations
on the developed photographic emulsions. The developed
photographic emulsion A, which was the first to receive the
nuclear radiations from the radium, showed two spots
produced by two types of radiation, one deviable (marked 8)
and the other undeviable (marked ) in the magnetic field. The
second photographic emulsion B, which was placed behind
a 0.3 mm thick lead barrier, yielded only one spot produced by
a highly penetrating radiation unaffected by the magnetic ficld.
The intensity of the spot on emulsion B was the same as that
on emulsion A indicating that its intensity remained unaffected
to any observable extent by the lead barrier. The spot was also
more clearly discernable, because it was not clouded by the
deviable beta particles. Villard concluded that his experimental
evidence demonstrated a radiation of property similar to x-
rays, but with a greater penetrating power than x-radiation, In
the journal Narure, Beequerel (1901) acknowledged Villard's
discovery of gamma rays, which had not yet been named as
such, with the following statement:

there exists two kinds of radiations, one not capable of deviation [in
a magnetic field] and of which the nature is still unknown, the other
capable of deviation, which later experiments have identified with the
cathode rays [later identified as beta particles]...l might add that
recently Mr. Villard has proved the existence in the radium radiation of
very penetrating rays, which are not capable of deviation.

Villard did not venture to name this newly discovered highly
penetrating radiation. He was a modest person possibly unin-
terested in fame or in the highly competitive pursuits of his
fellow scientists in this new frontier.

Emest Rutherford (1903), who is considered by many as the
best experimental physicist of the 20™ century, was first to name
the highly penetrating radiation discovered by Villard as gamma
rays. A few years prior to Villard's discovery, Rutherford (1899)
had already named two types of nuclear radiation as “alpha™ and
“beta”, which he characterized on the basis of their relative
penetrative power in matter, that is, alpha radiation would be
more easily absorbed by matter than beta radiation. In harmony
with this nomenclature, Rutherford assigned the term gamma
rays to the yet more penetrating radiation. In the Philosophical
Magazine, Rutherford (1903) named and characterized the three
types of nuclear radiation on the basis of their penetration power
in matter as follows:

“Radium gives out three distinct types of radiation:

1. The « rays, which are very easily absorbed by thin layers of
matter, and which give rise to the greater portion of the
ionization of the gas observed under the usual experimental
conditions.

2. The B rays, which consist of negatively charged particles
projected with high velocity, and which are similar in all
respects to cathode rays produced in a vacuum-tube,

3. The y rays, which are nondeviable by a magnetic field, and
which are of a very penetrating character.

These rays differ very widely in their power of penetrating
matter. The following approximate numbers, which show the

https://www.dawsonera.com/reader/sessionid 15...

Handbook of Radioactivity Analysis

thickness of aluminum traversed before the intensity is reduced
to one-half, illustrate this difference:”

Radiation Thickness of aluminum
@ rays 20005 cm

B rays 05 cm

Y rays Bcm

As noted by Rutherford in the above quotation, ionization in
a gas was one of the principal properties of nuclear radiation,
which helped distinguish the radiation type. It was well
understood at the time that the three rays possessed different
powers of ionization in matter. The number of ion pairs formed
in a gas by a-, 8-, and y-rays of given energy per path length
of travel would differ according to the relationship a-rays >
B-rays > y-rays. Consequently, the property of ionization power
of a given radiation was used to also measure the intensity of
that radiation.

In addition to the different penetrating powers of a-, -, and
y-radiation, other properties were used to identify these
mysterious radiations, such as the differing deflections that the
three radiations undergo in electric or magnetic fields. Ruth-
erford (1903) contributed much to the understanding of these
properties during the carly years of research on radioactivity.
Alpha radiation was known to possess a positive charge,
because it would be deflected toward the negative electrode in
an electric field potential, while beta particles were known to be
negatively charged due to their deflection in the opposite
direction toward the anode or positive electrode. However,
gamma radiation would not undergo any deflection whatsoever
as illustrated in Fig.1.2, Likewise, the alpha and beta radiations,
when traveling in a path perpendicular to the lines of force of
a magnetic field, will be deflected in opposite directions, which
is a characteristic of charged particles. Gamma radiation, which

(@) (b)

FIGURE 1.2 Paths of travel of collimated beams of alpha-, beta-, and gamma
radiation in (a) electric and (b) magnetic ficlds, Beam collimation is provided by
placing the radistion source in a hole drilled within shielded containers (e.g..
lead ) of which cross sections are illustrated. The electric field in (a) is illustrated
by positive and negatively charged clectrodes separated by a space through
which the radiastions pass: and the magnetic field in (b) is illustrated by the circle
1o depict the pole of a magnet through which the lines of force of magnetic flux
(marked by the symbol x) are directed into the plane of the page (z-axis)
dicular to the radiation paths in the xy-axis,
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carries no electric charge, would continue along a straight
undeviating path in either electric or magnetic fields,

After three years at the Cavendish Laboratory, University of
Cambridge, Ernest Rutherford, originally from New Zealand,
moved in 1898 to McGill University in Montreal at the age of 27
1o take on the position of Professor of Physics, It is at McGill
University where he began to make his major discoveries in the
field of nuclear physics. The first of these was the discovery that
radioactive atoms emiting a-particles or g-particles disintegrate
into atoms of lighter weight: in other words, atoms of an
clement such as radium that emit «-particles undergo trans-
formations to atoms of a lighter and consequently different
clement. Rutherford and coworkers demonstrated that the alpha
particle was an atom of helium (later to be determined to be
a nucleus of helium) and that helium gas would accumulate or
be entrapped in minerals that contained radium. Furthermore,
he demonstrated that the lighter atom produced as a product of
the decay of radium would likewise be radioactive and, in tumn,
decay to another even lighter atom, and so on until the final
product atom was stable. It was for this work that Rutherford
received the 1908 Nobel Prize in Chemistry.

Rutherford’s work in conjunction with numerous collabora-
tors, including Frederick Soddy (Rutherford and Soddy. 1902,
Rutherford, 1908), led to the conclusion that one chemical
clement can transform into other elements, which was previously
only a centuries-old belief of alchemists, who tried to change lead
into gold. Prof. Hasselberg (1908), in his speech of the 1908
Nobel Prize presentation, had foresight when he added further

[Rutherford’s] disintegration theory [of atoms] and the experimental
results upon which it is based. are synonymous with a new department
of chemistry.

We can thus give credit to Rutherford for giving birth to the
field of radiochemistry. It was, however, Frederick Soddy, who
established the “displacement law™ or “periodic law™ of radio-
nuclides. While at Glasgow University in 1913, he published in
the journal Narure (Soddy. 1913a) the law in the following
words:

The successive expulsion of one o and rwo B particles in three radio-
active changes in any order brings the inter-atomic charge of the
element back to its initial value, and the element back to its original
place in the (Periodic) Table, though its atomic mass is reduced by four
units.

An example of Soddy's displacement law can be taken from
a part of Fig. 1.19 of the thorium decay series, which is illus-
trated here in Fig. 1.3,

As illustrated in Fig. 1.3, Soddy demonstrated that the
emission of an a-particle would produce an element that is two
atomic numbers lower, while the emission of a 8-particle would
displace an atom one atomic number higher. In the illustration
above we see that the radioactive atom of thorium-232 emits an
a-particle to become an atom of radium-228, which in turn
decays by the emission of a §-particle to become radioactive
actinium-228. The actinium atom also decays by the emission
of a g-particle to become thorium, the same element of atomic
number 90 from which it had originated, but with a mass
number of four units less. The emission of an a-particle from
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the thorium-228 brings the atom back to the element radium
with four mass units less than the atom of radium-228. The
parent and product atoms of atomic number 90 are of the same
element thorium, but of different mass. These two distinct
atoms of thorium (332Th and 2ZTh) and radium (*ZRa and
22iRa) illustrated above are today known as “isotopes”, because
Soddy (1913a.b) coined the word “isotopes™ to refer to such
atoms that occupy the same place (from the Greek) in the
Periodic Table. Isotopes have the same atomic number (i.e., the
number of protons in the nucleus), but different mass number
(i.e., number of protons plus neutrons in the nucleus).

One of Emest Rutherford’s greatest discoveries came in
1919 when he reported the first evidence of a man-made nuclear
reaction, that is, the splitting of the atom. This he was able to
demonstrate when a high-speed alpha particle would strike the
nucleus of an atom and rearrange it into two different atoms.
Rutherford observed that when alpha particles would strike air.
he could detect scintillation on a zine sulfide screen produced at
a distance well beyond the distance of alpha-particle range of
travel, which corresponded to the range of travel of hydrogen
atoms (protons). He demonstrated that the production of high-
speed protons, by collision of alpha particles with air, arose
from the collision of the alpha particles with nitrogen atoms
only, because the effect would not occur with other constituents
of air such as oxygen or carbon dioxide. Furthermore, when
pure nitrogen was the target, the scintillations produced by the
product hydrogen nuclei (protons) were greater than when air
was bombarded with alpha particles (air contains 79%
nitrogen). Rutherford was also able to show that the number of
swift atoms of oxygen produced by the alpha-particle collisions
was about the same as the corresponding number of hydrogen
nuclei (protons). This first man-made nuclear reaction is written
as follows:

fHe+ YN — 'O+ H (1.1)

The historic nuclear reaction occurs when the colliding alpha
particle, equivalent to a nucleus of helium ($He), interacts with
an atom of nitrogen- 14 (the most abundant isotope of nitrogen,
denoted as "§N, because its nucleus contains 7 protons and 7
neutrons). In the collision, a proton (JH) is ¢jected and two
protons and two neutrons from the alpha particle can coalesce
with the remaining nucleons of the original nitrogen to yield
a nucleus having 8 protons and 9 neutrons, namely, the isotope
oxygen-17 denoted above as 'JO. This was the very first arti-
ficial transformation of one element into another, which was the
age-old dream of alchemists,
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As a result of the above man-made nuclear reaction where
protons were emitted as a product, Rutherford has been given
the honor of discovering the third elementary particle in matter,
the proton. To put this discovery in perspective, the first
clementary particle to be discovered was the electron from the
work of J.J. Thomson in 1897, and the second elementary
particle to be discovered was the photon from the work of Albert
Einstein in 1905, Einsteins’ discovery of the photon came in the
heels of Max Planck’s quantum theory of radiation (Planck,
1900), which was presented by Planck on December 14, 1900 at
a meeting of the Physikalische Gesellschaft in Berlin, Thus, the
world came to know that radiation is emitted at discrete energies
corresponding to differences in energy states of a body. Planck
defined the discrete energies of emitted radiation as the product
of Planck’s constant, /1, and the radiation frequency, v, or

E=h (1.2)

Planck referred to this discrete radiation energy as “the
quantum™ from the Latin guantus meaning “how great”. Thus,
Planck’s discovery of the energy quantum in 1900 and Ein-
stein’s interpretation of the photoelectric effect in 1905, where
he explained that light traveled not only as waves of electro-
magnetic radiation but also as discrete packets of energy.
namely “light quanta™ or photons. This opened a new door to
radiation physics, referrred to as quantum physics, and Eqn
(1.2) is now often referred to as the Planck—Einstein relation
(Woan, 2000). If electromagnetic radiation, such as x-rays,
gamma rays, and visible light, had the properties of a particle,
that is, the energy quantum or photon, Louis Victor de Broglie at
Paris University reasoned. in turn, that all particles in motion
would have properties of a wave (de Broglie, 1923a.b.c. 1924,
1925) . He reasoned that all particles of known rest mass would,
in motion, have a dual nature, that of a particle and that of
a wave. Thus, the electron, neutron, proton, and alpha particle.
ete, could display this dual nature. He derived the fundamental
relation for the wavelength of a particle in motion as

2= h/p (1.3)

where 2 is the wavelength of the particle, that is, the distance
between two consccutive peaks of the particle wave, h is
Planck’s constant, and p is the particle momentum. This dual
nature of particles (matter and wave) has been proven many
times over and remains vital to applications in particle
diffraction.

Another contribution, among many others made by Ruth-
erford. deserves mention. This is the development, together with
Hans Geiger, of the electronic means of detecting and counting
individual alpha-particle emissions from radioactive atoms, The
alpha-particle emissions were allowed to travel through a small
opening or window into a vessel containing air or other gas
exposed to an electric potential, The vessel is referred to today as
an ionization chamber. Upon entering the vessel the alpha
particle, which carries a double positive charge. would cause
ionization of the gas, and the ions produced by the alpha particle
would accelerate toward clectrodes of the chamber, thereby
magnifying the ionization within the gas. The positive and
negative ions produced by the alpha particle would be collected
by their apposing clectrodes and thereby produce a pulse that
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would cause a deflection of the electrometer needle. This
instrument was the precursor of more modern Geiger counters,
but it served its purpose, as Rutherford and Geiger were able to
count each alpha-particle emission from a radium sample and
calculate its specific activity, in the words of Rutherford on his
1908 Nobel Lecture, “In this way it was shown that 3.4 x 10"
alpha particles are expelled per second from one gmm of radium.”
This was very close to the real value of 3.7 x 10", which is used
today to define the unit of radioactivity known as the Curie (Ci),
where 1 Ci = 3.7 x 10" disintegrations per second.

Rutherford’s best work was vet to come after the Nobel
Prize. In 1907 he moved to England to fill the position of
Professor of Physics at Manchester University. It was at Man-
chester where Rutherford had a list of research topics to explore,
and one of these was the deflection that alpha particles would
undergo when passing through thin foils (approx. 5 x 10 *em
thick) of materials such as mica, aluminum, gold, ete, He knew
that the alpha particles, as they travel at high speed, would
traverse the very thin foils as if the foil material was not even in
the alpha-particle path, and that the flux of alpha-particle radi-
ation would undergo only a very slight dispersion upon exiting
the foils. This was understandable to him as strong electrical
charges, expected to occur in atoms, could cause the slight
deflection of the positively charged alpha particles,

The story goes that Rutherford was approached by one of his
students at Manchester, Dr. Hans Geiger (best known as the
person who developed the Geiger counter still used today for the
monitoring of radioactivity). Geiger had asked Rutherford
“What do you suggest we give the new student Emest Marsden
to do? Rutherford proposed that they try to see if any alpha
particles would bounce back, that is, not traverse the foil but be
deflected by over 90° back toward the particle direction of
travel. Rutherford did not expect to see any such deflection, but
it had to be investigated. They could discern the alpha-particle
direction of travel and count the deflections by means of a zinc
sulfide screen that would produce a microscopic fluorescence
(flash of light scintillation) in the dark when each individual
alpha particle hit the screen. They used radium as the source of
the alpha-particle beam to bombard a thin foil of gold. Geiger
later informed Rutherford that they could see the occasional
deflection by greater than 90° of one alpha particle for every
8000 particles traversing the gold foil. In 2 presentation given by
Rutherford years later, he described his reaction to this
discovery by stating

It was quite the maost incredible event that ever happened 1o me in my
life. It was as incredible as if you fired a 15-inch shell ar a piece of
tissue paper and it came back and hit you,

Rutherford grasped this discovery to conclude that there had
to be a massive core or nucleus in the atoms of materials that
would cause colliding alpha particles to bounce back. By using
high-energy (7.7 MeV) alpha particles, that would travel at
highest speeds available at that time, Rutherford was able to
calculate the distance of closest approach and consequently the
radius of the atomic nucleus to be approx. 5 x 107" meters
(Rutherford, 1906, 1913, 1919, 1920a.,b).

In a Letter to the Editor of Narure, concerning the structure
of the atom, published on December 11, 1913, Rutherford
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postulated correctly the atomic nucleus as the origin of a- and
B-radiation, In his letter, he stated the following:

There appears 1o me no doubt that the w particle does arise from the
nuclens, and 1 have thought for some time that the evidence poinis to
the conclusion thar the §§ particle has a similar origin, This point has
been discussed in some detail in a recent paper by Bohr (Phil. Mag..
Seprember 1913). The strongest evidence in support of this view is. to
my mind. (1) that the B ray. like the % ray transformations, are inde-
pendent of physical and chemical conditions, and (2) that the energy
emitted in the form of [ and y rays by the transformation of an atom of
radiunm C is much greater than could be expected to be stored up in the
external electronic system.

From here on, Rutherford was able to begin to formulate the
structure of atoms with a central massive nucleus (Rutherford,
1929, 1936), the structure that holds today. Rutherford’s find-
ings were the initial step that provided the foundation upon
which other physicists such as Niels Bohr, Werner Heisenberg,
and others to elaborate the structure of the atom as we know
it today.

Following Rutherford’s alpha-scatering experiment, which
provided evidence for a massive central nucleus, Niels Bohr
(1913, 1914, 1921a.b, 1922) formulated the structure of the
atom, known as the Bohr atom, consisting of a positively
charged nucleus with electron orbitals about the nucleus, the
number of which were sufficient 1o neutralize the positive
charge on the nucleus (i.e., the number of electrons in each atom
equaled the number of protons in the nucleus or its atomic
number). Also, the dimensions of the nucleus were very small in
comparison to the size of the atom defined by the electron
orbits, and almost all of the mass of the atom was concentrated
in the nucleus. By taking Rutherford’s atom, Max Planck’s
quantum theory of energy, and the simplest of all atoms
hydrogen, Niels Bohr was able to launch his quantum theory of
atomic structure, referred to as the Bohr atom. With his quantum
theory of atomic structure, Bohr was able to explain the spectra
of radiation emitted by atomic electrons and the chemical
properties of the elements based on electron groupings in
quantum orbits, Bohr proposed that electrons would exist in
orbits about the nucleus at discrete distances and each orbit
would represent specific quantized energies. Thus, when an
atom absorbs energy, from an external form of excitation, an
atomic electron would jump from one orbit to another further
away from the atomic nucleus. Energy absorbed by the atom
could be emitted from the atom as radiation when an electron
falls from an outer to an inner orbit. Bohr explained that energy
can be absorbed or emitted by an atom only as a single quantum
of energy or light photon (A4v) equal to the energy differences of
specific orbitals, The difference between two such energy levels
(E>—E)). divided by Planck’s constant s, would define the
oscillation frequency of a spectral line that can be emitted by the
atom, as described by the following:
_EB-E
RN
With his quantum theory of atomic structure, Bohr derived and

explained fully the Rydberg formula, which was a formula
devised by the Swedish physicist Janne Rydberg (1854—1919)

» (1.4)
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to calculate and predict the wavelengths of light photons
emitted by hydrogen and later applied to the other elements of
the periodic table to include. in addition to visible light, other
types of electromagnetic radiation emitted by atoms,

The use of electron orbits about a central atomic nucleus as
depicted by Bohr (i.e., the Bohr atom) was not considered or
intended as an accurate depiction of the atom: however, it
remains o this day a very didactic method to illustrate the atom
and explain radiation emission and absorption of electron origin
and the chemical properties of the elements. Because electrons
have propertics of both particles and waves, that is, a dual nature
as described by de Broglie, Werner Heisenber (1926a,b,c, 1929)
demonstrated that we cannot always assign to an electron
a position in space at a given time. nor follow it in its orbit;
therefore, we cannot assume that the planctary orbits postulated
by Niels Bohr actually exist. Heisenberg thus established the
uncertainty principle (Heisenberg, 1927), which states that it is
not possible to accurately measure both the atomic particle (e.g.,
clectron) velocity or momentum and its location. Heisenberg's
derivation from quantum mechanics showed that it is not
possible to determine, in any given instant in time, both the
velocity and the position of an atomic particle. It was demon-
strated that the more accurately one tries to determine the
velocity of the particle, the more uncertain becomes the deter-
mination of its position, and vice versa. Niels Bohr (1928)
presented his complimentarity argument that the clearest anal-
ysis that can be derived from quantum mechanics must include
both the corpuscular and wave nature of atomic particles, that is,
both the particulate and wave nature of the electron are needed
to complement cach other in providing a complete description
of the atomic particle.

Erwin Schrédinger (1926a,b.c.d.e) took the dual nature of
the electron to describe the electron and its properties with wave
equations. Schrodinger’s wave mechanics provided scientists
with a visual picture of the space coordinates occupied by the
clectron, which Heisenberg’s mathematical matrix equations
could not provide. Thus, we may also picture atomic electrons
as possessing energy levels, rather than occupying definite
orbits. Schridinger had interpreted his wave function ¥ as the
clectron’s matter-wave density distribution, that is, he wanted to
dispense with the particulate properties of the electron and
consider them to possess a continuous density distribution |W/|*
meaning that the electron as a wave could have a high density in
some regions of space and lower density in other regions. Max
Born, however, interpreted the wave function ¥ as pmviding
a picture of the electron with its coordinates in space, and |¥/|
as the probability density of the electron (Born, 1926a,b.c.d,
Bom, Heisenberg and Jordan, 1926, Bom and Oppenheimer,
1927 and Born and Fock, 1928). Bom's probability density
interpretation is widely accepted today as that which gives the
probability of finding the electron particle at particular coordi-
nates in space.

At the time that Heisenberg, Schridinger, and Bom were
studying the atomic clectron, the Austrian physicist Wolfgang
Pauli postulated the exclusion principle for which he received
the 1945 Nobel Prize in Physics, as this proved to be a vital
contribution 1o nuclear and atomic physics. The exclusion
principle (Pauli, 1924, 1925, 1946) stated that no two clectrons
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in an atom could exist in the same quantum or energy state.
Pauli’s exclusion principle enabled the assignment of electrons
to different quantum levels K, L. M, N, etc., and our subsequent
understanding of x-ray spectra that often follows nuclear decay.
The Pauli exclusion principle also proved to be a vital tool
decades later to explain the structure of protons and neutrons in
the nucleus, particularly what is referred to as the shell structure
of the nucleus, and the stability of particular nuclei to decay.
Like the clectrons, which are assigned to various quantum levels
or orbitals on the basis of Pauli’s exclusion principle, no two
nucleons may possess the same quantum or energy state and are
assigned 1o specific shells. Centain filled shells of protons and
neutrons in the nucleus were found to be unusually stable by
Maria Goeppert-Mayer at the Argonne National Laboratory and
J. Hans D. Jensen at the University of Heidelberg (Goeppert-
Mayer and Jensen, 1955). Maria Goeppert-Mayer and J. Hans
D. Jensen were awarded the 1963 Nobel Prize for Physics for
their work on nuclear structure, which they shared with Eugene
Wigner for his work on the mechanics of proton—neutron
interaction,

One of the greatest conundrums of modern physics was beta
decay. It was understood that the Kinetic energy of a particle
emitted by a decaying nucleus was a manifest of the decay
energy of that nucleus, However, it was observed that beta
particles are emitted from decaying nuclei with a broad spec-
trum of energies over a range between zero and a maximum
energy or Eqgy. In other words, it was observed that most of the
beta particles emitted possessed an energy less than the nuclear
decay cnergy. Only a very small number of the beta particles of
the maximum energy of the beta-particle energy spectrum
would correspond to the nuclear decay energy. In desperation
for an answer, some physicists proposed that possibly the laws
of conservation of energy did not apply in this particular case.
However, Wolfgang Pauli could not agree to any exceptions to
the laws of energy conservation, and he took a bold step. He
proposed that during beta decay, there exists another particle of
zero charge and very small rest mass that would be created at
the time of beta decay, and this particle would share the decay
energy with the beta particle. While he was professor of theo-
retical physics at the Swiss Federal Institute of Technology in
Zurich (Eidgendssische Technische Hochschule or ETH,
Zurich), Pauli sent an Open Letter dated December 4,1930 to
the Radioactivity Group at their Regional Meeting at Tiibingen,
Germany. In this letter Pauli wrote

Dear Radioactive Ladies and Gentleman,

1 beg you to most favorably listen to the carrier of this letter. He will tell
you... of the continuous beta spectrum. 1 have hit upon a desperate
remedy to save... the law of conservation of energy. There is the
possibility that electrically newtral particles exist... in nuclei, which
have a spin ¥z and obey the exclusion principle, and which differ from
the photons also in that they do not move with the velocity of light. The
continuous beta spectrum would then be understandable if one assumes

Handbook of Radioactivity Analysis

that during beta decay with each electron a [neutrino)’ is emitted in
siech a way that the sum of the energies of the [neutrino)’ and electron
(i.e.. beta-particle) is constant.

I admit that my remedy may seem incredible... But only he who dares
can win and the difficult siteation caused by the continuous beta
spectrum ... Henceforth every possible solution must be discussed. So,
dear radioactive people, because 1 am indispensible here due to a ball
which will take place in Zurich during the night from December 6 to 7.
With my best regands 1o you...

Your humble servant,
W. Pauli

The writer believes that Wolfgang Pauli used the ball in
Zurich as an excuse not to attend the scientific conference,
because he wanted his letter to be read to the participants of the
conference; and it is very understandable that he would not want
1o listen to any ridiculous arguments against his theory, partic-
ularly any that would suggest an exception to the law of
conservation of energy.

Wolfgang Pauli’s prediction in 1930 of the necutrino as
a particle that would be produced in beta decay and share the
decay energy with the beta particle was only the beginning of
the elucidation of a more complex scheme for beta decay. Two
years carlier Paul A.M. Dirac, as a Fellow at St. John's College
in Cambridge and a researcher at the Cavendish Laboratory,
published the quantum theory of the electron (Dirac, 1928a.b,
1933). A result of Dirac’s quantum theory of the electron was
the prediction of the electron spin and the occurrence of a new
electron, one of positive charge, known as the positron, the
antiparticle of the negatron or negative electron. Dirac also
predicted the phenomenon of annihilation, when a particle and
its antiparticle (e.g., negatron and positron) come into contact
and are annihilated by the conversion of their electron masses
into electromagnetic radiation. He also predicted pair produc-
tion, which would be the converse of annihilation, that is, the
creation of a positron and negatron pair from clectromagnetic
radiation. In his Nobel Lecture Dirac explained

From our theoretical picture, we should expect an ordinary electron,
with positive energy. to be able to drop into a hole and fill up this hole,
the energy being liberated in the form of elec gnetic radiati
This would mean a process in which an electron and a positron anni-
hilate one another. The comverse process, namely the creation of an
clectron and a positron from electromagnetic radiation, should also be
able to take place. Such processes appear 1o have been found experi-
mentally, and are ar present being more closely investigated by
experimenters,

The existence of the positron was experimentally discovered
in 1932 by Carl D. Anderson while carrying out research on
cosmic rays for which he was awarded the Nobel Prize in
Physics 1936 (Anderson, 1932, 1933ab). Anderson also
demonstrated together with his graduate student, Seth

! The actual naming of the particle as the

while not included in Pauli’s letter, is included here for clanification with the reader as to the real particle referred

to by Paali, Enrico Fermi later coined the name of this ncutral particle of near-zero rest mass as the “newtrino™ from the ltalian meaning “litle neutral one™, Due to
the particle’s newtral charge and near-zero rest mass, it was very difficult to detect the neutrinos, so difficult, that it was not until over 25 years later (June 1956) did

technology permit Frederick Reines and Clyde Cowan, Jr. to finally achieve the &

of the

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

9 of 282

Chapter | 1 Radiation Physics and Radionuclide Decay

~ : T 2 |

FIGURE 1.4 Photograph of clowd chamber tracks of positrons (curved tracks
on the right) and negatrons (curved tracks on the left) originating from
a common point of origin where gamma-ray photons of cosmic origin were
absorbed by a lead barrier. The magnetic fiek! was applied in the direction of the
page of this book. The photograph was presented as a stereoscopic pair, and the
direct image is a1 the left, (From Anderson and Neddermeyer, 1936). A drawing
10 the night illustrates pair-production, that is, the production of a negatron-
positron pair from the epergy of a gamma-ray photon in the region of the nucleus
of an absorber material such as lead. The curved tracks illustrate the direction of
the negatron-positron pair by the magnetic field. (Reprimted with permission ©
1936 American Physical Soctery.)

Neddermeyer, that gamma rays from “ThC™ (i.e.. *'*Bi) would
generate positrons, by pair production, after passing through
substances such as lead (Anderson and Neddermeyer, 1933),
Pair production, as predicted by Dirac, is the creation of an
electron and positron pair by the conversion of the energy of
electromagnetic gamma radiation into the masses of two elec-
trons of opposite charge. A cloud chamber photograph of
positron—negatron pair production is illustrated in Fig. 1.4

If negative and positive electrons (i.e., beta particles) were
known to exist and these were products of beta decay, the
mystery remained how beta particles, which are equivalent 10
clectrons, could originate and be expelled from an atomic
nucleus. The beta decay process of radioisotopes, often referred
to as “Fermi Beta Decay”. was elaborated in 1934 by Enrico
Fermi (1934a,b) only two years following the discovery of the
neutron by James Chadwick (1932a, b). Fermi proposed that
within the nucleus of a radioactive atom, the neutron may decay
to a proton and vice versa, & proton into a neutron, He proposed
the existence of a weak interaction as a new force, within the
nucleus, that permits a neutron to decay into a proton and
a negatively charged electron (i.e., negatron) and antineutrino
(n—p* 4 e 4+ r) or vice versa, a proton could decay into
a neutron and a positively charged electron (i.e.. positron) and
neutrino (p* =+n +¢” + »). The weak interaction would allow
anucleon (proton or neutron) to transform itself into the other 1o
achieve nuclear stability. This force would be weaker than the
strong nuclear force or strong interaction that binds the nucleons
together in the nucleus. The weak interaction proposed by Fermi
advanced into a unified electroweak theory for which the Nobel
Prize in Physics 1979 was awarded to Sheldon L. Glashow,
Abdus Salam, and Steven Weinberg “for their contributions to
the theory of unified weak and electromagnetic interaction
between elementary particles...”, as it has subsequently been
discovered that the weak interactions and electromagnetic

https://www.dawsonera.com/reader/sessionid 15...
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interactions are of similar strengths at short distances typical of
nucleons (10" meters). These two forces can be combined
into what is called the electroweak force.

Fermi's original manuscript on the transformations of
nucleons within the nucleus was rejected by the editors of the
journal Nature because of its theoretical nature, and therefore
his first reports on the beta decay theory were published in the
Italian and German languages (Fermi 1934a,b). Evidence for
these transformations was provided years later by Snell and
Miller (1948), who demonstrated that the neutron, when outside
the protective confines of a nucleus, would decay to a proton
and an electron with a lifetime of ~15 minutes according to the
scheme

n = p' e +r+0.782 MeV (1.5)

Although Fermi is well remembered for his beta decay theory.
the Nobel Prize was awarded to him in 1938 for his contribution
to the application of neutron radiation to the production of many
new radioactive isotopes and to his discovery that certain
nuclear reactions are brought about by slow neutrons. In his
Nobel Lecture (December 12, 1938) Fermi acknowledged that
Rutherford was the first to start the technique of nuclear
bombardments using high-energy alpha particles to enable the
transmutation of one element into another in 1919, Fermi
further noted that immediately after the discoveries of the
artificial production of radioactive elements (radioisotopes) by
the Joliot-Curies in 1934 by alpha-particle induced nuclear
reactions (Joliot-Curie and Joliot 1934a-—c). he thought that
alpha particles might not be the only type of bombarding
projectiles that could produce artificial radioactivity, particu-
larly for atoms with atomic number greater than 20, and began
then to investigate the effects of bombarding various elements
with neutrons.

Fermi observed that neutrons having no electric charge
should be able to reach the nuclei of all atoms without having to
overcome the Coulombic barrier of the target nucleus. He knew
that the neutron would not be hindered by the atomic electrons
or the positive charge of the atomic nucleus, and that the
probability of nuclear collisions by neutrons would be higher
than that achievable with charged projectiles such as alpha
particles or protons. The initial results obtained by Fermi
in early 1934 (Fermi 1934¢,d and Fermi et al, 1934) and
his coworkers during 1934—1940 including H. Anderson,
E. Amaldi, O, D'Agostino, F. Rasetti, E. Segré, and L. Szilard
(Amaldi and Fermi, 1935, 1936ab. Amaldi et al, 1935,
Anderson, et al, 1939a,b, Fermi and Amaldi (1936), Fermi
(1940a.b) and Fermi et al, (1934, 1938) yielded 63 antificial
radioisotopes.

Only about six months after their first experiment with
neutron bombardment Fermi made a great discovery. Fermi
found that the neutron irradiation of clements became more
effective in producing new radioisotopes when the neutrons
were made to slow down, by allowing the neutron beam to pass
through a given barrier of water or paraffin. By so doing the fast
neutrons are slowed down to become thermal neutrons or, in
other words, neutrons corresponding to thermal agitation. In his
Nobel Lecture, Fermi explained the properties of thermal
neutrons
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After their energy is reduced to a value corresponding to thermal
agitation, the newtrons go on diffusing withowt further change of their
average energy. All of the processes of capture of slow neutrons by any
mucleus are generally accompanied by the emission of ganuna rays:
Immediately after the capture of the nentron. the nucleus remains in
a state of high excitation and emits one or more gamma-quanta, before
reaching the ground state.

The idea of slowing down neutrons to improve the efficiency
of neutron capture was contrary to what one would believe at
that time, because previously only charged particles were used
to bombard atomic nuclei and the higher the speed of the
charged particle, the greater the probability of penetrating the
Coulombic barrier of the target atom. Because neutrons have no
difficulty diffusing into close proximity of atomic nuclei, Fermi
and his coworkers were able to produce more than 400 new
radioisotopes using slow neutron bombardment of all known
elements with the exception of hydrogen and helium.

The work of Enrico Fermi on neutron reactions up to 1938
was the final precursor needed for the discovery of nuclear
fission by Otto Hahn and Fritz Strassmann in 1939 with the
collaboration of Lise Meitner (Hahn and Strassman, 1939a.b,
Meitner and Frisch, 1939 and Meitner et al, 1938). Fermi’s next
great achievement would be the construction of the first nuclear
reactor.

Enrico Fermi collaborated with Leo Szilard and a team of
scientists in the construction of the first nuclear reactor. Leo
Szilard was a renowned theoretical physicist and lifelong friend
of Albert Einstein. Fermi's great knowledge of neutron physics
and Szilard’s determination to beat Germany to the production
of a nuclear fission chain reaction were an excellent combina-
tion for the successful working reactor. In the words of Richard
Rhodes (1986)

In 1939, still official enemy aliens, Fermi and Szilard co-imvented the
nuclear reactor at Columbia University, skeiching out a three-dimen-
sional lattice of wranium slugs dropped into holes in black. greasy
blocks of graphite moderator, with sliding neutron-absorbing cadmium
control rods 1o regulate the chain reaction.

As soon as it became known that neutron-induced fission of
uranium-235 would yield more than one neutron per fission
Fermi, Szilard, and others knew that a fission chain reaction
would be possible, which would release large amounts of
energy, Walter Zinn and Leo Szilard (1939) determined that 2.4
neutrons were emitted on the average for neutron-induced ***U
fission, and it was understood that each fission reaction would
yield a high amount of energy, ~200 MeV. The reactor, that was
built under the directon of Enrico Fermi, was given the name of
an “atomic pile”., coined by Fermi, because the unique apparatus
had the appearance of a pile of uranium fuel, graphite moder-
ator, and cadmium control elements. Fermi knew from his
previous work with neutrons that cadmium has a very high
efficiency for absorbing slow (thermal) neutrons and should
serve to control the chain reaction, and that fission in **U is
optimal at thermal incident neutron energies. They assembled
the pile in such a way that neutrons would be produced with the
correct energy needed to create fission in the uranium whereby
the splitting of uranium nuclei would create additional neutrons
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and keep the chain reaction going to produce energy with the
application of cadmium rods to control the reaction, The reactor
“pile” was assembled by Fermi and his team on a squash court
under the stands of the University of Chicago’s Stagg (football)
Field in late 1942, On December 2, 1942, under the direction of
Enrico Fermi, the reactor went eritical, that is, the chain reaction
was sustained with the production of a neutron for every neutron
absorbed by the uranium nucleus. Fermi allowed the reactor to
continue as a carcfully controlled chain reaction for 4.5 minutes
at one-half watt of power. A plaque, at the site of the first
“atomic pile”, commemorates this historic event with the words
“On December 2, 1942, man achieved here the first self-
sustaining chain reaction and thereby initiated the controlled
release of nuclear energy.”

On December 19, 1944 Enrico Fermi and Leo Szilard jointly
filed for a highly classified patent as co-inventors of the atomic
pile, describing how the self-sustained nuclear chain reaction
had been achieved. The patent (U.S. Patent No. 2,708,656
entitled “Neutronic Reactor™) was not issued until May 18,
1955. The invention of the nuclear reactor for the peaceful
application of nuclear encrgy capable of providing electric
power to cities was declared by some to be one of the most
significant inventions of all time comparable to those of
communication, the telegraph and telephone, by Samuel Morse
and Alexander Graham Bell.

The first nuclear reactor was a giant step for mankind. as it
has had since Fermi's “atomic pile™ and continues to have a vital
role in development with peaceful applications including (1) the
production of isotopes for medical, biological, and other vital
sciences; (2) the production of heat that can drive steam turbines
and generate enormous amounts of electricity: and (3) the
production of neutrons for research. A fourth ominous appli-
cation of the nuclear reactor is, of course, for the production of
plutonium for nuclear weapons. The peaceful applications of
nuclear power have an enormous impact on our daily lives, This
is underscored in an article by ElBaradei (2004), then IAEA
Director General, where he noted

At the end of last year there were 440 nuclear power units operating
worldwide. Together, they supply about 16% of the world’s electricity.
That percentage has remained  relatively steady for almost
20 years—meaning that nuclear electricity generation has grown ar
essentially the same rate as total elecrricity use worldwide.

About the same time that Enrico Fermi was producing
radionuclides by nuclear reactions with neutrons, Emest O,
Lawrence at the University of California, Berkeley, invented the
cyclotron, which could accelerate charged particles to high
energies capable of penctrating the Coulombic barrier of atoms
resulting in nuclear reactions that produced numerous radio-
nuclides. Lawrence visualized an accelerator, not consisting of
a large number of cylindrical accelerating electrodes in
a straight line. but one that had only two electrodes, which
would be used over and over again by sending the positive ions
back and forth through the electrodes in a circular fashion in
a magnetic field. He concluded that two hollow electrodes
would be needed with a relatively low voltage (e.g.. 4000 volts)
and oscillating positive and negative potential so that each
instant the accelerating ions exit one electrode and enter the
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other, the charges on the electrodes would change in accord with
the proper frequency providing a ‘push’ to the ions as they exit
an electrode and thereby increase their energy and velocity.

The experimental work on the development of the cyclotron
began in 1930 and, in the Spring of that year, Lawrence’s first
graduate student at Berkeley, Nels Edlefsen, constructed a crude
model. which gave evidence of working. In September 1930
they gave a preliminary report before a meeting of the National
Academy of Sciences (Lawrence and Edlefsen, 1930). In the
fall of the same year another graduate student M. Stanley Liv-
ingston improved on the model, which was only 4.5 inches
(11.43 cm) in diameter. The diameter of the accelerator refers to
the size of the chamber in which the ions move in a circular path
of increasing radius, The first working cyclotron produced
80,000 volt protons with less than 1,000 volts applied to the
semi-circular accelerating electrode. This was reported before
the American Physical Society (Lawrence and Livingston,
1931a) as a demonstration of the cyclotron as a practical
apparatus for the acceleration of ions, The same year Lawrence
and Livingston (1931b) reported the acceleration of protons to
0.5 MeV with only 5000 volts potential applied to the
electrodes.

Lawrence and Livingston (1932) described the basic design
and principle of the cyclotron, with a simple diagram such as that
illustrated in Fig. 1.5. The cyclotron utilizes the principle of
repeated acceleration of ions by means of resonance with an
oscillating field. The ions circulate from the interior of onc
electrode to the interior of another back and forth with increasing
speed in a circular fashion. The hollow electrodes A and B of
Fig. 1.5 are placed between the poles of a magnet, and the
magnetic field normal to the plane of the hollow plates causes the
ions to deflect in a circular fashion with a radius of curvature
dependent on the mass, charge, and velocity of the ions.

ao

The oscillating electric field between the electrodes is vital
to the operation of the cyclotron. For example, as Lawrence and
Livingston (1932) explained. if at one instant there is an ion in
the region between the electrodes, and if electrode A is negative
with respect to clectrode B, the ion will be ‘pushed’ and
accelerated to the interior of electrode A. Within the hollow
clectrode, the ion will travel along a circular path under the
effect of the magnetic field. After completing a semi-circular
path in electrode A, as illustrated by the arc @...b in Fig. 1.5, the
ion emerges again between the electrodes. If the time consumed
in the travel of this semi-circular path (e.g.. from point @ to point
b of Fig. 1.5) is equal to the half-period of the electric oscilla-
tions, the clectric field will have reversed and the ion will
receive a second ‘push’ and be accelerated into the interior of
clectrode B with higher velocity. The ion continues to travel in
a circular path in electrode B and completes another semi-
circular path with greater velocity and greater radius of curva-
ture. Upon completion of the semi-circular path in electrode B
at point ¢, the ion again emerges between the electrodes, and the
ion is again accelerated by the oscillating electric field to travel
at a greater speed into the interior of the opposing electrode with
a path of greater radius of curvature. The process of acceleration
repeats itself over and over until the ion achieves a radius of
curvature whereby it emerges from the cyclotron,

A vital characteristic of the cyclotron principle is that time of
travel of an ion to complete a semi-circular path is independent
of the ion’s velocity and thus independent of the radius of the
ion path. This was demonstrated and explained by Lawrence
and Livingston (1932) following their demonstration of an
11-inch (28-cm) diameter cyclotron:

...the radius of the path is proportional to the velocity, so that the
time required for the travel of a semi-circular path is independent of
the ion’s velocity, Thercfore, if the fon travels its first half-circle in

FIGURE 1.5 Diagrams ill ing the cycl hod of multipl I of ioas. On the leftis o dmmng of the top or bottom of the cyclotron electrodes
and on the right is a drawing of a view from the side with the el des between magnet poles, T\m L s A and ﬂ in the form of semi-circular hollow plates
(called Dees’ because they have the shape of the letter D) are dina vac hamber with their d | edges ad. The el des of the early cyclotron

of Lawrence and Livingston measured only 24 ¢m in diameter: and (hvm hollow semi-circular chambers, through which lhc ions traveled, had a width of only 1 cm.
The system is placed between the poles of a magnet whereby the magi field H is introduced normal 1o the plane of the plates. High frequency electric oscillations
are applied 1o the plites so that there results an oscillating electric field in the diametral region between them, A filament placed above the diametral region crestes
a stream of ¢k that produce the needed positive jons, which are pulled out sideways by the oscillating electric field. The electrons are not drawn out into the
cyclotron electrodes because of their very small radii of curvature in the magnetic field. The positive ions (e.g.. S or helium nuclei) are sccelerated
by the oscillating electric fiekd and truvel with increasing speed and energy in a circular l’xuhwn of increasing radius in the magnetic field as described in the text. The
beam of positive jons emerges from the cyclotron to collide with specific targets g new el stable isotopes, and radioisotopes, ete. (Adapred from
Lawrence and Livingstom, 1932.)
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a haif-cycle of the oscillations, it will do likewise on all succeeding
paths. Hence it will circulate around on ever widening semi-circles
Srom the interior of one electrode to the interior of the other, gaining an
increment of energy on each crossing of the diametral region that
corresponds to the momentary potential difference between the clec-
trodes. Thus, if. as was done in the present experiments, high frequency
oscillations having peak values of 4000 volts are applied 1o the elec-
trodes, and protons are caused 1o spiral around in this way 150 times,
they will receive 300 increments of energy. acquiring thereby a speed
corresponding to 1,200,000 volts.

The 1.2 million-volt hydrogen ions produced by Lawrence
and Livingston in their early |1-inch (28-cm.) diameter accel-
erator were of sufficient energy to disintegrate the light lithium
nucleus; but much higher energies would be needed to penetrate
larger atomic Coulombic barriers and disintegrate the heavier
clements. Larger-diameter cyclotrons would require larger
magnets, because the spiraling path taken by the ions in the
cyclotron are produced by a uniform magnetic field normal to
their plane of travel, Thus, the pole faces of the magnets had to be
at least as large as the diameter of the cyclotron vacuum chamber.

With a larger magnet at hand, Lawrence then proceeded to

build a 27-inch (69 ¢m.) diameter cyclotron with the electrodes
(‘dees’) measuring 20 inches (51 ¢cm) having a width of 1,12
inches (2.8 cm). With the new and larger cyclotron, Lawrence
and Livingston (1934) were able to accelerate protons (JH) 10 5
MeV energy. With yet further modification by essentially
increasing the size of the electrodes “dees’ 1o a diameter of 24.5
inches (62 cm) and width of 1.75 inches (4.4 cm), Lawrence and
Cooksey (1936) produced deuteron (heavy hydrogen, 7H) ions
and helium ions (3He) of 5- and 10-MeV energy. respectively.
The helium ions would be accelerated to twice the energy of the
deuterons, explained by Lawrence and Cooksey (1936) as
follows:
.. The helium ions having rwice the charge and mass relative to
deuterons, receive twice the increments in energy each time they pass
between the dees and arrive at the periphery with twice as much
energy. Thus, apart from difficulties of producing doubly charged
helium ions at the center; the cyclotron produces 10 MeV alpha parti-
cles as readily as 3 MeV deuterons.

The most significant outcome of the new and improved
cyclotron demonstrated by Lawrence and Cooksey (1936) was
the production of neutrons and artificial radioactive isotopes.
Neutron fluxes higher than ever achieved were reported. For
example, the neutron flux by the deuteron bombardment of
various elements including beryllium was 10° times greater than
that produced by a mixture of 1 curie of radon and beryllium.
Lawrence began to produce many new radioisotopes as noted by
Lawrence and Cooksey (1936):

With 5 MeV dewterons, it has been found possible (Lawrence, 1935) to
produce radioactive ismopes of many of the elements throughout the
periodic table. In many cases, the yields of the radioactive substances
are quite large; as for example, a day's bombardment of sodium metal
with 20 microampheres of 5 MeV deuterons produces more than
200 milligrams — equivalent of radio sodium.

By 1939, the year Lawrence received the Nobel Prize, he
and coworkers (Lawrence et al., 1939) at the Berkeley lab
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completed the construction of a larger 60-inch (1.5 meter)
cyclotron that produced 16 MeV deuterons. It had a magnet
weighing 200 tons. In his Nobel Lecture at Stockholm,
Lawrence (1951) commented about the larger cyclotron

woothe exclotron for the first time began to look like a well-engineered
machine. It was with this machine that the discoveries of the trans-
wranium elements were made, which have been rewarded this year by
the award of the Nobel Prize in Chemistry [195]1] to Edwin M.
McMillan and Glenn T. Seaborg.

Using the 60-inch cyclotron at the University of California,
Berkeley, McMillan and Abelson (1940) created neptunium
(Np) a new clement of atomic number 93. He moved to the
Massachusetts Institute of Technology. and Glenn T. Seaborg
continued research on the creation of new radioactive clements
with the 60-inch cyclotron. By bombarding U-238 with 16-MeV
deuterons from the 60-inch cyclotron, Seaborg et al. (1946a.b)
discovered element 94 (ie., atomic number 94). The new
element was named plutonium after the planet Pluto, because
McMillan had suggested the name neptunium after the planet
Neptune, the planct immediately beyond Uranus. Thus, Seaborg
noted that it would be proper to name the new element pluto-
nium (Pu) after what was then considered the next planet Pluto.
In the summer of 1944, Scaborg and coworkers bombarded
*9py with 32 MeV helium ions (equivalent to alpha particles) in
the Berkeley 60-inch cyclotron and created the new radioactive
clement 96, named curium, according to the reaction
2%Pu(a,n)%2Cm, which is an abbreviation for the nuclear
reaction that reads ‘target nucleus(projectile, particle emitted)
product nucleus’. A few months later they identified a new
clement 95, named americium, created by the bombardment of
*¥py with neutrons produced in a nuclear reactor. The resulting
24 Pu would decay by negative beta emission to yield 2;{Am
By December 1949, they were able to identify new elements 97
and 98 created by bombarding americium and curium with 37
MeV helium ions in the 60-inch cyclotron according to the
reactions 2§} Am(a.2n)%3Bk and 22Cm(a.2n)2CS, respec-
tively. The new elements berkelium (BK) and californium (Cf)
were named after the city and the university and state, respec-
tively. where the discovery was made. This work laid the
foundation for Seaborg's fomulation of the *actinide’ transition
series of elements in the Periodic Table, which begins with the
radioactive element actinium with a tripositive oxidation state.
Included in the series are elements 99—103, namely, einstei-
nium, fermium, mendelevium, nobelium, and lawrencium. In
recognition of this work, element 106 among the transuranium
elements, was named ‘seaborgium’ in 1997, which was the first
time an clement was named after a living person, less than two
years before the passing of Glenn T. Seaborg. For a detailed
description of this work, see Seaborg’s Nobel Lecture (Seaborg,
1951) and a more recent paper published by him four years
before his passing (Seaborg, 1995).

The cyclotron remains to this day an invaluable instrument
for the production of radionuclides. Many short-lived nuclides
are needed for the diagnosis and treatment of various types of
cancer. Particularly the radionuclides used by medical physi-
cians for positron emission tomography (PET) are short-lived;
and only with the cyclotron is it possible to produce these
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radionuclides on-site at hospitals where patients can be diag- %
nosed and treated. There are currently more than 350 cyclowons B+ Nuclides, Isotopes, Isobars, Isomers,
in 39 countries of the world (IAEA, 2006, 2007), many of these and Isotones

are in hospitals, which produce short-lived radionuclides for Aheifact bt the sidin contat o e i et

medical use. ered by Emest Rutherford (1911) following experiments that
revealed the backscattering of a-particles by atoms of gold,
"l. BASIC UN'TS AND DEF'N'T.ONS which was discussed pl'cvmusly in Section II. Reference to the
“nucleus™ as a massive positively charged center of the atom was
A. Properties of Atomic Constituents proposed by Rutherford (1913) and Niels Bohr (1913) in their

classic papers on the structure of the atom. However, it was not
until James Chadwick (1932a,b, 1935) discovered the neutron
: - : and determined its mass, could the structure of an atomic
magnetic moment, and stability. Several units of rest mass are nucleus be explained to contain a definite number of protons and

given, - lhcfsc xm: . 2 lhroughoul t.hc chap{cr. includins he neutrons, Consequently, the term nuclide and radionuclide could
expression of mass in terms of energy, the electron volt (eV) or thien be derived. whiich are defined a5 follows:

joule (J), the unit of energy established by the International
System of units (SI). A brief description of the terms used for
the properties of the atomic constituents is as follows:

Rest Mass: The rest mass, which is the mass of the particle
at rest relative to an observer. is expressed in four units, namely,
kilograms (kg) or atomic mass units (u)., and the energy
equivalence of the rest mass (£ = mpe?) in joules (J) or elec-
tron volts (eV). The atomic mass unit is defined in terms of the
stable carbon nuclide '*C, which is assigned an atomic mass of
exactly 12 uwhere 1 u = 1.660540 x 10" kg. The rest mass of
the proton or neutron is approximately 1840 times that of the
electron,

Charge: The charge on the particle is expressed on the basis
of the unit electron charge ¢ or ¢ or in units of the coulomb
(C). The neutron is neutral or without charge. A neutral atom
would be one that possesses a number of external electrons
equal 1o the number of protons in the nucleus. It may be
expressed as 2X, where Z is the nuclear charge or number of
protons in the nucleus and A is the mass number f’f the nucleus produced. The radioactive nuclides are referred 10 as radio-
or the sum of the number of protoas and neutrons o the nucleus. o clides. All of the nuclides. both stable and radioactive, are
The number of electrons that ll?c atom possesses is assumed to organized in “the Chart of the Nuclides™. The chart provides
equal that of Z when the atom is a neutral atom. a block containing the properties of each nuclide, which is

; Opti=Thé oton, sewizou, ded cleClI'Ol.l pomce hnlf-inlt.:gcr plotted according to its Z versus N, A small part of the Chart of
spin states that belong to a class of particles called fermions the Nuclides is illustrated in Fig. 1.35 in this chapter. The entire

(n_achll aﬂc;f';‘m_“" Pcnnh:l) 3 Fcn:_nion..ﬁ ohc‘y the Paul', c;:"{““" Chart of the Nuclides and the nuclear data for each nuclide can
principle, which states that no fermion can occupy the Same — p,. viowed on-line on the website of the National Nuclear Data
U S (_c morgy. Mae) Sty yives e dcscnbcq Center of the Brookhaven National Laboratory (hup:/www.
runhu: o '".“"_s chapter. The progesty of spin and (hc‘Paull nnde.bnl.gov/nudat2/ ). or on the website of the International
exclusion principle enable the assignment of protons and Aomic Energy Agency (hup://www-nds.iaea.org/relnsd/
neutrons to specific quantum levels or shells within the nucleus 00 /seps ML Bt ml). The term isotope, which is
and electrous to specific.orbitals away from .lhc nuciens. 2 frequently and erroneously used for the term nuclide, is dis-

Magnetic moment: The nuclear magnetic moments of the cussod and definod Below
proton and neutron are about a thousand-fold smaller than that ¢ Isotopes: Nobel Lau n.:ulc Frederick Soddy coined the word
of the electron. Allh.ough the neutron is.of neutral .chnrgc. it “isotopes” (Soddy 1913a,b) to refer to such atoms that have the
PONIOLS 3. MAgaELC MOmeS, due s underlym.g' quurk same atomic number (i.e., the number of protons in the nucleus)
CoRa— S Do cl,:ugc. Tho POSILIVE OF REGANVE SIENS by gifferent mass number (i.e.. number of protons plus neutrons
designated to the magnetic moments indicate that the spin in the nucleus). Soddy recognized that these are atoms of the
veotors and.lhc EECUO omons. s . OPpeN R dll‘CCll?ﬂ. same element in the periodic table but of different mass. In his
The magnetic moments are important properties that establish ds. Soddy (1913a) explained
the basis for magnetic resonance imaging and spectroscopy. ? z

Stability: The neutron is unstable outside the confines of the [/ call (them) “isotopes™ or “isotopic elements”, because they occupy
nucleus. Once outside the nucleus, a neutron has a mean half-  the same place (from the Greek) in the periodic table, They are
life of 10.2 minutes. chemically identical, and save only as regards the relatively few

The properties of the atomic constituents that are relevant to
topics dealt with in this chapter are rest mass. charge, spin,

Nuclide: A nuclide is a species of an atom that is charac-
terized by the number of protons (Z) and number of neutrons (N)
in its nucleus and by the energy state of the nucleus. A symbol
for a nuclide can be written in the form X, where X is the
symbol for the chemical element, Z is the atomic number or
number of protons in the nucleus, A is the mass number or the
number of protons plus neutrons in the nucleus, and N is the
number of neutrons in the nucleus, Generally when A and Z are
noted with the nuclide symbol, the neutron number N is not
written, as it is deduced (i.e. N = A-Z). For example, the
nuclide written as 59Sr represents an atom of the element
strontium with a nucleus containing 38 protons and 52 neutrons
and a mass number of 90. The nuclide may also be written in
a more abbreviated form as *Sr, since the atomic number of the
clement strontium is known and is an invariable number for that
clement. There are 266 stable nuclides and 83 unstable or
radioactive nuclides that exist naturally on Earth. More than
3000 radioactive nuclides are known that are artificially
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physical properties which depend on atomic mass directly, physically
identical also,

Soddy went further by alluding to the fact that not only can
we consider the radioactive atoms of specific elements as
“isotopes”, but that many, if not most, of the stable clements
may actually consist of a mixture of isotopes. In his Nobel
Lecture, Soddy (1922) gave credit to the Swedish scientists
Strimholm and Svedberg (1909a.b) by quoting them as follows:

Perhaps, one can see, as an indication in this direction, the fact that the
Mendeleev scheme (Periodic Table of Elements) is only an approximate
rule as concerns the atomic weight, but does not possess the exactitude
of a nawral law; this would not be surprising if the elements of the
scheme were mixtures of several homogeneous elements of similar but
not completely identical atomic weight.

Isotopes are nuclides that have the same atomic number (),
that is, the same number of protons; but they differ in their
number of neutrons (N). Thus, they differ in their mass number
(A), which is the sum of the number of protons and neutrons in
the nucleus. Because isotopes have the same atomic number,
they are nuclides of the same chemical element. For example,
the following are isotopes of the chemical element carbon:
e, 1hc, "2c, '2C, 1iC, where the subscript and superscript
represent the atomic number Z and mass number A, respectively,
whereby the number of neutrons in the nucleus, N, is calculated
as A-Z. Among the five isotopes of carbon listed above,
19C, 'iC. and '¥C are radioactive, and thus referred to as
radioisotopes. The other two isotopes of carbon listed above,
namely, '2C and 'JC are stable isotopes of carbon.

Isotope natural abundance: Isotopes of the elements. that
are found in nature, occur at a particular natural abundance.
The term natural abundance refers to the relative abundance of
an isotope that occurs naturally on earth. For example, among the
five isotopes of carbon listed above, '2C and ';C occur naturally
at natural abundances of 98.90 % and 1.10 %. The isotope
14C is naturally occurring in only a small trace (~10™"" % natural
abundance), as it is formed continuously by the interaction of
cosmic-ray protons with nuclides in the upper atmosphere. The
isotope "*C is radioactive. and thus a radioisotope of carbon. The
percent natural abundances of the isotopes for each element
should add up to 100 percent. Another example is the naturally
occuring isotopes of potassium, namely, (9K, {9K. and {3K.
which occur at natural abundances of 93.2581%, 0.0117%, and
6.7302%, respectively, The isotopes 'K and *'K are stable
isotopes; however, the isotope 9K is a radioisotope that decays
with a half-life of 1.26 x 10" years. Since the naturally occuring
isotopes are remnants of the nucleosynthesis of the carth,
which is 454 x 107 years of age (Dalrymple, 2001), the
isotope *’K has had time to decay since the earth’s creation,
When only one isotope of an element exists naturally on earth,
its natural abundance is exprcswd as 100%. Examples
are ?F TAL 1P, $iSc, 33Mn, $Co, PY. 'ZL 'RCs, VB,
and < ’l‘h

Funber up the Chart of the Nuclides are found the last of the
natural isotopes, namely, isotopes of uranium. Three of the
isotopes of uranium are found naturally on earth, namely,
33U, 33U, and B30, at abundances of 0.0055%, 0.720%, and
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99.2745%, respectively. The isotope ***U, which is the most
abundant, has a half-life of 4.5 x 10” years. It has not undergone
even a half-life of decay since the formation of the earth.
However. the isotopes U and ***U with half-lives of 2.4 x 10°*
years and 7.1 x 10% years. respectively, have undergone
considerable decay since the formation of the earth. All nuclides
of atomic number greater than that of uranium do not occur
naturally and have been produced artificially by man as
described in Section 11

Isobars: Isobars are nuclides that possess the same mass
number (A). but different atomic number (Z). For example,
AN, $8Co, 35Fe, 35Mn, and 35Cr are isobars. In mass spec-
trometry where nuclides are separated and analyzed according
to their mass, isobars can cause interference, and special tech-
niques may be required to discriminate between nuclides of the
same mass number (Kusnir et al., 2004, Litherland et al, 2007,
Plaf et al, 2008). In beta decay, discussed further on in this
chapter, the parent and daughter nuclides are always isobars.

Isomers: Nuclear isomers are different energy states of the
same nucleus, having different half-lives and even different
modes of decay. A well-known example is that of 33Tc,
which may have two isomeric states. The isomers of **Tc are
the following: "Tc. which dccays by ncgalmn emission to J;Ru
with a half-life of 2.14 x 10" years, and 7T, which decays
by gamma emission to 3Tc with a half-hfc of 6.00 hours.
Isomeric states of nuclides other than the ground state are
represented with a superscript “m’ following the mass number,
The isomer **Tc is commonly used in the field of nuclear
medicine as a diagnostic imaging source injected into the
human body (L'Annunziata, 2007). When more than two
excited isomeric states of a nuclide exist. the nuclear isomers
are labeled as my. my. ete, in order of increasing excitation
energy. For example, the isomers of 'Eu are identified as
follows: 'Z3Eu of 132 year half-life, “*3{Eu of 9.3 hour
half-life, amd"1 2Eu of 1.6 hour half-life. There are over 950
isomeric states known to exist among the nuclides. They are not
considered as individual nuclides, but rather as isomers of
individual nuclides.

Isotones: Nuclides that have the same number of neutrons,
but different mass numbers are isotones. For example,
1P, 188, 15C1, {8Ar, and JJK are isotones; their nuclei all
contain 18 neutrons. Isotones may be found in the Chart of the
Nuclides, which plots the nuclides according to their Z versus N,
as the column of nuclides having the same number N.

C. Mass and Energy

The rest masses of the proton and neutron are of the order of
10 %" kg (see Table 1.1), and consequently the masses of the
atomic nuclei are also very small. Due to the very small masses,
most calculations involving atomic nuclei, such as nuclear decay
energy, binding energy, and energies of nuclear reactions, make use
of amore convenient scale of unit, namely, the atomic mass unit (u).

The atomic mass unit is defined in terms of the stable carbon
nuclide '°C. which is assigned an atomic mass of exactly
12.000000 u. Thus, the atomic mass unit is by definition exactly
1712 the rest mass of "*C or

lu = 1.66053873 x 10727 kg. (1.6)
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GABLE 1.1 Properties of Atomic Constituents

o

Property Proton Neutron Electron
Rest mass 1.67262 x 10" kg 1.67492 x 107 kg 9.10938 x 10 "' kg
1.50327 x 107"} 1.50534 x 10°") 8.18710 x 10°*4)
938.271 MeV 939.565 MeV 0.510998 MeV
1.007276466 u 1.008664915 u 0,0005485799 u
Charge +e ze10 -0
+1.602 x 107" C -1.602 x 107" C
Spin 12 12 12
Magnetic moment 1410 x 107" 17" 0.966 x 10777 928,476 x 107°") 77!
Stability stable 10.2 min, half-life stable

0

The mass of all of the nuclides in atomic mass units is available
in reference tables, such as those listed in the Handbook of
Chemistry and Physics (Lide, 2010) and the following NIST
website:http://physics.nist.gov/constants.

The International System of units (SI) for energy is the joule
(J): however, the electron volt (eV) remains a very popular unit
for expressing energy in nuclear decay, nuclear reactions,
nuclear binding, etc. The electron volt (eV) is, by definition, the
amount of Kinetic energy gained by an electron when acceler-
ated through a potential difference of 1 volt. The electron volt is
equivalent to the following units:

leV = 1602176462 x 107" J = 1.602176462 x 10~ '? erg
(1.7)

The erg is a unit of energy in the centimeter—gram~second
(CGS) system of units, and less commonly used in nuclear
energy calculations. From the above relation, the erg is equiv-
alent 10 1077 J or 6.2415097 x 10" eV.

Calculations conceming nuclear decay energy, nuclear reac-
tion energy. or nuclear binding energy. ete. generally require the
conversion of mass to energy. A common factor that is used in
such calculations is one that can convert atomic mass units (u) to
the units of the electron volt (eV). The conversion factor is found
using Einstein’s equation to convert the mass of | u to energy or

E = myc* (1.8)

where E is energy in joules, n1g is the rest mass in kilograms, and
¢ is the velocity of light in a vacuum or 2.99792458 x 10® mJs.
If by definition, the mass of 1 u= 1.66053873 x 10~ kg. the
energy equivalent to | v is calculated as

E = (1.66053873 x 1077 kg/u)(2.99792458 x 10° m/s)*

14.92417783 x 10" J/u

(1.9

The energy in units of joules is then converted to units of
electron volts, as 1 eV = 1.602176462 x 10 ' J or

1492417783 x 107" J/u
© 1602176462 x 10-17 J eV
= 9.31494013 x 10% eV/u
= 931.494013 MeV /u
Thus, | u=931.494013 MeVor931.494013 MeV/c*, The latter
units of MeV/c? are used conveniently when converting atomic
mass units to MeV energy in Einstein’s equation according to
the following:

(1.10)

E = mc® = [(atomic mass units)(931.494013 MeV/c?)]¢?
(L.11)

Eqgn (1.11) is used to convert conveniently atomic mass units (u)
to units of energy in MeV. Examples are given throughout this
chapter in calculations of nuclear decay energy, nuclear reaction
energy. and nuclear binding energy.

Energy of nuclear reactions is calculated by the mass
difference of the nuclear reactants and nuclear products, and this
energy is denoted as the Q value of the reaction: or

Q = ERecactants — Eprodocts = Mg — mip (1.12)

where mg and mp are the rest masses of the reactants and
products of the nuclear reaction. As nuclear reactions involve
the reactions between nuclear particles and nuclei of atoms, we
would need to know the masses of the nuclei or nuclear particles
involved in the reaction to calculate a reaction Q value. In lieu
of using rest masses of the atomic nuclei, it is common to use
the atomic masses (u) which are available in reference tables,
such as that of the Handbook of Chemistry and Physics.
However, it is important to keep in mind that atomic masses
include the masses of the atomic electrons. To eliminate error
that might occur from the added masses of the atomic electrons,
it is important to assure that the number of electrons added to
cither side of the reaction are equal, whereby the difference of
the electron masses of the reactants and products would be zero
according to Eqn (1.12). Let us take an example and calculate
the Q value of the first man-made nuclear reaction whereby
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Eamest Rutherford discovered the proton described earlier in
Part 11, The reaction is as follows:

fHe + SN — O+ |H (1.13)

In this reaction the alpha particle interacts with an atom of "N
to form an atom of '"O with the ejection of a proton from the
nucleus. The atomic masses may be used to calculate the Q
value of the reaction as follows:

Q = (Miye + Muy) — (Mug + Miy)

(4.00260325 u + 14.00307401 u)

= (16,9991315 u + 1.007825032 u)
~0.001279272 u (1.14)

I

By using atomic masses, we have added nine electron masses to
cach side of the reaction, and their difference is zero from Eqn
(1.14). Converting atomic mass units to energy according to
Egn (1.11) gives the Q value in units of MeV energy or
Qvalue = E = me?

[(~0.001279272)(931.494013 MeV/c?)|?  (1.15)
Q value = ~1.192 MeV

Atomic masses are conveniently used in such calculations, in
lieu of nuclear masses, provided an equal number of electrons
are added to either side of Eqn (1.14). The negative energy
value above demonstrates that the reaction is endoergic or
endothermic, that is, the reaction requires a net energy input of
1.192 MeV. When the @ value is positive, the nuclear reaction is
exoergic or exothermic, resulting in a net release of energy.
There are small differences in the binding energies of the
clectrons when using atomic masses: however, the differences
in the binding energies are negligible and ignored.

IV. PROPERTIES OF THE NUCLEUS
A. Nuclear Radius and Density

Emest Rutherford (1911, 1919, 1920a,b) was the first to
discover the atomic nucleus and to measure the size of the
nucleus of an atom. A detailed accounting of this work is given
in a previous book (L'Annunziata, 2007). In brief, Rutherford
bombarded very thin gold foil (4 x 10~* em thick) with alpha
particles. Most of the alpha particles traversed the gold foil
almost as if the foil was not in the path of the alpha particles;
however, one alpha particle for every 20,000 particles would
bounce back from the foil by more than 90° from the direction
of travel, Rutherford concluded that within much empty space
of the atom, there exists a massive central nucleus capable of
knocking back the alpha particle to the direction from which it
came. Rutherford expressed his reaction to the observed alpha-
particle backscattering with the following statement, related by
N. Feather (1940) in a biographical essay a few years following
his death:

It was quite the most incredible event that ever happened to me in my
life. It was almost as incredible as if you fired a 15-inch shell at a piece
of tissue paper and it came back and hit you. On consideration, 1
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realized that the scattering backwards must be the result of a single
collision, and when I made calculations | saw that it was impossible to
get anything of that order of magnitude unless you took a system in
which the greater part of the mass of the atom was concentrated in
a minute nucleus.

Rutherford went even further to make use of this interaction
to determine the nuclear radius of aluminum. By selecting
ametal foil of low Z (aluminum, Z = 13) and thus low Coulomb
barrier to alpha penctration, and applying alpha particles of high
energy (7.7 MeV) whereby defined alpha-particle scattering at
acute angle due to Coulombic repulsion would begin to fail,
Rutherford (1919, 1920a,b) was able to demonstrate that the
distance of closest approach of these alpha particles to the atom
center according to Coulomb’s law was equivalent to the
nuclear radius of aluminum, ~ 5 x 107" m or 5 fm (ie.,
5 femtometer or 5 fermi).

Since Rutherford’s pioneering alpha-particle scattering
experiment numerous nuclear scattering experiments have been
carried out to measure the size of atomic nuclei including
clectron scattering (Jansen et al, 1971 and Sick, 1982),
clectron—proton scattering (Klarsfeld et al, 1986), electron—
deuteron scattering (Sick and Trautmann, 1998), and high-
energy beam interactions (Tanihata et al, 1985 and Suzuki et al,
1999). The radius of an atomic nucleus obeys the general
empirical formula:

R = A" (1.16)

where ry is a constant, referred to as the radius parameter, and A
is the mass number of the nucleus (Tolhoek and Brussaard,
1954, Elton, 1958, Angeli and Csatlés, 1977). A detailed deri-
vation of Eqn (1.16) is provided by Elton (1958). The value of
the radius parameter. ry was confirmed by Royer (2008) to be
1.22 fm. Obviously, the radius of the nucleus will increase with
mass number. For a small nucleus, such as the nucleus of §Hc
(equivalent to an alpha particle), the radius is calculated to be
19 x 10" m or 1.9 fm. For larger nuclei, such as
HAL 'FAu, and 233U, the nuclear radii is calculated to be
3.6, 6.9 and 7.4 fm, respectively.

Treating the nucleus as a sphere permits the calculation of
the nuclear volume; and from the mass of the nucleus, we can
calculate the nuclear density py as

py = mass/volume = m,,A/;er" (1.17)

where m,, is the mass of a nucleon (proton or neutron), A is the
mass number, and R is the nuclear radius. The mass of either
nucleon (the proton or neutron) may be used, as the two
nucleons are very similar in mass and may be considered equal
in mass, when only three significant figures are used, namely,
1.67 x 107" kg. Substituting roA"/3 for R in Eqn (1.17) gives

4
Py = m,,/iarr‘} (1.18)

The value of the nuclear density calculated according to Egns
(1.17) or (1.18) gives the value of py = 2.3 x 10'7 kg/m’.
Treating the nucleus as a sphere facilitates the density calcu-
lation and provides a good estimate as provided in current

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

https://www.dawsonera.com/reader/sessionid 15...

Chapter | 1 Radiation Physics and Radionuclide Decay

textbooks: however, most nuclei are not spherical and some may
exhibit oscillations such as depicted by the liquid-drop model of
the nuclei. Some nuclei described by Gould et al (2004) exhibit
football-shaped quadrupole deformations and even pear-shaped
octupole deformations (Krappe and Wahsweiler, 1967, Vogel,
1967, 1968, Aponik et al, 1970 and Cline, 1993). Gould et al
(2004) describe the interior of a large nucleus as uniform
(0.17 nucleons/fm®); but that the density falls off smoothly at
the surface of the nucleus, dropping from 90% to 10% of the
interior density over a distance of ~2.5 fm.

The density of the nucleus is extraordinarily high when
compared with elements and materials consisting of atoms, For
example. the atomic nucleus is 2.0 x 10" times the density of
lead (11.3 x 10*kg/m*) or 1.2 x 10" times the density of
depleted uranium (19.1 x 10° kg/m®). While the density of the
nucleus is amazingly high, the nucleus consists of closely
packed nucleons and, thus, the nucleons themselves and even
subnuclear particles, particularly leptons, would even have
higher densities.

Subnuclear particles are classified into two groups, the
leptons and hadrons. The word leptons comes from the Greek
“lepto™ meaning “refined™ or “thin™. Leptons are particles with
no apparent substructure and thus considered to be truly
clementary or point particles, such as the electron, muon, and
their respective neutrinos and quarks. Leptons, with the
exception of quarks, participate in electromagnetic and weak
interactions. Hadrons, on the other hand, are more complex in
subnuclear structure and they participate in the strong nuclear
force. Hadrons are classified into two groups, namely, the
mesons containing two quarks (e.g., pion and kaon) and the
baryons (from the Greek “barys™ meaning “heavy™). which are
of higher mass and contain three quarks (e.g., proton and
neutron). The role of mesons as particles, that mediate the
strong nuclear force between the nucleons, is discussed in the
next section.

The high density of the nucleus and its constant value from
nuclide to nuclide underscores the importance of a strong short-
range nuclear force that exists between the nucleons (i.e..
protons and neutrons) keeping them closely packed regardless
of the repulsive forces of the positively charged protons or the
ZIN ratios of the nucleus and among the thousands of nuclides
that exist.

B. Nuclear Forces

In the 1930s, question arose concerning the force that was
capable of holding the protons and neutrons together in the
nucleus. It was unusual to find that the like positive charge of the
protons, together with neutrally charged neutrons, did not repel
each other, but rather were held tightly together into a very
dense nucleus. It was expected that the force holding the

—_—

Space
FIGURE 1.6 Feynman diagram illustrating the photon as a particle that

diates the ehec agnetic force b two electrons, The electromagnetic
interaction results in the absorption of the photon panticle by an clectron
providing it with 10 be repelied. The electron emitting the pbotoa
undergoes recoil, The photon is illustrated as a dashed wave, [t is referred 1o as
virtual photon, b it is emitted and absorbed without being detected.

nucleons together would be a strong force. Nobel Laureate
Hideki Yukawa (1935, 1949) first postulated the strong force
between nucleons. Before doing this, Yukawa understood that
charged particles would interact through the exchange of photon
particles. He noted that such a force, known as the electro-
magnetic force. would become manifest when the particles
collide. For example, electrons would interact via the exchange
of virtual photons as illustrated by the Feynman diagram® of
Fig. 1.6. Yukawa explained the strong force between nucleons
by proposing a new particle. which would mediate the strong
force between the nucleons. He predicted that the new particle
would have a mass inversely proportional to the force between
the nucleons and that the mass of the particle would be inter-
mediate of the proton and electron masses (~ 200 x the electron
mass). The new particle was named the meson, which was taken
from the Greek ‘meso’ meaning ‘middle’. The prediction of
Yukawa was verified by the discovery of the = meson or pion by
Ochialini and Powell (1947, 1948). The strong force keeping the
nucleons together is mediated by the exchange of & mesons
between the nucleons. The pion is the carrier of Yukawa's
nuclear force. It is found in three charge states, 7, 7~ and ",
They have the mass predicted by Yukawa and are unstable, e.g.,
the = has a mass of 139.5 MeV/c? and a mean lifetime of
2.6 x 10" s (Sundareson, 2001). The mediation of the strong
force between a neutron and a proton in the nucleus is illustrated
by the Feynman diagram in Fig. 1.7, which illustrates a neutron
converting into a proton and a proton converting into a neutron
and, in the process, a & is exchanged between the two
nucleons.

Pion exchange between nucleons, as the particle mediating
the strong force, is explained on the basis of the subnuclear

¥ A convenient way to illustrate the interactions and exchange forces between the elementary particles is with Feynman diagrams, which were devised by Nobel
laurcate Richard Feynman (1918—1988). When he was a young scientist, he introduced the diag as a means of depicting, through sketches, the interactions
among nuclear pasticles as shorthand for the equations that are used to put the intersctions into more complex mathematical terms, Feynman diagrams show particke
interactions in coordinates of space and time, The axis are not quantitative, that is, the length of the lines or spacing between particles are not measures of relative
time or di . Particles are il ed by solid lines with arrows giving the particle direction. Virtual particles are illustrated as dashed waves for particles with
7ero rest mass (i, photons or gluons) and dashed straight lines for particles with a rest mass,
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FIGURE 1.7 A Feynman diag I the medi of the strong

nuclear force between nucleons in the nucleus. A neutron (lower lell) is trans-
formed into a peoton (upper left) and a proton (lower right) ks transformed into
@ neutron (upper right) via the intermediary pi meson.

structure of the proton, neutron, and meson. The 1969 Nobel
Laureate in Physics, Murray Gel-Mann (1964) and George
Zweig (1964) independently proposed the idea of a substructure
to mesons and baryons, now universally referred to as quarks,
which would possess quantum numbers and fractional charge.
The mesons (e.g.. pion and kaon), which are of intermediate
mass between that of the electron and proton, contain two
quarks: whereas, the baryons (e.g.. proton, neutron, lambda,
etc.), which are of higher mass, contain three quarks, The quark
compositions of pi mesons (pions) and of the nucleons (proton
and neutron), and the properties of the quarks are provided in
Table 1.2. In the table, it is seen that the @ contains an up quark
(u) with charge of +2/3¢ and an antidown (d) quark with charge
of +1/3¢ yielding a total charge on the #° of +1. The =
consists of a down quark (d) of charge —1/3¢ and antiup quark
(u) of charge —2/3¢ yielding an overall particle charge of —1.
The #” is a mixture or superposition of ut, dd quark pairs
referred to as mixing of quark pairs with overall neutral charge.
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The proton, neutron, and all of the baryons, which are
particles of higher mass than the mesons, contain three quarks,
The quark content of the proton, as listed in Table 1.2, is two up
quarks and one down quark (uud) with respective charges

2

2 2 I :
of 3¢, +36 and —zcora total charge of +1; whereas the

neutron contains two down quarks and one up quark (ddu) with
a total charge of zero.

Quarks possess another property called color or color
charge. The property of color or color charge has no relation to
visible radiation as we see color: but rather, color charge is
a quantum number and source of force that quarks and anti-
quarks possess. Color charge was proposed by Greenberg
(1964) as a quantum number, and as a source of force between
quarks by Han and Nambu (1965). To satisfy the Pauli exclusion
principle, that states no two particles can exist in the same
energy or quantum state, the concept of color charge was
introduced as a quantum state and force between quarks, Three
color-charge quantum states carried by quarks are red, blue, and
green: and those carried by antiquarks are antired, antiblue. and
antigreen. In the baryons, all of which possess three quarks such
as the proton (uud) and the neutron (ddu), there would exist
three quarks of color charge, red. blue. and green. Quarks of
different color charge possess an attractive force between each
other, whereas quarks of like color would repel each other.
Mesons, which possess only two quarks, a quark and antiquark
(See Table 1.2), would display red and antired, blue and anti-
blue, or green and antigreen quantum states. There is an
attractive force between quarks of a given color and its anticolor
quantum state in mesons,

There are yet other particles in addition to quarks, called
gluons, which exist in mesons and in baryons. A gluon is a field
particle like the electromagnetic photon, which has zero rest
mass. Gluons differ from photons, because they interact directly
with quarks and with each other: and they carry, similar to
quarks, a color charge quantum state. Quarks emit and absorb
gluons. When a quark either emits or absorbs a gluon, the

(TABLE 1.2 Quark Compositions and Properties of Quark Components of Pi Mesons and Nucleons \
Properties of quarks®
Particle Quark composition Name Symbol Charge Mass
Mesons
= ud up u ,é‘. = 300MeV/?
x du down d _15‘. my = m,
= uo, dd antiup 1] '5;“ my = m,
NucleonyBaryons antidown d il @ my = my
3
P uud
n udd
“Data from Martin and Shaw (2004),
\"()rh(v Guavks exist, such as the strange (sl charmed (). bottom (b, and 1op (t quarks, which are component quavks of other mesons and baryons, )
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FIGURE 1.8 A Feynman diagram ill ing the mediation by a ' meson

of the strong nuclear force between a peoton and acutron in the nucleus with
the interaction of quarks and gluons as follows: down guask (d) of a neutron
(upper right, ddu) emits a gluon (center right wave, g) that creates an up-antiup
(uu) pair of guarks. The created up guark (u) forms a peoton (lower right, udu);
whereas the antiup quark (0) annihilates in contact with an up guark (a) of the
proton (p) from the upper feft (duw) of the diagram with the creation of
a gluon (center left wave, g) and the down quark (d) of the ncutron (from the
upper right) is captured to form a ncutron (lower keft), (Diagram is from
SERWAY/MOSES/MOYER. Modern Physics, 3E. © 2005 Brooks/Cole, a part of
Cengage Leaming, Inc. Reproduced by penmission. www.cengage.com/
prermissions.)

quantum state of the quark changes and, thus, the color charge
of the quark also changes. The process of emission and
absorption of gluons by quarks, which is discussed subse-
quently, is part of the mechanism by which the strong nuclear
forces keep the protons and neutrons closely packed in the
atomic nucleus. The force that exists between quarks of
different quantum color states is called color force; and the
theory that these forces play in the strong interactions is called
quantum chromodynamics (QCD).

In summary, mesons mediate the strong forces between the
protons and neutrons in the nucleus, and it is the energy
exchange or quantum state changes between quarks and gluons
of the mesons and nucleons that enable the strong nuclear forces
to hold the protons and neutrons together in the nucleus. An
example of a process, whereby the strong nuclear forces
between the nucleons come into play, is illustrated by the
Feynman diagram of Fig. 1.8. The figure illustrates the
involvement of quarks and gluons in the transformation of
a proton into a neutron and a neutron into a proton via the
mediation of a pi meson (7).

The mass of the nucleons as well as that of the mesons arise
from the interaction of their quarks with the gluon field
particles. Because gluons have a zero rest mass, the creation
and absorption of gluons is a constant process in the nucleons
attributing mass to the nucleons. As described by Gould et al
(2004), the mass of the nucleons comes from the interaction of
the quarks with the nucleon field: and the nucleon is described
as consisting of a core of three quarks confined within a sphere
of radius ~ 0.5~1.0 fm. Surrounding the core is a cloud of
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pions (pi mesons), which are themselves composed of
quark—antiquark pairs.

The range of the strong nuclear force is very close to that of
the radius of the nucleon core. We can use Heisenberg's
uncertainty principle to calculate the range of interaction of the
strong nuclear force mediated by the pi meson or pion. Nobel
Laureate Werner Heisenberg published the uncertainty principle
(Heisenberg, 1927), which is a basic concept of quantum
physics. In terms of energy and time variables, Heisenberg's
uncertainty principle can be expressed as

AEAL > -h— >

4w

which states that the precision with which we measure the
energy of an atomic particle (AE) is limited by the time avail-
able (Ar) to measure the particle energy, where /i is Planck’s
constant (h = 6.626 x 107" J s) and # is a reduced form of
Planck's constant (t = h/2x = 1055 x 102 Js = 6.582x
10722 MeV s). We can accurately calculate the energy of the
pion from its mass: and from the Heisenberg uncertainty prin-
ciple expressed by Eqn (1.19), we can state that the pion would
violate the conservation of energy if it lasted for a period of time
exceeding

o=

(1.19)

h
.. 2
Ar= A (1.20)
where AE is the energy needed to create a pion of mass m,

defined by Einstein’s equation of mass and energy as
AE = mec? (1.21)

and Ar is the time it would take for the pi meson to travel from
one nucleon to the other (e.g.. from a proton to a neutron or vice
versa). The mass my of the ' or @~ = 139.5 MeV /2. Since
the pi meson cannot travel faster than the speed of light ¢, its
distance (d) of travel is defined as

d = ct (1.22)

Thus, the maximum distance, that the pi meson could travel, is
calculated as

h
d = cAt = t‘(m)

6.582 x 107 MeV s
5 b,
299 x 10°m/ “( 2(139.5MeV/2) 2 )

=70%x107""m=1x10"m=1fm (1.23)

The range of the strong nuclear force mediated by the pion is
thus ~ 1 fm similar to that of the radius of the proton or neutron.

For a more in-depth reading on subnuclear structure and its
role in the strong nuclear force, see books by Sundaresan
(2001), Heyde (2004), Martin and Shaw (2004), and Serway
et al (2005).

C. Binding Energy

The difference in the total energy of the nucleus with its bound
nucleons is always less than the total energy of the separate
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protons and neutrons, and this difference in energy is the
binding energy (£3) of the nucleus. The binding energy is
equivalent to the energy required to pull a bound system apart,
such as a bound nucleus, leaving its component protons and
neutrons free of attractive forces. The binding energy is
described by the equation

n
Ep = Zm,-c’ - M (1.24)

i=1

where m; are the free component particles (protons and neutrons)
of the nucleus numbered 7= 1 to n, and M is the mass of the
bound nucleus. We may use atomic mass units (u) to calculate the
nuclear binding energies according to Eqn (1.24) for any nuclide.,
4X. of Znumber of protons, A number of protons -+ neutrons, and
N = A—~Z number of neutrons as follows:

Ep = [(Zm, + Nm, — Myx)931.494MeV/?] ¢ (1.25)

where sy, is the atomic mass of hydrogen, m, is the neutron
mass, and M.y is the atomic mass of the nuclide of atomic
number Z and mass number A, i.e. 2X, and by definition
lu = 931.494 McV/c2. Atomic mass units are used in
Eqn (1.25), because the number of electrons of the Z hydrogen
atoms are the same as the electrons included in the atomic
mass of the nuclide $X. The differences in electron-binding
energies of the hydrogen atoms and that of the nuclide are
negligible and ignored. Let us take an example and use atomic
mass units to calculate the binding energy for the helium
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nucleus, i.c.. §Hc. which is equivalent to an alpha particle, as
follows:

Ej

[(2my,, + 2my — Mugy)931.494MeV /%]
[((2)(1.007825u) + (2)(1.008665u)

~ 4.002603u)931.494MeV /c*|

28.296 MeV (1.26)

Because nuclei vary in their number of nucleons or mass
number (A), it is common to express the nuclear binding energy
in terms of the number of nucleons in the nucleus, that is. the
binding energy per nucleon or Ej/A. In the case of the nuclide,
3He, the binding cnergy per nucleon is

Ep/A = 28296 MeV /4 = 7.07 MeV (1.27)

The values of the binding energies per nucleon for all of the
nuclides provides a measure of how tightly bound the nucleons
are within a particular nucleus. Fig. 1.9 illustrates graphically
the difference in the values of the binding energy per nucleon
(Ep/A) as a function of the mass number (A) of the nucleus for
nuclides over the entire range of mass numbers.

From Fig. 1.9 it is seen that the highest nuclear stability is
found in the region of mass number A = 50~70; and the most
stable nuclei, that is, those nuclei that are most lighllz" bound,
belong to the “iron group™ including “Ni. **Fe. and **Fe with
binding energies per nucleon at a maximum of approximately
8.8 MeV. On either side of this maximum, illustrated in Fig. 1.9,

w TSR L% Fed [ g, |

“up Ll HN |
e Ve "uwu:.ﬁ‘
T i |
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Nuclel that mary yield enetgy
—1— via fission (A~ 120)

20 3030 S 70 90 110 130 150 170 180 210 230 2%0 27C

Mass Number (A)

FIGURE 1.9 Binding energy per nucleon as a function of mass number. The scale between mass

ber 0 and 30 is broader than that illustrated for muss bers

30~270. Several nuclides are identified along the curve. The most stable nuclei are “Ni, “'Fe. and *Fe with £J/A values of 8.794, 8.792 and 8.79%0 MeV, respectively.

Notice the small peak of highest stability at the top of the curve.
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are: (i) the smaller nuclei in the range of A = 2—20 with lower
binding energies per nucleon, which could fuse to yield larger
and more stable nuclei with the release of energy or (i) the very
large nuclei in the range of about A > 120, which could break
apart into approximately equal mass number by fission to form
smaller and more stable nuclei with the release of energy.
Consequently. the size of the nucleus and its binding energy per
nucleon will govern whether nuclear fusion or fission would be
feasible: and the energy released in both cases can be estimated
directly from Fig. 1.9 or by calculation. Let us take examples of
both cases, fission and fusion,

1. Nuclear Fission

The nuclide ***U, which results from the capture of a slow
neutron by ***U, is unstable. It takes on the characteristic of an
unstable oscillating droplet. The nuclear droplet, which oscillates
with the opposing forces of two positively charged nuclides, splits
into two fragments with the liberation of an average energy of
193.6 MeV (Koch, 1995). The mass numbers of the fission
fragments vary between 70 and 160; and the following is just one
example, illustrating the fission of *°U into the nuclide fragments
#Sr and "**Xe with the emission of 3 neutrons:

20U — [Sr+ 'GXe + 30 (1.28)

The binding energy (Ep) of the **U nucleus, i.e., the difference
in mass of the **U nucleus and the combined mass of its free
component nucleons, is calculated as follows:

= (M92 protons + M144 neutrons) — Moy (1.29)

where M2 peoions is the mass of 92 pro(ons. M 33 neutrons 1S the
mass of l44 neutrons, and M:«y; is the mass of the bound
nucleus of >**U. Using atomic mass units for the masses of the
35U nucleus and its constituent nucleons. we calculate the
binding energy (£,) in atomic mass units (u) as

Ep = [92(1.007825 u) + 144{ 1.008665 u)] — 236.045561 u
= 237.96766 u — 236.045561 u = 1.922099 u

(1.30)
Although the masses of the electrons are included in the atomic
masses, the electron masses can be ignored since these are the
same for the ***U and the 92 hydrogen atoms. Using Einstein's
equation for the equivalence of mass and energy. we can convert
the binding energy to MeV or

E = mc® = [(1.922099 u)(931.494 MeV/c?)|c?
1790.42 MeV (1.31)

Il

Dividing the binding energy by the number of nucleons in the
nucleus (mass number, A =236) will provide the binding
energy per nucleon for 26U or

(Ep/A)sey = 1790.42 MeV/236 = 7.58 MeV/nucleon
(1.32)

Similar calculations for the binding energies of the fission
fragments **Sr and '**Xe yield £,/4 = 8.69 MeV/nucleon for
Sr and 8.19 MeV/nucleon for '**Xe. Estimated values for the
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binding energies per nucleon (E/A) as a function of mass
number (A) can be obtained from Fig, 1.9, Because the binding
energies per nucleon for the two fission products are slightly
different, we could average the two values simply to get an
estimated figure for the amount of energy released. We can now
estimate the energy released from **U fission or the Q value,
using as an cxamplc the fission reaction of Eqn (1.28) as follows:

U — 20Sr+'EXe +3n

0= [(Eh/A)r.w-m peoucs = (En/A) ey

x 236 nucleons

(Ep[A)ng, + (Ep/A) oy
= [( .. : "‘) = (E,,/A):.U]
% 236 nucleons (1.33)
0= [(869 MeV /nucleon + 8.19 McV/nucIcon)
& 2

- 7.58 McV/nucIcon] % 236 nucleons

Q = 202 MeV

'l'hus ugpmxlmnlcly 200 MeV is the amount of energy released

fission, i.e.. neutron-induced fission of “**U. The
magnnudc of the energy released from neutron-induced fission
of ***U would be an average figure, because the actual amount
of energy released would depend on the fission reaction, and
there are many possible ways that the “**U could break into two
nuclides.

There are about 100 radionuclides of high mass number A >
230, which decay by spontancous fission (SF), which involves
the spontancous noninduced splitting of the nucleus into two
nuclides or fission fragments. A rough estimate of the energy
released by fission reactions can be estimated quickly from
Fig. 1.9. For example, 22Cf undergoes spontancous fission in
3% of the decay events as an alternative to alpha decay. A rough
estimate of the energy released in the spontancous fission is
found by reading from Fig. 1.9 the binding energy per nucleon
for a nuclide of mass number A = 250, which would be about
7.5 MeV, and the binding energy per nucleon for fission frag-
ments that would have a mass number (A) in the range of
80—150, which varies between 8.5 and 8.3 or an average of ~
8.4 MeV. The following calculation, in accord with Eqn (1.33),
would give the approximate energy released as

Q = [(8.4 MeV/nucleon) — (7.5 MeV /nucleon)]

1.34
% 252 nucleons = 230 MeV ( )

Nuclear fission is discussed in more detail further on in this
chapter.

2. Nuclear Fusion

Nuclides of very low mass number (A < 20) have nuclei (See
Fig. 1.9) with relatively low binding energies, and if these nuclei
could coalesce, a larger more tightly bound nucleus would form,
and the overall process would release energy as described by
Egn (1.24). For example, if two nuclei of deuterium (H) were
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to fuse into a nucleus of helium ('QHe). equivalent to an alpha
particle, the energy released by the nuclear fusion could be
estimated from Fig. 1.9. Taking the values of binding energy per
nucleon (E/A) from Fig. 1.9 for fH to be ~1 MeV and that for
$He to be ~7 MeV. the energy released would be estimated from
the following as

Q = [(En/A)sgye — (En/A):y] % 4 nucleons (1.35)

Q = |[(~7 MeV/nucleon) — (~ 1 MeV /nucleon)|
x 4 nucleons =24 MeV
The energy released is more precisely determined by calcu-
lating the binding energy, Ej. for the $He nucleus and for the TH
nucleus according to Eqn (1.25). The nuclear binding energy for
"-‘.Hc was previously calculated (sece Eqn (1.26)) to be 28.296
MeV, and the binding energy per nucleon would be
(En/A)sgge = 28.296 MeV/4 = 7.074 MeV. The nuclear
binding energy for fH according to Eqgn (1.25) is calculated as
E [(m'u +my — Miu 1931.494 McV/t‘:]('Z
[(1.007825032u + 1.00866492u — 2.014101778u)
% 931.494 MeV/P)?
2.225 MeV

Il

(1.36)

The binding energy per nucleon for 7H would be
(Ep/A)y = 2225MeV/2 = 1.112MeV.  The  energy
released in the fusion of two nuclei of deuterium to a nucleus of
helium would be calculated according to Eqn (1.25) as

Q = [7.074 MeV — 1.112 MeV] x 4 nucleons

= 23.85MeV =9
The deuterium fusion reaction is written as
H4+3H — 3He+ v+ 23.85MeV (1.38)

The energy released in the deuterium fusion may be caleulated
according to Eqns (1.12) and (1.15) as

Q = (mg —mp)931.494 McV /u (1.39)

where mg and mp are the rest masses of the reactants and
products, respectively, in atomic mass units (u). For the fusion
of two deuterium nuclei, the energy released is calculated as

Q = [2(2.014101778u) — 4.00260325u]931.494 MeV /u
23.85 MeV

The nuclear fusion reaction described by Eqn (1.38) is one that
releases a relatively large amount of energy. but it has a low
reaction cross section or low probability of occurrence, and the
energy not easily captured, because most of the energy would be
carried off by the gamma radiation. A more practical source of
energy by nuclear fusion would be the fusion of deuterium and
tritium nuclei according to the reaction

IH+H — $He + jn+ 17.58 MeV (1.40)

When com!saring the energy released from neutron-induced
fission of **U (~200 MeV. see Eqn (1.33)) and that produced by
the fusion of deuterium and tritium nuclei (17.6 MeV, see
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Eqn (1.40)), we can immediately see that there is more than a 10-
fold greater magnitude of energy released by the neutron-
induced fission reaction. However, if we evaluate the reactions in
terms of fuel mass, we will find that the above deuterium—tritium
fusion reaction is the most efficient for energy production. For
example, let us now calculate and compare the energy yields per
kilogram of fuel for both nuclear fission and nuclear fusion.
Neutron-induced ***U Fission energy yield:

Reaction enegy release

E yieldwy gion =

Fuel mass
N 200 MeV
T (Masy + Meacairon)(1.660 x 10-27 kg /u) (1.41)
. 200 MeV
(235.04392 u + 100866 u)(1.660 x 10-27 kg/u)
= 0.5104 x 10°7 MeV /kg
Deuterium~—tritium (D-T) fusion:
) Reaction energy release
E yieldp.t fudon = Fuel ':“gm
N 17.6 MeV
(Mg + Moy ) (1,660 x 1027 kg/u) (1.42)
17.6 MeV

~ (2.01410u + 3.016049 u)(1.660 % 10-27 kg/u)
= 2.1077 x 10*” MeV /kg
In Eqns (1.41) and (1.42), the notation Musy;. Macgiron.
M:y, and My, refer to the masses of ***U, the neutron,

deuterium, and tritium in atomic mass units (u). Taking the ratio
of energy yields of nuclear fusion over fission yields

E yieldp.y gugon 21077 x 107 MeV /kg

= = 4. 43
E yickosy e 05104 X 100 MeV/kg — 13 (143)

Thus, deuterium~tritium (D=T) nuclear fusion is more than
four times as efficient than neutron-induced nuclear fission in
terms of energy yield per mass of fuel consumption.

DT fusion offers great promise as a future energy source,
which would be more efficient and more environmentally
friendly than neutron-induced fission. There are 438 nuclear
power plants in 31 countries of the world operating on the basis
of nuclear fission, which provides 14% of the energy needs of
these countries (IAEA, 2009). However. nuclear fusion is still in
the developmental stage. The fusion of light nuclei is not
possible under normal temperature and pressure, because the
repulsive Coulombic forces between atomic electrons and
between positive charges of atomic nuclei prevent the nuclei
from mingling into the required close proximity for them to
coalesce into one nucleus. However, at temperatures of about
100 x 10° °C, the nuclei of atoms become plasmas in which
nuclei and electrons move freely with high Kinetic energy
sufficient for the nuclei to overcome their repulsive forces and
combine. Because of the high temperatures required, the
process is referred to as thermonuclear fusion.

In summary, the fusion of the light nuclei, such as those of
deuterium (*H) and tritium (*H), release an energy per nucleon
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(MeV/u) or energy per unit of material considerably greater
than can be achieved by nuclear fission as calculated above,
Thermonuclear fusion requires a large energy input to achieve
high temperatures and maintain nuclear plasma: but once ach-
ieved, the energy output is greater than the input. An additional
advantage of the nuclear fusion of deuterium and tritium is that
no hazardous radioactive wastes are direct products of the
reaction. The products of the thermonuclear fusion of deuterium
and tritium nuclei are alpha particles and neutrons. The neutrons
can produce some radioactive isotopes in the surrounding
reactor shiclding material, but most would be short-lived and
there would be no need to store radioactive waste in geological
deposits for long periods of time as is the custom with nuclear
fission,

Nuclear fusion reactors or controlled thermonuclear reactors
(CTRs) are under development to achieve nuclear fusion as
a practical energy source. The reactors are based on maintaining
plasmas through magnetic or inertial confinement. A deuter-
ium—tritium (D—T) plasma burning experiment was performed
with 0.2 g of tritium fuel with the Joint Evropean Torus (JET)
reactor in the UK in 1991, and a higher power D—T experi-
mental program with 20—30 g of tritium was continued on the
Tokamak Fusion Test Reactor (TFTR) at Princeton in 1993, The
International Thermonuclear Experimental Reactor (ITER) was
established under the auspices of the International Atomic
Energy Agency to develop a prototype fusion reactor by the year
2030. In February 2008, the ITER International Fusion Energy
Organization (ITER Organization) applied formally for
a construction permit to build the ITER reactor in Cadarache,
France (IAEA, 2009). The prototype reactor has the purpose of
demonstrating that fusion can produce useful and relatively safe
energy. Fusion energy production via a commercial reactor is
assumed to start around the year 2050 (Sheffield, 2001). For
further reading on fission and fusion, see articles by Brink
(2005) and Fiore (2006).

D. Nuclear Models

Since Ernest Rutherford’s alpha-scattering experiment that led
to the discovery of the atomic nucleus (Rutherford, 1911),
physicists have used experimental and empirical data to estab-
lish nuclear models to describe the nucleus. The nuclear models,
that have been established, provide insight into the stability of
the atomic nucleus and an understanding of the processes of
nuclear decay.

1. Liquid Drop Model

During a meeting of the Royal Society in London on February 7,
1929, the Russian-born physicist George Gamow (1904—1968)
presented his thoughts on the properties of the nucleus and that
the nucleus would possess forces similar to those of a liquid
drop (Gamow. 1929). A very complete and detailed account of
Gamow’s conception of the liquid-drop model of the nucleus is
given by Stuewer (1997). The writer will give here a small
portion of this historical account, which provides the reasoning
used by Gamow. At the time Gamow first presented his ideas on
the liquid-drop characteristics of the nucleus, the neutron had
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not been discovered: and the alpha particle was thought to be the
building block of the nucleus, In the discussion, Gamow (1929)
commented

Such an assembly of alpha particles with attractive forces between
them, which vary rapidly with the distance may be treated somewhar as
a small drop of water in which the particles are held together by
surface tension.

Gamow (1930) continued his development of the liquid-drop
model, still yet before the neutron was discovered by James
Chadwick (1932a,b) to be a component particle of the nucleus.
After the discovery of the neutron, Werner Heisenberg (1934)
presented his analysis of exchange forces and general theory of
nuclear structure at the 7" Solvay Conference in Brussels in
October 1933. At the meeting, Heisenberg reported theory on
nuclear structure, which could be “considered as corresponding
to a form of Gamow's drop model made precise by the neutron
hypothesis™ (Stuewer, 1997). Only a year later, Heisenberg's
student Carl Friedrich von Weizsiicker (1935) derived an
empirical equation, that would yield the binding energy of the
nucleus as a function of its mass number (A), incorporating into
the equation the various properties of the nucleus characteristic
of a liquid drop. Von Weizsiicker's equation for the liquid-drop
model of the nucleus gained notoriety when Hans Bethe and
Robert Bacher (Bethe and Bacher, 1936, Bethe, 1937) from
Comell University reworked Weizsacker's equation to include
a pairing energy, which was referred to subsequently as the
Bethe—Weizsiicker mass formula.

Gamow’s original conception of the nucleus with the
physical properties of a liquid drop soon became useful in the
interpretation of nuclear fission. In December 1938, Oto Hahn
and Fritz Strassman (1939a,b) had confirmed that barium
(Z=56) was a product of neutron bombardment of uranium
(Z=92). Hahn could not arrive at an explanation of how
a nuclide of lower atomic number would result from the reaction
of a neutron with a nucleus of much higher atomic number.
Hahn asked his former colleague and collaborator, Lise Meitner,
for an explanation. Lise Meitner and Otto Frisch (1939)
considered the recently developed concept of the nucleus
having the properties of a liquid drop. They arrived at the
conclusion that the capture of a neutron by the uranium nucleus
attributed to the nucleus a degree of instability, whereby it
would oscillate like a liquid drop forming a dumbbell shape
(See Fig. 1.10) and that the apposing Coulomb forces of the fat
sections of the dumbbell would cause the nucleus to split apart
into two nuclides (fission fragments) of smaller atomic number,
and that the sum of the atomic numbers of the two fission
fragments would equal that of the original uranium (Z=92),
They concluded that if barium (Z = 56) was a product (fission
fragment) of neutron bombardment of uranium (Z = 92). the
other fission fragment would be krypton (Z = 36), as described
by the following reaction:

fissi
U +4n —— Ba+ 3xKr+xin (1.44)

They coined the word “fission™ by borrowing the word from
biology, a word used to describe the splitting of bacteria cells.
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FIGURE 1.10 N by 235
and subsequent fission o‘umublc uranium-236. The
capture of a slow neutron by uranium-235 yields the
nuclide uranium-236, which is unstable, capable of
oscillating like a ligquid drop and breaking into two
smaller nuclides X and Y generully of different
masses and of atomic numbers that add up to Z « 92
(lhc stomic number of the pareat uranium) plus the

U-235

of an ge of 2.4 and energy
(approximately 200 MeV). The emission of three
is il I The 236 nuclides

break into two fission fragments in as many as 30
different possible ways producing. therefore, 60
different nuclide fission fragments,

1
A\

U-236

The liquid-drop model remains to this day an excellent means of
describing nuclear fission, and the liquid-drop model formula
has been used to predict spontancous fission half-lives (Ronen,
2004).

Today the liquid-drop model formula is referred to often
as the Weizsicker liquid-drop model formula or the semi-
empirical mass formula. It has been refined by many rescarchers
to include theory with empirical measurements, including those
described by Evans (1955), Friedlander et al (1964), Ronen
(2004), Serway et al (2005), Mahboub (2008), and Royer
(2008), and the formulas vary slightly among research reports:
however, all have the basic mathematical structure as the
equation first reported by von Weizsiicker, The liquid-drop
formula described by Evans (1955). Friedlander et al (1964),
Choppin et al (2002), Gould et al (2004), and Serway et al
(2005) is basically the following:

(N-2)

Z(Z~1) Cu
53 A

/3
Ey = aA — aAY? — a, A

+ 8,(Z,N)
(1.45)

where Ej is the nuclear binding energy in MeV, A is the mass
number, N is the neutron number, Z is the atomic number, a,, a;.
a.. and ay, are coefficients for the volume energy. surface
energy. Coulomb energy, and the symmetry energy, respec-
tively, and &(ZN) is a pairing energy term described subse-
quently. The values of the coefficients a,, 4y, a.. and a, reported
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U-236
Nucieus as oscillating liquid drop

fission

° °+ 200 MeV

FmionprodumXandY + 3 neutrons
(not always 3 neutrons; an average
of 2.4 neutrons per fission)

by Woan (2000) are @, = 15.8 MeV, a, = 18.0 MeV, o, = (.72
MeV, and a,, = 23.5 MeV. The coefficients vary slightly among
research reports depending on the data used to obtain the
mathematical best fit of the equation to measured values of
nuclear binding energy, and the equation generally agrees with
measured values to within a few percent for nuclides of A > 40,
The various terms of the liquid-drop equation (Eqn (1.45)) are
described as follows:

Volume Energy, a,A. The volume energy term assigns
a direct proportionality of the nuclear volume to the total
binding energy of the nucleus, i.e., the nuclear volume increases
in proportion to the number of nucleons. The extension of the
binding energy throughout the entire volume of the nucleus is
a consequence of the short range and saturation characteristics
of the nuclear forces. The strong nuclear forces binding
neutrons and protons in the nucleus extend throughout the
nuclear volume.

Surface Energy, a,A*%, The surface cnergy term is nega-
tive, as the nuclear forces binding the nucleons are unsaturated
at the surface similar to the surface tension effect that occurs
with a liquid drop (See Fig. 1.11) and there is thus a reduction of
binding at the surface. The nucleons at the surface have fewer
neighboring nucleons with which to bind resulting in a reduc-
tion in binding energy as a function of surface area. The surface
effect will increase with surface area; and surface area of
a sphere is defined as @2, Since the radius of the nucleus is
proportional to the mass number (r=A'/*) as defined by
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FIGURE 1.11 N at the nuclear
surface (a) and a nucleon within the nucleus (b), The binding forces of the
nucleon at the surface are unsaturated, as there are fewer neighboring nucleons
with which to bind compared to nucleons within the nucleus, The phenomenon
is similar to that which occurs in the binding of molecules of a liquid drop
resulting in surface tension,

Nuclear forces ) binding a '

Eqn (1.16), the surface area term can be written as being
proportional to A%/,

Coulomb Energy, a.(Z(Z~1)/A'?). The Coulomb
energy term takes into account the repulsive Coulomb forces of
the protons in the nucleus. The nucleus contains Z protons and
their long-range Coulomb forces interact with the remaining
Z~1 protons. The Coulomb force therefore extends throughout
the nucleus with radius proportional to A'/* (see Eqn (1.16)),
which is included in this Coulomb energy term of the liquid-
drop model.
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The strong nuclear-binding forces between neutrons and
protons in the nucleus, which are of short range, counteract the
Coulomb repulsive forces. Thus, throughout the Chart of the
Nuclides among the stable nuclei with Z > 20, we will find that
their nuclei contain more neutrons than protons. If we look
throughout the Chart of the Nuclides, we will notice that the stable
nuclides of low atomic number (Z < 20) will have an N/Z ratio of
~ I. However, as the atomic number increases (Z > 20), the N/Z
ratio of the stable nuclides increases gradually and reaches as
highas ~ 1.5 (e.g.. "0Bi, Z = 83.N/Z = 1.518). Furthermore,
there are no stable nuclides of atomic number greater than 83,

In brief, the importance of the N/Z ratio to nuclear stability is
explained on the basis of the existence of strong short-range
nuclear binding forces, which are charge independent and the
long-range repelling Coulomb forces between protons. The
short-range strong nuclear forces extend to a distance of =2 fm
(2 fermi or 2 x 10~"* m). which is close to the radius of a small
nucleus, such as that of $He (See Section 1V.A). These attractive
strong nuclear forces are binding exchange forces that have
charge independence (see Section IV.B). The binding exchange
forces exist, therefore, regardless of charge on the particles,
between two protons, two neutrons, and a proton and neutron.
Thus, at short distances within 2 fm, the strong forces between
n—n, n—p, and p—p are equal and charge independent.
However, at distances beyond 2 fm, there exists repelling
Coulombic forces between the positively charged protons that
act to force them apart. For nuclides of low Z, the attractive
nuclear forces exceed the repelling Coulombic forces when
N = Z. However, increasing the number of protons (e.g..
Z>20) further increases the strength of the repelling
Coulombic forces over a larger nucleus, which will tend to force
the nucleus apart. Therefore, additional neutrons, N> Z,
provide additional strong attractive nuclear forces needed to
overcome the repelling forces of the larger proton population.
Fig. 1.12 illustrates a plot of the stable nuclides as a function of
their NV and Z numbers. The N/Z ratio of the stable nuclides, as

130 FIGURE 1.12  Piot of stable nuclides. The number
120 A of neatrons (N) is plotted against the number of
it protons (Z) in the nuclei of the stable atoms. The
110 | : il | straightline represents N = Z. Only 13 nuclides in the
I I region Z< 20 are stable with an equal number of
- ..|'§ neutrons and protons (N = Z),
% il
80 . =.:.n .
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illustrated in Fig. 1.12, increases significantly as a function of Z
for nuclides of Z > 20. As the atomic number increases further,
Z > 83, all nuclides are unstable. Even though N/Z ratios reach
1.5, nuclear stability is not achieved, when the number of
protons in the nucleus exceeds 83.

Volume Symmetry, a,((N ~Z)*/A). The volume
symmetry term quantifies the contribution of nuclear symmetry
to the binding energy. Among the light nuclei, the unstable
nuclei reside on either side of the symmetrical term N =Z.
Thus, a negative sign is assigned to this symmetry term, which
increases according to (N—2). Nuclear stability among the
larger nuclei is achieved by an increase in the N/Z ratio (See
Fig. 1.12) as the strong short-range binding nuclear forces
between neutrons and protons (See Section IV.B) are needed to
hold the nucleus together over the entire volume of the nucleus.
As these short-range n—p binding forces do not reach
throughout the volume of the nucleus, the probability of
occurrence of n—p binding within a nucleus would be inversely
proportional to the nuclear volume or A",

Pairing Energy, £4,(Z, N). The pairing energy term may
have appositive sign whereby the term adds to the nuclear binding
energy. or a negative sign diminishing the nuclear binding energy.
Nuclei that have an even number of protons and even number of
neutrons (even Z, even N) are known to be the most stable of all
nuclei due to proton—proton spin coupling and neutron—neutron
spin coupling (see Section IV.D.2 below). The pairing energy term
for the binding energy of these nuclei is assigned a value of
+34/A%% MeV. Nuclides with even Z, odd N or odd Z, even N are
generally less stable than even—even nuclides, and thus the
even—odd and odd—even (i.e., odd A) nuclides are assigned
a value of zero 1o the pairing encrgy term. The least stable of the
nuclides are those with odd Z and odd N (i.e., odd—odd nuclides),
and these are assigned a pairing energy term of —34/A4%4 MeV.
The negative value of this term would diminish the total binding
energy of Eqn (1.45) for the liquid-drop model. Thus, the pairing
energy term would have the following values as summarized by
Woan, (2000) and Gould et al, (2004):

4 +1 for even-even
+8,(Z,N) = == 0 for A odd (1.46)

3
AYEL Y for odd-odd

The liquid-drop model is useful in describing certain propertics
that may attribute stability or instability to atomic nuclei, and it
has proved to be successful in explaining nuclear fission in large
nuclei, However, the liquid-drop model does not provide insight
into the fine organized structure and spin coupling of protons
and neutrons in the nucleus that attribute stability to certain
nuclei as provided by the shell model described subsequently.

2. Shell Model

Our knowledge of the shell structure of the atomic nucleus has
its beginnings with the independent work of Maria Goeppert-
Mayer while at the Argonne National Laboratory in the USA
(Goeppert-Mayer, 1948a.b, 1949) and J. Hans D. Jensen, from
the University of Heidelberg, Germany (Haxel et al, 1949).
They subsequently collaborated with a book on nuclear shell
structure (Goeppert-Mayer and Jensen, 1955). For this work
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they were awarded the 1963 Nobel Prize in Physics, which they
shared with Eugene Paul Wigner, This award made Mana
Goeppert-Mayer the 2™ woman to receive the Nobel Prize in
physics since Marie Curie.

Maria Goeppert-Mayer's opportunity for discovery came
while voluntarily collaborating at the University of Chicago’s
Institute for Nuclear Studies (now known as the Enrico Fermi
Institute). At the institute she collaborated with Edward Teller
in a search for the cosmological model of the origin of the
universe. While compiling data she studied the abundance of the
clements and found that there were certain elements that were
highly abundant, and she found a correlation between the
abundance of these elements and specific numbers of neutron
and protons in their nuclei. J. Hans D. Jensen at the Institute of
Theoretical Physics in Heidelberg together with his collabora-
tors Otto Haxel at the Max Planck Institute in Gottingen and
Hans E. Suess of the Institute of Physical Chemistry at Hamburg
came to a similar conclusion that certain elements with partic-
ular numbers of neutrons and protons were particularly stable. It
is interesting to note that at both sides of the globe, the
discoveries were made simultancously and independently.
When the stage is set, the discoveries will be made.

The numbers of protons and neutrons, correlated to partic-
ularly stable nuclei, were called the “magic numbers”. In the
words of Goeppert-Mayer in her Nobel Lecture,

What makes a mumber magic is that a configuration of a magic number
of neutrons, or of protons, is unusually stable whatever the associated
number of the other nucteons.” The magic manbers, as we know them
today, are;

2. 8 20. 28. 50, 82, 126
And most importamly, they are the same for neatrons and protons,

Nuclides containing a magic number of neutrons and/or
protons are listed in Table 1.3. Goeppert-Mayer (1963, 1964)
pointed out that Sn (Z = 50) is the element with the largest
number of stable isotopes among all of the elements in the
Periodic Table. There are six stable nuclides with 50 neutrons
and 7 stable nuclides with 82 neutrons, whereas normally one
will find only 2 or 3 stable nuclei in the Chart of the Nuclides
having identical numbers of neutrons.

Some nuclides are called “doubly magic™, because they have
equal numbers of protons and neutrons that are magic numbers.
The nuclide $He has a high binding energy. i.e., it is very tightly
bound (See Fig. 1.9), and an extra proton or neutron cannot be
attached to its nucleus, as evidenced by the fact that ;Li and ch
do not exist. In addition, '$Og, which is also “doubly magic™, is
very stable. A large amount of energy would be required to
remove a neutron from the '203 nucleus: whereas the addition
of an extra neutron to its nucleus to form ';0y would result in
a weakly bound neutron, which is evidenced by the low natural
abundance of '"0 (0.04%) compared to '°0 (99.76%).

The breakthrough in the development of the nuclear shell
model came with the conclusion that the protons and neutrons in
the nucleus exhibit nuclear spin-coupling effects, which result
in shifts in their energy levels within the nucleus, similar to what
occurs with electrons in their orbitals about the atom. Pauli’s
exclusion principle, which was applied to atomic electrons, is
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also applied to the nucleons in the nucleus. The exclusion
principle states that no two protons or two neutrons in a nucleus
could exist in the same quantum or energy state. The proton or
neutron can exist in two spin quantum states, namely +1/2 (i.e.,
spin-up) or —1/2 (i.e., spin-down). Goeppernt-Mayer explained
in her Nobel Lecture that there is a strong interaction between
spin and orbital angular momentum, whereby spin-up and spin-
down refer to the spin being parallel or anti-parallel to the
orbital angular momentum. She provided evidence that this spin
interaction raised considerably the energy levels of nuclei that
contained 9, 21, 29, 51, or 83 protons or neutrons, or 127 or 128
neutrons, thereby attributing a high degree of stability to nuclei
that contain 8, 20, 28, 50, 82 protons or neutrons, or 126
neutrons. The numbers 8, 20, 28, 50, 82, and 126 refer to closed
shells of protons or neutrons attributing a high degree of
stability to nuclei with these nucleon numbers. The closed shells
of nucleons in the highly stable nuclei are analogous to the
closed electron shells of the nobel gases, which attribute to these
gases a high degree of chemical inertness. Thus, protons and
neutrons exist in the nucleus in different energy states in
structured orbitals similar to the external electron orbitals of the
atom. In Section IV.D.1 it was discussed how stability is ach-
ieved in the light nuclei (Z < 20) when Z= N, and this was
illustrated previously in Fig. 1.12. In accord with the exclusion
principle. the nucleons are packed in the nucleus according to
energy levels with two protons of opposite spin and two

neutrons of opposite spin per energy level. As a proton or
neutron is added to the nucleus, it will occupy the next highest
energy state; and the increase in energy state of the nucleus can
decrease its stability. Fig. 1.13 illustrates how the additional
proton in "*N compared to "*C attributes a higher energy state to
the '°N nucleus, whereby it decays to the stable '*C by the
conversion of a proton to a neutron via positive beta decay. Also,
an extra neutron in the nucleus of "*B places that nucleus in
a higher energy state compared to "*C. The "B achieves
stability by conversion of the excess neutron to i proton to form
stable "*C via negative beta decay.

In her Nobel Lecture Maria Goeppent-Mayer provided
evidence for the increased instability of nuclei when additional
neutrons are added to nuclei above the magic numbers, which
represent closed shells at 2, 8, 20, 28, 50, 82, and 126 nucleons.
Fig. 1.14 illustrates the 8~ decay energies of various nuclides
with N—=Z =3 to N—-Z = 2. Maria Goeppert-Mayer explained
the curve as follows:

One would expect to find a smooth curve, sloping downward. Except for
one point it is indeed so, This point is **Ar with 21 neutrons and 18
protons. A smooth interpolation of the curve would predict “Ar to be
stable ... However, “Ar is unstable against §~ emission by about
0.5 MeV. The explanation of this anomaly is the low binding energy of
the 21" newtron, while the 19" proton into which it is transformed has
the higher binding encrgy of the proton shell which closes ar 20. That
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FIGURE 1.13 Nuclear potential encrgy-well illus-
trations of the pairing of nucleons in the isobars '*N.
"B, and "°C. The and p are ill d
with amows to represent oppasite spin states, spin up
(1) and spin down (] ). Oaly two nucleons of opposite ineutrons| protons
spin state are allowed per encrgy level (£) in accord

with the Pauli Exclusion Principle. The protons are

illustrated at a higher energy level than the neutroas, E ¢

because of the added positive Coulomb potential of the %
protons. The ridge. above the coergy-well. represents o | r—s 2

the Coulomb potential barrier to charged particles
from entering or escaping the nuckeus. The nuclear neutrons| protons

o

radius is represented by r. (See Fig. 1.26 for a detailed M_M
o0 ¢

—

m

description of the nuclear energy-well,)
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'2C (stable)

the energies drop again sharply is due to the fact that now Z =20 is The highest magic number of 126 occurs only for the closing
involved. These types of discontimuity occur ar all magic numbers. of a neutron shell. Thus, it would be expected that the 127" and
128" neutrons would be less tightly bound and that these
A similar discontinuity of the 8 decay energies in the  nuclides would be at higher and less stable energy states
neighborhood of N = 50 is illustrated in Fig. 1.15. The additionof  compared to nuclides with 126 neutrons. This is just the case, as
asingle neutron to the nucleus of N = S0 increases the energy state  illustrated in Fig. 1.16. In the case of a-decay, there is the
of that nucleus illustrated by the higher decay energy of thenucleus — emission of two neutrons together with two protons., As illus-
of Srwith N = 51 compared 1o **Krwith N = 49. Thisisonlyone  trated in Fig. 1.16, the a-particle decay energy is the highest for
of several examples given by Goeppert-Mayer (1972) of nuclear  nuclides with 128 neutrons, and this drops sharply when the
stability attributed to the closing of a neutron shell at N = 50. 128" and 127" neutron is removed from the nucleus.
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FIGURE 1.14 Beta decay encrgics in the neighbor-
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hood of N = 20, (Goepperi-Mayer, 193 reprinted with
permission © The Nobel Foundation 1958,)
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For further information on this subject matter, the reader is
invited to peruse works by Goeppert-Mayer and Jensen (1955,
1965). Goeppert-Mayer (1965), Choppin et al (2002), and Rowe
and Wood, (2010),

3. Collective Model

The collective model of the nucleus combines aspects of the
liquid-drop and shell models, which provides a description of
the collective properties of the nucleus. The oldest model was the
liquid-drop model described previously. This model was very
useful in describing certain nuclear reactions, such as nuclear
fission. After the liquid-drop model came the shell model, which
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N (neutron number)

gave an organized picture of the nucleons in different energy
states in structured orbitals. This provided an explanation for the
stability of the nucleus with certain “magic numbers™. However,
neither model could provide an explanation for excited states of
the nucleus, which are a result or consequence of the collective
action of the nuclei. The collective model, for which Aage Bohr
(son of Niels Bohr), Ben Mottelson, and James Rainwater
received the 1975 Nobel Prize in physics, depicts the nucleus
with both the properties of a liquid drop and the ordered structure
of the nucleons providing an explanation of excited states of the
nucleus as a consequence of its rotations and vibrations.
Certain nuclei, particularly heavy nuclei (A > 150), exhibit
large clectric quadrupole moments, This property is a charge

FIGURE 1.15  Beta decay energies in the neighbor-
hood of N=50. Source: Goeppert-Mayer. 1963:
reprinted with permission © The Nobel Foundation
1958.
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FIGURE 1.16 Encrgy release in alpha decays.
(Goeppert-Mayer, 1972 reprinted with permission ©
The Nobel Foundation 19358.)
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distribution that deviates from what one would encounter with
a symmetrical spherical nucleus, This property clearly indicated
that certain nuclei were not spherical in shape, but that they
were deformed or ellipsoidal in shape. Rainwater (1950)
provided a solution by considering that there was an interaction
between an inner core and outer surface of valence nucleons
whereby the valence nucleons could influence the shape of the
nucleus. The movement of the valence nucleons with respect to
the core would cause a polarizing effect, resulting in a deformed
nucleus as what would be expected in the liquid-drop model.
Aage Bohr (1951) published ideas similar to those of Rainwater
in a paper that was submitted prior to the publication of Rain-
water's paper demonstrating their independent discoveries.
Bohr linked the movement of nucleons on the nuclear surface to
oscillations of the nuclear shape, which would account for the
large nuclear quadrupole moments. Bohr predicted collective
excitations of the nucleus, namely vibrational excitations
resulting in the periodic change in the shape of the nucleus and
rotational excitations, which entails the rotation of the entire
nucleus not as a single body. but that the motion consists of
a surface wave of nucleons that propagates. In his words during
his Nobel address, Auge Bohr stated “The rotational motion
resembles a wave traveling across the nuclear surface and the
moment of inertia is much smaller than for a rigid rotation.” The
moment of inertia of the nucleus will change as its shape
changes. This is analogous to the actions of a figure skater, who
with outstretched arms will pull in his or her arms, thereby
reducing their moment of inertia resulting in a faster spin. In his
Nobel Lecture Aage Bohr (1975) illustrated the differences
between the rotation of a rigid nucleus and one which has
a nonrigid surface as depicted in Fig. 1.17.

Thus, nuclear excitations would be expected from the
nucleus rotating not as rigid body, but resulting from the
movement of a surface wave of nucleons propagating about and
around the surface of the nucleus, The nuclear deformations
(elipsoidal shapes) would result from numerous nucleons acting
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in a collective manner as a wave about the surface of a more
rigid inner nuclear core. The differing ellipsoidal shapes or
rotational states of the nucleus are manifested as rotational
bands in gamma emission spectra as subsequently discussed.

Bohr and Mottelson (1953a,b) were able to correlate the
energy of rotational states with gamma-ray emission spectra.
The energy (E) of the rotational states for even—even nuclei
would be defined by the equation

2 I+ 1)
20

where 7 is the nuclear spin and # is the moment of inertia. Some
of the first examples of energy spectra proportional to /(/41) are

el

E=h (1.47)

irrotational flow
FIGURE 1.17  Velocity fields for rotational motion. For the rotation generated
by irotational fow, the velocity is proportional to the nuclear defi i

(amplitede of the truveling wave). Thus for a spheroidal shape, the moment of
inertia s @ - 3.,‘1 AR;‘RI: where :\‘,‘ is the moment for ngad rotation, while R
is the mean radius and AR (assumed small compared to R) is the difference
between major and minor semi-axes (From Bohr, A, 1992 reprinted with
permission © The Nobel Foundation 1958.)
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isomer (t, = 5.5 hr)
84 e 1079 (1116) kaV/
442 keV
6+ 637 (651)
/ 22¢cm
330
« decay
4+ 307 (310)
146 keV 214
43 24— 93
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» IO
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FIGURE 1.18 Rotstioaal spectra for ~“Pu and "HI. The spectrum of "Hf
was deduced from the observed ¥ lines associated with the decay of the isomeric
state. The nuclear spin states (0, 2, 4...) and parity (+) are given at the left of
cach encrgy plateau of "HY, and the energies in keV are given to the right of
cach energy platean. The vertical arows pointing downward in the decay
of "HF represent the energy diff between ph and the itudes of

the g ray photon energies, The inp hesis are calculated from
the encrgy of the finst excited state, assuming the energies 10 be proportional
w0 I+ 1), (From Bohr A, 1992: reprinted with permission © the Nobel
Foundation 1958.)

illustrated in Fig. 1.18. For example, the ratio of spin state 4
to spin state 2 is 44+ 1)V2(2+1) = 3.33. and the product of
this ratio and the observed energy at spin state 2 yields
(3.33)(93 keV) =310 keV as given in parenthesis for the
calculated energy at spin state 4 in Fig. 1.18.

Similar calculations can be made to arrive at the calculated
cnergy levels of 651 and 1116 keV of "™HF illustrated in
Fi§. 1.18. In his Nobel Lecture Bohr stated “The spectrum of
*¥py was established by Asaro and Perlman (1953) from
measurements of the fine structure in the a-decay of ***Cm.
Subsequent evidence showed the spin-parity sequence to be 0+,
2+, 4+, and the energies are seen to be closely proportional to
1(7+41)." These findings were the first to demonstrate that certain
nuclear energy states can be explained on the basis that they
constitute a nuclear rotational spectrum, thus providing
convincing evidence for the collective model of the nucleus.

E. Cluster Radioactivity

Cluster radioactivity is nuclear decay with the spontancous
emission of a particle heavier than an alpha particle with Z > 6.
It is included in this part of the chapter, because cluster radio-
activity is an important phenomenon not in the analysis of
radionuclides, but rather in the study of the properties of the
nucleus.

Cluster radioactivity was first predicted by Sandulesco and
Greiner (1977) and discovered by Rose and Jones (1984), who
were the first to observe the emission of "*C from the nucleus of
**Ra. Since the discovery in 1984, intense experimental
research at numerous institutions (See reviews by Price, 1989
and 1994, Ronen, 1997, Bonetti and Guglielmetti, 1999, and
Santhosh et al, 2010) have uncovered numerous radionuclides
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of hig}h mass number (A > 221) that emit clusters, including
e, 0, PF *Ne, *Mg. or Si. Radionuclides. that exhibit
cluster radioactivity, are listed in Table 1.4 with their cluster
decay modes and decay properties.

Cluster decay is a rare event that competes with alpha-
particle emission, i.e., alpha decay. The probabilities of cluster
decay for observed decay modes (i.e.. branching ratios) range
from 107% to 107" of the alpha-decay probability. All of the
decay modes listed in Table 1.4 yield product nuclei that possess
magic numbers of protons (Z = 82) and/or neutrons N = 126)
with the exception of *''Bi (Z=83, N=128), which is
accompanied with the "C cluster in the decay of “**Ac.
Howevetr. in this exceptional case, the "*C cluster has the highest
binding energy (BE) per cluster. Ronen (1997) compared the
magic numbers, binding energies per cluster, and Q values of
the cluster decays as listed in Table 1.4. From these compari-
sons, Ronen (1997) concluded the following:

1. The most likely mode of cluster radioactivity is when the
light cluster has the highest BE per cluster and the daughter
product is the doubly magic nucleus *®pb, We can see from
Table 1.4 that, among the isotopes of Ra, which yield the '*C
cluster, the decay mode yielding the doubly magic ***Pb has
the highest Q value. Also, among the isotopes of U and Pu,
the decay modes that yield the doubly magic ***Pb also have
the highest Q values,

2. Nuclei that decay by cluster radioactivity have either
a daughter that is magic (N =126 or Z=82) or a light
emitted cluster with the highest BE per cluster. Nuclei thar
obey both conditions (magic number and highest BE per
cluster for the emirted cluster) have shorter half-lives.

Because of the rarity of cluster radioactivity in comparison to
alpha decay, the detection of emitted clusters must be done with
a relatively high alpha activity. Certain solid-state nuclear track
detectors insensitive to alpha particles (Durrani and Bull, 1987
and Ili¢ and Durrani, 2003) serve as good means of detecting
cluster radioactivity. However, Bonetti et al (2001) point out
that track detectors may not have enough A resolution to offer
unambiguous identification. Thus, to decide in favor of one of
the most probable Ne clusters, Bonetti et al (2001) resorted to
theoretical calculations.

An important outcome of the discovery of cluster radioac-
tivity was the reconfirmation of the magic numbers of closed
shells of magic numbers of protons and neutrons in the nucleus
that yield exceptional stability to atomic nuclei discussed
previously in this chapter. Numerous works have been devoted
to explaining the cluster decay process. These are summarized
by Santhosh et al (2010). There are two approaches to
explaining the cluster decay process, namely, (1) fission-like
and (2) alpha-like. In the fission model (Sandulescu et al, 1985,
Greiner et al, 1985, Poenaru et al, 1985 and 1986, Shi and
Swiatecki, 1985, and Shanmugam and Kamalaharan, 1988), the
nucleus deforms continuously as the cluster penetrates the
nuclear barrier. This would be somewhat similar to the nuclear
fission process discussed previously in this chapter. In the alpha-
like or cluster model of decay (Blendowske et al, 1987, Land-
owne and Dasso, 1986, Buck and Merchant, 1989, and Malik
and Gupta, 1989), the cluster is assembled in the nucleus in
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(TABLE 1.4 Cluster Decay Modes and Properties”

\

klm- magic numbers are thase of the cluster-decay prodkact nucle

Decay mode” Magic number(s)* £ or Q value (MeV) Hali-life (log T, (s))
B e X7T) 4 MC N=126 29.28 145+0.12
2IRa = 20ph 4 MC Z=82 30.34 13.040.2

BRY s 1P 5 14C Z= 82, N=126 30.97 11.0 4 0.06

2IRa— Mph 4+ MC Z=82 29.85 15.2 £ 0.05

HMRa— ph 4 MC Zw 82 28.63 158+0.12

25Ac~e MBI+ 14C None 28.57 17.16 +0.06
H26Ra— M2ph 4 HC Z=82 26.46 213402

135Th— "ph + O ZwB82, Nw 126 44,72 20.7 £ 0.08

WPy — M%ph 4 Z=82, N=126 46.68 26.0

IHTh = MHg & HNe N=126 51.75 24.6£0.07

BIpg e 2077] 4 MNe N=126 54.14 2294005

BY — MOppy 4 HNe Z=82, N=126 55.86 20.5+0.03

MU — 0pph & HNe Zw 82 52.81 259402

U - Mg 4 Mg N=126 65.26 25.7+0.2

TPy e T0PY 4 FMp Z=82, N=126 70.22 21,7403

BEpy e T6ph 4 FMg Z=82, N=126 67.00 25.740.25

5Py — MOHg 4 B8 N«126 78.95 25.340.16

“Decay mode, energy (£) and half-lide data are from Price (1994) and Ronen (1997)

*Other chester docays, not listod in the table, are U = ““Hg IN = 1261+ Mg " Pu ~ TPb (Z = 82) 4 “'Mg and 2 Cm — P = 82, N = 126) + "'$i reported by
Tretyakova (1995) and * U <« "PPh (L = 82,N = 126)+ “*Ne and " Th «« PP (£ = 82,N = 126)+ O reported by Bonetti etal. (2001, The magic numbers of the product
nuclei are in parenthesis where the nuckeus of ““Pb is “doubly magic”.

Y

a similar fashion as the alpha particle is assembled (see alpha
decay in this chapter) before the cluster penetrates the nuclear
potential barrier.

V. NATURALLY OCCURRING
RADIONUCLIDES

If we take into account the age of the carth, which is 4.5 x 10”
years, and the characteristic property of radionuclide half-life
decay, one of the following conditions would have to be met for
a natural radioactive nuclide to occur on earth: (1) the radio-
nuclide would be produced continuously on earth or its atmo-
sphere by a natural phenomenon, (2) the radionuclide would be
very long-lived, that is, it would have a half-life of the order
of > 10° years, or (3) a short-lived radionuclide would be in
cquilibrium with a naturally occurring long-lived parent radio-
nuclide. The above categories of naturally occurring radionu-
clides will be subsequently discussed.

A. Radionuclides of Cosmogenic Origin

A number of radionuclides are produced on a continuous basis
by the interaction of cosmic-ray particles with nuclei in the
carth’s atmosphere. The cosmogenic isotopes are created by the
interactions of high-energy primary and secondary particles of

cosmic radiation with nuclei of gascous molecules of the
atmosphere (e.g., N2, Oa, Ar, etc.), resulting in the fragmenta-
tion of the target nuclei or by the capture of thermal neutrons of
the cosmic radiation showers with target nuclei of the atmo-
sphere (see Section XILB for additional information on cosmic-
ray interactions in the earth’s atmosphere). As reported by Lal
(2009), most of the cosmic-ray energy (>98%) is dissipated in
the carth’s atmosphere. Secondary particles of cosmic radiation
produce nuclear reactions at a much-reduced rate with the
carth’s superficial reservoirs, including the hydrosphere, cryo-
sphere, and lithosphere. Cosmogenic radionuclides are
produced. therefore, to the greatest extent in the earth’s atmo-
sphere. Table 1.5 provides a list of cosmogenic nuclides, their
half-lives, rate of production in the atmosphere, and the global
mass of these naturally occurring nuclides. Short-lived radio-
nuclides are not included here. Once produced in the atmo-
sphere, radionuclides, such as *H, "Be, "“Be, *°Al. and *°Cl, will
find their way to the earth’s surface: whereas radionuclides in
gaseous form, such as '*CO,. “Ar. *’Ar. and *'Kr, find their
way into oceans and rivers via air exchange.

B. Long-lived Radionuclides

Based on the age of the earth (4.5 x 10° years), we can expect
that all noncosmogenic radionuclides with a half-life <10
years, that were formed during the formation of the earth and
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('IABLE 1.5 Production Rates of Several Isotopes in the Earth’s Atmosphere, Arranged in Order of Decreasing Half-Lives* \

kﬂfrum Lal. 2009, Reprinted with permission from Elsevier Publishess)

Production rate (atoms cm ¥ s ")
Isotope Half-life Troposphere Total atmosphere Global inventory
"He Stable 6.7 x 1077 0.2 3.2 % 10 tons"
"Be 1.5 x 10°y 1.5 x 1072 4.5 x 1072 260 tons
Al 7.0 x 10%y 3.8 x10° 14 %10 1.1 tons
ol 4 23 x 10y 52x 107 1.2 x 10" 8.5 kg
“cl 3.0 x 10%y 40x107* 1.1 x10™" 15 tons”
He 5730y 11 25 75 tons
YAr 268 y 45x%10° 1.3 x 107 52 kg
55 ~ 150y 54 x10°° 1.6 x 10 0.3 kg
H 123y 8.4 x 1077 0.25 3.5 kg
Na 26y 2.4 %10 8.6 x 107° 19
S 87d 49 x 10 14 x10* 45g
"Be 53d 2.7 x107? 8.1 x 107 3.2¢
Ar 35d 28x10* 83 x 10" 11g
Yp 253d 22x10 6.8 x 107! 068
p 143d 27 x107" 81 x10" 044
“Based on Lal anxd Peters (19671,
®The inventory of this stable nuclide is based on its atmaspheric inventory, which includes an appreciable contribution from crustal degassing of *He,
* Based on wmaospheric “'KoKr ratio of (5.2 £ 0.4) x 107"
“includes a rough estimate of Y CI produced by the capiure of neutrons at the carth’s surfice,
“Based on amasphacic AvAr ratio of (0,107 4 0.004) dpmd. A (STP,

J

are not in equilibrium with a parent nuclide in a naturally
occurring decay chain (See Section V.C below), would have
decayed to an undetectable level, Table 1.6 lists the naturally
occurring long-lived radionuclides according to increasing
atomic number (Z) together with their half-lives, relative isotope
abundances, decay modes, and decay products. Two decay
products are listed when there are two modes of decay. All of
the decay products are stable with the exception of the decay
products of "**Sm and '¥Gd, which decay o the very long-lived
INd and '**Sm, respectively, and *>Th, ***U, and ***U, which
are long-lived parent radionuclides of the thorium, uranium, and
actinium decay chains described in Section V.C, Not listed in
the table are 10 radionuclides that are exceptionally long-lived.
These decay via a double-beta (§5) decay mode with half-lives
ranging between 10** and 10°* years. Double-beta decay, which
is the rarest form of nuclear decay. is discussed further on in this
chapter.

C. Natural Radioactive Decay Chains

There are three naturally occurring decay chains, which begin
with one of three long-lived parent nuclides. The three decay
chains, namely, the ***Th or thorium decay chain (4 n), the ***U
or uranium decay chain (4n + 2), and the ***U decay chain or
also referred to as the actinium decay chain (4n + 3) are illus-
trated in Figs 1,19, 1.20, and 1.21, respectively. The notations

4n, 4n+ 2, and 4n + 3 refer to the mass number A for all
nuclides in the respective decay chains where n is a positive
integer between 50 and 60. The notations are derived from the
fact that the mass number (A) for all radionuclides in a given
decay chain is a multiple of 4, because a-decay results in a mass
reduction of 4, whereas the mass number between parent and
daughter does not change in §-decay. Thus, the mass numbers
in the respective series agree with the relations 4n=A,
4n+2=A, and 4n + 3 = A, where n is an integer between 50
and 60. There are radionuclides in the decay chains with very
short half-lives (of the order of minutes and seconds). These
short-lived nuclides have survived the billions of years since the
formation of the earth due to an equilibrium that develops
between a long-lived parent and its shorter-lived daughters.
Equilibrium between parent and daughter nuclides are dis-
cussed in detail further on in this chapter. All radionuclides in
the thorium, uranium, and actinium decay chains terminate with
a stable isotope of lead. namely, ***Pb, *™Pb, and *"'Pb,
respectively.

VI. ARTIFICIALLY PRODUCED
RADIONUCLIDES
There are over 1300 artificially produced radionuclides. These

are made by nuclear reactions often facilitated by a nuclear
reactor or particle accelerator. A brief historical account of the
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(TABLE 1.6 Long-lived Naturally Occurring Radionuclides”

\

Nuclide Hali-life (years) Isotope abundance (%) Decay mode(s) Decay product(s)
9K 1.26 x 10" 00117 g, EC 2Ca(B7). 1A (EC)
BV 1.4 x 10" 0.250 8, EC RCr(87). 3M (EC)
$IRb 4.88 x 10" 27.835 g fasr
Ued 9.0 x 10'* 12.22 g aln
in 4.4 x 10" 95.71 g Lasn
e 1.3 x 10" 0.908 EC 215
Bla 1.06 x 10" 0.0902 g, K 3Ce(f). '2Ba (EC)
e 5.0 x 10 11.08 a 1358a
TN 2.1 x 10'% 23.80 a ¥0Ce
‘hSm 1.06 x 10" 15.0 a "WANd
"aSm 7.0 x 10" 1.3 a THNd
Gd L1 x 10" 0.20 a 1HSm
"l 3.8 x 10" 2.59 g 124HS
AN 2.0 x 10" 0.162 a 2IYb
T >1.2 x 10'* 0.012 g, EC WS ), "9HI (EC)
SRe 4.4 x 10" 62.60 [} 20s
05 2,0 x 10" 1.58 a 1w
R 6.5 x 10" 0,01 a %05
Th 1.4 x 10" 100.0 a 1Ra
Bu 7.04 x 10" 0.720 a InTh
4.46 x 10" 99,27 a “%Th
‘Data from Lide (2010).
Qtoll lite from Maciadkine and Kohman (19611 J
FIGURE 1.19 The “**Th patural decay chain. 94 ¢
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development  of man-made radionuclides including the
synthetic elements, all of which are radioactive, will be
provided here.

Frédéric Joliot and Iréne Joliot-Curie (daughter of Pierre and
Marie Curie) in 1934 were the first to produce artificially
a radioactive nuclide, *’P. The nuclide emits positrons, which
are electrons of positive charge and the antiparticle of the
negative electron. Positrons were discovered in cosmic radiation
only two years earlier by Carl D, Anderson (1932, 1933a).

The discovery of the Joliot-Curies of artificially produced
radioisotopes came about when they began their search for
positrons. They decided to irradiate various metals with alpha
particles of different energies to see if the result would be the
production of a predominance of neutrons or positrons. They
irradiated aluminum foil with alpha particles from a polonium

N o
< uN?/ f, Po o
. .—-z'u o K
e o ey
"
122 124 1&0 128 130 132 1:‘u 136 138 1;0 1;2 144 146 148

source. The energy of the alpha particles colliding with the
aluminum could be controlled by placing the polonium at
various distances from the aluminum. The irradiation of
aluminum foil by the polonium alpha particles produced
neutrons and positrons. When the polonium source was moved
away from the aluminum to a distance beyond the reach of the
alpha particles. (The alpha particles from polonium-216 have an
energy of 6.78 MeV and these cannot travel beyond 5.3 ¢cm in
dry air as calculated according to Eqn (1.94)) the neutron
emission from the alpha-irradiated aluminum would cease:
however, to their amazement, the Joliot-Curies discovered that
the positron emission would continue. They measured the
positron emission with a Geiger counter and found that the
number of positrons emitted would diminish with time with an
average lifetime of less than five minutes. The interaction of the
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alpha particles with the aluminum foil produced a new radio-
active isotope of short half-life, yet unknown to mankind.

The Joliot-Curies were able to demonstrate that the new
isotope was chemically equivalent to elemental phosphorus, and
it was radioactive phosphorus. By balancing the transformation
of the nuclear reaction between alpha particles and aluminum
yielding neutrons, they could write the reaction

AL+ 3He = (P 4+ {n (1.48)

They used the equal sign rather than an arrow for the above
reaction to demonstrate that the sum of the mass numbers and
atomic numbers on one side of the nuclear reaction should equal
those on the other side, ie., 27 +4 =30+ 1 for the mass
numbers and 13+2=15+0 for the atomic numbers.
Expressing nuclear reactions was not a practice at that time. The
Joliot-Curies were one of the first to introduce the practice.

The Joliot-Curies demonstrated that the new radioactive
isotope of phosphorus emited positrons. The new radioisotope,
phosphorus-30, decays to stable silicon-30 with positron emis-
sion and a shont half-life of 2.5 minutes according to the
following:

P — Msi+ gt (1.49)

Thus, the Joliot-Curies not only produced a previously nonex-
istent radioisotope, but they were the first to produce positrons
in the laboratory as well.

By irradiating other metals, such as boron and magnesium,
with alpha particles the Joliot-Curies were able to produce
radioactive nitrogen and radioactive silicon according to the
following reactions (Joliot-Curie and Joliot. 1934a.b.c):

9B +3He — "IN+ n (1.50)
#Mg +3He — TiSi+n (1.51)

The radioisotopes of nitrogen and silicon above decay by
positron emission.

The Joliot-Curies were awarded the Nobel Prize in Chem-
istry the very year following the report of these discoveries, The
rapid award of the Nobel Prize underscored the impact this
discovery had on the scientific community and the advancement
of science. Their work established firmly a new branch of
chemistry called “radiochemistry™. As explained by Frédéric
Joliot in his part of the Nobel Lecture

The succession of radioactive e provides numerous

examples in which the quantities of radio-elements are extremely small
and not capable of being weighed, yet nevertheless, by the methods of
radiochemistry it has been possible 1o examine correctly their chemical
properties, and identify some of them as being isoopes of ele-
ments ... This special kind of chemistry in which one handles
umweighable quantities, sometimes of the order of 10°'° g, is made
possible thanks to the fact that one can determine and follow by
measuring the radiation emitted. infinitesimal traces of radioactive
matter dispersed in the midst of other matier.

While this work established firmly “radiochemistry™ as
a new branch of chemistry, the Joliot-Curies were the first to
coin the terminology. which we are very accustomed to, when

Handbook of Radioactivity Analysis

referring to radioactive elements. In their Nobel Lecture,
Frédéric Joliot stated

We have proposed that these new radio-elements (isotopes. not found in
nature, of known elemenis) be called radio-nitrogen (for radioactive
isotopes of nitrogen), radio-phosphorus (for radioactive isotopes of
phosphorus), ...

Only two years after the Joliot-Curies reported the synthesis
of radionuclides by the alpha-particle bombardment of nuclei,
Enrico Fermi and his coworkers reported the synthesis of new
radionuclides by neutron bombardment of nuclei. This work,
which was cited earlier in this chapter, yielded 63 previously
unknown artificial radionuclides by the following three nuclear
reactions:

(14X +n — 273X +3He (1.52)
(2)4X+in = ,4X+H (1.53)
(3)9X +gn — AX (1.54)

where ’}X is a symbol for any element X with atomic number Z
and mass number A, and n is the symbol for the neutron. Fermi
found reactions (1) and (2) to occur chiefly among the light
clements, and the reaction of type (3) was found to occur most
often among the heavy elements. More than one of the above
reactions would sometimes occur when elements were bom-
barded with neutrons, In Fermi's words at his Nobel Lecture

In many cases the three processes are found at the same time in a single
element. For instance, neutron bombardment of aluminum that has
a single isotope VAl gives rise to three radioactive products: **Na,
with a half-life of 15 hours by process (1); *"Mg, with a period (half-
life) of 10 minutes by process (2); and **Al with a period (haif-life) of 2
to 3 minutes by process (3),

In addition to the above three neutron reactions described by
Fermi, he and his coworkers were also able to observe the
production of artificial radioactive isotopes by a fourth process
that he described:

The primary neutron does not remain bound in the nucleus, but knocks
off instead, one of the nuclear neutrons out of the nucleus: the result is
a new nuecleus, that is isotopic with the original one and has an atomic
weight less by one unit.

This fourth neutron interaction, where the mass number is
reduced by one (loss of a neutron) and the atomic number
remains unaltered, can be written as follows;

(4)3X+gn — A X +gn (1.55)

Fermi knew that neutrons, because of their neutral charge, did
not have to overcome the Coulombic barrier to penetrate the
nucleus of an atom. Furthermore, he discovered that reducing
the neutron energy or slowing the neutron down by placing
a water or paraffin barrier between a neutron source and its
target nuclei, the energy of the neutrons could be reduced to that
corresponding to thermal agitation. At this energy state, the
slow neutrons could diffuse through target atoms and be
captured by the target nuclei. Thus, using slow neutron
bombardment, Fermi and his coworkers were able to produce
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more than 400 new radioisotopes of all known elements with the
exception of hydrogen and helium.

At the same time that Enrico Fermi was producing radionu-
clides by means of neutron bombardment of target nuclei, Ernest
Lawrence was developing the cyclotron capable of accelerating
protons, deuterons, and helium nuclei to very high energies. This
work, discussed previously in this chapter, yielded many new
artificial radionuclides, as the high energy of the accelerated ions
could casily penetrate the Coulombic barrier of target nuclei.

The discovery of nuclear fission by Owo Hahn and Fritz
Strassman with collaboration of Lisec Meitner in 1939 led to the
discovery of the first nuclear reactor in 1942 by Enrico Fermi
and coworkers. This work was discussed previously in more
detail in Section I1. Today, the nuclear reactor and the cyclotron
are the main instruments for the artificial production of radio-
nuclides. There are now more than 1300 artificially produced
radionuclides. Many of these radionuclides are vital for medical
diagnosis and treatment, the sterilization of medical implements
and supplies, industry, and scientific research.

Elements with atomic number Z > 92, which are elements
with atomic number higher than that of uranium, are artificially
produced. They are all radioactive. By means of the cyclotron,
Glenn T. Seaborg pioneered the synthesis of many artificial
clements. This work is described in detail in Section 1. There
are no natural elements beyond Z = 92, because they all have
half-lives too short to have survived since the formation of the
carth, Also, there is the 4n+1 naturally occurring decay chain.
The 4n4-1 decay chain, illustrated in Fig. 1.22, consists of
artificially produced radionuclides. It is called the neptunium
decay chain after *"Np, which is the longest-lived nuclide of
the chain with a half-life of 2.1 x 10° years. There are currently
over 20 artificially produced elements.

VIl. NUCLEAR REACTIONS

A nuclear reaction is an interaction between two nuclear
particles or two nuclei that yields products which are different

https://www.dawsonera.com/reader/sessionid 15...
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from the reactants, that is, new nuclei are formed. If the inter-
acting particles or nuclei only collide and separate without
change, the process is referred to as elastic scattering. When
a nuclear particle collides with a nucleus, but the nucleus only
undergoes excitation to a higher energy state, the process is
referred to as an inelastic collision.

A. Reactions Types

The term nuclear reaction generally refers to the interaction of
a projectile particle and a target nucleus that results in the
production of a residual (product) nucleus and an ejected
particle,

An example of a nuclear reaction, which is also discussed in
Chapter 16, is as follows:

an+'9B — ("CN)* — ILi+ 3He + 2.8 MeV

In the example provided by Eqn (1.56), a neutron, jn. collides
with the target nucleus '9B, whereby they coalesce to form an
excited and unstable compound nucleus (abbreviated as CN¥),
The compound nucleus generally is not written, as it is very
short-lived (~107'® seconds). In this example. the compound
nucleus decays to yield the product nucleus ;Li and an cjected
alpha particle, $He. The sum of the proton numbers and mass
numbers must be equal on both sides of the reaction. For
example, in Eqn (1.56) the proton numbers 0+ 5 =3 + 2 and
mass numbers 1+ 10 and 7 + 4 are equal on both sides of the
reaction. As illustrated in Eqn (1.56), there is Kinetic energy
released in this reaction to the amount of 2.8 MeV. This nuclear
reaction is a very practical one, because it is used for the
detection of thermal neutrons. The nuclide "B has a high
natural abundance of 20%, and when incorporated into the
crystalline structure of a solid scintillator detector, the crystal
becomes a sensitive detector for thermal neutrons, The alpha
particles ¢jected as a product of the reaction have a very short
range of travel in the crystalline detector. The kinetic energy of
the alpha particles is in the MeV range, and they dissipate their

(1.56)

98 FIGURE 1,22 The Neptunium decay chain.
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energy close to the point of neutron interaction. Solid scintil-
lators of this type serve as good thermal neutron detectors.

Nuclear reactions between a specific projectile and target
nucleus may result in more than one set of reaction products.
For example. in his Nobel Lecture, Enrico Fermi noted the
following:

“Neutron bombardment of aluminum, that has a single
isotope >7Al, gives rise to three radioactive products: **Na, with
a half-life of 15 h...; *’Mg. with a half-life of 10 min...; and
Al with a half-life of 2 to 3 min..."

The three reactions described by Fermi may be written as
follows:

INa+4He Q = -3.13MeV

IMg+H Q = —1.83MeV

BAl+y Q0 =772MeV
(1.57)

An intermediary compound nucleus is illustrated as decaying
into three possible decay products. The above reactions, that
leave behind the residual nuclei of **Na and *’Mg, have nega-
tive Q values. These reactions are endoergic or endothermic. In
these two cases, the neutron projectile must possess additional
kinetic energy for the reaction to proceed. The reaction, that
produces the “*Al residual nucleus. has a positive Q value. This
reaction is exoergic or exothermic resulting in a release of
energy. Low-energy neutrons, classified as slow or thermal
neutrons, are sufficient for this reaction to proceed. The capture
of slow neutrons by nuclei is accompanied generally with the
immediate emission of one or more gamma-ray photons. The
nuclei are left in a state of excitation after the neutron capture:
and their ground state is reached after the emission of the
gamma-ray quanta. The Q value, as a measure of reaction
energy. is discussed in more detail further on in this section.
The above reactions were described as possessing
a compound nucleus, and those reactions may be referred to as
compound nuclear reactions. Two other types of nuclear

n+HAl = (BeNy' -
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reactions are classified as pickup and stripping reactions.
When high-energy nuclear projectiles are used to bombard
a target nucleus, the interaction can be more direct whereby the
projectile does not interact with all of the nucleons of the target
and thus do not reside in a compound nucleus: but rather, the
projectile may interact only with a few nucleons in specific
nuclear shell-model orbits of the target. In such cases, the
projectile may pick up or gain nucleons from the target nucleus
in pickup reactions, or the projectile may lose nucleons to the
target in stripping reactions. Some early studies of pickup and
stripping reactions that may occur in specific nuclear shell-
maodel orbits are the works of Kaschl et al (1970) and Brien et al
(1972). Examples of pickup and stripping reactions and the
projectile energies at which these reactions were observed are
listed in Table 1.7,

Spallation reactions are another class of nuclear reaction,
which is gaining increased interest worldwide. Spallation
occurs when a high-energy (> 100 MeV) charged particle, such
as a proton, strikes a nucleus whereby it initially “knocks out”
several nucleons from the target nucleus within a duration of
about 10 ** seconds leaving the residual nucleus in an excited
state. The excited residual nucleus may then immediately break
up into numerous smaller components of smaller nucleons such
as helium and lithium nuclei, deuterons, mesons, and individual
protons and neutrons, etc. In general, numerous neutrons are
emitted from each spallation reaction making this reaction
a good neutron source. Nobel Laurcate Glenn T. Scaborg is
credited with coining the term “nuclear spallation™ in his
doctoral dissertation in 1937 deriving the word from the verb
“spall” meaning to chip or crumble.

Nuclear spallation is a common occurrence in our atmo-
sphere when high-energy cosmic-ray particles of energies
ranging from 10" to >10°" eV strike nuclei in the atmosphere
resulting in the fragmentation of nuclei into smaller nucleons
constituting the cosmic-ray showers discussed further on in this
chapter. Spallation reactions resulting from the interaction of
high-energy particles in the cosmic-ray showers colliding with

\

GABLE 1.7 Examples of Pick-up and Stripping Reactions
Reaction Condensed notation” Projectile energy Reference
Pick-up reactions:
WC+H = "CH+H "'Cip.d)icC 12 MeV Glover and Jones (1966)
C+H = "1B+1He 2C(r.a)'iB 10 MeV Honda et al. (1965)
JONe + IH — '0F + JHe ToNe(d. h)'oF 52 MeV Kaschl et al. (1970
WY+ 1H — $Sr + iHe ny(d,a)i;Sr 12 MeV Brien et al, (1972)
Stripping reactions:
HC+iH—~C+iH Hcd. p)'ic 12 MeV Glover and Jones (1966)
WC+1H = "JC+iH 2c(t,d)'iC 12 MeV Glover and Jones (1966)
1AL JHe— $iSi+ 1H HAIh. d)33si 41 MeV Munger and Peterson (1978)
2P+ IHe— "SAu 4 iH "UPuhd)' 41 MeV Munger and Peterson (1978)
CM condensed form of writing nuclear reactions is discussed subsequently in this chapeer, J
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nuclei in mineral deposits on the earth’s surface are attributed to
the cosmogenic production of nuclides, such as, **Cl (Stone
et al, 1996 and Licciardi et al, 2008).

There is current worldwide interest in the artificial produc-
tion of spallation reactions as neutron sources referred to as
spallation neutron sources (SNS). Spallation neutron sources
are accelerator-driven systems whereby protons are accelerated
to high energies (1GeV and above), which then collide with
heavy metal targets resulting in nuclear spallation with the
emission of neutrons useful in research (Slowinski, 2003,
Mason et al, 2006, Thomsen, 2007, and Zamani et al, 2008).

Two other nuclear reactions that are very important sources
of energy are nuclear fission and nuclear fusion. These are
discussed in much detail in other parts of this chapter.

B. Notation

The nuclear reaction, illustrated by the above in Eqn (1.56), may
be abbreviated as follows:

"UB(n.a))Li (1.58)

which is written in the sequence
target nucleus(projectile. ejected particle)product nucleus.
(1.59)

This condensed form of writing the nuclear reaction, as written
above in Eqn (1.58). reads as follows: a '’B target nucleus
bombarded by neutrons ejects an alpha particle leaving the
residual "Li nucleus. Particles, which are often projectiles or
ejected particle, in nuclear reactions are the following in name
and abbreviation in parenthesis: proton (JH or p), neutron (n),
deuteron (TH or d), triton ({H or 1). helium-3 (3He or k), and
helium-4, ie.. the alpha particle (3He or a). Neutrons as
projectiles for nuclear reactions with target nuclei are casily
available from alpha-particle-induced nuclear reactions, such as
the alpha-particle bombardment of beryllium (ie.,
2Be (a,n)'2C). which provide neutrons with average energies
of 5.5 MeV. The nuclear fission reactor is another excellent
source of neutrons available as projectile particles to induce
nuclear reaction. Accelerators are also good sources of neutrons
via spallation reactions induced by high-energy particle colli-
sions with target nuclei. Various sources of neutrons are
described further on in this chapter. The cyclotron is an excel-
lent source of high-energy positively charged particles and
nuclei, such as protons, deuterons, triton ions, and helium-3 and
helium-4 ions. In the cyclotron, target material is placed in the
path of the accelerating ion, and numerous radionuclides are
made via the nuclear reactions initiated by the bombardment of
the positively charged projectiles with the target nuclei.

C. Energy of Reactions (Q Value)

The Q value of a nuclear reaction is a measure of the reaction
energy. It is the difference between the kinetic energy of the
reaction products and the Kinetic energy of the original particles
of the nuclear reaction. The Q value for the reaction illustrated
above in Eqn (1.56) is reported in the literature to be 2.8 MeV.,
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The Q values for all nuclear reaction are readily available on-
line at the following website of the National Nuclear Data
Centre, Brookhaven National Laboratory: http//www.nndc.bnl.
gov/geale/ (NNDC, 2010a,b). At this website it is only needed
to identify the projectile, target nucleus and the ejected particle.
There is no need 1o input or identify the residual nucleus on this
website, because the calculator can easily deduce the proton
number and mass number of the residual nucleus by difference.
The calculations made at this website are based on the data
maintained by the Atomic Mass Data Center and on atomic
mass evaluations reported by Audi et al (2003), Wapstra et al
(2003), and Maller, et al (1995). Q values for nuclear reactions
are casy to calculate, and the calculation of Q values will be
discussed subsequently in this section. The Q value is an
important property of a nuclear reaction, because it will tell us
whether a reaction will release Kinetic energy (Q > 0) or lose
kinetic energy (Q < 0). When Q = 0, the reaction is referred to
as elastic scattering whereby the projectile and target nucleus
collide and exchange energy. but they do not undergo any
change. When the projectile and target nucleus collide, and part
of the Kinetic energy of the projectile is transferred to the target
nucleus leaving the target at an excited energy state, the reaction
is referred to as inelastic scattering. There is only energy
transfer, but no change in atomic or mass number of the
projectile or target nucleus in inclastic scattering reactions.

To amive at the equation for the calculation of reaction Q
values, let us abbreviate the nuclear reaction of Eqn (1.56) in the
form

A+B == C+D (1.60)

where projectile A bombards nucleus B, which leaves behind
a residual nucleus C and ejected particle D. If the total energy of
the reactants and products are conserved, we can write

Er+Eg = Ec+Ep (1.61)

Also, the total energy (E) of a particle or nucleus is the sum of
its kinetic energy (K) and its rest energy (mgc?). that is

E = K+ mye? (1.62)

where my is the particle or nuclear rest mass, and ¢ is the speed
of light in a vacuum. Furthermore, if we assume that the target
nucleus is at rest, i.e., it has zero Kinetic energy, we can trans-
form Eqn (1.61) 10

Ky + m,.cz - mm'2 = K¢ + m(-(‘2 +Kp+ mm‘z (1.63)

The total Kinetic encrgy released or absorbed in the reaction, Q,
is the difference of the Kinetic energies of the products and the
reactants. In other words, it is the differences in the kinetic
energies gotten out of the reaction versus what was put into the
reaction, or

Q — K(M = Kiu ”64)

Then from Eqn (1.63), we can write
Q = (K¢ + Kp) = Kx = (my 4 mg)c* = (mc + mp)c*
(1.65)
In accord with E = mc®, Eqn (1.65) simply states
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Q = Ep, weactanss — Eo, peoducss (1.66)

where Ep. resctants @0 Ep progucts are the rest energies of the
nuclear reactants and products, respectively. Eqns (1.65) and
(1.66) may be simplified to read

Q = (Mrcactans)€* = (Mpeoducts ) (1.67)

where Mpcacrams A Mpeoguers are the combined masses of the
nuclear reactants and products, respectively.

For example, in accord with Egns (1.65) and (1.67), the Q
value for the nuclear reaction described previously in Eqn (1.56)
and rewritten here in condensed form

n+'9B — JLi+ 3He, (1.68)

would be calculated as follows:
Q = (M, + M) = (May; + Mo ) e (1.69)

where M. Mug. Mqy;, and Mey, are the masses of the
neutron and '’B reactants and the “Li and *He product nuclei.
respectively, and ¢ is the speed of light in a vacuum. We may use
atomic mass units (u) taken from standard reference tables since
the 5 atomic electron masses of the reactants and the product
nuclides are included on both sides of the equation. Thus, using
atomic mass units in Eqn (1.69) gives

5 { (1.00866492 u + 10.012937 u)(931.494 MeV /u) }
T | ~(7.016004 u + 4.00260325 u)(931.494 MeV /u)
Q = 279 MeV

The Q value is positive. Thus, energy is released in the nuclear
reaction. When Q is positive, the reaction is called exoergic. In
such a case, the reaction releases Kinetic energy by conversion
of some of the rest mass to Kinetic energy according to

Etoa = Ex + moc® (1.70)

Reactions with a positive @ value (Q > 0) are also called
exoergic or exothermic, since Kinetic energy is released. When
the Q value is negative (Q < 0) the reaction is called endoergic or
endothermic, as kinetic energy would be absorbed in the reac-
tion. In such a case, the reaction could not take place unless
energy is added to the reactant particle or projectile. For example,
letus calculate the Q value of the following nuclear reaction used
by Emest Rutherford (1919) whereby he discovered the proton:

He +IN — O+ H (1.71)
Q = (Muy, + Muy)e® — (Mg + Miy)?
(4.00260325 u + 14.00407401 u)(931.494 MeV /u)
= { ~(16.9991315 u + 1007825031 u)(931.494 MeV /u) }
Q = —1.192 MeV
(1.72)

The reaction is endoergic (Q <0) or endothermic, that is,
energy is absorbed in the reaction. The reaction would require at
least 1.192 MeV of energy to occur. Since the target nucleus is at
rest, it is the projectile particle or nucleus that would carry the
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Kinetic energy needed for the reaction to take place. Further-
more, there is a threshold energy (Ey). which is by definition the
minimum bombarding energy that the projectile particle must
possess when Q is negative (Q < 0) for the reaction to take
place. The threshold energy is calculated by the following
equation, derived by Evans (1955):

My + M,
= - 73
h Q( W ) (1.73)

where M) and M; are the masses of the projectile particle and
target nucleus, respectively, as illustrated in Fig. 1.23. Using the
Q value of —1.192 MeV, we can calculate the threshold energy
of the alpha-particle projectile for Reaction (1.71) to take place
as follows:

En = —(—1.192 MeV)
(4.00260325 u + 14.00307401 u)(931.494 Mev/u)
(14.00307401 u)(931.494 McV /u)
1.533 MeV

)

(1.74)

The calculated threshold alpha-particle projectile energy of
1.533 MeV would be required for Reaction 1.71 to take place.
Rutherford (1919) used alpha particles from radium C°, which is
today known as *'*Po. The alpha particles from *'*Po have
energies of 7.8 MeV well above the threshold energy for
Reaction 1.71 1o take place.

The projectile particle M of Eqn (1.73) is illustrated in
Fig. 1.23 traveling in the direction of the target nucleus M,
which forms an intermediate compound nucleus Mc., which has
a mass equivalent to the combined masses of the projectile
particle and target nucleus. The compound nucleus then disso-
ciates into an ejected particle M3 and a residual nucleus My. Due
to the very short lifetime of the combined nucleus (~107*
seconds) or of an intermediate system that does not consist of
the formation of a compound nucleus, Evans (1955) reports that
Mc loses no appreciable energy due to ionization prior to
dissociation into Mz and My. When particle M3 is cjected at an

M, M, M,
| Il
Colisi c y
nucleus

FIGURE 1.23  Three stages of a nuclear reaction, namely, (1) Collision where
a pm,cmlc particle of mass M, collides with a target nucleus of mass M
fi 1g a (1) Compound or 1 di M of mass equivalent to the
mmhncd mnwn ol’ the projectile and target nucleus, and (I Dissociation of
the ¥ Iting in an ejected particle of mass My and residual

nucleus of mass My expelled a angles Oy and 04, respectively.
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where n in the target nuclei density (# of nuclei/em®), A is the
target area (em®), and x is the target thickness (cm). The
effective target area is then calculated as

angle #; = 0, the energy of the projectile particle is at the
minimum or threshold energy Fy. As the projectile particle
energy is raised over the threshold energy. the ejected particles

M3 begin to appear at #3 > 0,
Effective target area = (# of target nuclei)(a) (1.76)

D. Reaction Cross Section = n(Ax)e .7

We can reason that the rate of the reaction is related to the
particle beam intensity as the effective target area is to the total
target area. or

The reaction cross section is, by definition, the measure of the
probability that a nuclear reaction or process will occur. The
cross section has units of area (cm®), and the term reaction cross
section is used, because it is a term that depicts the effective arca
of the target nucleus. Itis not a measure of the true cross section
of a target nucleus: rather. it is a measure of the effectiveness of
the target nucleus to increase or reduce the probability of (1.78)
a nuclear reaction with a projectile particle. The larger the

Rate of reaction (particles/s)  Effective target arca (em?)
Beam intensity (particles/s)  Total target area (cm?)

measured effective area or cross section of the target nucleus, the  ©F

greater will be the probability that a projectile particle will hit or R nlAx)e

interact with the target nucleus. The probability, that a projectile T . (1.79)
particle collides with a target nucleus, will depend on the rate at

which the projectile particles are bombarding the target material,  and

that is, the particle beam intensity (/= projectile particles/ R = Inox (1.80)

second), the number of target nuclei in the target material or the
target nuclei density (# = # of nuclei/em”), the effective area of
the target nucleus, that is, the cross section (@) of the target
nucleus (cm®). and the thickness of the target material (cm). The
variables affecting the probability of a nuclear reaction and
consequently the rate of the reaction are illustrated in Fig. 1.24

The rate of a nuclear reaction is a function of the effective
target area exposed to the projectile particle beam. The effective
target area is a product of the total number of target nuclei in the
target material and the reaction cross section () of the target
nuclei. The number (#) of target nuclei in the target material is
dependent on the density of the target nuclei and the target
volume, that is,

where R in the rate of the reaction (ejected particles/s), / is the
projectile beam intensity (projectile particles/s), n is the density
of target nuclei (# of target nuclei/em®), ¢ is the reaction cross
section (em®), and x is the target thickness (¢cm). The cross
section may be determined experimentally from the reaction
rate, projectile beam intensity, target nuclei density, and the
target thickness. As described in the previous section on reac-
tion Q value, the rate of a nuclear reaction will depend also on
the energy of the projectile particles bombarding the target
nuclei. Thus, reaction cross sections are reported together with
the projectile particle energy (Kelly et al, 2005, He et al, 2006,
Janczyszyn et al, 2006, Zhou et al, 2010, and Madani et al,
2010). Thorough treatments of reaction cross section are given

# of target nuclei = n{Ax) (L75) by Evans (1955), Friedlander et al (1964), and Serway et al
(2005).

The common unit of measure for the reaction cross section is

Torget nucleus with the bam where 1 barn = 1 x 10°** em?®, This measure of cross

°'°‘°f""°'”°‘"“‘““’ section was first used by Baker et al (1943) and proposed by

| A=total target area (cm’) Marshall P. Holloway and Charles P. Baker (1944) as the unit of

measure for the cross section in secret technical reports of the
Los Alamos National Libraries during the Manhattan Project.
Holloway and Baker (1944, 1972) reported that, while
measuring reaction cross sections at Purdue University, they
tried to come up with a suitable unit of measure. They thought
of the word “Oppenheimer”, but discarded the idea because of
the word’s length. They also considered the “Bethe”, but dis-
carded that, because of possible confusion with the widespread
use of “beta”. They also considered using the name “John™ after
John Manley, who headed the Purdue Project, and also dis-

(particles/s)

e e carded that because that word had widespread use for purposes
of intensity =) ! other than the name of a person. One of the authors had a rural

FIGURE 1.24 Reaction target arca, A beam of projectile particles bombards
a material containing target nuclel of cross section (o). Some of the projectile
particles react with the target nuclei resulting in the ejection of particles as
products of the nuckear reaction. The reaction rate is measured by a detector

seasitive 1o the gjected particles,
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background, and on farms in the countryside, the bam was
always the largest building, which could be seen at a distance.
There was then the very common colloquial term “big as
a barn”, and the term is still used today. It was a common saying
then to sportsmen, who had poor aim such as poor marksman,
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archers, or golfers, that “they couldn’t hit the side of a bam™.
Barns were built generally longer than they were wide, and thus
the side or length of a barn was the largest part of a barn. They
reported then that the unit “barn™ was appropriate, because
a cross section of 107 em? for nuclear processes was very
large and really “as big as a barn™. Submultiples and multiples
of the bamn are also used. such as the millibam (mb= 10"
bams) and the kilobarn (kb = 10" barns).

Two very important nuclear reactions that are vital energy
sources are nuclear fission and fusion. These are discussed in
detail in other parts of this chapter.

VIII. PARTICULATE RADIATION

All types of nuclear radiation over all ranges of energy will have
a dual nature, that of a particle and a wave. Earlier in this
chapter the work of Louis Victor de Broglie was described,
whereby he demonstrated that all particles of known rest mass
(e.g., alpha particles, beta particles, neutrons, etc.) would, in
motion, display the properties of a wave with a wavelength
inversely proportional to the particle momentum. For the
purpose of classifying radiation in this chapter. particulate
radiation will be all types of radiation that have a known mass at
rest.

A. Alpha Decay

Alpha decay is the nuclear decay process whereby the parent
nucleus emits an alpha particle. The alpha particle, structurally
equivalent to the nucleus of a helium atom and denoted by the
Greek letter «, consists of two protons and two neutrons.
Alpha particles are emitted as decay products of many radio-
nuclides predominantly of atomic number greater than 83
(See Appendix A, Table of Radioactive Isotopes).

1. Energy and Half-life Relationship

Alpha particles are emitted by radionuclides with distinct
energies that range between 4 and 10 MeV: and half-lives of the
nuclides will vary over a wide range of time from 10" years to
microseconds. Radionuclides emitting alpha particles of low
energy decay with long half-lives, whereas those emitting alpha
particles of high energy have short half-lives.

A relationship between alpha-decay energy and the half-life
of the nuclide was recognized very early in the history of the
study of radionuclide decay. German physicist Hans (Johannes
Wilhelm) Geiger, best known for the Geiger—Miiller counter.
and British physicist John Mitchell Nuttall (Geiger and Nuttall,
1911) were the first to measure a relationship between alpha-
particle energy and half-life decay of even-Z even-A radionu-
clides, that is, radionuclides that had an even number of
protons and even atomic number, By correlating half-life
measurements with the range of alpha particles emitted by
several radionuclides, Geiger and Nuttall (1911) determined
the best-fit linear relationship between the two variables and
reported the following equation, which is known as the
Geiger—Nuttall law:

logi = alog R+ b (1.81)
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where 2 is the radionuclide decay constant, R is the alpha-
particle range (¢cm), and a and b are constants that provided the
best fit to the experimental data. Since 2 = 0.693 /1, 5, where
1y is the half-life (see Eqn (1.420) in this chapter), it is clear
from Eqn (1.81) that for shorter values of 1, > there are corre-
spondingly increasing magnitudes of the alpha-particle range
(R). The range of travel of the alpha particle is proportional to its
energy. Consequently, the Geiger—Nuttall law provided
a correlation between radionuclide decay half-life and alpha
decay energy. Other variations of the best fit equation were
reported subsequently to the work of Geiger and Nuttall, which
provided best-fit empirical equations for specific radionuclide
decay series (Beckerly, 1945), but the correlation of half-life
decay and decay energy remained the same,

Alpha-decay encrgy and half-life of heavy clements of even
Z even A were studied by Perlman and Ypsilantis (1950) on the
basis of the shell structure of nuclei, They found a direct and
exponential relationship between half-life and alpha-decay
energy for many even Z even A radioisotopes of the heavy
elements, which is illustrated in Fig. 1.25

Radionuclides that are not even Z and even A (i.e., even Z
odd N, odd Zeven N, or odd Z odd N) also obey the general rule
whereby nuclides with low alpha-decay energy exhibit long
half-lives, and nuclides with high alpha decay energy exhibit
short half-lives. However. these nuclides exhibit longer half-
lives than even—even nuclides, because these nuclides must first
transition to an excited state prior to the formation of the alpha
particle, which is an even—even nucleus of two protons and two
neutrons. The alpha particle must be assembled within the
nucleus from proton and neutron nuclear shells; and the tran-
sition to the excited nuclear state will prolong the nuclear decay
to yet longer half-lives (Perlman et al, 1950, Evans, 1955 and
Loveland, 2004).
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FIGURE 1.25 Observed valoes of half-life (half-period) and total alpha decay
energy for cach nuclide. The mass number of the radioactive parent nuclide is
given at cach poinl. The curves represent the theoretical values for radioactive
parents having the same atomic number (isotopes). The range in hall-life for the
radionuclides in the curves provided are 35 ms for "R to 1.4 x 10" y for
30 (From Pertman and Ypsilantis, 1950: reprinted with permission © 1930
American Physical Society.)
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The shorter half-lives exhibited by radionuclides with high  penetrability and thus lower probability of escape, resulting in
alpha-decay energies compared to the longer half-lives of a longer decay time or half-life,
nuclides with lower decay energies are explained on the basis of
the nuclear potential barrier, that the alpha particle must over- 2. Decay Energy
come to penetrate or escape from the nucleus, By bombarding
a thin foil of uranium with 8.75 MeV alpha particles, Emest
Rutherford (1927) demonstrated that the high-energy alpha
particles were scattered by the uranium nuclei at a distance of
30 x 107" ¢m from the center of the nucleus, as illustrated in
Fig. 1.26. A Coulomb potential barrier, which is inversely
proportional to the distance from the center of the nucleus,
repels incoming alpha particles as well as inhibits their escape
from the nucleus. Question therefore arose as to how alpha 2;;Am =3 23;Np+ ;He + 5.638 MeV (1.82)
particles, which are emitted from decaying nuclei with energies -
as low as 4 MeV, escape from the nucleus. George Gamow The loss of two protons and two neutrons from the americium
(1928) and Gumey and Condon (1928) independently used nucleus results in a mass reduction of four and a charge
Schrisdinger’s wave mechanics to demonstrate that, within the reduction of two on the nucleus. In nuclear equations such as the
nucleus, the alpha particle as a wave need not pass over the p.n:ceding one, the subscript denolt".s the charge on the nucleus
Coulomb barrier, but that the alpha-particle wave could tunnel  (-¢-» the number of protons or atomic number, also referred to as
its way through the potential barrier and escape from the the Z number) and the superscript denotes the mass number (i.e.,
nucleus. The probability of the alpha-particle escape will be the number of protons plus R also refemred taias the A
a function of the energy of the alpha particle and the amount of number). The energy liberated during nuclear decay is rcfcn:cd
potential barrier that the alpha particle must overcome. Alpha-  1© @8 the decay energy. Many reference books report the precise
decay energies, among all of the alpha-decaying radionuclides, decay eneTpes of radioisotopes. The value reported by l;!glden
vary between approximately 4 and 10 MeV. A high alpha-decay ~ (19972) in the Table of Isotopes for the decay energy of ™ Am,
energy yields alpha particles with less Coulomb barrier 10 illustrated in Eqn (1.82). is 5.638 megaelectron volts (MeV).
overcome, which augments the probability for alpha-particle The alpha decay equation may be described in general terms
escape resulting in a shorter half-life. The opposite would be ¥ follows:
the case f?r a IoYv alpha decay energy, whic_h would yield AP — '}:'§D+§He + Ky (1.83)
alpha particles with a greater Coulomb barrier or reduced

The decay energy is a common term used for all modes of
nuclear decay, and itis the energy released in nuclear decay. The
encrgy released in alpha decay will be reviewed in this section
and the decay of >*'Am will be taken as an example.

The radionuclide americium-241 decays by alpha particle
emission to yield the daughter nuclide **"Np according to the
following scheme:

where 2P is the parent nucleus of atomic number Z and mass
number A, 44D is the daughter nucleus of atomic number Z—2
and mass number A—4, $He is the alpha particle equivalent to
a helium nucleus, and K7 is the total Kinetic energy released in
the alpha decay. The total Kinetic energy released, also referred
to as the decay energy (Q,). is shared between the alpha
o2 particle, recoil daughter nucleus, and gamma radiation or

a = K1 = Eq + Eqcoit + Ey (1.84)

where £, is the Kinetic energy of the alpha particle, Ereait is
the Kinetic energy of the recoil daughter nucleus, and E, is the
energy lost as gamma radiation from the daughter nucleus,
when the daughter nucleus is left at an excited energy state and
decays to its ground state. We will use the symbol “£” for
kinetic energy, rather than “K™, when referring to the Kinetic
energy of particulate radiation and recoil nuclei, as it is the
Uy symbol most commonly used, and the Kinetic energy is infer-
FIGURE 1.26 Nuclear potential barrier and potential encrgy well based on  red. The decay energy is represented by Q as the “Q value”
schematics of Gamow (1950) andd Evans (1955). The nuclear radius is from 0 to described mviw‘ly in this Chap'cr' The dccay energy of
R:mdlhediﬂanoe.fn.mn lheceme::orlhﬂfuclcmiu.Thtmu'mial encrgy of the 5.638 MeV of Eqn (1.82) above may be written as Q, for
bound nucleus within the well is considered constant from —Uy 1o 0. The > .

Coslomb poseatial barrier U is inveniely: proportional 1 the: distance from alpha-decay energy. which may be composed of the energies of
the center of the nucleus acconding to U~ (Ze)(ze)/r o Zze* [rwhere Zisthe  the alpha-particle, recoil daughter nucleus, and gamma radia-
atomic number or charge on the nucheus and 2 is the proton number of the alpha  tion described in Eqn (1.84). Energy and mass are conserved in
particle (2= 2). Excess energy of the unstable nucleus, required for alpha- — (he decay process: that is, the energy liberated in radioactive

particle emission, is represented by the energy level Uy along the potential is ivalen loss of ss n io-
energy scale; and the beight of the potential barrier occurs at Uy where r= R, dCC:)‘"e (qul V?,fA(“:;’ (l)l:c inOS. v rm:M!l:y llhh: ::’nr.c‘“‘m':: s
For & perspective on the noclear dimensions, data from Evans (1955) for the  MUCHGE (€8 > °"'°. i b

uraniom puckeus (Z = 92) are the following: R = 9.3 % 10 P em. U, = 4Mev, Masses between the parent radionuclide and the product

and U = 28 MeV, nuclide and particle.
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We can calculate the energy liberated in the decay of **' Am,
as well as for any radionuclide decay, by accounting for the
mass loss in the decay equation. Using Einstein's equation for
equivalence of mass and energy

E = m (1.85)

we can write the general equation for the energy equivalence to
mass loss as

Q = (mass of parent nuclide — mass of decay products)c’
(1.86)

For the decay of ' Am described in Eqn (1.82) above, we can
write Eqn (1.86) as

Qu = (Mo pgq — Minyg, — Mo)c? (1.87)

where Q, is the disintegration or alpha-decay energy, Mz 4.,
Mz, and M, are the masses of 1 Am, *'Np. and the alpha
particle, and ¢ is the speed of light in a vacuum. We may use
atomic mass units (u) for the calculation, because the electron
masses included with atomic mass units may be ignored. The
number of electrons on both sides of the decay Eqns (1.82) and
(1.83) are equal, and we can ignore the negligible differences in
the binding energies of the electrons. When the nuclide masses
are expressed in the more convenient atomic mass units (u), the
energy liberated in decay equations can be calculated in units of
megaelectron volts according to the equation

Qa = (Mo — Mooy — M, )(931.494 MeV/u)  (1.88)

The precise atomic mass units obtained from reference tables
(Holden, 1997a) can be inserted into Eqn (1.88) to obtain

Q. = (241.056822u — 237.048166u — 4.00260325u)

% (931.494 MeV /u) = (0.00605275u)(931.494 MeV /u)
5.638 MeV

N

The energy liberated is shared between the daughter nucleus
and the a-particle. If the parent nuclide (e.g.. >*'Am) is at rest
when it decays, most of the decay energy will appear as Kinetic
energy of the liberated less-massive a-particle and only a small
fraction of the Kinetic energy remaining with the recoiling
massive daughter nuclide (e.g., **’Np). The Kinetic energy of
the recoiling daughter nuclide is comparable to that of
a recoiling canon after a shell is fired, with the shell being
analogous to that of the a-particle shooting out of the nucleus.
Fig. 1.27 illustrates the transitions involved in the decay of
I Am. The interpretation of this figure is given in the following
paragraph. There are five major a-particle transitions in the
decay of **'Am, each involving an a-particle emission at
different energies and relative intensities, These are illustrated
in Fig. 1.27. The decay energy of 5.638 MeV for *'Am
calculated above and reported in the literature is slightly higher
than any of the a-particle energies provided in Fig. 1.27, This is
because there remains also the recoil energy of the daughter
nucleus and any gamma-ray energy that may be emitted by the
daughter. when its nucleus remains at an excited state. The
emission of gamma radiation often accompanies radionuclide
decay processes that occur by alpha-particle emission. Gamma
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*
wAm

FIGURE 1.27 Decay scheme of *'Am. The relative intensities of alpha-
particle and gamma-ray emissions are expressed in percent beside the radiation
energy values in McV.

radiation is described in Section IX.B, The recoil energy, E it
of the daughter nucleus can be calculated by the equation

Erccoit = (Mq/Miecoit)Ea (1.89)

which is derived in Section XLA.2.a, where M,, is the mass of
the alpha particle as defined in Eqn (1.87), M .. is the mass of
the recoil nucleus, and £, is the a-particle energy. For example,
the recoil energy of the **"Np daughter nucleus for the transition
of the 5.545 MeV alpha particle (Fig. 1.27) can be calculated
according to Eqn (1.89) as

Erecol = (4.00260325u/237.048166u)5.545MeV
(0.0168851897)(5.545 MeV)
= 0.0936 MeV

The transition energy, Eyrne for the above a-particle emission is
the sum of the a-particle and recoil nuclear energies or

Eirans = Eq + Erecon = 5.545 MeV + 0.0936 MeV
= 5.638 MeV (1.90)

In the above case, the transition energy turns out to be equal 10
the reported and calculated decay energy, because as illustrated
in Fig. 1.27, the *'Am radionuclides decay directly to the
ground state whenever 5.545 MeV a-particles are emitted. This
is not the case when a-particles of other energies are emitted
from **'Am. If we take, for example, the 5.486 MeV a-particle
transition of Fig. 1.27. the decay energy. Eyecyy. Would be the
sum of the transition energy plus gamma-ray energy. Ey.
emitted from the daughter nucleus or

Ednny — Em+lf7 = Ea+ Ercolt +£7

Eu + (MG/MWI)EG + E'{

5.486 MeV + (4.00260325u/237.048166u)
x (5.486 MeV) + 0.059 MeV

5.486 MeV + 0.0926 MeV + 0.059 MeV
5.638 MeV

(1.91)
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The gamma-ray energy emitted from the daughter nucleus for the
5.486 MeV a-particle transition in **'Am decay is found in
Fig. 1.27. Gamma-ray energy values of other radionuclides are
available from Appendix A and reference tables (Browne et al,
1986, Firestone et al, 1996 and Lederer and Shirley et al, 1978).

As described in the previous paragraphs, alpha particles are
emitted with a certain quantum of energy as the parent nuclide
decays to a lower energy state. The energy emitted from
radionuclides as nuclear radiation can be described by a decay
scheme such as that given in Fig. 1.27. Decay schemes are
written such that the energy levels of the nuclides are plateaus
along the ordinate, and these energy plateaus are distributed
along the abscissa according to atomic number. The alpha
particles, as the example shows (Fig. 1.27), are emitted with
certain magnitudes of Kinetic energy, which is most often
expressed in units of kiloelectron volts (keV) or megaelectron
volts (MeV), The definition of the electron volt (¢V) is given in
Section IILC. The energies of alpha particles from most nuclear
decay reactions fall within the range 1-10.5 MeV.

Alpha particles are emitted from unstable nuclei with
discrete quanta of energy, often leaving the daughter nuclide at
an excited energy state. In such cases, when the daughter
nuclide occurs at an elevated energy state, it may reach the
ground state via the emission of energy in the form of electro-
magnetic gamma radiation as illustrated in Fig. 1.27.

The nuclei of daughter atoms of alpha particle-emitting
nuclides are often unstable themselves and may decay by
further alpha- or beta-particle emission. Thus, alpha particle-
emitting nuclides may consist of a mixture of radionuclides, all
part of a decay chain, as illustrated in Figs 1.19—1.22 described
previously in this chapter. Additional reading on radionuclide
alpha decay is available from Das and Ferbel (1994).

3. Alpha-particle Interactions with Matter

Now consider what happens to an alpha particle that dissipates
its kinetic energy by interaction with matter. Alpha particles
possess a double positive charge due to the two protons present.
This permits ionization to occur within a given substance (solid,
liquid, or gas) by the formation of ion pairs due to Coulombic
attraction between a traversing alpha particle and atomic elec-
trons of the atoms within the material the alpha particle
traverses. The two neutrons of the alpha particle give it addi-
tional mass, which further facilitates ionization by Coulombic
interaction or even direct collision of the alpha particle with
atomic electrons. The much greater mass of the alpha particle, 4
atomic mass units (u), in comparison with the electron (5 x
107 u) facilitates the ejection of atomic electrons of atoms
through which it passes, cither by direct collision with the
electron or by passing close enough to it to cause its ejection by
Coulombic attraction. The ion pairs formed consist of the
positively charged atoms and the negatively charged ejected
electrons. The alpha particle continues along its path suffering,
for the most part, negligible deflection by these collisions or
Coulombic interactions because of the large difference in mass
between the particle and the electron. An exception will be
a less common (~ one in a few thousand) defiection or scattering
of the alpha particle due to a direct collision with the Coulombic
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barrier of an atomic nucleus. Thus, an alpha particle travels
through matter producing thousands of ion pairs (see the
following calculation) in such a fashion until its kinetic energy
has been completely dissipated within the substance it traverses.

In air, an alpha particle dissipates an average of 35¢V
(electron volts) of energy per ion pair formed. Before it stops,
having lost most of its energy. an alpha particle produces many
ion pairs. For example, as a rough estimate, a 5-MeV alpha
particle will produce 1.4 x 10" ion pairs in air before coming to
a stop:

55—55’\‘,—/'%:;—3 = 1.4 % 10° ion pairs in air (1.92)
The thousands of interactions between a traveling alpha particle
and atomic clectrons can be abstractly compared with a rolling
bowling ball colliding with stationary ping-pong balls. Because
of the large mass difference of the two, it will take thousands of
ping-pong balls to stop a bowling ball. The additional stopping
force of clectrons is the binding energy of the atomic electrons.

The amount of energy required to produce ion pairs is
a function of the absorbing medium. For example, argon gas
absorbs approximately 25 eV per ion pair formed and a semi-
conductor material requires only 2—3 ¢V to produce an ion pair.
lonization is one of the principal phenomenon utilized to detect
and measure radionuclides; and it is treated in more detail in
subsequent chapters. The energy threshold for ion-pair forma-
tion in semiconductor materials is approximately 10 times lower
than in gases, which gives semiconductor materials an impor-
tant advantage as radiation detectors (see Chapter 5) when
energy resolution in radioactivity analysis is an important
factor.

In addition to ionization, another principal mechanism by
which alpha particles and charged particles, in general, may
impart their energy in matter is via electron excitation. This
occurs when the alpha particle fails to impart sufficient energy
to an atomic electron to cause it to be ejected from the atom.
Rather, the electrons of atoms of a given material may absorb
a portion of the alpha particle energy and become clevated to
a higher energy state. Depending on the absorbing material, the
excited atoms of the material may immediately fall back to
a lower energy state or ground state by dissipating the absorbed
energy as photons of visible light. This process, referred to as
fluorescence, was first observed by Sir William Crookes in
London in 1903 and soon confirmed by Julius Elster and Hans
Geitel the same year in Wolfenbiittel, Germany (Elster and
Geitel, 1903). They observed fluorescence when alpha particles
emitted from radium bombarded a zine sulfide screen. In
darkness, individual flashes of light were observed and counted
on the screen with a magnifying glass with the screen positioned
a few millimeters from the radium source. The phenomenon of
fluorescence and its significance in the measurement of radio-
nuclides are discussed in subsequent chapters. Thus, as
described in the previous paragraphs, alpha particles as well as
other types of charged particles dissipate their energy in matter
mainly by two mechanisms, ionization and electron excitation,

Because the atomic “radius™ is so very much bigger
(= 10""" m) than the “radius” of the nucleus (= 10" m), the
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interactions of alpha particles with matter via direct collision
with an atomic nucleus are few and far between, In this case,
though, the large mass of the nucleus causes deflection or
ricocheting of the alpha particle via Coulombic repulsion
without generating any change within the atom. Such a deflec-
tion was discovered in the early part of this century by Emest
Rutherford and his students Hans Geiger and Ernest Marsden in
an experiment discussed previously in detail in Section 1L

Scattering of alpha particles at angles of less than 90° may
occur by Coulombic repulsion between a nucleus and a particle
that passes in close proximity to the nucleus. These deflected
particles continue traveling until sufficient energy is lost via the
formation of ion pairs. The formation of ion pairs remains,
therefore, the principal interaction between alpha particles and
matter.

The high mass and charge of the alpha particle in relation to
other forms of nuclear radiation give it greater ionization power,
but a poorer ability to penetrate matter, In air, alpha particles
may travel only a few centimeters. This short range of travel
varies depending on the initial energy of the particle. For
example, a 5.5-MeV alpha particle, such as that emitted by the
radionuclide **'Am previously described, has a range of
approximately 4 cm in dry air at standard temperature and
pressure, as estimated by empirical formulas, such as Eqns
(1.93) and (1.94) provided below:

Ryr = (0.005E 4 0.285)E%2 (1.93)

where R is the average linear range in cm of the alpha particle in
air and £ is the energy of the particle in MeV. The empirical
formula is applied for alpha particles in the energy range
4-15 MeV. According to calculations of Fenyves and Haiman
(1969), the ranges of alpha particles with energies between 4
and 7 MeV can be estimated by using a simplified version of
Eqn (1.93) as follows:

Rar = 03E?2 (1.94)

Ranges of alpha particles in air over a more wide range of alpha-
particle energy can be obwined from Figs B.l and B.2 of
Appendix B. A thorough treatment of range calculations for
charged particles is available from Fenyves and Haiman (1969).
The approximate 4-cm range of 5.5-MeV alpha particles in air is
illustrated in Fig. 1.28. There is no abrupt drop in the number of
alpha particles detected at the calculated range of 4 ¢cm owing to
statistical variations in the number of collisions that the particles
may have with air molecules and to variations in the amount of
energy loss by the particles for each ion pair formed. After being
halted, an alpha particle acquires two free electrons through
Coulombic attraction and is converted to helium gas.

In materials other than air. such as liquids and solids, the
range of alpha particles is obviously much shorter owing to their
higher densitics, which enhance the number of collisions
a particle may undergo per path length of travel. The range of
alpha particles in liquids and solids may be approximated by
comparison with ranges in air according to the empirical formula

e = 0.00032(A"2 /p) R (1.95)
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FIGURE 1.28 Range of 5.5 McV alpha particles in air.

described in a previous text (L' Annunziata. 1987), where Ry, is
the average range in cm of the alpha particle in an absorber
other than air, A is the atomic weight of the absorber, p is the
absorber density in g/em’, and Ry, is the calculated average
linear range of the alpha particle in air (from Eqn (1.93) or Eqn
(1.94)). For example, the 5.5-MeV alpha particles emitted by
*YAm have a calculated linear range of only 2.4 x 10~ cm or
24 pm in aluminum (A = 27 and p = 2.69 g/em’).

The lincar ranges of alpha particles in liquids and solid
materials are 0o short to measure with conventional laboratory
instrumentation. The alternative is to express range in units of
weight of absorber material per unit area, such as mg/em?,
which is a measure of milligrams of absorber per square
centimeter in the absorption path or. in other words, a measure
of absorber thickness. If we multiply the lincar range of
the alpha particle measured in cm of absorber material by the
density of the absorber in units of mg/em®, the range of
the alpha particle in an absorber will be expressed in terms of
the weight of absorber per unit arca (mg/em?) as described by
Eqn (1.96), as follows:

ng,/cm-‘ = (Rem)(p) (1.96)

where Ry cme 1S (!u: range of alpha particles of a given energy
in units of mg/em”, also referred 1o as mass thickness units or
material surface density. Ry is the linear range of the alpha
particles, and p is the absorber density. For example, the linear
range of the 5.5 MeV alpha particles in aluminum, calculated
above with Eqn (1.95). is converted 1o range in mass thickness
units according to Eqn (1.96) as follows:

Rugremt = (24 x 10 %em)(2690 mg/em’) = 6.4 mg/n:m2

Therefore, the mass thickness of 6.4 mg/em® of aluminum
absorber is sufficient to absorb alpha particles of 5.5 MeV
energy.

Ranges of alpha particles as well as other charged particles
such as protons and deuterons of a given cenergy in absorber
elements of atomic number Z > 10 in units of absorber mass
thickness can be calculated directly by comparison to the
calculated range of the same charged particles of the same

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

https://www.dawsonera.com/reader/sessionid 15...

47 of 282

Chapter | 1 Radiation Physics and Radionuclide Decay

energy in air according to the following formula described by
Friedlander et al (1964):

ﬁ = 0.90 4+ 0.0275Z + (0.06 — 0.0086Z)log £ (1.97)
Riie M

where Rz is the range of the charged particle in mass thickness
units, mg/em’. Ry, is the range of the charged particle in air in
the same mass thickness units, Z is the atomic number of the
absorber element, £ is the particle energy in MeV, and M is the
mass number of the particle (i.e., | for protons, 2 for deuterons,
and 4 for alpha particles). For example, if we use the empirical
formula provided above (Eqn (1.97)) to calculate the range of
5.5 MeV alpha particles (M =4) in aluminum (Z= 13), we
obtain the value of Rz = 6.1 mg/em?, which is in close agree-
ment to the mass thickness range calculated previously with
Eqns (1.95) and (1.96). In this example, Eqn (1.97) requires the
value of Ry, for 5.5 MeV alpha particles, which is determined
according to Eqn (1.96) as the product of the 5.5 MeV alpha-
particle linear range in air (previously calculated) and the
density of air at STP (p=1.226mg/em’), that is,
Ry = (4 em)(1.226 mg/em®) = 4.90 mg/em®.  The  formula
provided by Eqn (1.97) is applicable to charged particles over
a wide range of energies (approximately over the range
0.1—1000 MeV) and to absorber elements of Z > 10. For lighter
absorber elements, the term 0.90 + 0,0275Z is replaced by the
value 1.00 with the exception of hydrogen and helium, where
the values of 0.30 and 0.82 are used, respectively (Friedlander
et al, 1964),

Where alpha particles alone are concerned, the range in
mass thickness units can be calculated according to Eqn (1.98)
described by Ehman and Vance (1991), as follows:

Regjem: = 0.173E24'7 (1.98)

where E is the energy of the alpha particle in MeVand A is the
atomic weight of the absorber. If we continue to use the 5.5
MeV alpha particles emitted from **' Am as an example, we can
calculate their range in mass thickness units in aluminum
according to Eqn (1.98) as follows:

R = 0.173(5.5)22n'* = 6.6 mg/em™.

mg/cm’
Ranges reported in mass thickness units (mg./cm:) of absorber
can be converted to lincar range (cm) in that same absorber
material from the absorber density (p) from the relationship
described in Eqn (1.96) or

Rem = mg/cm-‘/P (1.99)

For example, the linear range of the 5.5 MeV alpha particles in
aluminum (p = 2.69 glcmJ ) is calculated as

66 mg/cm?
© 2690 mg/cm?

When the absorber material is not a pure clement, but
a molecular compound (e.g., water, paper, polyethylene, etc) or
mixture of elements, such as an alloy, the ranges of alpha
particles in the absorber are calculated according to Eqn (1.100)
on the basis of the atomic weights of the elements and their

Rem = 0.0024 cm = 24um

percent composition in the absorber material or, in other words,
the weight fraction of each element in the complex material.
Thus, the range in mass thickness units for alpha particles in
absorbers consisting of compounds or mixtures of elements is
calculated according to the equation

1 W oW owy Wy

-5 -

= — $ s P
ng,lcm-' Ri R Ry Ry

(1.100)

where Ry is the range of the alpha particles in mass
thickness of the complex absorber material, and wy, wa w3 . ...
wy, are the weight fractions of each element in the absorber, and
Ry. Ra. Rs ..., R, are the ranges in mg/em” of the alpha particle
of defined energy in each element of the absorber. For example,
the range of 5.5 MeV alpha particles in Mylar (polyethylene
terephthalate) in units of mass thickness is calculated as
follows:

| W, Wi 3+ wo
ng,"cm’ Re Ry Ro

where we, wy, and wg are the weight fractions of carbon,
hydrogen, and oxygen, respectively, in Mylar and R¢. Ry, and
R are the mass-thickness ranges of the alpha particles in pure
carbon, hydrogen, and oxygen, respectively. The ranges of
5.5 MeV alpha particles in carbon, hydrogen, and oxygen are
calculated according to Eqn (1.98) as

Re = 0.173(5.5)"%(12)'* = 5.10 mg/em®

Ry = 0.173(5.5)2(1)"* = 2.23 mg/em®

Ro = 0.173(5.5)%(16)'* = 5.62 mg/em?

The weight fractions of the carbon, hydrogen, and oxygen in
Mylar [—(CygHgOs),—] are calculated as

we = (12 x 10)/192 = 0.625

wy = (1 x 8)/192 = 0.042

wo = (16 x4)/192 = 0.333
The calculated ranges of the 5.5 MeV alpha particles in
cach element and the values of the weight fractions of
cach element in Mylar can now be used to calculate the alpha-
particle range in Mylar in mass thickness units according to Eqn
(1.100) as

1 0625 0042 0333

oeathabe 7 s Y Q8T T b

Ruytar = 1/0.200 = 5.0 mg/em?

The linear range of these alpha particles in Mylar are obtained
from range in mass thickness units and the density of Mylar
(p=1.38 g/em”) as

__5._0_mgic_m_2_0m36cm_%m
T 380 mg/fem? Pt
To provide illustrative examples, the values of the ranges of 5.5
MeV alpha particles in units of mass thickness of various
absorber materials are provided in Table 1.8. These values
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TABLE 1.8 Ranges of 5.5-MeV Alpha Particles in Various Absorbers in Units of Surface Density or Mass Thickness

Water* Paper”

Aluminum®

Copper* Gold*

4.8 mgfem” 4.9 mg/em’

6.6 mg/em’

8.9 mg/em’ 12.9 mg/em®

‘Calculated with empincal formula provided by Egn (1. 1000 on the basis of the weight fraction of each efement in the absorber.
“Cellulose, (CoMy /05, calculated on the basis of the weight fraction of each element in the monomey,

“Colcutated with empivical formula provided by Eqn (1,981

(TABLE 1.9 Linear Ranges of 5.5-MeV Alpha Particles in Various Absorbers in Units of cm and ym or 107“m \
Air* Water” Mylar™ Paper™? Aluminum" Copper” Gold"
4cm 0.0048 cm 0.0036 cm 0.0034 cm 0.0024 cm 0.001 cm 0.00075
40,000 pm 48 pm 36 pm 34 pm 24 ym 10 um 7.5 ym

*Calculated with empinical formula provided by Eqrs (1.93) and (1.94).

“Polyethylene terephthalate, p = 1.38 glem’.
k"((-lfulmr, (CH O, - I.lig‘(m'.

PCalculated by dividing the range in mass thickness by the absarber density according to Egn (1.99).

E

represent the milligrams of absorber per square centimeter in
the alpha-particle absorption path. It can be difficult to envisage
alpha-particle distance of travel from the values of range when
expressed in units of mass thickness. However, it is intuitively
obvious that the greater the charge on the nucleus of the
absorber (i.e., absorber atomic number, Z), the greater the
atomic weight of the absorber (A), and the greater the absorber
density (p), the shorter will be the path length of travel of the
alpha particle through the absorber. This is more evident from
the calculated values of linear range of 5.5 MeV alpha particles
in various gaseous, liquid, and solid absorbers provided in
Table 1.9. From the lincar ranges, we can see that 5.5 MeValpha
particles could not pass through fine commercial aluminum or
copper foils, 0,0025 cm thick. Although commercial paper
varies in thickness and density, the lincar range in paper
calculated in Table 1.9 illustrates that 5.5. MeV alpha particles
would not pass through 0.0034 ¢cm thick paper. which has an
average density value of 1.45 g/em’. Also, the alpha particles of
the same energy would not pass through a layer of Mylar only
0.0036 cm thick. Mylar is a polymer sometimes used as
a window for gas ionization detectors. From our previous
calculations in this chapter, we can see that a Mylar window of
mass thickness 5 mg./cm: would not allow 5.5 MeV alpha
particles to pass into the gas ionization chamber, A sample
emitting such alpha particles would have to be placed directly
into the chamber in a windowless fashion to be detected and
counted.

From the above treatment, it is clear that the range of alpha-
particle travel depends on several variables including (i) the
energy of the alpha particle, (ii) the atomic number and atomic
weight of the absorber. and (iii) the density of the absorber. The
higher the alpha particle energy, the greater will be its pene-
tration power into or through a given substance as more
Coulombic interactions of the alpha particle with the electrons
of the absorber will be required to dissipate its energy before
coming 1o rest. Also, if we consider an alpha particle of given

energy. its range will be shorter in absorbers of higher atomic
number or atomic weight, as the absorber atoms will contain
a higher number of atomic electrons, which would consequently
increase the number of Coulombic interactions of the alpha
particle per path length of travel.

As the alpha particle travels through air and undergoes
energy loss via numerous collisions, the velocity of the particle
obviously diminishes. At reduced velocity and consequently
reduced momentum, an alpha particle is more affected by
Coulombic atraction within the vicinity of a given atom.
Progressive reduction in the velocity of travel of the alpha
particle therefore results in an increase in the number of ion
pairs produced per millimeter of path length of travel. The
increase in ionization per path length of travel of an alpha
particle is illustrated in Fig. 1.29, The highest specific ionization
(number of ion pairs formed per millimeter of path) occurs
shortly before termination of the alpha particle’s travel, nearly 2
or 3 mm before the end of its range.

T

L

gLt Ll
4 3 2 1
Residual range (cm)

FIGURE 1.29 Specific ionization of an alpha particle in air along its range
of travel,
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B. Beta Decay

Beta decay may be defined as any nuclear decay process
whereby the mass number (A) of the nucleus remains the same
and the atomic number (Z) changes. There are three main types
of beta decay: (i) negatron () emission, which involves the
emission of a negative beta particle or negative electron from
the nucleus; (i) positron (87) emission whereby a positive
beta particle or positively charged electron is emitted: and
(iii) electron capture (EC), which does not result in the emission
of any beta particle. Each of these beta-decay processes will be
treated in detail in the following sections.

1. Negatron (B~ ) Emission

Negatron emission can be described by the general equation

4P = ,AD+8 +r+Kr (1.101)
where 4P is the parent nuclide of atomic number Z and mass
number A, , 4D is the daughter nuclide of atomic number
Z+1 and same mass number as the parent, §° is the negatron or
negative beta particle, 7 is the antineutrino, and K7 is the total
Kinetic energy released in the beta-decay process. The total
kinetic energy released, also referred to as the decay energy
(Qg). is shared between the negatron, antineutrino, recoil
daughter nucleus, and any gamma radiation that may be emitted
by the daughter nucleus, Gamma-ray emission can occur when
the daughter nuclide is left in an excited energy state and decays
to a lower energy state or ground (stable) state with the emission
of energy as gamma-ray photons. Gamma-ray emission does not
occur in all cases of negatron emission. There are some nuclides
described further on in this section that decay with the emission
of negatrons directly to the stable ground state without the
emission of gamma radiation. The decay energy, Qg . may be
defined as

Qs = Kr = Eg- + E;+ Ey + Eqecoir (1.102)

where £ is the Kinetic energy of the negatron, £ is the Kinetic
energy of the antineutrino, £, is the gamma-ray energy, which is
emitted when the daughter nucleus is at an elevated energy state
and drops to a more stable or ground state, and Ej is the
Kinetic energy of the recoil daughter nucleus. The recoil energy
may be ignored in most calculations of beta-decay energy.
because it may be only a few electron volts (eV) compared to
the fractional or multiple magnitudes of million electron volts
(MeV) energy possessed by the beta particle, antineutrino, and
gamma radiation (see the Section on Nuclear Recoil in this
chapter). We should keep in mind that there is a maximum
energy shared by the beta particle and antineutrino (Eg- + E,).
which is often referred 1o as the Eg,, of the beta particle.

a. Basic Principles

A negatron or negative beta particle (8 ) is an electron emitted
from the nucleus of a decaying radionuclide that possesses an
excess of neutrons or, in other words, a neutron/proton (n/p)
imbalance. The nuclear instability, caused by the n/p imbalance,
results in the conversion of a neutron to a proton within the
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nucleus. The balance of charge is conserved by the simulta-
neous formation of an electron (negatron) according to the
equation

(1.103)

A neutrino (v), which is a particle of zero charge, accompanies
beta-particle emission. The neutrino can be identified further as
two types with opposite spin, namely, the antineutrino (v),
which accompanies negative beta-particle (negatron) emission,
and the neutrino (v), which accompanies positive beta-particle
(positron) emission. Because the neutrino and antineutrino have
similar properties with the exception of spin, it is common to
use the word “neutrino™ to simplify references to both particles.
The explanation for the neutrino and its properties, also emitted
from the decaying nucleus, is given further on in this section.
The electron formed cannot remain within the nucleus; and it is
thus ejected as a negatron or negative beta particle, 8-, with an
energy equivalent to the mass difference between the parent and
daughter atoms, less the energy of antineutrino or neutrino in
the case of positron emission, and any gamma-ray energy that
may be emitted by the daughter nucleus, if the nucleus is left in
an excited energy state, and recoil energy of the daughter
nucleus as described by Eqn (1.102). Tritium (*H), for example,
decays with 8 emission according to the following:

n— p 4p

1H = 3He + 8 + v +0.0186 MeV (1.104)

The “H nucleus decays directly to the ground state of “He. Thus.
there is no gamma-ray energy emission in this case. The value
of 0.0186 MeV (megaelectron volts) is the maximum energy the
beta particle may possess. The unstable tritium nucleus contains
two neutrons and one proton. The transformation of a neutron to
a proton within the tritium nucleus results in a charge transfer on
the nucleus from +1 to +2 without any change in the mass
number. Although there is no change in the mass number, the
mass of the stable helium isotope produced is slightly less than
that of its parent tritium atom. Eqgns (1.105)—(1.110) illustrate
other examples of §~ decay, which decay to stable daughter
nuclides whereby no gamma-ray emission occurs: and many
beta particle-emitting nuclides are listed in the Appendix:

%C = YN+ 4 r+0.156 MeV (1.105)
BP - PS48 4+ 1710 MeV (1.106)
BS = BCI+8 + v +0.167 MeV (1.107)
oCl — BAr+ 8 + v 40714 MeV (1.108)
3Ca = 33Sc+ 8 + ¥ +0.258 MeV (1.109)
"Sr — VY 48 + v + 1.490 MeV (1.110)

The energics of beta-particle decay processes are usually
reported as the maximum energy, £, that the emitted beta
particle or antineutrino may possess. The maximum energy is
reported because beta particles are emitted from radionuclides
with a broad spectrum of energies. A typical spectrum is
illustrated in Fig. 1.30. The shape of the beta-particle energy
spectra will vary among the beta-emitting radionuclides, but all
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FIGURE 1.30 Genceral beta-particle energy spectrum,

beta-emitting radionuclides will display a wide spectrum of
energies between zero and Ey,,. Unlike alpha particles, which
have a discrete energy. beta particles are emitted with a wide
spectrum of energies ranging from zero to £y,

The majority of beta particles emitted have energies of

approximately % Emax- Only a very small portion of the beta

particles is emitted with the maximum possible energy from any
radionuclide sample. In 1930 Wolfgang Pauli was the first to
postulate why beta particles were not emitted with fixed quanta
of energy. quite the contrary to what is observed in alpha-
particle emission. He proposed the existence of an elusive,
neutral particle of near-zero rest mass in a letter to the partici-
pants of a Regional Mecting on Radioactivity at Tiibingen,
Germany. The neutrino was considered elusive, because if it
existed, its zero charge and near-zero rest mass would make the
neutrino  undetectable by conventional means and allow
a neutrino to penctrate matter casily and even pass through the
entire earth without causing a single interaction. The neutrino
would be emitted simultancously with the beta particle from the
decaying nucleus and share the energy of decay with the beta
particle. For example, if a beta particle was emitted from tritium
(decay energy = 0.0186 MeV) with an energy of 0,0086 MeV,
the accompanying neutrino would possess the remaining energy
of 0.01 MeV, that is, the decay energy less the beta-particle
energy (0.0186 McV—0.0086 MeV). Consequently, if we
observe any number of beta particles emitted from a tritium
sample or other beta-emitting nuclide sample (e.g.. "¢, p.and
“Sr), they would possess different energies and display an
energy spectrum from zero to Ey, as illustrated in Fig. 1.30.

b. Inverse Beta Decay

With Pauli’s postulation of the neutral particle, Enrico Fermi
claborated the beta-decay theory in 1934 and coined the
neutrino from the Italian language meaning “little neutral one™.
The particle remained clusive until the observation of the
neutrino was demonstrated by Reines and Cowan in 1956 (see
Reines and Cowan 1956, 1957, Cowan et al, 1956 and Reines,
1960, 1979 and 1994). They confirmed the existence of the
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neutrino by demonstrating inverse beta decay where an anti-
neutrino interacts with a proton to yield a neutron and positron:

(L111)

They used a tank of water containing a solution of '*CdCl,
illustrated schematically in Fig. 1.31. Neutrinos interacted with
the protons of the water to produce neutrons and positrons,
Some of the neutrons produced would be absorbed by the ''*Cd
with the concomitant emission of characteristic gamma radia-
tion. In coincidence, they observed two 511 keV gamma rays,
which originate when a positron comes to rest in the vicinity of
an electron, its antiparticle, which results in the annihilation of
two electrons into two gamma-ray photons of energy equivalent
1o the electron masses, 0.511 MeV. In the same year, Lee and
Yang (1956) proposed that neutrinos and antineutrinos
possessed left-handed and right-handed spins, respectively.
Inverse beta decay remains an important nuclear process
utilized in the measurement of solar neutrinos today (Gratta and
Wang. 1999, Zuber, 2003, lanni et al, 2005, and Fukuda et al.
2010).

An inverse beta decay, first proposed by Raghaven (1976),
which involves the interaction of a neutrino with the neutron of
"I, is as follows:

v+pt = nte

v+"5In = '8sn" + e (1.112)

which can be written in general terms illustrating only the
nucleons as

(1.113)

v+n—p +e

Liquid
@dﬂﬂﬂbﬂ
detector

FIGURE 1,31 Detection scheme used by Reines and Cowan for the antineu-
wrino signature signal (From Reines (1995) Nobel Lecture with permission ©
The Nobel Fi 1995.) An anti ino is il d entering the tank of
agqueous CACH, solution and striking a target proton. The proton converts to
a neutron and positron. The positron annihilates on an electron with the emission
of two 0511 MeV g rays in opy direction d J by the liguid
scintillator in tanks above and below the water target tank. The neutron produced
by the antineutrino interaction slows down in the water and is captured by
a cadmium nucleus; and the resulting gamma ruys are detected by the liquid
scintillator in the adjocent tanks approximately 10 s after the positron
annihilation,
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The superscript asterisk in Eqn (1.112) represents an excited
state of ''“Sn, which decays into the ground state with a lifetime
of 4.76 pus and emits two gamma-ray photons of 116 and
497 keV. This provides a triple coincidence signal, namely the
emitted electron together with the two gamma-ray photons, that
can be detected among huge backgrounds (Fukuda, 2010). Also,
the neutrino energy may be calculated from the energy of the
prompt electron according to the equation

E. = E, - (E - E) (1.114)

where £, is the energy of the electron produced, £, is the
neutrino energy, and £, and E; are the final and initial energies
of the nuclear state involved in the transition (Zuber, 2003). In
the case of neutrino interactions with ''*In, Eqn (1.114) may be
written, according to Fukuda et al (2010), as

E, = E, - 118keV (1.115)

Thus, neutrino spectroscopy is possible.

In general, the detection principle of solar neutrinos
involving the inverse beta-decay reaction of Eqn (1.113). as
described by Zuber (2003), may involve one of the following
WO reactions:

v+}A =3 2,183_‘_+e' - z,§C+e’+F' (e — etag)
(1.116)

PHIX =AY e =AY+ (e—viag)
(1.117)

The reaction described in Eqn (1.116) involves the interaction
of a neutrino with a neutron of nuclide A of atomic number Z
and mass number A producing a nuclide , B, . at its ground
state and a beta particle (¢7). The nuclide , 1By undergoes
beta decay to nuclide , 4C with the emission of a beta particle
(¢ ) and antineutrino (¥). This reaction has an e—e tag whereby
a coincidence signal between the two electron emissions
provides the signature for the neutrino detection. The following
reaction described by Eqn (1.117) depicts a neutrino interacting
with a neutron of nuclide 4X producing nuclide , 1Y* at an
excited energy state indicated by the superscript asterisk plus an
electron or beta particle (¢7). The nuclide , 1Y then
undergoes deexcitation to its ground state .Y, with the
emission of a gamma-ray photon. This reaction has an e— tag
whereby a coincidence signal between the electron and one or
more gamma-ray photon emissions provides the signature for
the neutrino detection. The neutrino energies are determined by
Eqn (1.114). Zuber (2003) provides a review of these two
approaches to neutrino detection and spectroscopy. The inter-
action of a neutrino with ' *In previously discussed Eqn (1.112),
utilized by Fukuda et al (2010), is an example of the generic
reaction yielding an e~ tag depicted by Eqn (1.117), which is
specifically

v B 8sn + e =380 + ¢(116 keV) + (497 keV)
(1.118)
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An example of the generic reaction depicted in Eqn (1.116) is
the following:

r+8C = N, +e = NC+et (1.119)
This reaction was utilized by lanni et al (2005) for the detection
of neutrinos. The reaction provides an e—e tag as the beta
particle (e) produced in the reverse beta decay yields one
signal while the positron produced in the subsequent decay of
N provides a time and space coincidence signal and signature
for the neutrino detection.

c. Neutrino Mass

Since its inception by Pauli in 1930 up to recent years. the neutrino
orantineutrino had been thought to have no rest mass or 1o possess
a near-zero rest mass. It was not until June 5, 1998 that it was
announced by the Super-Kamiokande Collaboration, including
scientists from 23 institutions in Japan and the United States, at
the “Neutrino 98" International Physics Conference in Takayama,
Japan, that neutrinos possessed a definite mass (Gibbs, 1998,
Kesterbaum, 1998, Keams et al 1999, and Nakahata, 2000). The
mass was not reported, but cvidence was provided that the
neutrino did possess mass although it was considered to be “very
small”, at least 0.07 eV, which would be less than a millionth of
the electron mass. Evidence for the neutrino mass was provided
by demonstrating that neutrinos can “oscillate™ from one type into
another (i.e., electron-, muon-, and tau-neutrinos) as they travel
through space and matter. Oscillation is the changing of neutrino
types back and forth from one type to another, and this could occur
only if the neutrino possessed mass. Experimental research on
neutrino oscillation is reviewed by Messier (2006).

At the “Neutrino 2000™ Conference held at Sudbury, Canada
June 16-21, 2000, groups from the University of Mainz,
Germany (Bonn et al, 2001) and Institute for Nuclear Research,
Moscow (Lobashev et al, 2000) reported the mass of the neutrino
to be between 2.2 and 2.5 eV/c?, respectively, at 95% confidence
levels. Itis common to express subatomic particle mass in units of
energy based on equivalence of mass and energy (E = mc?), so
that the particle mass m is measured in units of £/¢° or eV/c®.
Neutrino mass experiments are reviewed by Kraus et al (2005),
Otten and Weinheimer (2008), Beck (2010), and Kristiansen
(2010). Beck (2010) underscores that results from previous
research reported by the Triosk (Russia) and Mainz (Germany)
neutrino mass experiments (See Lobashev et al, 1999a.b.c. and
2000, and Kraus et al, 2005) have set the best upper limits of
2.3 eV/e® with a 95% confidence limit on the neutrino mass, Beck
(1010) also reports that the KATRIN experiment (KArlsruhe
TRItium Neutrino experiment) is under preparation to search for
the mass of the electron neutrino with a sensitivity of 0.2 eV/c™.
With this objective, the KATRIN experiment will perform
a precision measurement of the endpoint region of the g-decay
spectrum of tritium, the shape of which depends highly on the
neutrino mass. A windowless gaseous tritium source is used in
atransport system that guides the beta particles of tritium without
energy loss to PIN diode detectors described by Wiistling et al
(2006). A pre-spectrometer rejects all beta particles with ener-
gy <200 eV below the §-spectrum endpoint, and the beta-particle
energies can be measured with a resolution of 0.93eV.
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The collection of data to obtain the neutrino mass will start in
2012 and will proceed for five years,

To put the mass of the neutrino in perspective, we can take the
current experimental value of the upper limit to the neutrino rest
mass. m, = 2.3 eV/c?, and convert this to kilograms as follows:

By definition | eV = 1.60 x 107 J and, from the equation
E = me*, we can calculate the neutrino rest mass in kilograms as

m. = Efc? .
= (2.3eV)(1.6 x 107" J/eV)/(3.0 x 108 m/s)” (1.120)
= 4.1 x 107 kg

If we compare the rest mass of the neutrino, m,, to that of the
miniscule electron, m,, we see that the neutrino rest mass is
approximately 4 millionths that of the electron or

myfme = 4.1 x 107 kg/9.1 x 1073 = 4.5%x10°°

d. Negatron Decay Energy

The general reaction for negatron emission was described previ-
ously by Eqn (1.101). It is provided here again for a treatment on
negatron decay energy calculations, and it is the following:

9P = ,AD+ B + 7+ Ky (.12
where 4P is the parent nuclide of atomic number Z and mass
number A, , D is the daughter nuclide of atomic number Z+1
and same mass number as the parent, §° is the negatron or
negative beta particle, 7 is the antineutrino, and K7 is the total
Kinetic energy released in the beta-decay process.

In terms of nuclear masses, we may write Eqn (1.121) as

ZM" =z,|ﬁlu+m,+lﬁ (1.122)

where ,Mp and , Mp are the masses of the parent and
daughter nuclei of atomic numbers Z and Z+ 1, respectively, and
m, is the mass of the beta particle (i.e., one electron mass). We
may use atomic mass units (u) to calculate the mass difference
of the parent and daughter nuclei by adding firstly Z atomic

clectron masses to cach side of Eqn (1.122) to give
Mp +2Zm, = 5, Mp +(Z + 1)m, + Ky (1.123)

The mass difference of the parent and daughter nuclei is
equivalent to the decay energy (Qs- ). We can now calculate the
decay energy Qg by the difference of the parent and daughter

FIGURE 1.32  Negatron beta decay scheme of *C. ':c
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nuclide atomic masses, after adding Z atomic electrons to each
side of the equation, ignoring the small difference in the binding
energies of the electrons in the two nuclides as

Qs = (Mp = 7., Mp)® = Ky = Eg- + E; + Ey + Erecoil
(1.124)

where ¢ is the velocity of light in a vacuum and the product Mc”
yields the energy equivalence of the mass, £z is the Kinetic
energy of the negatron, £ is the Kinetic energy of the antineu-
trino, E. is the gamma-ray energy, which only appears with the
decay of a daughter nucleus when left at an excited energy state,
and Eq.coit is the Kinetic energy of the daughter recoil nucleus. As
previously described, the recoil energy. Eeil is generally rela-
tively very small (a few electron volts) and will be ignored here.,
Also, if there is no gamma radiation emitted by the daughter
nucleus, we can exclude the term E... The remaining decay energy
(Eg- + Ej) is shared as Kinetic energy between the beta particle
and antineutrino, most often referred to as the Ey..

A simple example would be that of the radionuclide "*C,
which decays by negatron emission without the emission of
gamma radiation to the stable daughter nuclide "*N according 1o
the following:

BC — YN+ +7 (Epay = 0.156 MeV)

The decay scheme is illustrated in Fig. 1.32.

The decay energy of "*C can be calculated according to
Egn (1.124) using atomic mass units (u) of the parent and
daughter atoms as follows:

(1.125)

Qﬂ = (Muc = MNN)(‘z
= (14.00324199 u — 14.00307401 u)(931.494 MeV /u)
= 0.156 MeV
(1.126)

where 931.494 is the energy equivalence of 1 atomic mass unit
as derived previously in this chapter. The energy of 0,156 McV,
calculated above, is shared between the beta particle and anti-
neutrino. Thus, the maximum energy that the beta particle or
antineutrino may possess is 0,156 MeV, The calculated decay
energy may be found in Appendix A, which lists the decay
energies of many radioactive nuclides.

We may now look at yet a more complex example of ''Cs
decay where negatron §° emission occurs with more than one

4,=5730y

The radionuclide "*C decays to stable "N by nega-
tron emission. Nuclkear decay oocurs entirely (100%)
by emission of a pegatron (§ ) and antincutrino (F)
with an encrgy maximum of 0.156 MeV, which is
shared by the negatron and antineutrino.

0.156 MeV

B~ 0.156 MeV (100%)

T 0 MeV
;N (stable)
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'HCs 1,=30.17y
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FIGURE 1.33 Negatron beta decay scheme of

1.176 MeV €5, The radionuclide 'V Cs decays 1o stable '"Ba
L via two branching negatron emissions with energy
maxima of 1176 MeV at a relative intensity of 6%
and 0.514 McV a1 an imensity of 94%. Negatrons
B 0.514 MeV (94%) with energy maxima of 0514 MeV produce
metastable "*Ba daughter. which decays (o stable
"Ba with the emission of a gamma-ray photon of
0,662 MeV at an 85% imtensity,
o, 137
wBa t =255 min
0.662 MeV
Y= 0.662 MeV
(85%)
e = 0MeV
B8 (stable)

energy maxima, or via what is referred to as a branching decay
mode, and which decays with the emission of gamma radiation
from the nucleus of the daughter nuclide '“'Ba. The decay
equation is the following:

Cs = 'UBa+ B +F+7 (1.127)

The decay scheme of 'VCs to stable 'Ba is illustrated in
Fig. 1.33.

The decay energy of '*’Cs is calculated as follows:

Qs = (Mingy —Ming,)? = Eg- + E; + Ey + Eqol
= (136.907085 u — 136.905822 u)(931.494 MeV /u)
= 1.176 MeV
(1.128)

The 1.176 MeV decay energy is the energy liberated from '¥Cs
decay to the ground state of stable '“’Ba. One branch of this
decay occurs at a 94% intensity (abundance) via the emission of
a negatron and antineutrino with an £, of 0.514 MeV followed
by the emission of gamma radiation of 0.662 MeV from the
daughter nuclide 37MBa, which is metastable decaying to the
stable ""Ba (See Fig. 1.33). The remaining 6% of the negatron
emissions (i.e., 100—94%) arise from the decay of '*'Cs directly
to the ground state of stable '*’Ba with the entire 1,176 MeV of
decay energy shared by the negatron (87) and antineutrino (¥).

o t,=804d

0.971 MeV
. 0.336 MoV (13%)

PioXe f,=11.9d

More complex negative beta-decay schemes occur such as
that of the radionuclide "' to stable "*'Xe, which is illustrated
in Fig. 1.34,

The decay energy of '*'I to stable "*'Xe is calculated as

03 = (Mo —Muix ) = Eg- + E; + Ey + Eqecoll
(130.906125 u — 130.905083 u)(931.494 MeV /u)
= 0971 MeV

]

(1.129)

In summary, if we ignore the relatively very small nuclear recoil
energy, we will find that the 8 energy maxima and the gamma-
ray emission energies for the three beta decay branches of '*'I
decay, illustrated in Fig. 1.34, yield the total decay energy of
0971 MeV as follows:

7 Branch I of 13% Intensity:

Eg, + Es +7) = Epay 0f 0.336 MeV + v, of 0.635 MeV
0.971 MeV

£~ Branch 2 of 86% Intensity:

Eg. + Ez + 12 = Epay 0f 0.607 MeV + v, of 0.364 MeV
0.971 MeV

FIGURE 1.34 Negatron decay scheme of 'L The
radionuclide "'I decays to stable "*'Xe with three
branching negatron emissions with energy maxima at
0.336 McV. 0.607 McV. and 0.806 MeV producing
metastable "'™Xe at three energy levels yielding
several gamma ray lines of emissions, namely,

0.607 MoV
(86%)

0.635 MeV 11 = 0635 MeV. vy = 0364 MeV, v3 = 0.284 MeV,
0.635 MeV Yo = 0.165 MeV, and v = 0.080 MeV.
/7.' z

— —
e

0.364 MeV
o %= 0.364 MoV
| 1,= 0.284 MeV
0.165 MeV

L=0.165MeV — __|

0.080 MeV

vy %=0080 MV—"4 ¢ ‘

0 MeV

'uXe (stable)
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8 Branch 3 of 1% Intensity:
Eg, + E; + 74 = Egax of 0.806 MeV + 73 of 0.165 MeV
= 0971 MeV

2. Positron (B*) Emission
Positron emission can be described by the general equation

GP = ,AD+ BT + v+ Ky (1.130)

where 4P is lhe parent nuclide of atomic number Z and mass
number A, , D is the daughter nuclide of atomic number Z— 1
and same ma.\s number as the parent, 87 is the positron or
positive beta particle. v is the neutrino, and Ky is the total
Kinetic energy released in the best-decay process.

a. Basic Principles

In contrast to negatron emission from nuclei having neutron/
proton (n/p) ratios too large for stability, positrons, which
consist of positively charged electrons (positive beta particles),
are emitted from nuclei having n/p ratios too small for stability,
that is, those which have an excess of protons.

To attain nuclear stability, the n/p ratio is increased. This is
realized by a transformation of a proton to a neutron within the
nucleus. The previously discussed alteration of a neutron to
a proton in a negatron-emitting nuclide Eqn (1.103) may now be

Handbook of Radioactivity Analysis

considered in reverse for the emission of positrons. Eqn (1.31)
illustrates such a transformation:

pT = n+8" +» (1.131)

The decay of the radionuclide ''C may be cited as an example of
a nuclide that decays by positron emission:

6C — B +8" +»
Note that the mass number does not change, but the charge on
the nucleus (Z number) decreases by 1. As in negatron emission,
a neutrino, », is emitted simultaneously with the positron (beta
particle) and shares the decay energy with the positron. Thus,
positrons, like negatrons emitted from a given radionuclide
sample, may possess a broad spectrum of energies from near
2€10 10 Eg,,. as illustrated in Fig. 1.30,

Decay by positron emission can occur only when the decay
energy is significantly above 1.02 MeV. This is because two
clectrons of opposite charge are produced (8%, 67) within the
nucleus, and the energy equivalence of the electron mass is 0.51
MeV (see Section X.C). The positive electron, 87, is ejected
from the nucleus and the negative electron, 8. combines with
a proton to form a neutron:

(1.132)

(1.133)

From the Chart of the Nuclides, it is possible to cite specific
examples of the n/p imbalance in relation to negatron and posi-
tron emission. Fig. 1.35 illustrates a segment of the Chart of

8 +p" —n

N’.‘l’ Ne20 | Ne21 | Ne22
72 | e | oz | ez

-3 33“\ ¢ '\u
F17 | F18 |'wF19 | “¥F20
B45s 1836 = 1"os

LN LN et LR

014 | 015 | 016 [O17 018 |~019
TO8s 1222 are2 | oom 0200 29
pasis | BT ‘u‘ XS | 83
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FIGURE 1.35 A Segment of the Chm of the Nuclides showing the mlnme positions of some stable (shaded) and bl lides. The

Z andl absicca N

represent the number of pr ber) and the number of

ber) within the nucleus, respectively. The mass number (number of protons +

neutrons) in the nucleus of an isotope is provided alongside the abbreviation of the element. For example, the isotope "*C (carbon-14) is written in the Chart as C14.
Rammulndcx that undergo positron emission (§ ) are illustrated with amows pointing downward to stable nuclide products of lower atomic number; and radionuclides

g negatron (3 ) emission are ill d with armows pointing upward to stable nuclide products of higher atomic number. The maximum beta-particle energy
in ummnf MeV is provided alongside the positron or negatron symbol, Numbers in shaded arcas are the g naturil aby of the stable isotopes, which for cach
clement should add up to 100%. For example, the element lithium (Li) exists in nature as a combination of two stable isotopes, namely, °Li and "Li with abundances of
7.5 and 92.5%, respectively. When only onc stable isotope of an element exists, its natural ab will be sod as 1005, such as is the case for “Be and "F
illustrated above, The half-lives of the unstable nuclides are given in units of ds (s), milliseconds (ms), (m), howrs (h) and years (y),
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the Nuclides and the relative positions of the stable nuclides
(shaded arcas) and of their neighboring radionuclides. The
nuclides are positioned as a function of the number of protons, Z,
and the number of neutrons, N, in their respective nuclei. Dashed
arrows are placed through the blocks that segregate radionuclides
interrelated with common daughter nuclides resulting from 8~ or
8% decay processes. For example, the stable nuclide '*C of
atomic number 6 has a nucleus with an n/p ratio of 6/6. However,
the nuclide "N of atomic number 7 has an unstable n/p ratio of
5/7. an excess of protons. Thus, this radionuclide '*N decays to
"2C via positron emission according to the equation

2N = 2C+8* +» (1.134)
as indicated by a dashed arrow of Fig. 1.35.

The nuclide '*B of atomic number § has the unstable n/p
ratio of 7/5, an excess of neutrons, This nuclide thus decays o
12C by negatron emission according to the equation

B — C+8 +7 (1.135)
Similar reasoning may be used to explain positron and negatron
decay of the unstable nuclides shown in Fig. 1.35 to the stable
products "*C. "N, "N, etc. The interrelationship between
8 and 8" decay leading to the formation of stable nuclides is to
be found throughout the Chart of the Nuclides. Nuclear stability
with n/p ratios close to unity only exists with nuclides of low
atomic number (Z < 20), as discussed in Section 1V.D.1 and in
the following section.

b. N/Z Ratios and Beta Decay

In Sections VIILB.1.a and VIILB.2.a, we discussed negatron
and positron decay as processes whereby unstable nuclei may
achieve stability via neutron or proton transformations in
negatron and positron beta-decay processes, respectively. These
processes in the nucleus of the radionuclide result in a change in
the neutron/proton or N/Z ratio of the nucleus,

If we look throughout the Chart of the Nuclides, we will
notice that the stable nuclides of low atomic number will have
an N/Z ratio of approximately 1. However, as the atomic number
increases (Z > 20), the N/Z ratio of the stable nuclides increases
gradually and reaches as high as approximately 1.5 (e.g., %Bi.
Z=83, N/Z=1518). This was illustrated previously in
Fig. 1.12. Furthermore, there are no stable nuclides of atomic
number greater than 83,

The nature of nuclear forces and the relationship of N/Z ratio to
nuclear stability are discussed in detail in Part IV.D.1, and by
Serway et al (2005) and Sundaresan (2001). In brief, the impor-
tance of N/Z ratio to nuclear stability is explained by the fact that
there exists a short-range attractive nuclear force, which extends to
a distance of =2 fm (2 fermi or 2 x 10™'* m). This attractive
force has charge independence and is a consequence of the relative
spins of the protons and neutrons and their relative positions in the
nucleus. Therefore, these binding exchange forces exist regardless
of charge on the particles, between two protons, two neutrons, and
a proton and neutron, While the attractive nuclear forces will tend
10 hold the nucleus together, there exists, at the same time,
repelling Coulombic forces between the positively charged
protons that act to force them apart. For nuclides of low Z, the
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attractive nuclear forces exceed the repelling Coulombic forces
when N = Z, However. increasing the number of protons (e.g..
Z > 20) further increases the strength of the repelling Coulombic
forces over a larger nucleus, which will tend to force the nucleus
apart. Therefore, additional neutrons, N > Z, provide additional
auractive nuclear forces needed to overcome the repelling forces
of the larger proton population. As the atomic number increases
further, Z > 83, all nuclides are unstable. Even though N/Z ratios
reach 1.5, nuclear stability is not achieved when the number of
protons in the nucleus exceeds 83.

c. Positron Decay Energy

The general reaction for positron emission was described
previously by Eqn (1.130). It is provided here again for
a treatment on positron decay energy, and it is the following:
4P = 2 AD+ 8" 4 v+ Ky (1.136)
where 4P is the parent nuclide of atomic number Z and mass
number A, , |12 is the daughter nuclide of atomic number Z—1
and same mass number as the parent, 8° is the positron or
positive beta particle, v is the neutrino, and Ky is the total
kinetic energy released in the beta-decay process.
In terms of nuclear masses, Eqn (1.136) may be written as

zMP = z_|Ml)+'"r+KT (|.|37)

where ,Mpand , _, Mp are the masses of the parent and daughter
nuclei of atomic number Z and Z— 1, respectively, and m, is the
mass of the positron (i.e., one electron mass). Atomic mass units
(u) may be used to calculate conveniently the mass difference of
the parent and daughter. if we add Z atomic electron masses to
cach side of Eqn (1.137) and ignore the negligible difference in
electron-binding energies of the parent and daughter atoms.
Adding Z atomic electrons to each side of Eqn (1.137) gives

Mp+Zme = 5 \Mp+(Z+ U)m.+Kr  (1.138)

and Mp =, Mp +2m, + Ky (1.139)

The mass difference of the parent and daughter nuclei is
equivalent to the decay energy, Q. The decay energy, Q-
may be calculated now using atomic mass units and taking the
product of mass and ¢ to determine the energy equivalence of
mass using Eqn (1.139) to give

Qs = (Mp — ;. \Mp)* = 2m.* + Ky (1.140)
or
Qg = (zMp = 2.,Mp)e* = 2m.* + Kz + Ey + Erecoit
(1.141)

where ,Mp — ,_Mp is the mass difference of the parent and
daughter nuclides, ¢ is the speed of light in a vacuum, and 2mr,¢”
is the energy equivalence of two electron masses or 1.022MeV,
which is the energy required for the creation of the ¢ "¢ pair in
the positron decay process described previously in this section.
The terms Ez. + E, are the shared positron and neutrino Kinetic
energies, which when combined is referred often to as the Ey
of the beta decay. The term £, is gamma-ray energy that may be
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FIGURE 1.36 Beta decay of ''N to stable ''C by
positron (§°) emission. The scheme illustrates e e
energy equivalence (1.022 MeV) of two electron A
masses (¢7¢ ) required for positron emission, The
remaining 1.198 MeV encrgy is shared is shared by
the 8 and ».
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N 1,=9.96 min.
2.220 MeV

2m,c* = 1.022 MoV

1.198 MeV

emitted by the daughter nucleus, and Ei is the nuclear recoil
energy. which is relatively small (measured in eV) and can be
ignored as negligible when calculating the overall decay energy
(measured in MeV).

We may take an example of a simple case of positron
emission in the decay of "*N where there is no gamma radiation
from the daughter nucleus, that is, the "*N nucleus decays
directly to '*C at its stable ground state with the emission of
a positron and neutrino with maximum energy 1.198 MeV. The
scheme for the decay of "N is illustrated in Fig. 1.36.

The Eq,, is the combined energy of the positron and neutrino
(Eg + E,),thatis, the energy shared by the positron and neutrino.
In other words, the £, is the maximum energy of the positron
when the neutrino is at its minimum energy or vice versa.

The decay energy, Q- . for N decay is calculated as

Q‘[- = (AluN - Mn(‘)('z
= (13.0057386 u — 13.0033548 u)(931.494 MeV /u)
= 2.2204 McV
(1.142)

which is the magnitude of the decay energy for "N listed in
standard reference tables (e.g.. Table of the Isotopes in Lide,
2010). The maximum energy of the 87 or neutrino in this case

FIGURE 1.37 Beta decay scheme of “Na by
competing positron (87) and electron capture (EC)
decay. Positron emission occurs in 90,06 % of the nuclear
decays and EC on the remaining 9.94%. Decay by EC
involves the emission of a mono-energetic newtrino of
1567 McV (ie. E, = 2842 McV - 1275 MeV)
to metastable “Ne. Positron emission occurs with the
consumpeion of the encrgy equivalence of two clectron
masses (Le., 2m, ) followed by two branching posit
emissions with intensities of 90% and 0.06%.

3C (stable)

may be calculated easily according to Egn (1.141) by ignoring
the nuclear recoil energy (Epe.oi). because of its small value and
ignoring the gamma-ray energy (£,), because, in this example,
no gamma-ray energy arises from the daughter nucleus
following beta decay. Thus, the maximum energy of the 87 or
neutrino is

Emax = Eg +E, = Qg —2m.c*
2.220 MeV — 1.022 MeV
1.198 MeV

A more complex example would be that of the decay of **Na,
which decays by positron (8") emission and electron capture
(EC) decay with the emission of gamma radiation according to
the decay Eqns (1.144) and (1.145) and the decay scheme
illustrated in Fig. 1.37:

(1,143)

3Na — fINe+ 8% + v+ v (90.06%) (1.144)
3Na — BNe+r+v(9.99%) (1.145)

As illustrated in Fig. 1.37. the radionuclide **Na may decay by
clectron capture (EC) in addition to positron emission. Electron
capture is a decay mode that competes with positron emission as
discussed in the following section. In this case, 90% of the **Na

2
Na t,=2860
afe & : 2.842 MeV

2mc’ = 1.022 MeV

1.820 MeV
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radionuclides decay via positron emission and the remaining
10% decay via electron capture. When the decay energy, Qg . is
well above 1.022 MeV (the minimum energy required for e e”
pair production), positron emission will predominate over
electron capture decay.

The decay energy for *Na may be calculated according to
Eqn (1.141) as

Qz = (Muy, — M::Nt)(‘z
= (21.994437 u — 21.9913855 u)(931.494 MeV /u)
= 2.842 MeV

(1.146)
which is in agreement with the magnitude of the decay energy
for **Na listed in standard reference tables (e.g.. Table of the

Isotopes in Lide, 2010). The calculated decay energy corre-
sponds to the theoretical value described by Eq. 1.141, that is,

0 = (1.147)

where Eg. + E, = 87, and, if we ignore the relatively very
small value of Eq i1 we calculate

Qy;

,-(‘2 + Ege + Ey + Ey + Epecoil

22 + Bhax + Ey
1.022 MeV + 0.540 MeV + 1.275 MeV
2.84 MeV

(1.148)

nn

which is in accord with the 8, transition illustrated in Fig. 1.37,
and

2me® 4 Bl
1.022 MeV + 1.830 MeV
2.85 MeV

Qa;

(1.149)

which is in agreement with the §5 transition illustrated in
Fig. 1.37 whereby **Na decays directly to the stable ground
state of **Ne without gamma emission in 0.06% of the nuclear
decays.

3. Electron Capture (EC)

The clectron capture (EC) decay process is described by the
following general equation:

EC

WPre — ,AD+v+Kr (1.150)

where 4P is the parent nuclide of atomic number Z and mass
number A, ¢ is an orbital electron captured by the nucleus of the
parent nuclide, , D is the daughter nuclide of atomic number
Z~1 and same mass number as the parent, » is the neutrino, and
K7 is the total Kinetic energy released in the beta-decay process.

a. Basic Principles

Electron capture (EC) is another form of beta decay. The change
in atomic number is the same as occurs with positron (8")
emission. Electron capture competes with positron emission and
most radionuclides that decay by positron emission also decay
by electron capture to the same daughter nuclide.

Another mechanism by which an unstable nucleus can
increase its n/p ratio is via the capwure by the nucleus of
a proximate atomic electron (e.g., K- or L-shell electron). The
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absorbed clectron combines with a proton to yield a neutron
within the nucleus as follows:

¢ +p" — n+ v+ inner bremsstrahlung + x-rays
+ Auger electrons + v
(1.151)

The decay process is known as clectron capture (EC), or
sometimes referred to as K-capture, because most of the elec-
trons are captured from the K-shell, which is closest to the
nucleus. A neutrino, v, is emitted and this is accompanied by the
emission of internal bremsstrahlung. which is a continuous
spectrum of electromagnetic radiation that originates from the
atomic electron as it undergoes acceleration toward the nucleus.
Unlike the beta-decay process, which results in the emission of
a neutrino from the nucleus with a broad spectrum of energies,
the neutrino emitted from the EC-decay process does not share
the transition energy with another particle and, therefore, it is
emitted with a single quantum of energy equal to the transition
energy less the atomic electron binding energy. The capture of an
atomic electron by the nucleus leaves a vacancy in an electron
shell, and this is filled usually by an electron from an outer shell,
resulting in the production of x-radiation (see Sections IX.D.c).
The electron that fills the vacancy leaves yet another vacancy at
a more distant shell. A cascade of electron vacancies and
subsequent filling of vacancies from outer electron shells occurs
with the production of x-rays characteristic of the daughter atom.
The x-rays will either travel out of the atom or the energy
emitted by the electron transition will be transferred to an outer
orbital electron causing the electron to be ¢jected as an Auger
clectron. Gamma radiation is illustrated in Eqn (1.151), because
it is emitted only when the daughter nuclide is left at an unstable
clevated energy state (see Figs 1.37 to 1.39).

The electron-capture decay process may compete with §*
emission, That is, some radionuclides may decay by either
electron capture or 87 -emission. As discussed previously,
positron emission requires a transition energy of at least
1.022 MeV, the minimum energy required for pair production in
the nucleus (ie., two electron rest mass energies or 2 x
0.511 MeV). Positron emission, therefore, will not compete
with electron capture for decay transitions less than 1.022 MeV.,
In general, positron emission will predominate when the tran-
sition energy is high (well above 1.022 MeV) and for nuclides
of low atomic number, while the EC decay process will
predominate for low transition energies and nuclides of higher
atomic number. The decay transitions of 2Na and “*Zn serve as
examples. In the case of “*Na, decay by £*-cmission
predominates (90 %) as compared with decay via electron
capture (10 %):

BNa — PNe+ 8" +r(90%) (1.152)
and
2Na 25 BNe 4+ v (10%) (1.153)

The transition energy of “*Na is 2.842 MeV (Holden, 1997a),
well above the 1.022 MeV minimum required for positron
cmission, Thus, positron emission predominates. On the other
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FIGURE 1.38 Beta decay scheme of *'Sc by
competing EC decay and positron (37) emission. The
high decay energy of 3.653 MeV favors §7 emission,
as it is well above the minimum 1,022 MeV or 2m,*

quired for posit mission. EC decay occurs in
only 5 % of the nuclear decays and 87 emission in the
remaining 95%. Both EC and §* decay yield meta-
stable **"Ca, which decays to stable *'Ca with
gamma-ray emission of 1,159 McV,
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o
Sc t,=388h
il 3,653 MeV

2mc’ = 1.022 MeV

2631 MeV

R— T

¥1.159 MeV (100%)

FIGURE 1.39 Decay scheme of 'Be. The decay
occurs exclusively by branching electron capture. In
10.4 % of the transitions, “Be emits a mono-energetic
ocutring of 0.384 MeV (fe., 0.862 McV — 0,478 MeV)
followed by the emission of a 0478 MeV gamma-ray
photon, The remaining EC decay events occur with the
emission of a mono-energetic neutrino of 0.862 MeV
directly to the ground state of stable "Li in 89.6% of the

decay transitions, 0.478 MeV

0 MeV

#Ca (stable)

Y

Y 0.478 MeV

(10.4%)

= =

0 MeV

hand. taking the following example of the nuclide ®Zn, we see
that electron capture predominates over §° emission:

$zZn — $Cu+8" +r(1.5%) (1.154)
and
&zn £ $Cu+ v (98%) (1.155)

In the case of “*Zn, the wransition energy is only 1.35 MeV
(Holden, 1997a), not much above the minimum energy of
1.02 MeV required for positron emission. Consequently, EC
decay predominates.

b. EC Decay Energy

The general decay equation for electron capture was described
previously by Eqn (1. 150). Itis provided here again for a treatment
of electron capture decay calculations, and it is as follows:

EC

WPHe — ,AD+v+ Ky (1.156)

where 4P is the parent nuclide of atomic number Z and mass
number A, ¢ is an orbital electron captured by the nucleus of the
parent nuclide, , }0 is the daughter nuclide of atomic number

JU (stable)

Z—1 and same mass number as the parent, » is the neutrino, and
Kris the total Kinetic energy released in the beta decay process.
In mass and energy terms, Eqn (1.156) can be written as

Mp +m,

= 2.Mp+Kr (1.157)

where ,Mp is the mass of the parent nuclide of atomic number
Z. m, is the mass of the atomic electron captured by the nucleus,
and , Mp is the mass of the daughter nucleus of atomic
number Z—1. We may use atomic mass units (u) to calculate
conveniently the mass difference of the parent and daughter
nuclei and amive at the decay energy by firstly adding Z—1
atomic electrons to each side of Eqn (1.157), which yields

ZM" = , Mp+Kr (1.158)

The mass difference of the parent and daughter nuclei is
equivalent to the decay energy (Qgc). We can now calculate the
decay energy Qgc by the difference of the parent and daughter
nuclide atomic masses ignoring the small difference in the
binding energies of the electrons in the two nuclides as

Qec = (zMp — 7 \Mp)® = Kt = Ey + Ey + Erecoil
(1.159)
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where c is the velocity of light in a vacuum and the product Mc®
yields the energy equivalence of the mass, E, is the Kinetic
energy of the neutrino, E, is the gamma-ray photon cnergy,
which only appears with the decay of the daughter nucleus when
it is left at a metastable or excited energy state, and E .. is the
Kinetic energy of the daughter recoil nucleus. As in previously
described beta-decay processes, we will ignore the relatively
very small recoil energy when calculating the overall decay
energy.

As an example, let us look at the decay scheme of *Sc,
which decays by EC and positron emission. The decay equa-
tions are the following:

EC 4

$iSc — $iCa+r+7y(5%) (1.160)

and
HSe — HCa+ 8" +r+v(95%)

The decay scheme is illustrated in Fig. 1.38.

The scheme in Fig. 1.38 illustrates that 5% of the *Sc
nuclides decay by electron capture and the remaining 95% of the
nuclides decay with positron emission with a positron £, of
1.472 MeV. The *Ca product nuclides then decay to a stable
ground state with the emission of gamma radiation of 1.159 MeV
energy.

The decay energy for either mode of decay (EC or
8" emission) is calculated according to Eqns (1.159) and
(1.146), respectively, as follows:

(1.161)

For Electron Capture
Qec = (zMp — 7 \Mp)c? = E, + Ey + Evecoil
= (Mug, — Mucy)c?
(43.959403 u — 43.955481 u)(931.494 MeV /u)
= 3.653 MeV (1.162)

which is in agreement with the decay energy provided in the
standard reference tables (e.g.. Holden, 1997a). As we know
that the gamma-ray energy £, = 1.159 MeV (see Fig. 1.38) and,
if we disregard the very small magnitude of the recoil energy.
we can calculate the neutrino encrgy in this case as

E, = Qec — Ey = 3.653 MeV — 1.159 MeV = 2.494 MeV
(1.163)

The neutrino energies are monoenergetic in the case of the EC
decay mode.

For Positron Emission
Q5 = (Mp — 5 Mp)e?
= 2m.* + Eg- + Ey + Ey + Erecoi
= (Mug. — Mug,)? = 3.653 MeV

(1.164)

as calculated in Eqn (1.162).
If we again ignore the very small daughter nucleus recoil
energy and combine the positron and neutrino energies as
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Ewax = Eg + E,, we can arrive at the decay energy taking the
values from Fig, 1,38 as

Qﬂ- 21"((‘2 + Emax + EY
1.022 MeV + 1.472 MeV + 1.159 MeV

3.653 MeV

(1.165)

The decay energy of 3.653 MeV is well above the minimum
energy fore’ e pair production (2m¢” or 1.022MeV) required
for positron emission. Thus, the EC decay does not compete
well against positron emission in the case of *Sc, which decays
via positron emission in 95% of the disintegrations and by EC
decay in the remaining 5%.

Let us take another example, which is that of "Be decaying
exclusively by electron capture according to the following
equation:

Be £ JLitr+y (1.166)

The decay energy is calculated as

Qec = (Mg, — Myy;)2
(7.016929 u — 7.016004 u}(931.494 MeV /u)
0.862 MeV

nn

(1.167)

which is in agreement with the magnitude of the decay energy
reported in standard reference tables (e.g., Holden, 1997a). The
decay energy is not sufficient to satisfy the minimum energy
requirement of 1.022 MeV for positron emission in this case.
Thus, there is no competition here between EC and §7 decay
modes, and the "Be nuclides decay exclusively by EC according
to the decay scheme illustrated in Fig. 1.39.

The daughter nuclide, "Li, emits a gamma ray of 0.478 MeV
in 10.4% of the transitions. The neutrino energy from the EC
decay of "Be in these transitions would be derived from the
difference of the decay energy and gamma-ray energy while
ignoring the relatively very small recoil energy according to Eqn
(1.163), or

Er o QE(‘ - Ey
= 0.862 MeV ~ 0.478 MeV (1.168)
= (0.384 MeV

The remaining 89.6% of the transitions would be due to
a neutrino emission of 0.862 MeV directly to the stable ground
state of the daughter nuclide without any gamma-ray emission.
Neutrinos emitted in the EC decay process are monoenergetic.
They do not possess any broad spectrum of energies, contrary to
the neutrinos emitted during §° or §7 emission, because the
neutrinos emitted from the nucleus in EC decay do not share the
decay energy with any other particle.

There is nuclear recoil of the parent nucleus during EC
decay resulting from the emission of the neutrino. The nuclear
recoils in EC decay have been measured by researchers con-
firming the monoenergetic character of the emitted neutrino.
The calculation of nuclear recoil energies is discussed in detail
in Section XL

The "Li ion will recoil at two energy maxima corresponding
to the neutrino emissions of 0.862 and 0.384 McV calculated
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above. The maximum recoil energy corresponding to the
neutrino emission of 0.862 MeV is calculated, according to Eqns
(1.345) and (1.351), to be 5684 ¢V. This agrees with the
experimental measurement of the "Li recoil energy reported by
2002 Nobel Laureate Raymond Davis Jr, (1952) tobe 56 = 1 eV.
The recoil energy in this case is relatively high (>10eV),
because of the relatively low mass of the 'Li nucleus. Never-
theless, the recoil energy here may be ignored as negligible when
calculating the decay energy, which has units of MeV.

¢. Chemical and Pressure Effects on EC Decay Rates

In general, the chemical and physical environment of radionu-
clides do not control nuclear decay processes. However,
because the electron-capture decay process involves the capture
of an orbital electron by the nucleus, atomic- or molecular-
binding effects, which vary with chemical structure, can influ-
ence the electron-capture decay process. Also, external pressure
that may alter electron densities in the vicinity of the nucleus
could also have an altering effect on the EC decay rate.

Emilio Segré (1947) at the Los Alamos Laboratories in the
USA and R. Daudel (1947) at the Curie Laboratories of the
Radium Institute in Paris, France, were the first to indepen-
dently suggest that the rate of disintegration of nuclei decaying
by electron capture or internal conversion would be subject to
extra-nuclear environments, Numerous works were published
from 1948 to the 1970°s confirming the effect of chemical
environment on the decay rate of "Be, and these are reviewed by
Huh (1999). The effect of pressure on the decay constant of Te
was first confirmed by Bainbridge (1952), and the mathematical
expression for the shift in the binding energy of the atomic
clectron under pressure, that would affect EC decay rates, was
derived by Mukoyama and Shimizu (1974).

During the last two decades or so, much attention has been
given to experimentation related to chemical and pressure
effects on radionuclide EC decay rates due to the technological
advances in detector instrumentation with improved detection
efficiencies and energy resolution of semiconductor detectors
that can now yield more precise decay-rate measurements.
Utilizing a 100% efficiency high-purity germanium detector,
Huh (1999) was able to determine the decay constant of "Be in
three chemical environments, namely, Be*'(OH,);. Be(OH);.
and BeO with a precision of 0.01% resulting in a ~1.5%
difference in the decay rates of “Be in Be(OH); and BeO. Also,
Ray et al (1999) found the decay rate of ‘Be implanted in Au
wias 0.72 £0.07% lower than 'Be implanted in AlLOs. The
variation in decay rates of the "Be was considered a result of the
change in the electron density around the nucleus of "Be due to
its association with different anions, and atomic electron affinity
and geometry of the lattice within which the "Be was implanted.
Electron capture occurs mostly with electrons in closest prox-
imity to the nucleus, such as electrons from the K-shell, and any
chemical bond or environment that would force atomic elec-
trons closer to the nucleus or reduce the electron binding energy
would increase the electron-capture decay rate.

The combination of chemical environment and pressure can
affect electron-capture decay rates. Liu and Huh (2000) found
a steady increase in the decay constant of ‘Be in Be(OH); as
a function of pressure over the range of 1 atm to 441 Kbar. The
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decay constant increased by 1% at 441 kbar compared to the
decay constant at | atm, which corresponded to a change in
half-life from 53.414 4 0.003 days at | atm to 52.884 + 0.022
days at 441 kbar pressure. These results were consistent with
calculations made by Tosscll,(ZOOZ) on the effects of Be—O
bond compression in Be(OH);  on the energy and the electron
density at the nucleus of ’Be. which indicates that several
hundred kbar pressure could increase the electron density by 1%
or more. This would expectedly facilitate the capture of an
orbital electron by the nucleus and increase the decay rate. Lee
and  Steinle-Neumann  (2008) demonstrated a  0.1-0.2%
increase in the decay constant of "Be as a metal, chloride, or
oxide under a pressure of 25 GPa. The radionuclides **Na and
**K in metallic form showed an increase of 0.06% and 0.025%
in their decay constants, respectively, at 25 GPa pressure. Ray
et al (2009) also observed an increase in the orbital electron
capture rates of '“In and "'"Sn by 1.00+0.17% and
0.48 = 0.25%, respectively, when implanted in the smaller Au
lattice compared to implantation in a larger Pb lattice. They
interpret the increased decay rates as due to an increase in the
cigenstate energies of an atom under spatial confinement. This
effect would increase the electron density of the orbital elec-
trons at the nucleus and thus increase the decay rate of an
electron capturing radioactive nucleus.

While the fluctuations in the observed electron-capture decay
rates may appear small, Zito and Schiferl (1987) indicate that the
effects may be significant in terms of stellar energetics. They
note that pressure-dependent decay may be an important source
of heat generation in Jovian plancts where central pressures may
reach megabars, They give the example of Jupiter's rock-ice
core, which contains as much potassium as Earth’s continental
crust, and that K decay accounts for about 11.5% of the total
excess energy output of Jupiter. This energy divided into two
parts gives 9.3% due to normal (zero-pressure) beta and EC
decay, and the remaining 2.2% would be due to pressure effects
alone on the EC decay rate. Also, they surmise that pressure
effects on the EC decay rate of **Nb could account for 14% of
the total energy output of Jupiter’s core. Also, the high pressures
in Saturn, Uranus, and Neptune could have a role in pressure-
accelerated EC decay as an important heat source in these
planets. Zito and Schiferl (1987) also provide convincing argu-
ments in support of the role of **V, '*'Te, "**La, “’K, **Al and
€1, which undergo EC decay. in stellar energetics. They note
that peculiar A stars are enriched in La isotopes by a factor of
600 over normal stars, and other stars breed significant amounts
of **Al and **Cl. They point out that sudden pressure changes in
the interior of these stars could result in EC outbursts,

4. Branching B, B', and EC Decay

It is a common practice to characterize radionuclide beta decay
according to (i) negatron (87) emission and (ii) positron (8°)
emission and/or electron capture (EC). However, there exists also
several radionuclides of odd atomic number Z and even mass
number A that decay via all beta decay modes, namely 87, 8", and
EC decay to varying degrees yielding two daughter nuclides that
differ by two units of atomic number. Their decay may be
described by the branching pathways illustrated in Fig. 1.40 where
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FIGURE 1.40 Branching § . 8" and EC decay illustrated by (a) the general
decay reaction of 4 parent nuclide 3P to daughi lides , ADand , D, and
(b) the decay of %Cu 1o the daughter nuclide $3Za by negatron (87) emission
and to the dsugh ide ZNi by positron (3°) jon or clectron-capture
(EC) decay. The intensities of the three modes of decay, that is, their branching
ratios are ~40% for negatron fon, ~19% for posi ission and ~41%
for clectron capture decay.

the parent nuclide 4P decays in two directions, namely, by 8~
emission to a daughter nuclide , /{0 of atomic number Z+1 and
by 8" emission and by EC decay to a daughter nuclide of atomic
number Z— 1. This decay phenomenon is also referred to as “dual
beta decay™; however, it should not be confused with “double beta
decay”, which is an altogether different and more elusive decay
process described in a subsequent section.

Radionuclides that decay by means of this branching 8,
8", and EC decay are listed in Table 1.11 together with the
relative intensity (%) to which these three beta-decay modes
occur, along with the decay energies of cach mode, and their
daughter nuclides. These radionuclides can be found in the
Chart of the Nuclides together with their neighboring isobars
that are stable. A segment of the Chart of the Nuclides illus-
trating the positions of *°Cl and *’K, which decay by the three

87, 8.7 and EC modes, and their neighboring stable daughter
isobars is provided in Fig, 1.41.

The decay schemes of *°Cl and *’K exhibit very low relative
occurrences of their 87 decay modes, namely 0.002% and 0.3%,
respectively (See Table 1.10), which may be due to their relatively
low decay energies of (Qge 5 ) of 1142 and 1.505 MeV, respec-
tively (see Table 1.10). Positron decay will compete and
predominate over the EC decay mode when the decay energy is
well above 1.022 MeV, which is the energy required for the
production of an e " e~ pair needed for the positron decay mode.
The following two nuclides listed in Table 1.10, namely **Cu and
™As, have higher decay energies (Qgc g+) of 1.675 and 2.562
MeV, respectively. yielding more significant intensities of 19 and
31, respectively, for their §* decay modes as listed in Table 1.10.

There are an additional 25 radionuclides that decay by
branching negatron (87) and electron capture (EC) decay
modes, whereas positron (8°) emission does not occur. These
radionuclides decay according to the general scheme provided
in Fig. 1.40 with the exception that the positron (8") decay
mode does not occur. The properties of these radionuclides,
their decay modes, and product nuclides are included in the
Table of Radioacive Isotopes listed in Appendix A. They can
be easily identified by the fact that both §~ and EC decay
modes are listed and there are two product nuclides rather than
the customary one nuclide product. Although positron emis-
sion does not occur in these cases, the parent nuclide of atomic
number Z decays to two daughter nuclides of atomic numbers
Z~1 and Z + 1. These nuclides, which do not decay by posi-
tron emission, have mostly low decay energies (Qgc < 1.0
MeV). The decay energies are below the minimum decay
energy equivalent to two clectron masses (1.022 MeV) for the
production of an e’e  pair required in the positron decay
mode.
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FIGURE 1.41 A segment of the Chart of the Nuclides illusteating the location of 9C1 and {5K. which decay to neighboring stable isobars (indicated by
arrows via negatron (87) emission with increasing Z and via positron (§7) emission and EC with decreasing Z. The stable and naturally occurring nuclides

are shaded blocks, and the percent I wbund. of the i

pe is included in the center of the shaded block, “’K is a naturally occuring, but radioactive

isotope of potassium. and it is thus displayed differently with a black bar over the symbol of the clement and the mass number of the isotope. Units of half-
life are abbreviated as °s', ‘m’, 'd’, or “a" for seconds, minutes, days, or anni (years). Beta decay modes are abbreviated as §, 87, and ¢ for negatron,
positron, and electron capture, respectively, with decay energics in MeV. The decay encrgy of a radionuclide is in MeV ut the bottom of each block alongside
the letter E. Two decay energies are given for the radionuclides, "°Cl and *'K, because of their branching beta decay modes. The value after the negative sign
(E-) is the decay encrgy for the negatron decay mode and the other with a positive sign (E+) is the decay energy for the positron and EC decay modes.

61 of 282 11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

62 of 282

GMLE 1.10 Radionuclides that Decay via Branching ¢, 6'.\
and Electron Capture (EC)*

Decay Decay Product
Radionuclide  modes (%) energies (MeV) nuclides
el B8 (98%) Qs , 0.708 RANS)
B* (0.002%) Qy sc. 1.421 ess’, EO)
EC (1.9%)
2K 8 (89%) Qs , 1311 Bcas )
B* (0.3%:) Qs 5c. 1.505 1A, EC)
EC (10.7%)
%Cu B 140%) Qs . 0579 SInig)
8 (19%) Qy xc, 1,675 SN, EO
EC (41%)
1iAs B 132%) Qs 1.353 14Seis™)
8 131%) Qy sc0 2.562 HGHsT, EOQ)
EC (37%)
8Br B8 192%) Qs, 2.004 WKeg)
B8 2.6%) Qy 5c. 1.871 HSeis’, EC)
EC (5.7%)
TRb 8 (3%) Qs , 0.894 B8
BT (22%) Qyr yc. 2,681 HKeg", EC)
EC {75%)
2R B 122%) Qy, 1.150 Py
B8 (14%) Qy 4, 2.323 I RuIg", EC)
EC (64%)
AR 87 (97%) Qs , 1.650 RCdE™)
8* 10.2%) Qs yc. 1.922 Wpdis”, EC)
EC (2.8%)
125 B (47.3%) Q1258 'HeXed)
' (1% Qp e, 2155 iTeid”, EC)
EC (51.7%)
'5Cs B 11.6%) Q. 0.370 '2eBag")

B' (43.6%)  Qp gc. 2.979
EC (54.8%)

'iXel8®, EC)

“Data from Lide (2010), Firestone et al, (19964, and Navional Data Center,

kﬂnn»\'u\vn Nationy/ Laboratory: hipeiwww.nnde bal govnudat/ . /

5. Double-Beta (BB) Decay

Double-beta decay is the rarest of all radioactive decay
processes ever observed. It may be described by the following
general equation:

P = L AD+28" +20 (1.169)

The parent nucleus transforms to a daughter nucleus of the same
mass number A, but with an increase in atomic number Z by
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two. In accord with the beta-decay scheme, within the nucleus
of the parent nuclide, two neutrons decay to two protons with
the simultancous emission of two beta particles and two anti-
neutrinos, or

2n — 2p" +287+2¢ (1.170)

a. Discovery and Current Research

Double-beta decay was first predicted by Nobel Laurcate Maria
Goeppert-Mayer (1935) at Johns Hopkins University, who
calculated a predicted half-life of over 10'7 years. It was not
until 1987 did Steven R. Elliott, Alan A. Hahn, and Michael K.
Moe at the University of California, Irvine report the first
observation of double-beta decay in a sample of **Se enriched
from its natural abundance of 8.7 % to an isotope abundance of
97% to provide more source material for the double beta decay
as well as reduce contamination in the sample from other
sources (Elliott et al, 1986, 1987, Moe, 1986 and Moe and
Rosen, 1989).

The rarity of this decay process is manifested by the very
large half-lives (from 10'® to 10™ years) of the nuclides that
decay by this process. Because of the rarity of double-beta
decay, its observation in the laboratory is extremely difficult
requiring highly enriched radionuclide sources and sophisti-
cated coincidence (double-beta) counting instrumentation
capable of extreme suppression or vetoing of background
radiation (Elliow, et al, 2006, Gémez, et al, 2007, Campbell,
et al, 2008, Gehman, et al, 2010, and McGrath, et al, 2010).
Thus, double-beta decay is not measured routinely and not
relevant to the general measurement of radioactivity. Never-
theless, double-beta decay is discussed briefly here, because our
knowledge of its existence helps us understand more fully the
beta decay process.

b. g6-Decay Energy
The double-beta decay of **Se, as observed by Elliott, Hahn,
and Moe (1987), can be written as follows:

y =02 10™ -
fs =9.2510™ years gKr+ 26 +25
The decay equation illustrated above would only be possible if
the daughter nucleus, *Kr, is lighter than the nucleus of its
parent **Se. As explained by Moe and Rosen (1989), the mass
of the daughter nucleus is diminished by the mass equivalent 1o
its binding energy, the energy needed to pull the nucleus apart.
Thus, a more tightly bound nucleus is lighter than a more
loosely bound nucleus containing the same number of nucleons.
The number of nucleons or mass number (82) in the above
equation remains the same: however, the nucleus of **Kr is
lighter than its parent **Se. and the difference in mass of the two
nuclei would yield the mass equivalent to the decay energy, Q.
In mass terms, Eqn (1.171) may be written as

(L171)

*l
¥Se

Mp = 7. Mp +2m, (1.172)

where ,Mp and , ,Mp arc the masses of the parent and
daughter nuclei of atomic numbers Z and Z+-2, respectively, and
2m, is the mass of two beta particles (i.e., two electron masses).
We may use atomic mass units (u) to calculate the mass
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difference of the parent and daughter nuclei by adding firstly Z
atomic electron masses to each side of Egn (1.172) to give

(1.173)

The decay energy, Q3. may then be calculated by the difference
in parent and daughter nuclide atomic mass units ignoring the
small difference in the binding energies of the electrons in the
two nuclides or

Mp+Zme = 45 Mp+(Z+ 2)m,

Qs = (Mug, — My, )c?
(81916700 u — 81.913485 u) (931.494 MeV /u)
2.99475 MeV

(1.174)

The above calculated value is in agreement with the decay
energy reported by the National Nuclear Data Center of the
Brookhaven National Laboratory, which is 2,995 MeV (NNDC,
2010a: http://www.nnde.bnl.gov/geale/). The decay scheme of
*2Ge is illustrated in Fig. 1.42. The scheme illustrates the decay
of ®Se of higher mass to **Kr of lower mass, and the mass
difference of the two is equivalent to the decay energy, Qgg. The
decay energy is shared as energy of four particles, namely. two
beta particles and two antineutrinos. Single beta decay of **Se
to “*Br, a nuclide of higher mass, is energetically forbidden as
depicted in Fig. 1.42.

The National Nuclear Data Center of the Brookhaven
National Laboratory currently lists ten nuclides that are known
to undcrgo double-beta decay. These are the following:
$5Ca, ,,Gc $se. BZr, 'PMo, 'i8Cd, 'BTe, '3Te, 'S0Nd,
nnd 2 U These nuclides have an even number of protons and
even numbcr of neutrons. They exhibit a significant stability to
beta decay with half-lives that vary over the range of 10'°—10**
years, The stability of these nuclei, as described by Moe and
Rosen (1989), may be due to their “even—even” characteristic,
that is, their nuclei consist of an even number of protons and
neutrons versus a neighboring “odd—odd” nucleus in the Chart
of the Nuclides with the same number of nucleons consisting of
an odd number of protons and neutrons. The strong nuclear
force that holds the nucleus together binds pairs of like particles
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more tightly than unlike particles. Thus, a nucleus with even
number of protons and even number of neutrons can pair and be
bound more tightly than a nucleus with the same mass number
but with an odd number of protons and odd number of neutrons.
For example. the nucleus of §3Se contains 34 protons and 48
neutrons, whereas its neighboring isobar, “Br contains the odd
numbers of 35 protons and 47 neutrons. The mass of the **Br
nucleus is slightly higher than that of *Se, as illustrated in
Fig. 1.42, The diminished mass of the **Se is due to its higher
binding energy. Thus, the *Se is a more tightly bound nucleus
than the **Br. and the transition by beta decay from *Se to **Br
is forbidden energetically as illustrated in Fig. 1.42.

As discussed in previous parts of this chapter, beta decay is
not confined to negatron emission. There also exist positron-
and electron-capture decay processes, which are other forms of
beta decay. Thus, there may exist theoretically double 887 -
and double EC-decay processes, and research is underway to
observe these altermative  double-beta  decay  processes
(Barabash et al 2007, 2008, Kolhinen et al, 2010). In single
positron emission & minimum decay energy of 1.022 MeV was
discussed previously (see Section VIILB.2). Double 878"
would then require a minimum of 2.044 MeV decay energy.

¢. Neutrinoless §8 Decay

There is much research currently underway on double-beta
decay particularly with respect to the search for neutrinoless
double-beta decay by many research groups in the world; and
only a few of the research papers are cited here (Eliott and
Vogel, 2002, Kazkaz and the Majorana Collaboration, 2005,
Fiorini, 2007, 2008, Rahaman, et al. 2008, Daraktchieva and the
NEMO Collaboration, 2009, Dracos, 2009, Avignone 111, 2010,
Freitas, et al, 2010, Majorovits, 2010, and Simkovic, 2010). In
accord with the standard model, which explains the continuous
spectrum of beta energies emitted from decaying nuclei, the
neutrino always accompanies beta emission, that is, specifically
the antineutrino accompanies negatron (87) emission and the
neutrino accompanies positron (67) emission. and accordingly
two antineutrinos would accompany double 8787 decay and

FIGURE 1.42 Double-beta decay of }iSe to $Kr.
The decay energy. Qag. of 299475 MeV (equivalent to
the mass difference between the S and *Kr) is
s S8r shared b) the two beta particles and two antineutrinos
2 = 76305.01236 MeV created in the process from the two protoas of the
= age wqt}_d_.‘-‘-"" parent nucleus §3Se. Transition via beta decay of *Se
s ™ 76304.914555 MeV to ¥ Bris forbidden energetically. as the mass of ¥ Bris
greater than that of 2Se. The double-beta decay occurs
with the simultancous emission of two beta particles
BB and two antineutrinos.
Q= 2.99475 MeV lov
= A= 76301.91980 MeV
SKr

Atomic Number (2)
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FIGURE 1.43 Fey diag illustrating p
double-beta decay via (a) two antineutrino double-beta udu
decay (2vf87). and (b) teutrinoless double beta

decay (0w~ 87),

udd

two neutrinos would accompany §'8" emission. However,
beyond this Standard Model there exists the possibility that the
neutrino could be its own antiparticle referred to as a Majorana
neutrino in honor of the exceptionally gifted Italian mathema-
tician and  theoretical  physicist  Ettore  Majorana
(1906—presumed year of death 1938), who first postulated the
possibility. According to this theory, if the neutrino possesses
a mass (now estimated to have a mass upper limit of 2.3 eV/c?)
and is its own antiparticle, a neutrino emitted in one beta decay
could be reabsorbed in the second beta decay resulting in
a double-beta decay in which no neutrinos are emitted, ie..
a neutrinoless double-beta decay often abbreviated as Ov§g. The
search for the neutrinoless double-beta decay is important,
because it would reaffirm the mass of the neutrino, as only
a particle with a definite rest mass can oscillate from one form
into another.

Diagrams illustrating the double-beta decay processes that
would occur in a decaying nucleus for the two neutrino double
beta-decay (2r58) and the, yet to be observed, neutrinoless
double-beta decay (0Orgg) are illustrated in Fig. 1.43. In both
cases, two neutrons (n) transform into two protons (p) in the
nucleus when two down quarks (d) in the two neutrons change
into two up quarks (u) with the emission of two Wbosons. The
W bosons were discovered at the super-proton synchrotron
(SPS) proton—antiproton collider at CERN in 1983 by the UAI
and UA2 collaborators (Arnison et al, 1983a.b, Banner et al,
1983 and Bagnaia et al, 1983). These particles are the carriers
of the weak interactions between elementary particles and are
responsible for the weak decays of the particles (Sundaresan,
2001). As illustrated in Fig. 1.43, the two W bosons transform
into two high-energy electrons (beta particles) and two anti-
neutrinos. In the case of neutrinoless double-beta decay (yet to
be observed), the Majorana neutrino emitted in one stage of the
decay is reabsorbed in the second stage and two high-energy
electrons are emitted without neutrinos.

In the 2188 process, the two beta particles that are emitted
simultaneously share the total decay energy, Qgg, with the
two neutrinos. Thus, the decay energy is shared between four
particles, namely. the two neutrinos and two beta particles. In
the Ov88 process, the two beta particles emitted share the
entire decay energy. as there would be no neutrinos emitted
with which to share the decay energy. The beta-particle
energy spectra for 2088 and Ovgg decay are illustrated in
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Fig. 1.44. The two beta-particle spectra are very distinct. In
the 288 decay process the numbers of beta particles (N) vary
over a wide range of energy plotted as the sum of the two
beta-particle energies divided by the decay energy, ie.,
S (Es, + Eg.)/Qgs. The beta-particle energy spectrum for the
2vB8 decay would encompass the continuous energy range
with a spectral shape similar to that of the single beta-particle
emission, because they share the decay energy with neutrinos.
Notice in Fig. 1.44 that the endpoint of the continuous beta-
particle spectrum of the 2rg8 decay does not reach the value
of 1.0. This is due to the fact that the two beta particles
emitted in the 2r88 decay process must share decay energy
with two neutrinos, and thus the sum of the two beta particle
energies can never equal the decay energy, Qgg. However, the
beta-particle energy spectrum for the Ovgg decay, where
neutrinos do not escape with any of the decay energy, would
display a single energy line for the sum of the two beta
particle energies, and this line would occur at
S(Eg, + Eg,)/Qps = 1. Current research is underway in the
search for the sum of the two beta particles to equal the decay
energy. Qpa, or where Y (Eg, + Eg.)/Qgz = 1, which would
confirm 088 decay.

(a) 28 (b)owws
&

Number of Events —»

0.0 05 10

Sum of Energies of the Two Beta Particles/Q,, —»
FIGURE 1.44 Beta-particle energy spectra for () two-neatrino double-beta
decay (2038). and (b) neutrinoless double-beta decay (0s88). In the 20808 decay
process, the sum of the two beta pasticle energies divided by the decay energy,
Z(Eg, + Eg, )/ Qas. displays a i S and the i will never
reach 10; whereas, the spectrum for Ov3§ would display a single line at
S(Es, + Ey,)/Qas = ).
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6. Beta-particle Interactions with Matter

Owing to the very low mass of the beta-particle (i.e., electron)
compared with the alpha particle, it travels at a much higher
velocity than an alpha particle of equivalent energy. Because of
its greater velocity, lower mass, and lower charge, the specific
ionization produced in air by the traveling beta particle is much
lower (by a factor of a thousand) than that of an alpha particle of
equivalent energy.

Like the alpha particle, the beta particle interacts with matter
via (i) ionization and (ii) electron orbital excitation as it dissi-
pates its Kinetic energy. A third mechanism of interaction with
matter, which distinguishes the beta particle, is radiative energy
dissipation via bremsstrahlung production (see Section IX.D.2).
Thus, as described by Turner (1995). the stopping power for
beta particles (8 or §') is the sum of the collisional and
radiative contributions or

(8.~ a (=,

dv/ v/ o de /g
where the superscript £ refers to positively or negatively
charged clectrons. The radiative contribution, that is, the
absorption of beta-particle energy with the concomitant emis-
sion of bremsstrahlung radiation is significant with high-energy
beta particles (e.g., P or ™Y beta-particle emissions) in
absorbers of high atomic number (e.g.. Pb-glass). Bremsstrahlung
radiation is discussed in Section IX.D.2,

Collisional interactions of beta particles are somewhat
different from those that occur with alpha particles. A beta
particle may collide with an orbital clectron or come into close
proximity to it and cause the electron to be ejected, resulting in
the formation of an ion pair. Considerable scattering of beta
particles occurs in such collisions, because the mass of the beta
particle is equivalent to that of an atomic electron. This is in
direct contrast to the alpha particle. which, for the most part,
retains a relatively undeviating path while passing through
matter and interacting with atomic electrons. The mass equiv-
alence of beta particles and electrons is an important factor that
gives bombarding beta particles the power to impart a major
portion of their Kinetic energy to atomic electrons in a single
collision. The atomic electrons ejected upon beta particle
collisions themselves cause ionization in a similar fashion. This
is referred to as secondary ionization, and the ionization caused
by initial beta particle—electron collisions is classified as
primary ionization. Because the major portion of beta particle
energy may be imparted to an atomic electron upon collision,
secondary ionization may account for as much as 80 % of the
total ionization produced in a given material bombarded by beta
particles.

The probability of beta-particle interactions with atomic
electrons increases with the density of the absorbing material.
Beta particle absorption is consequently proportional to the
density and thickness of an absorber. Fig. B.3 of Appendix B
provides a curve where the range of negatrons (87) in units of
g/em? in substances of low atomic number can be estimated for
particles of energies from 0.01 to 10 MeV. The range of nega-
trons expressed in terms of surface density or mass thickness
(glcm: ) of absorber can be converted to absorber thickness (cm)

(1.175)

https://www.dawsonera.com/reader/sessionid 15...

when the absorber density (g/cm”) is known. Several empirical
formulas exist for calculating negatron ranges and are solved
based on the £y, of the beta particle. The formulas reported by
Glendenin (1948) are

R = 0.542E - 0.133 for E > 0.8 MeV (1.176)

and
R = 0407E'® for 0.15MeV < E < 0.8MeV (1.177)

where R is the beta particle range in g/em” and E is the energy of
the beta particle (i.e.. Eqgy) in MeV, In addition, the following
empirical formula of Flammersfield (1946) described by Paul
and Steinwedel (1955) can be used:

R =o.u(\/|+2z.452-|) for 0<E<3MeV
(1.178)

This formula provides calculated ranges in units of g/cm® in
close agreement to those obtained from Egns (1.176) and
(1.177) or those found from Fig. B.3 in Appendix B. For
negatrons or electrons exceeding 2.5 MeV up to ~ 20 MeV, the
following empirical formula from Katz and Penfold (1952) and
the U.S. Public Health Service (1970) may be used:

R = 0.530E —0.106 for2.5MeV < E < ~20MeV
(1.179)

where R is the negatron or electron range in g/em®. Eqn (1.179)
is derived from the experimentally determined energy-range
correlation provided in Fig. B.3 of Appendix B.

According to Egn (1.176), a 1.0 MeV negatron has a calcu-
lated range of 0.409 g/cmz. This value may be divided by the
density, p, of the absorber material to provide the range in
centimeters of absorber thickness. Thus, it can be estimated that
a 1.0 MeV negatron travels approximately 334 ¢cm in dry air
(p=0.001226 g/em” at STP), 0.40 cm in water (p = 1.00 glem’),
and 0.15 cm in aluminum (p = 2.7 g/em’). The effect of absorber
density on beta particle range is obvious from the foregoing
examples, which demonstrate that 1 cm of dry air has about the
same stopping power as 0.004 mm of aluminum.

The range of beta particles in matter is considerably greater
than that of alpha particles of the same energy. Again, this is due
to the lower mass, lower charge, and higher velocity of travel of
the beta particle in comparison with an alpha particle of
equivalent energy. The significance of this difference may be
appreciated by reference to Table 1.11, in which the alpha
particle and beta particle and/or electron ranges in air as
a function of particle energy are compared.

To put the data of Table 1.11 into historical perspective, it is
interesting to recall the origin of the names “alpha- and beta-
radiation”. Before alpha- and beta particles were characterized
fully, Emest Rutherford (1899) carried out experiments that
demonstrated two types of radiation existed: one radiation that
was most easily absorbed by matter and another that possessed
a greater penetrating power. Out of convenience, he named
these radiations as “alpha™ and “beta”. Not much later Paul
Villard (1900b.¢) in France discovered a yet more penetrating
radiation. In harmony with the nomenclature assigned to the
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(TABlE 1.11 Ranges of Alpha- and Beta Particles (or Electrons) of Various Energies in Air \
Range (mg/cm® Air) Range (cm Ain®

Energy (Mev) Alpha particle* Beta particle” Alpha particle Beta particle

0.1 0.17 16 0.1 13

0.5 0.42 200 0.3 163

1.0 0.67 490 0.5 400

1.5 0.95 790 0.7 644

2.0 1.3 1010 1.1 824

2.5 L7 1400 1.4 1142

3.0 2.1 1700 .7 1386

4.0 31 2200 25 1794

5.0 4.4 2700 3.6 2202

6.0 58 3200 4.7 2610

7.0 7a3 3700 59 3010

8.0 9.0 4200 73 3425
“From the range-enengy relationship provided in Fig. B.1 of Appendix B, More accurate values can be obtained from data provided by the National Institute of Standads and
Technology (INIST) Database ASTAR (20100 sov CSDA (continuous slowing down approximation) ranges: htipiwww.mist govipmbidatastaindex.cim
From the range-energy relationship provided in Fig. 8.2 of Appendix B. More accurate valoes can be obtained from data provided by the Nationa Institute of Standards and
Technology INIST) Database ASTAR 20100 Sor CSDA icontinuous slowing down approximation) ranges: htipo/wvww.nist govpabidata/stanindex.cim

k’('.rk ulated from the range in mass thickness units (mg/cm’) and the density of dey wir a1 STP, p. + 1.226 mgiem” according to Eqn (1.99). )

“alpha”™ and “beta” radiation, Rutherford (1903) coined the term
“gamma rays” to the yet more penetrating radiation. In the
Philosophical Magazine, Rutherford (1903) named and char-
acterized the three types of nuclear radiation on the basis of
their penetration power in matter as follows:

Radium gives out three distinet types of radiation:

(1) The = rays. which are very easily absorbed by thin layers of maiter,
and which give rise to the greater portion of the ionization of the gas
observed under the usual experimental conditions.

(2) The B rays, which consist of negatively charged particles projected
with high velocity, and which are similar in all respects to cathode rays
produced in a vacuum-tube.

(3) The ¢ rays. which are non-deviable by a magnetic field, and which
are of a very penetrating character.

These rays differ very widely in their power of penetrating matter. The

Jollowing approximate numbers, which show the thickness of aluminun
traversed before the intensity is reduced to one-half. illustrate this
difference:;

of great consequence. Hazardous bremsstrahlung radiation can
be significant when high-energy beta particles interact with
shields of high atomic number. The phenomenon of brems-
strahlung production is discussed further in Section IX.D.2.
Positrons dissipate their energy in matter via the same
mechanisms as previously described for negatrons, which is
understandable, as both are electrons. The scattering of
positrons by atomic nuclei (i.e., elastic scattering) is less that
that for negatrons of the same energy when traveling through
matter of a given atomic number Z as demonstrated by Fowler
and Oppenheimer (1938), Lipkin and White (1950), and
Feshbach (1952). The mass attenuation coefficients of posi-
trons in the energy range of 0.3 MeV < E,, < 3.6 MeV are
always slightly lower than that of negatrons of the same
energy when traveling through matter of the same atomic
number as demonstrated by Singh and Batra (1987). Calcu-
lated and observed mass attenuation coefficients for positrons
and negatrons over the energy range of 0.3—-3.6 MeV in
absorber materials of atomic number 10—90 are provided by
Singh and Batra (1987). The role of mass attenuation coef-
ficients in the absorption and transmission of negatrons and
positrons in various materials is discussed in more detail in

Redioca Thickness of Mluminum () {he next section on beta-particle absorption and transmission.
a rays -0005 Two equations Eqn (1.393) and Egn (1.394) are cited in
8 rays 05 Section XIV.A for calculating the ionization-excitation stop-
e - ping powers for negatrons and positrons due to collision

It is important to emphasize that, although all beta particles can
be completely absorbed by matter, the shields we select can be

interactions with absorbers; their difference as noted by
Tsoulfanadis (1995) is due only to the second term in the
brackets of these two equations, which is much smaller than
the logarithmic term, and consequently the differences
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between negatron and positron stopping powers do not exceed
10%. However, positrons are unique in that these particles
produce annihilation gamma radiation in matter discussed in
Section IX.C.

7. Beta-particle Absorption and Transmission

Early research work on measuring the range of beta particles
involved placing absorbers of increasing thickness between
the radioactive source and the detector. The detector would
measure the beta particles transmitted through the absorber.
Increasing the absorber thickness would increasingly
diminish the number of beta particles transmitted on to the
detector. The transmission of beta particles was then plotted
against absorber thickness, as illustrated in Fig. 1.45, in an
attempt to determine the thickness of absorber required to
stop all of the beta particles. Unfortunately, the plots could
not be used directly to determine accurately beta-particle
ranges: rather, they had to be compared to an absorption curve
of a beta-emitter of known range by what became known as
Feather analysis (Feather, 1938 and Glendenin, 1948). An
auspicious outcome of this work was the observation that the
plots of beta-particle absorption had more or less an expo-
nential character. When plotted logarithmically against
absorber thickness, the beta-particle absorption and/or trans-
mission through the absorber was linear or near linear as
illustrated in Fig. 1.45. This was a fortuitous outcome of the
continuous energy spectrum of beta particles emitted from
any given source. These findings are quite the contrast to the
absorption curve of alpha particles discussed previously
(Fig. 1.28). where the alpha particle intensity remains
constant and then comes to an almost abrupt stop.

100
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The curve illustrated in Fig. 1.45 is characteristic of beta
particles. The linear segment of the semi-logarithmic plot of
activity transmitted versus absorber thickness levels off hori-
zontally (not illustrated in Fig. 1.45) due to a background of
bremsstrahlung radiation. Negatrons and positrons both display
a linear semi-logarithmic plot with the exception that, in the
case of positrons, the plot has an added background due to
annihilation radiation (Glendenin, 1948). Because beta particles
have a definite range in matter, beta-particle transmission is not
a purely logarithmic one as we shall see is the case for gamma
radiation (see Section IX.D). The curves may not display
a purely exponential character and the plots may have a degree
of concavity to them depending on the distance of the source
and detector to the absorber and on the shape of the beta-particle
continuous energy spectrum, The greater the atomic number of
the beta-particle emitter, and the more the beta spectrum is
displaced toward the lower energies, the more nearly expo-
nential (linear) will be the absorption curve (Glendenin, 1948).
It is common to express the amount of absorber in mass
thickness units, that is, mass per unit area (e.g.. g/em®), which is
the product of absorber thickness and density. as it is casier to
measure accurately very thin absorbers simply from their
weight.

Based on the exponential character of beta-particle absorp-
tion, we can describe the transmission of beta particles through
the absorber as

I = lpe™™ (1.180)
where [ is intensity of the beta particles (DPM) transmitted

through the absorber, /; is the initial intensity of beta particles
(DPM) incident on the absorber, u is the linear absorption

FIGURE 1.45 The relativ It Issi
(b) (Il % 100 0f Eqn (1.180)) of positroas of 0.324, 0.544,
1.77 and 1.88 MeV in AL Sa, and Pb and negatrons of
177 and 188 MeV in Al and Pb, The semi-logarithmic
plot is lincar over a specific range of absorber thickness.
For the set of curves in (b), the scale aloag the x-axis is

: » ;In .\ Al aa dif¥crent. (From Singh and Batra (1987) reprinted with
Pb mo permission from Elsevier © 1987.)
\ £*1.88 MeV
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coefficient in units of em ', and x is the absorber thickness in
cm. If we express absorber thickness in mass thickness units
(e.g.. mg/em” or glem?), we can rewrite Eqn (1.180) as

1 = lge~W/P)ex) (1.181)
or

I —(u/p)a)

—=¢ (1.182)

Iy
and

/

ln,—o = —(u/p)(px) (1.183)

where u/p is the mass absorption coefficient (also referred to as
mass attenuation coefficient) in units of cm?/g, that is, the linear
absorption coefficient divided by the absorber density, and px is
the absorber thickness in mass thickness units g/em’, that is, the
product of the absorber density and absorber thickness, Mass
attenuation coefficients for positrons are calculated by Singh
and Batra (1987) over the energy range of 0.1—=5.0 MeV in
various absorbers of atomic number ranging from Al (Z= 13) to
Pb (Z = 82). The mass attenuation coefficients of negatrons are
higher than those of positrons over the energy range of
0.3—3.6 MeV as illustrated in Fig. 1.46,

Egn (1.183) can be used to determine experimentally the
unknown thickness of absorber materials. A standard curve is
plotted with the ratio //; on a logarithmic scale versus mass
thickness (px) of the absorber on a linear scale as illustrated
in Fig. 1.45. A value for / in units of DPM is determined with
a detector by measuring the beta-particle intensity transmitted
through a given absorber thickness. This is repeated with
absorbers of different thickness. The magnitude of the

10E
; 2 Becen e
L — Theocy
./-*—"—'“'}muw
10° F— . —
E *H 1 0.544 Mov
= x W
E B
u= e
L @ | 1.77 MV
105;-——:—:——-—_ ‘:}1“”
:A:}-}”W
" L 1
o ;o 40 elo 80
Atomic number

FIGURE 1.46 Muss attenuation coeflicient i (o w/p of Egn (1,182)) vensus
atomic ber Z for posi and negal (electrons) at differemt encrgies.
( From Singh and Batra (1987 ) reprinted with permission from Elsevier © 1987.)
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incident beta-particle intensity, /. is a constant value and
determined with the detector in the absence of absorber. The
linear portion of the plot has a negative slope, such as that
illustrated in Fig. 1.45, and from least-squares analysis the
mass attenuation coefficient w/p is determined (Singh and
Batra, 1987 and Yi et al, 1999). Consequently, the thickness
of an unknown similar material can be determined from the
measured intensity, /, of the transmitted beta-particle radia-
tion after placing the material between the beta-particle
source and detector without altering the counting geometry.
The sample thickness is calculated or determined directly
from the aforementioned curve (Tumul'kan, 1991 and Clapp
et al. 1995).

Beta-particle transmission has many practical applications
today in industrial manufacturing. Beta-particle sources and
detectors are placed on the production line to test for thickness,
uniformity, and defects in the manufacture of paper, metal, and
plastic films (Yoshiyuki and Hiroshi, 1999 and Gardner et al,
2004) as well as on-line inspection of sewn seams or fabric
density in the textile industry (Ogando, 1993, Clapp et al, 1995,
Mapleston, 1997, Titus et al, 1997, and Kim et al, 2009) and in
agronomic research to measure leal water content (Mederski,
1961, 1968, Nakayama, 1964, Jones, 1973, Obregewitsch, 1975
and Barthakur, 1983) or to measure the biomass of a prairie
(Knapp et al, 1985). These are commonly referred to as beta
transmission thickness gauges. The beta-particle sources used
depend on the absorber thickness to be measured and the £y,
of the beta particles. The sources commonly used include "*C
(Emax =0.156  MeV), "Pm  (Epa =0.224 MeV), “Kr
(Emax = 0.672 MeV), *MT1 (Eay = 0.763 MeV), and *°Sr (*Y)
in secular equilibrium (Eqy, of "Sr and ™Y = 0.546 and 2.280
MeV. respectively). A source of low beta-particle £y, (... "*C
or "7Pr) is used to measure the finest thickness of material
(Jaklevic et al, 1983. Balasubramanian, 1997, 1998), and the
sources are changed according to beta-particle energy and
material density and thickness to be tested. A practical reference
for radioisotope thickness gauge measurements is provided by
Johansen and Jackson (2004).

C. Internal Conversion Electrons

Decay by internal conversion (IC) results in the emission of an
atomic electron. This electron, called the internal conversion
clectron, is emitted from an atom after absorbing the excited
energy of a nucleus. In this decay process, an unstable nucleus
decaying to a lower more stable state transmits its decay energy
to an atomic electron, which is emitted from the atom with an
energy corresponding to the nuclear decay energy less the
binding energy of the atomic electron. This mode of decay
accompanies and even competes with gamma-ray emission as
a deexcitation process of unstable nuclei.

The Kinetic energy of the electron emitted is equivalent to
the energy lost by the nucleus (emergy of transition of the
excited nucleus to its ground or lower energy state) less the
binding energy of the electron. This is illustrated by
the following equation:

§e = (Ei—Ef) - E» (1.184)
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where . is the Kinetic energy of the internal conversion elec-
tron, (E;—Ey) is the energy of transition between the initial, £,
and the final, £y, nuclear energies normally associated with
gamma-ray emission, and £, is the binding energy of the atomic
electron, Lise Mcitner and Otto Hahn in Germany (Meitner,
1924 and Hahn and Mettner, 1924) were the first to interpret the
origin of this monoenergetic electron energy as derived from the
internal conversion of the gamma-decay energy. Nobel Laureate
Luis W. Alvarez at the University of California, Berkeley was
the first to provide experimental evidence of internal conversion
of artificially produced radioactive atoms (Alvarez, 1938),

An example of radionuclide decay by internal conversion is
found in Fig. 1.47, which illustrates the decay of the parent—
daughter nuclides '™Cd ('™ Ag). Note that the '™ Ag daughter
decays by internal conversion with a 96% probability (i.e., 45%
for IC from the K-shell + 48% from the Lshell + 3% from higher
clectron shells — the latter is not illustrated in Fig, 1.47) and
decay occurs also via gamma emission with the remaining 4%
probability (Rachinhas et al, 2000).

Because the emission of internal-conversion electrons
competes with gamma-ray emission as an alternative mode of

FIGURE 1,47 Decay scheme of 'Cd ('™ Ag). The numbers in parenthesis
indscate energy values in keV. The electron capture (EC) process occurs from K,
1. and outer shells with probabilitics of 79%, 17% and 4%, respectively, but only
K-capture is represented above. The ™™ Ag daughter decays by emission of
$8.0 keV gamma rays with a 4% probability or by i | conversion (IC) with
the probabilities of 45% and 48% for K and L shells, Intemmal conversion from
shells higher than L contribute the remaining 3% (not illustrated). The K and L
IC decay ill d involve the ¢j of & conversion electron with energy
ox = 62.5 keVor ¢, = 84.6 keV. panied by the emission of a Ag K- or
L-fuorescence x-ray photon (K, = 22,1, Ky~ 250 keV, or L, =30, L, =
3.3 keV) or by the emission of Auger clectrons (not represented) and x-ray
photons following Auger electron emissions. (From Rachinhax et al., 2000,
reprinted with permission from Elsevier Science.)
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nuclear deexcitation, many radioactive nuclei that emit gamma
radiation will also emit intemal conversion electrons, The
degree to which this competition occurs is expressed as the total
internal-conversion coefficient («). which is the ratio of the rate
of emission of intemmal conversion clectrons to the rate of
emission of gamma rays of equivalent energy or

a = efy = N./Ny (1.185)

where N, and N, are the number of electrons and number of
gamma-ray photons, respectively. emitted by a radionuclide
sample in a given time interval for a given decay energy
transition.

In other words, the internal-conversion coefficient is
a quantitative measure of the number of intemal-conversion
electrons divided by the number of gamma rays emitted from
a radionuclide sample for a given radionuclide energy
transition.

Internal-conversion electrons may be emitted from specific
electron shells of atoms and may be expressed in terms of
intemal-conversion electrons and gamma rays of the same
energy less the energy difference resulting from the binding
energy of the clectron as described by Eqn (1.184). When
expressed in terms of electrons emitted from specific shells, the
shell-conversion coefficients are written with a subscript
denoting the electron shell of origin, for example. ay or e¢x /v,
ag orer/y. and a; or ¢;/y, where i = K, L, M, and so on electron
shells, where the total internal-conversion coefficient would be
the sum of the shell-conversion coefficients or

A = QK + A+ Qp + o (1.186)

where ay. ap. ay. and «; are the shell-conversion coefficients
for the K. L, M electrons, etc.

Values of intemal-conversion coefficients are provided in
reference tables on isotope decay, such as those found in
Lederer and Shirley et al (1978). In general, intemal-conversion
coefficients are small for gamma ray-emitting nuclides of low Z
and high-energy transitions and larger for nuclides of high Z and
low-energy transitions. This relationship is illustrated in Table
1.12, which lists a few radionuclides selected at random as
examples in order of increasing Z. As can be seen, large
intemal-conversion coefficients occur when intemal-conversion
clectrons are emitted with low-energy nuclear transitions as
indicated by the large values of a associated with low gamma-
ray energies and high Z. Also, it should be pointed out that the
internal-conversion electron (¢ ) energies listed are slightly
lower than the gamma-ray energies. This is because the energy
of the intemmal conversion electron is equal to the energy
absorbed from the decaying nucleus (transition energy) less the
binding energy of the atomic electron described previously in
Eqn (1.184). On the other hand, gamma-ray energies serve as
a measure of the exact quanta of energies lost by a nucleus.

The loss of atomic electrons through the emission of
internal-conversion electrons leaves vacancies in atomic elec-
tron shells. The vacancies are filled by electrons from outer
higher-energy shells, whereby there is a concomitant loss of
clectron energy as x-radiation. Emission of x-radiation resulting
from electron filling of vacancies in electron shells (K, L, M....)
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(I'Asli 1.12 Relationship between Gamma Radiation and \
Internal—conversion Electron Radiation, e, Associated with
Several Nuclides Listed in Order of Increasing Z

Gamma

Nuclide radiation

X (MeV)* e (MeV) a = e/y X-rays

Be 0.477(10%) 7.0 x 1077

1iNa 1.275(100%) 67 x 107"

4 0.06890%)  0.065 0.12 ScK
0.078/98%)  0.073 0.03

3Co 0.0149% 0,013 8.2 Fe K (55%)

0.122(87%) 0.115 0.02
0.136(11%) 0.129 0.15

34Cu 1.34(0.6%) 133 1.3 x 107" NiK(14%)
mS®  0.388(80%)  0.386 0.21 St K (9.4%)
men”  0,024016%) 0,020 5.13 Sn K (28%)
. 0.035(7%) 0.030 13.6 Te K (138%)
= 0.04009%)  0.034 22 Xe K (69%)
19€r 0.008(0.3%)  0.006 220 Tm M
nw 0.006(1%) 0,004 46 Ta K (65%)
MHg 0.279%82%) 0275 023 TIK (13%)
Py 0.03%0.01%) 0.033 461 U K (0.012%)
0.052(0.02%) 0.047 269

“Varlues in per cent are radiation intensities or abumdances.

\"m denoles @ metadable state. j

is also listed in Table 1,12, This is a process that occurs in the
daughter atoms; the x-rays are a characteristic of the daughter
rather than of the parent.

Internal-conversion electrons are identical in their properties
1o beta particles. They differ, however, in their origin. Beta
particles originate from the nucleus of an atom as a result of beta
decay, whereas internal-conversion electrons originate from
atomic electron shells. A characteristic difference between these
two types of electron is their energy spectra. Beta particles, as
discussed previously, are emitted from nuclei with a broad spec-
tum or smear of energies ranging from near zero o Epg.
However, internal-conversion electrons are emitted from the
atoms of decaying nuclei with discrete lines of energy of
amagnitude equivalent to that of the energy lost by the nucleus less
the electron binding energy. The energy of an internal-conversion
electron can be used to estimate the energy lost by a nucleus,

Like beta particles, internal-conversion electrons dissipate
their energy by ionization they cause in matter. The abundance
of internal-conversion electrons emitted from some nuclide
samples can be significant and should not be ignored. In certain
cases, IC can play a significant role in radionuclide detection
and measurement. Intemal-conversion electron energies are
slightly lower than the true gamma-decay energy because of the
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energy consumed in the ejection of the bound atomic electron
(Ey in Eqn (1.184)),

D. Auger Electrons

An Auger (pronounced OH-ZHAY) electron can be considered
as the atomic analog of the internal conversion clectron. In the
electron-capture (EC) decay processes, vacancies are left in
clectron shells (K, L, M...) that can be filled by atomic electrons
from higher energy levels. In the process of falling o a lower
energy shell to fill a vacancy, electron energy is lost as a photon
of x-radiation (see Section IX.D). This x-radiation may travel
on to be emitted from the atom or the energy emitted in the
electron transition may be transferred to an outer atomic elec-
tron, resulting in the emission of the electron referred to as an
Auger electron.

At the young age of 24 years, Pierre Victor Auger at the
Ecole Normale Supérieure de Paris discovered the emission of
clectrons from atoms excited by x-rays (Auger, 1923, 1925a.b).
Pierre Auger irradiated krypton and argon gas with x-rays and
discovered the emission of electrons, He reasoned that an x-ray
photon causes the ejection of an atomic electron from a given
shell or quantum level leaving a vacancy behind. He further
reasoned that an electron from the next outer shell could fill the
vacancy causing the emission of electromagnetic radiation that
would correspond to the difference in the energy levels of the
electrons in the outer and inner shells. For example, Auger
noted that, if an electron in the K shell was ejected by an arti-
ficially produced x-ray photon, an electron from the next outer L
shell could fill the vacancy resulting in the emission of energy,
E, as electromagnetic radiation, which he described by the
following equation:

Exy = hw = E; - Eg (1.187)
where /t is Planck’s constant (h = 6.62 x 107" erg s =4.14 x
107"V s =6.62 x 107 ] s5), v is the photon frequency in
units of s~ ', and £ and E are the energy levels of the electrons
in the L and K shells, respectively. The transition energy h» may
be emitted as an x-ray photon characteristic of the atom or,
altermatively, the transition energy may be absorbed by an
atomic electron resulting in its emission from the atom. The
clectron emitted in this fashion is identified as an Auger electron
in the name of Pierre Auger for his discovery and interpretation
of this phenomenon. Lise Meitner (1923) also independently
discovered Auger electrons the same year as Pierre Auger;
however, the Auger electrons and the phenomenon that gives
rise to these electrons, the Auger Effect, are named after Pierre
Auger,

Auger electrons are defined as atomic electrons that are
emitted from atoms after acquiring energy from an atomic
electron transition within the atom. Electron transitions will
occur when an atom becomes ionized by the loss of an electron
from an inner shell. For example, an atom may become ionized
by the cjection of an electron from an inner shell by one of
several mechanisms such as (i) irradiation with artificial
external x-rays or irradiation with external electron beams, (ii)
the emission of an internal conversion electron such as K-shell

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

https://www.dawsonera.com/reader/sessionid 15...

71 of 282

Chapter | 1 Radiation Physics and Radionuclide Decay

internal conversion, or (iii) electron capture also known as K
capture, The vacancy left in the K shell can be filled by an
electron from an outer L shell. In turn, the vacancy left in the L
shell could be filled by another electron from the outer M shell,
etc. The process of nonradiative rearangement of atomic
electrons as a result of the ionization of the atom in one of its
inner shells is defined as the Auger effect (Borisenko and
Ossicini, 2004). In the process of falling to a lower energy shell
to fill a vacancy, electron energy may be lost as a photon of
x-radiation. The energy of the photon radiation is equivalent 1o
the differences in the energy levels of the electrons in the outer
and inner shells as described by Eqn (1.187). The x-ray photon
may be emitted from the atom, or alternatively the energy
released in the electron transition will be transferred to an
clectron of an outer shell and cause its emission from the atom
as an Auger electron. The energy of the Auger electron would
be that defined by Eqn (1.187) less the binding energy, £, of the
electron or

Epugee = (EL — Ex) — Ep (1.188)

The energy of the Auger clectron is thus equivalent to the
energy of the x-ray photon less the binding energy of the
electron or

Epvger = (Ex-ray — Ep) (1.189)
Values of the binding energies of electrons in various shells (K,
L, M....) are found in references texts such as Lide (2010).
Either of two processes, the emission of an x-ray photon or the
emission of an Auger electron, can occur as a result of electron
energy-level transitions from higher to lower energies. Auger
electron emission competes with x-ray emission. An example of
the Auger effect and the resultant emission of an Auger electron
as compared to x-ray emission are illustrated in Fig. 1.48. The
emission of an Auger electron from an atom will occur as
a consequence of the following transitions: (i) an atom loses an
atomic electron from an inner shell leaving a hole or vacancy in
that shell, (ii) an electron from a higher energy level fills the
vacancy, and (iii) the energy emitted in the transition of the
electron from the higher to lower energy levels is transferred to
an outer atomic electron causing the electron to be emitted from
the atom.

Whenever an x-ray photon causes the ¢jection of an atomic
clectron, another electron falls from an outer shell to a lower
one to fill the vacancy, and there is a cascading effect of elec-
trons falling from yet more distant shells to fill vacancies left
behind until the atom reaches the ground or stable state. The
downward transitions of clectrons in this fashion produce
additional x-ray photons of lower energy than the initial x-ray
photon. The production of x-ray photons in this fashion is
referred to as x-ray fluorescence.

Auger electron emission competes with x-ray emission, and
it can accompany any nuclear decay process that results in the
production of x-rays, such as a consequence of electron capture
(EC) decay or nuclides that have internal conversion (IC) in
their decay. Like internal-conversion electron emission
described previously, the electron-capture decay process also
results in the emission of appreciable quantities of x-radiation,

GO
(A) (8)

« Auger Electron
©))f ex(e.-E)-E
= 0,036 MoV
M M 0.0011 MoV
i Xy e 00057 MoV
l EE -E (v)
K RO K 0.0404 MoV
lec @ ec
"Ce
%
X-ray Emission Auger Eloctron Emission

FIGURE 1.48 Decay of the mdionuclide '"’Ce by electron capture (EC)
resulting in (A) X-ray emission o¢ (B) Auger clectron emission. An electron
vacancy in a shell is illustrated as an empty circle and an electron as a filled
circle, Specific binding energies for Cerium atomic electrons in K, L and M
shells were obtained from Lide (2010) and are provided along the right-hand
side of lines illustrating the various electron encrgy levels. The Auger effect or
process by which an Auger electron is emitted from an atom occurs according 10
the following sequence as noted in the figure: (a) an atom losses an atomic
chectron from an inner shell leaving a hole or vacancy, (b) an ¢lectron from
a higher energy level fills the vacancy, amd (¢) the encrgy emitted in the clectron
transition in step (b) is transferred to an outer atomic clectron causing the
chectron to be emitted from the atom, The encrgy of the K x-ray illustrated above
is equal 0 the clectron tramsition (Ey.,, =hr=E,~Ey=-00057-
(- 0.0404) = 0,0347 MeV, The encrgy of the Auger Electron is oqual to the
clectron transition encrgy (£, — Ex) less the binding encrgy of the electron (E,) or,
in other words, the x-ray energy Jess the binding energy of the clectron
(Enages = 0.0347-0.0011 = 0.0336 MeV, The daughter nucleus of the Ce
remains in an excited state after electron capture and emits a gamma-ray (ot
illustrated), Also the boss of an Auger clectron will leave an clectron vacancy,
which can be filled by an chectron of an outer shell. This will produce another
x-ray, which is not illustrated bere. The electron filling the vacancy will, in itself
Ikeave another vacancy, which could be filled by yet another electron in an outer
shell. The production of x-rays by this cascading cffect of electron transitions
from outer to inner shells is known as x-ray fluorescence,

Auger electron emission can reduce appreciably the abundance
of x-ray emission normally expected to accompany radionu-
clide decay processes. The two competing processes of Auger-
electron emission and x-ray emission are important to consider
in the detection and measurement of nuclides that decay by
electron capture. This is measured by both the fluorescence
yicld and Auger yicld. The fluorescence yield is the fraction of
vacancies in a given electron shell that is filled with accompa-
nying x-ray emission, and Auger yield is the fraction of
vacancies that is filled resulting in the emission of Auger
clectrons (Friedlander et al, 1964). For example, as described
by Burhop and Asaad (1972). an initial vacancy in the K shell
may be filled by the emission of cither K series x-radiation
(fluorescence yield wy) or K Auger electrons (Auger yield ay)
where

(1.190)

Fig. 1.49 illustrates the K-shell fluorescence yield as a function
of nuclide atomic number. The L-shell, which consists of sub-
shells, such as Ly, Ly, and Lz, can exhibit fluorescence yields
characteristic of the subshells. The L-shell fluorescence yield
also varies similarly with atomic number as the K-shell

wy +ag = |
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FIGURE 1.49 Fluorescence Keshell yvields, ey, as a function of atomic
ber, Z: (a) according 10 K et al, (1971) (b) a best fit 1o selected
experimental data: and (¢) critically evaluated experimental results. (From
Bambynek et al,. 1972, reprinted with permission ©1972 The American Physical
Sociery.)

fluorescence yield, but it is several times lower in magnitude
(Friedlander et al, 1964). When an Auger electron is emitted as
a result of an clectron transition from a higher subshell to
a lower subshell of the same shell, it is referred 10 as a
Coster—Kronig transition, which is a special type of Auger
effect named in honor of Dirk Coster and Ralph Kronig from the
Netherlands (Coster and Kronig, 1935). The ¢jected clectrons in
Coster—Kronig transitions are of very low energy (< | keV),
and in x-ray spectroscopy, they cause the broadening and
lowering of intensities of corresponding x-ray lines.

Auger electron emission energies and intensities, including
those arising from Coster-Kronig transitions, are measured and
accounted for in radionuclide standardization by liquid scintil-
lation counting (Grau Carles and Grau Malonda, 2006, Grau
Malonda et al, 2006, Bé et al, 2006, Kossert and Grau Carles,
2008, 2010, and Grau Carles and Kossert. 2009). As described
previously, both Auger and internal conversion (IC) electron
emissions possess discrete energies, and these energy lines can
be envisaged by the electron emission spectra illustrated in
Fig. 1.50. The emission spectra illustrated in Fig. 1.50 provide an
excellent picture of the energy magnitudes and monoenergetic
character of Auger and IC electrons. Certain radionuclides, such
as "1 "1, "Win, and ''?Sb, which decay by electron capture
with significant intensities of Auger electrons emissions, are
receiving much attention for their applications in cancer therapy
(Behr, et al, 2000, Janson et al, 2000, Bodei et al, 2003, Capello
etal, 2003, Michel et al, 2003, Chen et al, 2006, Constantini et al,
2007, and Thisgaard and Jensen, 2009). The low energies of the
Auger electrons emitted by these radionuclides, and conse-
quently their short range in the human body, can increase the
highly localized radiation-induced kill of cancer cells.

Another auspiciuos outcome of the discovery of the Auger
effect is the development of Auger electron spectroscopy
(AES). The technique of AES involves irradiating the surface of
a sample with an electron beam of energy sufficient to ionize the
inner orbitals of atoms, thereby inducing the concomitant
emission of Auger electrons. The Auger electron energy spectra
drawn from the induced emissions serve as fingerprints of
different atoms to enable their identification and quantitative
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FIGURE 1.50  Simulation of the ck ission spec (Auger and IC) of

'S1. The 36-keV y-transition of "1 is highly converted with a peobability of
93.3%. As described by Graw Carles and Kossert (2009), three regions charac-
terize the spectrum. The first region below 20 keV comprises about $7% of the
spectral events. The peaks are created by the emission of K-1C clectrons with
about 3.7 keV. which may occur in coincidence with one or two L-Auger
clectrons stemming from the subsequent rearmangement processes of the
preceding EC decay, Thus, the region shows three sharp peaks, The second
region at about 40 keV contains about 37.6% of the counts, It comresponds to the
coincident interuction of K-1C and K-Auger electrons or the interaction of L1C
clectrons. K-Auger electrons may have energies between ~21.8 and 31.8 keV.
The energy of L-IC electrons is about 31 keV. Again, the emissions can be in
coincidence with one or two L-Auger clectrons yielding the subdivision into
three peaks. The third region above 60 keV contains coincidences of L-1C and
K-Auger electron emissions and encompisses ~5.4% of the total spectral events.
(From Grau Carles and Kosserr, 2009 reprinted with permission from Elsevier ©
2009.)

analysis (Chourasia and Chopra, 1997, Mchlhorn, 1998, and
Vandendael, 2010).

E. Neutron Radiation

The neutron is a neutral particle, which is stable only in the
confines of the nucleus of the atom. Outside of the nucleus the
neutron decays with a mean lifetime of about 15 min. Its mass,
like that of the proton, is equivalent to | u (atomic mass unit).
Unlike the particulate alpha and beta nuclear radiation previ-
ously discussed, neutron radiation is not emitted in any signif-
icant quantities from radionuclides that undergo the traditional
nuclear decay processes with the exception of a few radionu-
clides such as *Cf and ***Cm, which decay to a significant
extent by spontancous fission (see Section VIILE.3.b). Signifi-
cant quantities of neutron radiation occur when neutrons are
cjected from the nuclei of atoms following reactions between
the nuclei and particulate radiation. Due to its lack of charge,
the neutron cannot produce directly any ionization in matter,
again unlike alpha and beta radiation. The various sources,
properties, and mechanisms of interaction of neutrons with
matter are described subsequently.

1. Discovery of the Neutron

The discovery of the neutron had eluded humanity until as late
as 1932, The particle’s neutral charge and high penetrating
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power when traveling through matter made its discovery more
difficult during the early years of research on radioactivity. In
1932, J. Chadwick provided evidence for the existence of the
neutron (see Chadwick, 1932a.b). He placed a source of alpha-
particle radiation in close proximity to beryllium. It was known
that bombarding beryllium with alpha radiation would produce
another source of radiation. which had a penetration power
through matter even greater than that of known gamma radia-
tion. Chadwick observed that, when a sheet of paraffin (wax)
was placed in the path of travel of this unknown radiation, he
could detect a high degree of ionization in a gas ionization
chamber caused by protons emitted from the paraffin, This
phenomenon would not occur when other materials such as
metals and even lead were placed in the path of this unknown
radiation. Based on further measurements of the proton veloc-
ities and scattering intensities, it was concluded that the
unknown radiation had a mass similar to that of the proton, but
with a neutral charge. Only a particle with neutral charge would
have a high penctration power through matter. A very detailed
account of the experimental technique and calculations that
Chadwick used to prove the existence of the neutron is given in
a previous text by the writer (L' Annunziata, 2007). As noted in
the previous discussion of beta particle decay. the neutron
possesses a mass similar to that of the proton and, within the
nucleus of an atom, the particle is a close union between
a proton and an electron,

2. Neutron Classification

Neutrons are generally classified according to their Kinetic
energies, There is no sharp division or energy line of demar-
cation between the various classes of neutrons: however, the
following is an approximate categorization according to neutron

energy:

® Cold ncutrons <0.003 eV

. Slow (thermal) neutrons 0.003-0.4 eV

o Slow (epithermal) neutrons 04100 eV

= Intermediate neutrons 100 eV=200 keV
- Fast neutrons 200 keV=10 MeV
. High energy (relativistic) neutrons >10 MeV

The slow (thermal) neutrons are classified above within the
encompassing energy range of 0,003—0.4 eV: however, many
reference tables may provide the thermal neutron cross sections
of the elements and their isotopes at the specific thermal neutron
energy of room temperature neutrons (20.43 °C) corresponding
to a thermal neutron energy of 0.0253 ¢V and a neutron velocity
of 2200 meters per second (Holden, 1997b).

The energies of neutrons are also expressed in terms of
velocity (meters per second) as depicted in the terminology used
to classify neutrons. A neutron of specific energy and velocity is
also described in terms of wavelength, because particles in
motion also have wave propertics. It is the wavelength of the
neutron that becomes important in studies of neutron diffrac-
tion. The values of energy, velocity, and wavelength of the
neutron, as with all particles in motion, are interrelated, The
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velocity of neutrons increases according to the square root of the
energy, and the wavelength of the neutron is inversely propor-
tional to its velocity. Knowing only one of the properties, either
the energy, velocity, or wavelength of a neutron, we can
calculate the other two, We can relate the neutron encrgy and
velocity using the Kinetic energy equation

E= ;I;mvz or » = \2E/m (1.191)
where E is the particle energy in joules (1 eV = 1.6 x 107'7J),
m is the mass of the neutron (1.67 x 10?7 kg), and v is the
particle velocity in meters per second. The wavelength is
obtained from the particle mass and velocity according to

h h

A==-=——

S (1.192)

where 2 is the particle wavelength in meters, / is Planck’s
constant (6.63 x 10 J sec), p is the particle momentum, and
m and v are the particle mass and velocity as previously defined.
The correlation between neutron energy. velocity, and wave-
length is provided in Fig. 1.51, which is constructed from the
classical Egns (1.191) and (1.192) relating particle mass,
energy, velocity and wavelength, However, calculations
involving high-energy particles that approach the speed of light
will contain a certain degree of error unless relativistic calcu-
lations are used, as the mass of the particle will increase
according to the particle speed. In Section X.C, we used the
Einstein equation £ =me” to convert the rest mass of the
positron or negatron to its rest energy (0.51 MeV). When
gauging particles in motion, the total energy of the particle is
the sum of its kinetic (K) and rest energies (me”) or

(1.193)

Thus, the Kinetic energy of the particle would be the difference
between the total energy of the particle and its rest energy or

(1.194)

E = K+me = yme*

2 3
K = yme* — mc*

where
1

L g 7 X

w is the particle speed, and u < ¢. If we call the particle rest mass
my. then the relativistic mass, m,, which is the speed-dependent
mass of the particle is calculated as

(1.195)

g
VI=(u/fc?)

and from Eqgn (1.194) the Kinetic energy of the particle can be
written as

m, = (1.196)

S S Y-~ (1.197)

V1= (ufc?)

Eqn (1.197) can be transformed to read

>
mpc*

V1=02/3)

K +moc = (1.198)

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

https://www.dawsonera.com/reader/sessionid_15...

74 of 282

&)

Handbook of Radioactivity Analysis
100000000
So00% 205 b ‘Ilﬁ_é 0046 3 F51118 T\I S = —
i |
10000000 gy =333 =33 uu%=ll =333 =+ =S = =343
i T 1t 1111 1 T o1 1 - 1
1000000 : ;
100000 1 1 | | | | |
10000 1) | I NI
P
E 5 : g : Velocity (m/s)
- m
1 111 1 i i
g 100
8 - TII — - — — — - — 1 —1— T - - ——
3 llex[h 333100 L1311l 1313 310N 3436 —
B3 !
€ 10 ; =
c=i .- <
J 110 I et L1137 J 21N | B 881118 J
1 I I | T 111
- : — —1- . - % X‘ . = - - —
b B 5144 4 'Ilill S8 3B obite lil ;]x][p (m) 1
{11l : [ Wavelength
01 '--I%E -% B 1
T 1T 34 t
0.01 L] 1 il | 1
/008 11l 1 i
13 Tt 1t Tt 1t 411118 0 1t 1 i 1
0.0001 1118 1 | 1 ~o i
|» }Y'lr st bisll bbb Sl et bbbt <4 b 3 40400 335384 -
0.00001 11 1 | | 1111 | 1l
] | | l I |
0.001 0.01 0.1 1 10 100 1000 10000 100000 1000000 10000000
Neutron Energy (eV)

FIGURE 1.51 Corrclation between neutron energy in electron volts (eV), velocity (mvsec), and wavelength (nm). From the encrgy of the neutron in ¢V on the
abscissa. a line is drawn vertically to cross the wavelength and velocity curves. The valoes of neutron wavelength and velocity are obtained directly from the ordinate.
For example, to determine the wavelength and velocity of 0,025 ¢V thermal neutrons, the value of 0.025 ¢V is found on the abscissa. A line is then drawn vertically
from the point of 0.025 ¢V 1o cross the values of 0,18 nm wavelength and 2200 mvsec veloxity,

and
K + moc? 1
moc? E V1 —(u’/c-'__) 0439
and
K d 1
(mch *') = 1= W) (1200
which can be transformed to read
w 1

From Eqn (1.201), the relativistic speed of the particle can be
defined as

up = e\/1 = (K/moc? +1)72 (1.202)

where K is the Kinetic energy. and the particle speed u is always
less than ¢ (Serway et al, 2005). The nonrelativistic speed is that
described by Eqn (1.191) or uy, = /2E/my.

To confirm the validity of the use of nonrelativistic
calculations of particle speed for the construction of
Fig. 1.51, let us use Egns (1.191) and (1.202) to compare the
differences between the nonrelativistic and relativistic speeds
of a neutron of 10 MeV Kkinetic energy. This energy was
selected, because it is the highest neutron energy included in
Fig. 1.51, and differences between nonrelativistic and relativ-
istic calculations increase with particle energy. The difference
between the two calculated speeds is defined by the ratio of
the two or

(1.203)
et = (K/moc? +1)72
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The rest energy of the neutron, me?, is first calculated as

(1.6749 x 10727 kg)(2.9979 x 10° m/s)*
1.505 x 1077

3
me=

and

1.505 x 10°10
1602 x 10-0 eV — 205 MeV

since by definition, 1 eV = 1.602 x 10~'? J. From Eqn (1.203)
the ratio of the nonrelativistic and relativistic speeds is calcu-
lated as

i _ /2(10 MeV)(1.602 x 10~ J/MeV)/1.6749 x 107 kg
ity /1= (10 MeV/939.5 MeV) + 1)
4.3737 % 107 m/s

43737 x 107 m/s

I

0.1337751c  (0.1447751)(2.9979 = 10° m/s)
4.3737 x 10" m/s
= m = 10079 = 0.79% error.

The error between the nonrelativistic and relativistic calcula-
tions is small at this high neutron energy. However, if we
consider higher neutron energies in excess of 10 MeV, the error
of making nonrelativistic calculations increases.

As we observed above in the case of particle speed, we will
also see that particle wavelength will also differ for nonrela-
tivistic and relativistic calculations. In 1923, Louis Victor de
Broglie first postulated that all particles or matter in motion
should have wave characteristics just as photons display both
a wave and particle character. We therefore attribute the
wavelength of particles in motion as de Broglie wavelengths,
Let us then compare calculated nonrelativistic and relativistic
wavelengths. From Egn (1.192), we can describe the nonrela-
tivistic wavelength, 2, as

- N T he 2 he
V2me*E

pope emv om\2E[m

(1.204)

where p = mv = m\/2E/m. For relativistic calculations, the
value of pe is calculated according to the following equation
derived by Halpern (1988):

) Y b
= [ )|

and the calculation for the relativistic de Broglic wavelength, 4,
then becomes

(1.205)

he he

P [2moc2K(1 + (K/2moc2))] 2

We can then compare the difference between the nonrelativistic
and relativistic wavelengths for the 10 MeV neutron as follows:

(1.206)

v

&)

Y I/ 2mo E
e e/ 2moctK (1 + (K 2moc))]
[(6.626 x 107* J 5)(2.9979 x 10°m/s)/
{ 1602 x 1013 J/Mcw/\/m}

T (106626 x 1077 3 5)(2.9979 x 10° m/s)/1.602 x 10~ J/MeV]/
/209395 MeV){10 MeV[1 + (10 McV/2(939.5 MeV)) |
123598 x 107* MeV nm/v18790 MeV?
12,3598 % 10~* McV nm/v/18890 McV?

90430 x 10 Sam
9.0190 x 107 nm

= 10026 = 0.26% cmor
(L.207)

From the above comparison of nonrelativistic and relativistic
calculations of ncutron wavelength and velocity, we see that
the data provided in Fig. 1.51 based on nonrelativistic calcu-
lations are valid with less than 1% error for the highest energy
neutron included in that figure. However, if we consider higher
energies beyond 10 MeV, where we classify the neutron as
relativistic, the errors in making nonrelativistic calculations
will increase with neutron energy. It will be clearly obvious to
the reader that factors in Eqn (1.207) can be canceled out
readily and the equation simplified to the following. which
provides a quick evaluation of the effect of particle energy on
the crror in nonrelativistic calculation of the de Broglie

wavelength:
Aur f K
— = 14 5
o VT 2mec?

where K is the particle Kinetic energy in MeV and mipe? is the
rest energy of the particle (e.g., 939.5 MeV for the neutron and
0.511 MeV for the beta particle). For example, a nonrelativistic
calculation of the wavelength of a 50 MeV neutron would have
the following error:

(1.208)

5 \Y
).& e = 1.0132 = 1.32% error.

= V" 30395 Mev)

Note that the above-computed errors in nonrelativistic calcu-
lations of the de Broglic wavelength increased from 0.26% for
a 10 MeV neutron to 1.31% for a 50 MeV neutron, and the error
will increase with particle energy. Ermrors in nonrelativistic
calculations are yet greater for particles of smaller mass (e.g..
beta particles) of a given energy compared to neutrons of the
same energy. This is due obviously to the fact that particles of
lower mass and a given energy will travel at higher speeds than
particles of the same energy but higher mass. This is illustrated
in Fig. 1.52 where the particle speed. u, is a function of the
particle kinetic energy, K. and its mass or rest energy, mc>. The
particle energy in Fig. 1.52 is expressed as K/mc? to permit
the reader to apply the curves for nonrelativistic and relativistic
calculations to particles of different mass. For example, from
the abscissa of Fig. 1.52, the values of K /mc? for a 2 MeV beta
particle is 2 MeV/0.51 MeV = 3.9 and that for a 2 MeV neutron
is 2 MeV/939.5 MeV = 0.0021. From Fig. 1.52 we see that the
nonrelativistic calculation of the speed of a 2-MeV beta particle
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FIGURE 1.52 A graph comparing particle speeds derived 2.8

from (a) moarckativistic and relativistic interpretations of the
particle speed as a function of the particle kinetic ener-
gy, The particle speeds in wnits of the speed of light

(c=29979 x 10" mis) are plotied versus particle energy
expressed as a ratio of its Kinetic energy (K) over its rest
encrgy (me’). In the noarclativistic case. the particle kinetic
energy is defincdas K = 1/2m? and its speed is calculsted

according to v = (2K /m ; whereas in the relativistic

the total energy of the particke and its rest coergy

|Speed of Light (1C)

A“
A

(K = yme* =me?), where ¥ = 1/y/1 = (/%) and its

O
case, the particle kinetic energy is the difference between ;

speed & (‘\,'/I < (K/me? 4+ 1) % is always Jess than .

(b) Relativistic

would be erroncously extreme (well beyond the speed of light),
while there would be only a small error in the relativistic
calculation of the speed of the massive neutron of the same

energy.

3. Sources of Neutrons

Neutron sources are vital to our development and well-being.
They serve to produce the energy we need and many of the
radionuclides required for medical diagnosis and treatment of
many forms of cancer as well as numerous applications in
industry including nondestructive testing and analysis. A review
of current practical applications of neutrons and nuclear radia-
tion is provided by the writer in a previous text (L' Annunziata,
2007). There are several sources of neutrons, including
(i) alpha-particle-induced (a.n) nuclear reactions: (ii) radionu-
clides that decay by spontaneous fission; (iit) neutron-induced
fission: (iv) photoneutron (y.n) sources: (v) charged-particle
accelerator sources; and (vi) nuclear fusion. A basic list of these
sources is provided in Table 1.13, and a more detailed
description of the sources of neutrons will be provided
subsequently.

a. Alpha Particle-Induced Nuclear Reactions

It is interesting to note that the method used by Chadwick in
1932 in his discovery of the neutron, namely by an alpha
particle-induced reaction, described in Section VIILE.l,
remains an important method for producing a neutron source,
particularly when a relatively small or easily transportable
neutron source is required. The source may be prepared by
compressing an alpha-particle-emitting radioisotope substance
with beryllium metal. The nuclear reaction, which occurs
between the alpha particle and the beryllium nucleus, termi-
nates with the emission of a neutron and the production of stable
carbon as follows:

IBe +3He — '2C 4 fn+5.701 MeV (1.209)

0s

1

Particle Energy (Kimc”)

15 2 25

where 5.701 MeV is the energy released in the reaction. The
kinetic energy released in the reaction is determined by calcu-
lating the Q value of the reaction according to Egn (1.67),

namely:

Q=

("'Nﬁ'nﬂi)“z - (’"pm.b:u)('z (l.2 |0)

which for the above reaction is written as

Q;:

(Moge + Mige ) = (Mie + My, )2

(9.012182u + 4.00260325 u)931.494 MeV /u —
(12.000000 u + 100866492 u) 931.494 MeV /u

5.701 MeV

(1.211)

The calculated value agrees with the Q-value Calculator
(QCalec) of the National Nuclear Data Center, Brookhaven
National Laboratory: (NNDC, 2010a: hup:/www.nndc.bnl.gov/
qcale/). The neutrons emitted from the reaction will have an
average energy of ~5.5 MeV, as the Kinetic energy released in
the reaction is shared between the neutron and "*C nucleus. and
the neutron may possess varying energies and velocities as
a consequence of the various directions of emission of neutrons
from the nucleus.

Several alpha particle sources are used to produce neutrons
via the preceding (a,n) reaction. Among these are the alpha

emitters >*'Am.,

24

2

*Cm, *'°Po, **’Pu, and ***Ra. The alpha-

radiation source selected may depend on its half-life as well as
its gamma-ray emissions. As noted previously in this chapter,
gamma radiation often accompanies alpha decay. The use of an
alpha source, which also emits abundant gamma radiation,
requires additional protection for the user against penetrating
gamma rays. For example, Am—Be sources are preferred over
the Ra—Be sources of neutrons used in soil moisture probes
(Nielsen and Cassel, 1984; O'Leary and Incerti, 1993), because
the latter have a higher output of gamma radiation and require
more shiclding for operator protection.

The energies of the neutrons emitted from these sources will
vary over the broad spectrum of 0—10 MeV. The neutrons
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('IABI.E 1.13 Processes for Production of Neutrons and Short Description of Corresponding Spectral Fluence \
Process Example Neutron fluence energy distribution

Spontancous fission I = n+FP

Maxwellian, E... = 2 MeV

Neutron-induced fission 25U(n.1)

Radioisotope (a,n) sources

a+"Be - “C+n

Mono” or polyenergetic neutrons

AX(y.n)*'X
v+ "Be — “Be

Photon reaction

Mono” or polyenergetic
& n neutrons (short half-life of y-ray emitters)

Charged particle direct reaction ‘H(d.n)"He

Monoenergetic® neutrons Eq..,., ~ 0.5 £

Charged particle break-up reaction "H(d.np)’H

Broad energy distribution E, max ~ £,

Spallation reaction B9U(p. 20n)

Broad energy distribution

higher energies.”
Mlmm Lacoste (20100 reprinted with Permission of Elsevier © 2010

“Definition of monoenengetic neutron source from JICRU Report 6.3 (20007 A neutron source can be consider *monoenergetic” if the enengy spectrum consists of a single
peak, which has an enevgy spread which is much less than the enevgy of the peak. The ideal source has a small enevgy spread and negligible neutron intensity at lower and

¥

produced by these sources vary in energy as a consequence of
several factors, including the sharing of the liberated encrgy
between the neutron and the daughter nucleus, the varying
directions of emission of neutrons from the nucleus with
consequent varying energies and velocities, and the variations in
kinetic energies of the bombarding alpha particles.

The neutron activities available from these sources increase
up to a maximum as a function of the amounts of alpha emitter
and beryllium target material used. For example, as explained
by Bacon (1969), the Ra—Be source, prepared by mixing and
compressing radium bromide with beryllium powder, increases
steadily in neutron activity (neutrons per second) for each gram
of radium used as the amount of beryllium is increased to about
10 g, but no significant increase in neutron output is achieved if
more beryllium is used. The maximum neutron output achieved
is approximately 2 x 107 neutrons per second per gram of
radium. Because alpha decay from any alpha particle-emitting
source occurs by means of random events, the production of
neutrons by (a.n) reactions is also a random event. Therefore,
these reactions can be referred to as “not time correlated.” This
is contrary to the case of neutron sources provided through
fission, discussed subsequently.

Beryllium is not the exclusive element that may be used for
the alpha particle-induced neutron source. Other low Z elements
may be packed with an alpha emitter (e.g.. boron or carbon) but
their neutron yields is about six times lower than Be (Lacoste,
2010). For example, Skidmore et al (2009) tested oxygen
enriched with "*O packed with MAm as a possible neutron
energy source for planetary research. The neutron flux and
energy yield from this source are compared to conventional
sources of alpha emitters with Be as well as the ***Cf sponta-
neous fission neutron source in Table 1.14.

Switchable neutron generators, that is generators that may
be wmed on or off, of the (a,n) type are possible when the
alpha emitter and target are not packed intimately. The alpha
emitter need not be packed intimately with the target material,
but both must be close enough to allow the alpha particles to be
absorbed by the target. Hertz et al (2003) studied many

combinations of alpha emitter and target materials for switch-
able neutron sources, and they found the ”Be(a,n) generator
with an **’Am alpha-emitting source the most suitable as
a switchable neutron source. In the “off™ position, a mechanical
device is used to prevent the alpha particles from reaching the
Be target. These switchable neutron sources are classified as
micromachines, because they can be constructed to have the
dimensions of the same order of magnitude as the alpha-
particle range.

b. Spontaneous Fission

About 100 radionuclides are known to decay by spontancous
fission (SF) with the emission of neutrons (Karelin et al, 1997) as
an alternative to another decay mode, such as alpha decay.
Spontancous fission involves the spontancous noninduced split-
ting of the nucleus into two nuclides or fission fragments and the
simultaneous emission of more than one neutron on the average.
This phenomenon occurs with radionuclides of high mass number,
A > 230. The radionuclide *°Cf is a good example of
a commercially available spontaneous fission neutron source, It
decays with a half-life of 2.65 years primarily by alpha emission

/TABLE 1.14 The Total Flux Emitted by the Neutron Sources\

per Second Integrated over Energy
Approximate source
mass required for
Neutron Integrated 100 W thermal
source flux(s 'g ") power generation (g)
™y 2.3 = 10" 0.05
Am-Be 1.4 x 10° 2000
Enriched AmO, 3.7 x 10° 2000
Pu-Be 7.2 x 10" 2000

\ﬂ'rum Skidmore of 2l (2009) reprinted with permission of Elsevier © 2009) )
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(96.91% probability): the remaining of the ***Cf decay processes
occur by spontaneous fission with a probability of 3.09% (Martin
etal, 2000, see also Appendix A). Decay of **“Cf by spontancous
fission produces an average number of 3.7 neutrons per fission.
Because the sizes of the two fragments resulting from fission are
not predictable, average sizes of the two fragments are deter-
mined. Consequently, the numbers of neutrons emitted from
individual fissions are not the same; and an average number of
neutrons produced per fission is determined. The fission rate of
2Cris 6.2 x 10° SF//pg (Isotope Products Laboratories, 1995).
The neutron emission from ***Cf in units of neutrons per second
per unit mass is reported to be 2,314 x 10° neutrons/s/pg with
a specific activity of 0.536 mCi/ug (Martin ct al, 2000, Skidmore
etal, 2009). Thus. one milligram of ***Cf would emit 2,314 x 10”
neutrons per second. If we know the radionuclide specific activity
and the % probability of decay by spontaneous fission, we can
calculate the fission rate, For example, taking the specific activity
and % probability of spontaneous fission reported above for *Cf,
we can calculate the fission rate as the product of decay rate and
probability of SF per decay or

(0.536 mCi/ng)(3.7 x 107dps/mCi) (0.0309)
= 6.13 x 10° SF/s/pg (1.212)

which is in close agreement with the value cited above. See
Section XVLA for a discussion on radioactivity units and
calculations.

The variations in fission fragment sizes and number of neutrons
emitted per fission provide variable neutron energies over the
range 0—5.5 MeV with an average neutron energy from **Cf of
approximately 2.3 MeV. Small sources of ***Cf are commercially
available for a wide range of applications such as prompt-gamma
neutron activation analysis of coal, cement. minerals, interplane-
tary analysis, petroleum contamination analysis in soil, detection
of explosives and land mines, neutron radiography, and cancer
therapy (Mercer et al, 2007, Skidmore et al, 2009). There is an
increasing interest in the use of ***Cf neutron sources in radiation
therapy or specifically neutron brachytherapy treatment of various
types of cancer (Melhus and Rivard, 2006, Wang et al, 2008, and
Ghassoun et al, 2010), Small commercial sources are described by
Martin et al (1997, 2000) among which 50-mg sources of ***Cf
providing a neutron intensity > 10'"/s and measuring only 5 cm in
length x 1 cm diameter are included. They report also larger
sources of mass > 100 mg of ***Cf that approach reactor capa-
bilities for neutrons,

Another standard nuclide source of neutrons is ***Cm, which
provides spontaneous fission intensity of only 4.12 x 10%/s/mg
and decays with a half-life of 3.6 x 10° years (Radchenko et al,
2000). The lower neutron flux intensity of this source limits its
application, although it has the advantage of a very long half-life
providing invariability of sample intensity with time.

Some radionuclides of interest in nuclear energy and safe-
guards also decay by spontancous fission. The isotopes of
plutonium of even mass number. namely ¥py, %Py, and
“#2py, decay principally by alpha particle emission but can also
undergo spontaneous fission to a lesser extent at rates of 1100,
471, and 800 SF/s/g, respectively. The average number of
neutrons emitted per fission is between 2.16 and 2.26 of broad
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energy spectrum  (Canberra Nuclear, 1996). Because the
neutrons produced with each fission occurrence are emitted
simultancously, we can refer to these emissions as “time
correlated.” Other isotopes of uranium and plutonium also
undergo spontancous fission, but at a much lower rate.

¢. Neutron-Induced Fission

When the naturally occurring isotope of uranium, “*U, is
exposed to slow neutrons, it can absorb the neutron to form the
unstable nuclide ***U. The newly formed nucleus may decay by
alpha-particle and gamma-ray emission with the long half-life
of 2.4 % 107 years. This occurs in approximately 14% of the
cases when **U absorbs a slow neutron. However, in the
remaining 86% of the cases, the absorption of a slow neutron by
U results in the production of the unstable ***U nuclide,
which takes on the characteristics of an unstable oscillating
droplet (see Fig. 1.10 of Section IV.D.1). This oscillating
nuclear droplet with the opposing forces of two positively
charged nuclides splits into two fragments, not necessarily of
equal size, with the liberation of an average cnergy of
193.6 MeV. The general ***U fission reaction may be written as

U +on — [F33U] = fp + wyn + E

(1.213)
which represents the reaction of one atom of 33U with one
thermal neutron jn to yield the release of fission products fp of
varying masses plus an average yield of » = 2.42 neutrons and
an overall average release of energy £ = 193.6 MeV (Koch,
1995). The intermediate nuclide **U is shown in brackets in the
above reaction. Most of this energy (over 160 MeV) appears in
the form of Kinetic energy of the two fission fragments. The
remaining energy is shared among the neutrons emitted, with
prompt gamma radiation accompanying fission and also beta
particles and gamma radiation from decaying fission fragments
and neutrinos accompanying beta decay. When a sample of **U
is bombarded with slow neutrons, the fission fragments
produced are rarely of equal mass. The **°U intermediate
nuclide breaks into fragments in as many as 30 different
possible ways, producing, therefore, 60 different nuclide fission
fragments, In a review Koch (1995) provides a list of the fission
fragments and their relative abundances as produced in a typical
pressurized water reactor (PWR). The most common fission
fragments have a mass difference in the ratio 3:2 (Bacon, 1969).
Neutrons emitted from this fission process vary in energy over
the range (=10 MeV with an average neutron energy of 2 MeV,
which are classified as fast neutrons.

Let us take one of many possible examples of ***U fission to
calculate the magnitude of energy liberated. One example of
many possible fission reactions, that may be written conserving
mass and charge of the ***U nucleus with the emission of three
neutrons, is the following:

23U+ dn = [55U] = NSr + 'EXe + 300 (1.219)
The encrgy liberated in the above fission reaction can be
determined from its Q value, which is calculated from Eqgns

(1.66) and (1.67) of Section VILC, as follows:

Q = Eo, resctants — Ep, products (1.215)
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where Eg, ; and Ep_ proguers are the rest energies of the  particles (867) to drop out of the equation. Thus, we can
nuclear reactants and products, respectively. Eqn (1.215) may  calculate the Q value as
be written as . "
Q = (Masy + M )" — (Muy, 4 Mgy + 3M )c*
2 2
Q = (M, )€ = (Mpenducts )¢ (1.216) ~ [(235.043922 u + 100866492 u)- ]
where Meeacunts and Mpragucrs are the combined masses of the (89.904702u + 142909810 u + 3 x L.OOS66492 u)

nuclear reactants and products, respectively, and ¢ is the % 931.494013 MeV /u
velocity of light in a vacuum. For the fission reaction (1.213), 197.55 MeV
we can calculate its Q value as

(1.221)
Q = (Misy + Mip)e? — (Mwg, + Miox, + 3M1,)c? The calculated Q value of 197.55 Mev represents the total
(235043922 u + 1.00866492 u)— energy released in the example of the neutron-induced fission of

- U 1o the unstable *’Sr and '**Xe fission products, followed b
(89.907738u + 1429352 u + 3(1.00866492u))] e gecay of these fission products, to the Kuable *0Z and 'S
% 931.494013 MeV/u nuclides. This calculated value is close to the estimated value of
1711 MeV, ~202 MeV using average binding energies of the parent and

(1.217) daughter nuclides found in Section IV.C.

Let us take another example of many possible fission
which is in agreement with the computer calculated Q value  possibilities of the neutron-induced fission of **U. This
determined with QCalc provided by the National Nuclear Data  example is one where the two fission products are of the same
Center, Brookhaven National Laboratory (NNDC, 2010a: http://  mass number, which is the following:
www.nnde.bnl.gov/geale/). As noted previously, most of the
energy released appears as Kinetic energy of the fission fragments 25U + in — [3U] — 2'}2Pd + 2%n (1.222)
(~165 MeV). The neutrons carry off about 2 MeV each on the : ~
average. Additional energy is released from fission via gamma  Tpe fission products in this case are two nuclides of ''"Pd and
radiation and beta decay of the fission products and the neutrind  (wo neutrons. The energy released by the neutron-induced
radiation that accompanies beta decaz'. The total energy realeased  fission is calculated as
by the neutron-induced fission of **U, in the example given by

n (1.214), to the ultimate decay of the fission products *'Sr and Q

(Mmu + Ml,,)(‘z - (l"-n'm + Wn")(‘z

143

Xe to their stable ground states is calculated by determining (235043922 u + 1.00866492 u)
firstly the decay schemes of the two fission products as follows: = —(2x 1169178 u + 2 x 1.00866492 1) | (1.223)
Decay of *Sr: % 931.494013 MeV/u
NSr = VY +8" +7 = 185.9 MeV,
N (1.218)

7 (stabl R, s which agrees with the value calculated by the National Nuclear
4&Z* (stable) + 8~ + Data Center's QCalc, Brookhaven National Laboratory (NNDC,
Decay of '*'Xe: 2010a,b:  hup://www.nnde.bnl.gov/geale/). The total energy
yield, that includes the decay of the radioactive ''"Pd, can be
calculated after firstly determining the decay scheme of two
WBa 8 45+ nuclides of '""Pd to final stable daughter nuclides. The decay
\ scheme is the following:
Gla+ 8™+

GXe = 'QCs+ 8"+t
N

2'W7pd — 2'7Ag 4 287 4 20 +
'_‘Q-:Cc+5' sy 4% a8 T

N
lgp,-vﬂ’q'-iq‘-y 2'1;(:(1 + 28'+2v+7

N
NG (stable) 4 8~ 4B+ y 2100 + 28~ 4 24y
(1.219) \l‘l')
5 : 28~ 4 2%
Thus, the final reaction to the stable nuclides can be written as 2'soSn (stable) + 267 + 20 +y

(1.224)

%3U+gn — (U] — 0Zr+ 'Nd +3)n + 88" + 87+ 7  From the above reaction schemes, the total reaction of the
(1.220)  neutron-induced fission of ***U to two nuclides of ''’Sn can be

If we use atomic mass units to calculate the Q value of the above written as follows:

reaction, the eight additional atomic electrons of the 28
WZr + "N (100 atomic electrons) over the 233U (92 atomic %2
electrons) force the eight electrons represented by the eight beta (1.225)

U+ gn — [38U]) — 2'4Sn + 2\n+ 88 + 8i+ v
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The total energy released from this example of neutron-induced
fission of ***U is calculated as

(Masy + Mi)c? — (2Ming, + 2M),)c?
(235.043922 u + 1.00866492 u)
—(2 % 116902955 u + 2 x 100866492 u)

Q

% 931.494013 MeV/u = 213.6 MeV (1.226)

Thus, from the two examples of possible fission reactions taken
above Eqns (1.220) and (1.225), which include the decay of the
fission products to stable nuclides, we calculated the energy
released by the two fission processes as 197.5 MeV Eqn (1.221)
and 213.6 MeV Eqgn (1.226). We can see that approximately 200
MeV is the amount of energy released from the two examples
taken of the neutron-induced fission of ***U. The magnitude of
the energy released from neutron-induced fission of ***U would
be an average figure, because the actual amount of energy
released would depend on the fission reaction, and there are many
possible ways that the ***U could break into two nuclides, Some
of the energy arises from fission product radioactivity including
gamma-ray emission as fission product nuclides decay to lower
energy states, beta-particle emission from fission product decay,
and the emission of neutrinos that accompany beta decay. The
energy released can be itemized into the various energy cate-
gories listed in Table 1.15, which are tallied to provide an
approximate average figure for the energy released in neutron-
induced fission of ~**U.

Because more than one neutron is released per fission, a self-
sustaining chain reaction is possible with the liberation of
considerable energy. forming the basis for the nuclear reactor as
a principal source of neutrons and energy. In the case of ***U,
slow neutrons are required for neutron capture and fission to
occur. The nuclear reactor, therefore, will be equipped with
a moderator such as heavy water (D>0) or graphite, which can
reduce the energies of the fast neutrons via elastic scattering of
the neutrons with atoms of low atomic weight. The protons of

(‘I'ABLE 1.15 Approximate Energy Released from \
Neutron-induced ***U Fission
Type Energy released (MeV)
Prompt Energy
Fission product kinetic encrgy 165
Newtrons (2.5 n/fission on average, 5

~2 MeV/n on average)

Gamma-ray emissions 7

Energy from fission-product decay

Gamma-ray emissions 7

Beta radiation 6

Neutrinos 10
Total 200 MeV

8 B
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water also serve as a good moderator of fast neutrons, provided
the neutrons lost via the capture process 'H(n.y)’H can be
compensated by the use of a suitable enrichment of the ***U in
the nuclear reactor fuel (Byre, 1994).

The previously described fission of ***U represents the one
and only fission of a naturally occurring radionuclide that can be
induced by slow neutrons. The radionuclides ***Pu and **'U
also undergo slow neutron-induced fission: however., these
nuclides are man-made via the neutron irmadiation and neutron
capture of U and *"*Th, as illustrated in the following
equations (Murray, 2009). The preparation of **’Pu occurs by
means of neutron capture by **U followed by beta decay as
follows:

23U+ = PBUu+y (1.227)
172 =23.5 min e
20y " v Np+ B (1.228)
hp=23Sdays
WNp 2T, Wpu§ (1.229)

The preparation of *'U is carried out via neutron capture of
*2Th followed by beta decay according to the following:

232

saTh+4n — Z0Th+y (1.230)
5 12 =224 i
2%1h - = BPatpe (1.231)
=210 days -
Wpy T Wy4p (1.232)

Nuclides that undergo slow neutron-induced fission are referred
to as fissile materials. Although ***U is the only naturally
occuming fissile radionuclide, it stands to reason that, if an
excess of neutrons is produced in a thermal reactor. it would be
possible to produce fissile ***Pu or **U fuel in a reactor in
excess of the fuel actually consumed in the reactor. This is
referred 1o as “breeding™ fissile material, and it forms the basis
for the new generation of breeder reactors (Murray, 2009).

Other heavy isotopes, such as ***Th, **U, and *'Np,
undergo fission but require bombardment by fast neutrons of at
least 1 MeV energy to provide sufficient energy 1o the nucleus
for fission to occur. These radionuclides are referred to as
fissionable isotopes.

d. Photoneutron (y,n) Sources

Many nuclides emit neutrons upon imadiation with gamma or
x-radiation; however, most elements require high-energy elec-
tromagnetic radiation in the range 10—19 MeV. The gamma or x-
ray energy threshold for the production of neutrons varies with
target element. Deuterium and beryllium metal are two excep-
tions, as they can yield appreciable levels of neutron radiation
when bombarded by gamma radiation in the energy range of only
1.7-2.7 MeV. The target material of D3O or beryllium metal is
used to enclose a 8 -emitting radionuclide, which also emits
gamma rays. The gamma radiation bombards the targets deute-
rium and beryllium to produce neutrons according to the
photonuclear reactions H(v.n)'H and *Be(7.n)*Be. respectively.
The photoneutron source '**Sb + Be serves as a good example of
a relatively high-yielding combination of gamma emitter with
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beryllium target. The 12sh gamma radiation of relevance in  acceleration of electrons to impinge on a high Z target (e.g.,
photoneutron production is emitted with an energy of 1.69 MeV  tungsten, W), which generates a cascade shower of brems-
at 50% abundance (i.e.. one-half of the '**Sb radionuclides emit  strahlung photons with an energy spectrum having an end point
the 1.69 MeV gamma radiation following beta decay). Ayield of  equal to the electron beam energy. The photons, produced in this
5.1 neutrons per 106 beta disintegrations per gram of target  fashion, travel through a suitable photoneutron target (e.g.. Be
material has been reported (Byme, 1994). The half-life (7, 5) of  or BeDy), producing excited compound nuclei of energy equal
1245 is only 60.2 days, which limits the lifetime of the photo-  to the sum of the binding energy of the last neutron and the
neutron generator: nevertheless, this isotope of antimony is easily  energy of the bremsstrahlung x-rays. When the excitation
prepared in the nuclear reactor by neutron irradiation of natural  energy is larger than the binding energy of the last neutron in the
stable '*'Sb. An excellent example is that reported by Fantidis  compound nucleus, a neutron is emitted. Any excess energy is
ctal (2009), whereby a SbBe neutron source was demonstrated to  shared as kinetic energy of the neutron and the residual nucleus
be very useful as a transportable neutron source applicable to  (Eshwarappa et al, 2007). Essentially, the energy conversion
a neutron radiography system. The particular advantage of such  follows the path of e~y—n, that is, the accelerated electron
a neutron source is the ability to effectively have an on/off  energy is converted to bremmstrahlung photons, which subse-
switching capability, because the production of neutrons can be  quently yiclds neutrons.

stopped by simply removing the beryllium target from the anti- LINACs producing high-energy (15-25 MeV) photon
mony gamma-ray source, A unique application of the beams are becoming widespread (Bevilacqua et al, 2007), Low-
“Be(y.n)*Be reaction is reported by Moussavi-Zarandi (2008),  energy LINACs (< 10 MeV) are found to be useful for neutron
who used the gamma emissions from a '**Sb source to survey for  radiography and radiation boron-neutron-capture therapy
the Be content of minerals in the exploration of potential beryl-  (BNCT) in radiation oncology. A 5 MeV electron LINAC with
lium mines. The neutrons emitted from the Be nucleus via the  Be and Bch targets can lead to thermal neutron beams of 8.48

(7.n) reaction are detected by a BF3 neutron counter providing  x 107 a/em™/s/mA and 1.23 x 10* nfem’/&/mA., respectively
a survey meter for Be exploration. (Auduonc 2005).
An alternative to a gamma source for the (y,n) reaction is the The use of LINACs for e—y—n conversions as neutron

use of electrostatic and lincar accelerators (LINACs). Commer-  sources in cancer therapy using boron-neutron-capture therapy
cially available linear accelerators are capable of accelerating  (BNCT) is under development (Bevilacqua et al, 2007, Mameli
clectrons against a high Z element, such as tungsten, to produce et al, 2008, Martinez et al, 2010, and Rahmani and Shahriari,
bremmstrahlung radiation. The bremmstrahlung photons interact ~ 2010). BNCT entails the use of thermal neutrons to Kill indi-
with a converter material such as Be or BeDs, which convents the  vidual cancer cells (e.g.. brain tumors) with minimal damage to
photon beam to a neutron beam via the reactions "Be(y,n)*Be  cancer-free cells. The principle and technique of BNCT are
and *H(y.n)'H. The symbol 7 is used here to denote the nuclear  firstly the administration of a '"B-loaded pharmaceutical to
reaction projectile, although bremmstrahlung photons (x-rays),  a cancer patient followed by the irradiation of the tumor with
rather than gamma-rays, are the projectiles. This is done out of  thermal neutrons, produced as previously described with the
convenience, as bremmstrahlung and gamma-rays are photons LINAC e—y—n conversion. The '"B-loaded pharmaceutical
which differ only in their origins. The target and converter  concentrates in the cancer cells, and the neutrons react with the
materials are amanged with respect to the electron beam in  "“B to yield “Li and alpha particles within the cancer cell
a fashion such as illustrated in Fig. 1.53. Alternatively, the  according to ""B(n.a)’Li, that is,

clectron beam may be directed to impinge immediately onto a Be ; pe ) = oiolE

or BeD; target material, whereby the bremmstrahlung photons,  on + 'sB-pharmaceutical — 3Li+3He Q@ = 2.79 MeV
that are produced, interact directly with the Be or BeD; target to (1.233)
yield neutrons (Auditore, 2005),

In such an arrangement, as illustrated in Fig. 1.53, neutrons  The "Li and alpha particles share the Kinetic energy liberated in
are produced by means of the electron accelerator. The process,  the reaction. Their high mass attributes a high linear energy
as described by Eshwarappa et al (2007). entails the transfer (LET), high relative biological effectiveness (RBE).
and short range of travel of 4.1 and 7.7 yum for the "Li and alpha
particles, respectively (Eskandari and Kashian, 2009, Tanaka
et al, 2009a, and Rahmani and Shahriari. 2010). The total range
of 11.8 pm is equivalent to the dimensions of a cell in the human
body, thus providing BNCT with the advantage of cell selec-
Eloctron beam tivity over other methods of radiotherapy.

Accelerated electron-generated neutrons via the (y.n) reac-
uons have been reported to yield in a uranium target as many as
10" neutrons per accelerated electron at an electron energy of
30 MeV with a total yield of 2 x 10" neutrons per second

FIGURE 1.53 A photoncutron x«:mbl) consisting of ( I) a dw of tungsten 994 e
P withia %) & g g oF B o (Byme, 1994). The accelerator is a good neutron source for the

BeDs. Typical dimensioas are 2 x 8 cm (thickness x radius w. r:rl) and 10 Potential generation of nuclear fuels. Some other applications of

12 cm o¢ 60 % 60 cm Be or BeD; target. (From Rahmani and Shahriari (2010 Photoneutrons produced by x-rays from electron accelerators
Reprinted with permission from Elsevier © 2010.) are the detection of explosives by the measurement of
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photoneutron-induced gamma rays (Yang et al, 2007). photo-
neutron assay of highly enriched uranium via neutron-induced
fission (Lakosi and Nguyen, 2008), and the elemental analysis
of short-lived activation products (Patil et al, 2010a.b).

e. Charged-particle Accelerator Sources

The accelerator utilizes electric and magnetic fields to accel-
erate beams of charged particles such as protons, electrons, and
deuterons into target materials. Nuclear reactions are made
possible when the charged particles have sufficient Kinetic
energy to react with target nuclei. Some of the reactions
between the accelerated charged particles and target material
can be used to generate neutrons.

When electrons are accelerated, they gain Kinetic energy as
a function of the particle velocity. This Kinetic energy is lost as
bremsstrahlung clectromagnetic radiation when the accelerated
electrons strike the target material. Bremsstrahlung radiation is
described in Section IX.D.2. It is the bremsstrahlung photons
that interact with nuclei to produce neutrons according to the
mechanisms described in the previous section under photo-
neutron (y.n) sources.

Accelerated deuterons can be used to produce high neutron
yields when deuterium and tritium are used as target materials
according to the reactions *H(d.n)*He and 'H(d,n)*He.
respectively. In the deuterium energy range of 100—400 keV, it
is possible to obtain neutron yields of the order of 10"
neutrons per second from these (d.n) reactions with relatively
small electrostatic laboratory accelerators (Byrne 1994, Kim
etal, 2008, Eskandari and Kashian, 2009 and Park et al, 2009).
The *H(d.n)"He and *H(d.n)*He reactions are referred to as the
D=D and D~T neutron sources. When low-energy deuterons
are used as projectiles, the D=D and D—T reactions yield 2.4
and 14.1 MeV fast monoenergetic neutrons, respectively
(Eskandari and Kashian, 2009, Tracz et al, 2009, and Sharma
et al, 2010). The Q values for the D—D and D—T reactions are
3.27 and 17.58 MeV, respectively, which explains the energy
of the neutrons liberated in these reactions. The remaining
energy not carried away by the neutrons remains with the
residual “He and *He nuclei of the D—D and D~T reactions.
The two (d,n) reactions are the same as the fusion reactions
discussed in the subsequent section. The low energies of the
deuteron projectiles required for the D=D and D~T reactions
are advantageous when small accelerators are used in facilities
that utilize neutrons for radiation therapy such as BNCT
described in the carlier sections. Neutrons of higher energy
(1430 MeV) may be obtained from the D-T reactions by
increasing the deuteron projectile energy, as the neutron
energy is a function of the deuteron energy (Eskandari and
Kashian, 2009). By means of a low-energy (350 keV) deuteron
beam and a tritium target of 0.37 TBq of 'H. Ochiai et al
(2007) report the D=T reaction yielding a neutron fluence of
1.5 x 10" nfs, which was determined by counting the 3.5 MeV
alpha particles. The neutron flux from this generator could be
increased 10-fold by increasing the thickness of the *H target
(Csikai, 1987 and Eskandari and Kashian, 2009).

By accelerating deuterons and protons 1o energies between
1.8 and 4 MeV, neutron generation using beryllium and lithium
targets via the following reactions: “Be(d.n)'°B, “Li(p,n)’Be,
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and °Be(p.n)’B are routine (Bayanov et al, 2009a,b, 2010,
Eskandari and Kashian, 2009, Feinberg et al, 2009, and
Iwashita et al, 2010). A higher-energy 30 MeV proton beam
against a beryllium target was used by Tanaka et al (2009b), and
the fast neutrons were moderated for boron—neutron capture
therapy.

The acceleration of protons in the energy range of
~ 0.5—5 GeV against targets of high atomic number will result
in nuclear spallation with the emission of typically 20-30
high-energy neutrons per incoming proton, depending on the
energy of the proton beam and the nature of the target material
(Samec et al, 2009 and Krisa et al, 2010). Even higher yields
of 40—50 neutrons emitted per proton projectile are possible at
the very high proton energies of 4 and 5 GeV (Krisa et al,
2010). Nuclear spallation is the process that occurs when
a nucleus of high atomic number emits a large number of
neutrons following impact by a high-energy projectile. Such
reactions are abbreviated often with the notation (p.m) which
signifies a proton projectile with the emission of an X number
of neutrons (See Table 1.12). Such high-power neutron sources
can yield a neutron flux of up to 10'* n/ems at the surface of
the source. Some typical targets of high mass number, which
have favorable spallation-neutron production characteristics,
are Hg, W, *U, Pb, and Th (Aydin et al, 2008). Practical
implications of neutron sources for the generation of nuclear
fuels were noted previously in Section VIILE.3.c. Murray
(2009) pointed out that a yield of as many as 50 neutrons per
single charged-particle projectile could be used to produce new
nuclear fuels via neutron capture by ***U and ***Th according
to reactions 1.226 to 1.231 described previously.

When protons are accelerated at lower energies of
2060 MeV against targets of intermediate mass number (e.g..
Crand Cu), the spallation-neutron production characteristics are
less favorable, that is, the yield of number of neutrons emitted
per proton projectile is lower. Aydin et al (2008) measured the
spallation reaction cross sections for protons in the energy range
of up to 100 MeV against target nuclei consisting of isotopes of
Cr and Cu. The neutrons emitted per proton projectile ranged
from (p.n) at the low 20-30 MeV proton energies to (p,4 n) at
the higher 50—60 MeV proton energies. Thus, a cyclotron
capable of accelerating protons to 20-60 MeV was found
suitable for the production of necutrons from these target
materials.

i. Thermonuclear Fusion

The fusion of two atomic nuclei into one nucleus is not possible
under standard temperature and pressure. This is because the
repulsing Coulombic forces between the positive charges of
atomic nuclei prevent them from coming into the required close
proximity of 107'* m before they can coalesce into one.
However, as described by Kudo (1995) in a review on nuclear
fusion, if temperatures are raised to 100 million degrees, nuclei
can become plasmas in which nuclei and electrons move
independently at a speed of 1000 km/s, thereby overcoming the
repulsing forces between nuclei. Nuclear fusion reactors or
controlled thermonuclear reactors (CTRs) are under develop-
ment to achieve nuclear fusion as a practical energy source. The
reactors are based on maintaining plasmas through magnetic or
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inertia confinement as described by Dolan (1982), Hawryluk
et al (1994), Strachan et al (1994). Kudo (1995) Brink (2005).
Fiore (2006), and IAEA (2009). Some fusion reactions also
produce neutrons.

The energy liberated during nuclear fusion is derived from
the fact that the mass of any nucleus is less than the sum of its
component protons and neutrons. This is because protons and
neutrons in a nucleus are bound together by strong attractive
nuclear forces discussed previously in Section IV.C. As
described by Eqn (1.24), earlier in this chapter, the total energy
of the nucleus with its bound nucleus is always less than the
total energy of the separate protons and neutrons, and this
difference is the binding energy of the nucleus. The binding
energy is equivalent to the energy required to pull a bound
system apart, such as a bound nucleus, leaving its component
protons and neutrons free of attractive forces. From Eqn (1.24)
we can see that, if it is possible to overcome the repulsive forees
of protons in nuclei and fuse the nuclei into a new nucleus of
lower mass, energy will be liberated.

Nuclear fusion reactions of two types emit neutrons, and
these are of prime interest in man-made controlled thermonu-
clear reactors. The first type is fusion between deuterium and
tritium nuclei according to

IH 4 JH — 3He + \n + 17.58 MeV (1.234)

and the other type involves fusion between two deuterium
nuclei according to either of the following equations, which
have approximately equal probabilitics of occurring (Kudo,
1995):

IH +{H — 3He + jn +3.27 MeV (1.235)

and

H +7H — JH 4+ [H + 4.04 MeV (1.236)

The fusion reaction between deuterium and tritium or D=T
reaction Eqn (1.234) gives rise to a 14.06 MeV neutron and
a 3.52 MeV alpha particle, The D-D fusion reaction of
Eqn (1.235) gives rise to a 0.82 MeV “He nucleus and a 2.45
MeV neutron, while the D=D fusion reaction of Eqn (1.236)
gives rise to 101 MeV *H nucleus and 3.03 MeV proton ('H).

g. Inertial Electrostatic Confinement Fusion (IECF)

Under development are compact neutron sources, which utilize
either D—=D or DT fusion reactions as well as D—"He fusion.
One instrument described by Miley and Sved (1997) is the
inertial electrostatic confinement fusion (IECF) device, which
accelerates deuteron ions producing fusion reactions as the ions
react with a pure deuterium or deuterium—tritium plasma target.
The device is compact measuring 12 ¢m in diameter and 1 m in
length and ;m)vidcs aneutron flux of 10°~107 2.5 MeV D—D n/s
or 10°~10" 14 MeV D—T w/s. As described by Noborio et al,
(2006), IECF involves a basically simple device, which can cause
the fusion reaction, and it is expected to be used as a compact
neutron-beam generator. The basic IECF device is illustrated in
Fig. 1.54. The device consists of a spherical grounded anode and
a grid cathode. lons are generated by glow discharge in low
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FIGURE 1.54 A schematic diagram of an [ECF device and its geometrical and
chectrical parameters, namely, 7, = anode radius (17,10 cm), 7, = cathode radius
(3cm). P gas pressure (0.07-0.2 Pa), V= discharge voltage (60120 kV),
Do = discharge  current (2 mA—4 A), and [, = injected ion cument
(2200 mA). (From Noborio ¢t ak, (2006) reprinted with permission of Elsevier
@ 2006.)

pressure deuterium gas (< ~ 2 Pa), and the ions are accelerated
toward the center region by a high electric field. Within the center
cathode, concentrated energetic ions collide with each other or
with background neutral gases resulting in the fusion reaction,

As described by Tomiyasu et al (2010), ions are accelerated
to fusion-relevant encrgies by the electric field between
concentric electrodes and circulate inside the outer anode
through the inner-gridded cathode. The inner cathode consists
of a spherical wire grid, which is highly transparent to ions. The
objective, as described by Khachan and Samarian (2007), is to
create a deep potential well in order to trap ions and confine
them for a long enough time, for which reason the concept was
called inertial electrostatic confinement (IEC). The first effec-
tive device of this type was reported by Hirsch (1967), who
obtained a neutron output of ~ 10* DD /s and 10" D=T n/s
from a grided IECF device driven by six ion guns. In addition to
the D-D and D-T fusion reactions as neutron sources
described by Eqns (1.234) 10 (1.236), the IECF device is also
a portable proton source yielding 10* protons/s utilizing the
D-*He fusion reaction as described by Ashley et al (2000) and
Masuda et al (2006). In summary, the fusion reactions that may
yield neutrons and/or protons are the following:

D ~ D fusion :
{iu +7H = JHe (0.82 MeV) + §n (245 MeV) 50% Q = 3.27 MeV
TH+TH = JH (101 MeV) + [H (3.03 MeV) 50% Q = 4.04 MeV

(1.237)
D — T fusion :
IH + [H — 3He (3.52 MeV) + in (14.06 MeV)  (1.238)
Q = 17.58 MeV
D — *He fusion :
IH + 3He — 3He (3.7 MeV) + |H (147 MeV)  (1.239)

Q = 18.4 MeV

The DD fusion, as illustrated in Eqn (1.237), may occur via
two possible reactions that have equal probabilities of occur-
rence yiclding cither 2.45 MeV neutrons or 3.03 MeV protons.
The D-T and D-"He fusion reactions yield high-energy
(14 MecV) neutrons or protons respectively, according to
Eqgns (1.238) and (1.239).
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Although the concept of inertial electrostatic confinement
fusion had an early beginning, only in the last several years has
intense rescarch been devoted to making this a compact
portable neutron and proton source. In a review by Tomiyasu
et al (2010), two approaches have been taken to improve the
IECF reaction rates, namely, (i) to increase the ion density by
increasing the input current (Yamauchi et al, 2006, Ohnishi
et al, 2007, and Radel et al, 2007) and (ii) to increase the ion
energy by reducing the background gas pressure, which
reduces the energy loss due to collisions with background
neutral ions (Higashi et al, 2003, Piefer et al, 2005, Miley et al,
2005, and Takamatsu et al, 2006). Tomiyasu et al (2010)
proposed a magnetic assisted electrostatic  confinement
whereby the ion motion can be controlled, as illustrated in
Fig. 1.55. With the application of an appropriatc magnetic
field, the ions are forced to an azimuthal direction by Lorentz
force as they are accelerated toward the center of the electric
field.

In addition to efforts to increase the reaction rates achieved
with the IECF device, research is conducted toward the prac-
tical applications of the device as a portable neutron source in
light of its simple configuration and compact size. Applica-
tions of such a portable neutron and proton source include the
detection and measurement of highly enriched uranium (Radel
et al, 2007). the detection of explosives including landmine
detection (Yoshikawa et al, 2007a.b and Takahashi et al, 2010),
and isotope production (Cipiti and Kulcinski, 2005). Because
of the simplicity and compact size of the IECF device, Yosh-
ikawa et al (2007a) list numerous applications subject to the
expected improvements in reactions rates achieved by this
neutron/proton  source. These applications are listed in
Fig. 1.56

Another similar device is described by Tsybin (1997), which
utilizes laser irradiation to create a plasma in an ion source.
Compact neutron sources of these types can become competi-
tive with other neutron sources previously described such as
2Cf and accelerator solid-target sources, because of advan-
tages, including (i) on-off capability, (ii) longer lifetime without

(b)

FIGURE 1.55 Sch i of (a) ic-assisted ¢l i hi

device, und (b) the motion of & i lecular ion under the influcace of the
applied axial magnetic field. (From Tomiyasw et al. (2010), Reprinted with
permission of Elsevier © 2010.)
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FIGURE 1.56 Applications of Inemial-Electrostatic Confi Fusion
(IECF) devices. (From Yoshikawa et al., 2007a, reprinted with permission from
Elsevier © 2007.)

diminished neutron flux strength, and (iii) minimum handling of
radioactivity.

4. Interactions of Neutrons with Matter

If a neutron possesses Kinetic energy. it will travel through
matter much more easily than other nuclear particles of similar
energy, such as alpha particles, negatrons, positrons, protons, or
electrons. In great contrast to other nuclear particles, which
carry charge, the neutron, because it lacks charge, can pass
through the otherwise impenetrable barrier of the atomic elec-
trons and actually collide with nuclei of atoms and be scattered
in the process or be captured by the nucleus of an atom,
Collision of neutrons with nuclei can result in scattering of the
neutrons and recoil nuclei with conservation of momentum
(elastic scattering) or loss of Kinetic energy of the neutron as
gamma radiation (inelastic scattering). The capture of a neutron
by a nucleus of an atom may result in the emission of other
nuclear particles from the nucleus (nonelastic reactions) or the
fragmentation of the nucleus into two (nuclear fission). A brief
treatment of the various types of neutron interactions, which are
based on their scattering or capture by atomic nuclei, is
provided next.

a. Elastic Scattering

The elastic scattering of a neutron by collision with an atomic
nucleus is similar to that of billiard-ball collisions. A portion of
the Kinetic energy of one particle is transferred to the other
without loss of Kinetic energy in the process. In other words,
part of the Kinetic energy of the neutron can be transferred to
a nucleus via collision with the nucleus, and the sum of the
kinetic energies of the scattered neutron and recoil nucleus will
be equal to the original Kinetic energy of the colliding neutron.
This process of interaction of neutrons with matter results only
in scattering of the neutron and recoil nucleus. It does not leave
the recoil nucleus in an excited energy state. Elastic scattering is
a common mechanism by which fast neutrons lose their energy
when they interact with atomic nuclei of low atomic number,
such as hydrogen ('H) in light water or paraffin, deuterium (°H)
in heavy water, and "°C in graphite, which may be encountered
in nuclear reactor moderators. It is easy to conceptualize what
would occur when particles of equal or similar mass collide: the
event would result in energy transfer and scattering without any
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Scattored noutron

FIGURE 1.57  Elastic scattering of a neutron by collision of the neutron with
an atomic nucleus. The neutron is scattered at an angle a and the nucleus recoils
at an angle 8 10 the direction of travel of the incident newtron,

other secondary effects, similar to what occurs in billiard-ball
collisions.

Neutron scattering is the principal mechanism for the slowing
of fast neutrons, particularly in media with low atomic number.
Let us consider what occurs when a neutron collides with
a nucleus and undergoes elastic scattering. Figure 1.57 illustrates
the direction of travel of an incident neutron with given Kinetic
energy (dashed line). The neutron collides with the nucleus. The
nucleus is illustrated as undergoing recoil at an angle 8. while the
neutron is scattered at an angle « to the direction of travel of the
incident neutron. The Kinetic energy (Ey) lost by the neutron in
this collision is defined by the equation

4
TR P ) (1.240)
(M +m,)*

where M is the mass of the nucleus, 1, is the mass of the neutron,
and g is the recoil angle of the nucleus. A derivation of Eqn
(1.240) is provided by Bacon (1969). Let us look at two extreme
examples of elastic collisions between a neutron and a nucleus. In
the first example, it is intuitively obvious from Eqn (1.240) that
for a recoil angle § = 90°, cos’8 = 0, and consequently £y = 0.

https://www.dawsonera.com/reader/sessionid 15...

Under such a circumstance, the neutron is undeflected by the
nucleus and there is no energy transfer to the nucleus, The
neutron continues along its path undeflected until it encounters
another nucleus. For the second case, however, let us consider the
other extreme in which the recoil angle 8 = 0°, where we have
a head-on collision of the neutron with the nucleus of an atom. In
this case, the maximum possible energy of the neutron is
imparted to the nucleus, where cos’§=1. For example,
Table 1.16 provides the maximum fraction of the kinetic energy.
calculated according to Eqn (1.240), that a neutron can lose upon
collision with various atomic nuclei, As illustrated in Table 1.16,
the neutron can transfer more energy to the nuclei of atoms,
which have a low mass: and the highest fraction of its energy can
be transferred to the nucleus of the proton, which is almost equal
in mass to the ncutron. Nuclides of low mass number are,
therefore, good moderators for the slowing down of fast neutrons.
The substances often used are light water (Hy0), heavy water
(D;0), paraffin (C,Hy, . 2), and graphite (C),

b. Inelastic Scattering

We may picture a fast neutron colliding with a nucleus, The
neutron is scattered in another direction as described in the
previous paragraph: however. part of the neutron’s Kinetic
energy is lost to the recoil nucleus, leaving it in an excited
metastable state. Inclastic scattering can occur when fast
neutrons collide with nuclei of large atomic number. The recoil
nucleus may lose this energy immediately as gamma radiation
or remain for a period of time in the excited metastable state.
Inelastic scattering occurs mainly with fast neutron collisions
with nuclei of large atomic number.

Neutron scattering is a common mechanism by which fast
and intermediate neutrons are slowed down to the thermal
neutron energy levels. Thermal neutrons have an energy level at
which they are in thermal equilibrium with the surrounding
atoms at room temperature. There is an energy range for thermal
neutrons, as described earlier in this chapter; however, the
properties of thermal neutrons are often cited at an energy
calculated to be the most probable thermal neutron energy of
0.0253 eV at 20.43 °C corresponding to a velocity of 2200 m/s

GABI.E 1.16 The Maximum Fraction of the Kinetic Energy (£,) that a Neutron Can Lose Upon Collision with the Nucleus of Various\

Atoms Listed in Increasing Mass in Atomic Mass Units (u)

Nuclide Nuclide Mass, M Neutron Mass, m,, Ei = (4Mm, /(M +m,) Jcos*B

'H 1.007825 1.008665 4.065566/4.066232 = 0.999 or 100%
’H 2.014102 1.008665 8.126217/9.137120 = 0.89 or 89%

“Be 9.012182 1008665 36.36109/100.41737 = 0.362 or 36.2%
e 12.000000 1.008665 48.41592/169.22536 = 0.286 or 28.6%
0 15.994915 1.008665 64.53404/289.12173 = 0.223 or 22.3%
o | 27.976927 1.008665 112.8757(0/840.16454 = 0.134 or 13.4%
Mn 54.938047 1.008665 221,65633/3130.0329 = 0.071 or 7.1%
"Au 19696654 1.008665 787.86616/39194,175 = 0.020 or 2.0%

N

B
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(Gibson and Piesch, 1985 and Holden, 1997b). Fig. 1.51 may be
used to find the velocity of the neutron at energy levels over the
range 0.001 ¢V to 10 MeV. For example, if we select the position
0.025 eVon the X-axis and follow up the graph with a straight line
to the upper curve, we find the value 2200 m/s. At the thermal
energy state, the mechanisms of interaction of neutrons with
matter change drastically as discussed in the following section.

¢. Neutron Capture

Because of the neutral charge on the neutron, it is relatively
casy for slow neutrons, regardless of their low Kinetic energy.,
to “find themselves™ in the vicinity of the nucleus without
having to hurdle the Coulombic forces of the atom. Once in
close proximity to nuclei, it is easy for slow neutrons to enter
into and be captured by nuclei to cause nuclear reactions. The
capture of thermal neutrons, therefore, is possible with most
radionuclides, and neutron capture is the main reaction of slow
neutrons with matter. The power of a nucleus to capture
a neutron depends on the type of nucleus as well as the neutron
energy. The neutron absorption cross section, o, with units of
107** cm? or “barns.” is used to measure the power of nuclides
to absorb neutrons, A more detailed treatment of reaction cross
section and its units and application was given carlier in
Section VILD. and this is provided further on in Section
VIILE.S. Because the capture of thermal neutrons is possible
with most radionuclides, references will cite the neutron cross
sections of the nuclides for comparative purposes at the
thermal neutron energy of 0.0253 ¢V equivalent to a neutron
velocity of 2200 m/s. This is also the energy of the neutron,
which is in thermal equilibrium with the surrounding atoms at
room temperature, For comparative purposes, therefore, Table
1.17 lists the thermal neutron cross sections for neutron
capture reactions in bams (107>* ¢cm?) for several nuclides.
The nuclides selected for Table 1.17 show a broad range of
power for thermal neutron capture. Some of the nuclides listed
have practical applications, which are referred to in various
sections of this book.

The capture of a slow neutron by a nucleus results in
a compound nucleus, which finds itself in an excited energy
state corresponding to an energy slightly higher than the binding
energy of the neutron in the new compound nucleus. This
energy of excitation is generally emitted as gamma radiation.
Neutron capture reactions of this type are denoted as (n,y)
reactions. Two practical examples of (n.y) neutron capture
reactions were provided earlier in this chapter in the neutron
irradiation of ***U and ***Th for the preparation of fissile ***Pu
and MU Egns (1.227) and (1.230), respectively. Another
interesting example of a (n,y) reaction is the neutron capture by
50U according to the following:

VU = VU +y (1.241)

This neutron capture reaction is interesting, because the **°U
product nuclide decays by alpha emission with a very long half-
life (2.4 x 107 y) in ~14% of the cases and decays by nuclear
fission with emission of neutrons in the remaining 86% of the
cases, as discussed previously in Section VIILE.c. The subject
of neutron capture is treated in more detail in Section VIILE.S,

https://www.dawsonera.com/reader/sessionid 15...

Handbook of Radioactivity Analysis

['I’ABLE 1.17 Cross Sections « in Barns for Thermal Neutron\

Capture Reactions of Selected Nuclides in Order of
Increasing Magnitude
Nuclide a(barns)
H <0.000006
e 0.00019
o 0.00052
2c 0.0035
H 0.332
4N 1.8
U 2.7
XTh 74
#Mn 133
3y 530
23U 586
P 752
Ui 940
98 3,840
He 5,330
Be 39,000
5Gd 61,000
'22Gd 254,000
\()au from Holden (1997h) and Lide (20109, )

which concerns the neutron cross section and neutron attenua-
tion in matter.

d. Nonelastic Reactions

Neutron capture can occur in nuclei resulting in nuclear
reactions that entail the emission of nuclear particles such as
protons (n,p). deuterons (n,d), alpha particles (n.«). and cven
neutrons (n.2n). These reactions may not occur in any specific
cnergy range but may be prevalent at specific resonances,
which are energy states of the excited compound nuclei that
are specific to relatively narrow energies of the incident
neutron. The effect of resonance in neutron capture by nuclei is
discussed in more detail subsequently in Section VIILE,S. The
(n,2n) reactions occur at very high incident neutron energies,
>10 MeV (Gibson and Piesch, 1985). The (n.p) and (n.a)
reactions can occur in the slow neutron capture and reaction
with nuclides of low atomic number (low Z), where the
Coulomb forces of the electron shells are limited and present
less a hurdle for the escape of charged particles from the
confines of the atom. Some practical examples of these reac-
tions are the (n,p) reaction used in the synthesis of *C by slow
(thermal) neutron capture by "*N

UN+n = "$C+H (1.242)
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and the (n,p) and (n.«) reactions used to detect neutrons by the
interaction of slow neutrons with 'He and '"B, respectively,
according to Eqns (1.243) and (1.244):

3He + in — |H 4 H+ 0.76 MeV (1.243)

UB +gn — JLi+3He + 2.8 MeV (1.244)

Either of these reactions is used to detect neutrons by using gas
proportional detectors containing helium-3 gas or a gaseous
form of boron (e.g.. boron trifluoride). Slow necutrons that
penetrate these detectors produce either radioactive tritium
Egn (1.243) or alpha particles Eqn (1.244), which produce
ionization in the gas. The ionization events or ion pairs formed
can be collected and counted to determine a neutron count rate.

e. Nuclear Fission

The reaction of neutron-induced fission occurs when a neutron
interacts with a fissile or fissionable nucleus and the nucleus
becomes unstable, taking on the characteristics of an oscillating
liquid droplet, which then fragments into two nuclides (fission
fragments). At the same time, there is the release of neutrons
(2.4 neutrons on the average for neutron-induced “**U fission)
and a relatively high amount of energy (~194 MeV for neutron-
induced ***U fission). Neutron-induced fission of natural ***U
and man-made *'U and ***Pu is optimal at thermal incident
neutron energies: whereas neutron-induced fission in ***Th,
U, and ’Np requires neutron energies of at least 1 MeV. A
more detailed treatment of nuclear fission was provided previ-
ously in Sections IV.C and IV.D.

5. Neutron Attenuation and Cross Sections

As we have seen in our previous treatment of the neutron, there
are several possible interactions of neutrons with nuclei. Among
these are elastic scattering, inclastic scattering. neutron capture,
nonelastic reactions, and neutron-induced nuclear fission. As we
have seen in several examples, probabilities exist for any of
these interactions to occur depending on the energy of the
incident neutron and the type of nuclide with which the neutron
interacts, We can define this probability of interaction by the
term cross section, which is a measure of the capturing power of
a particular material for neutrons of a particular energy.

The range of neutrons in matter is a function of the neutron
energy and the cross section or capturing power of the matter or
medium through which the neutrons travel. To define cross
section, let us consider an incident beam of neutrons of given
intensity (/o) or number (e.g., neutrons/s), which impinges on
a material of unit arca (e.g.. cm®) and thickness dx as illustrated
in Fig. 1.58.

The intensity (/) of the neutron beam traveling beyond the
thickness dx will be reduced from the incident beam intensity
according to the number of nuclei (1) per unit volume in the
material and the “area of obstruction” (e.g.. em?) that the nuclei
present to the oncoming beam. This arca of obstruction is
referred 10 as the cross section of the material. On the basis of
the description previously given, we can write the equation

dIfdx = —nal (1.245)
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FIGURE 1.58 Attenuation of a neutron beam of intensity /1, by an absorber
material of unit area (cm:) and thickness dx.

which defines the change in beam intensity (df) with respect to
absorber thickness (dx) as proportional to the beam intensity (/)
times a proportionality factor. which we may call the absorption
coefficient or “obstruction coefficient™ that the nuclei pose to
the oncoming beam. The coefficient is a function of the number
of nuclei (n) in the path of the neutron beam and the stopping
power of the nuclei to interact with the neutron beam or, in other
words, the neutron cross section (o) of the material through
which the neutron beam travels. Eqn (1.245) may be written as

dI/l = —nodx (1.246)

Eqn (1.246) is very similar to Eqn (1.303) defining the attenu-
ation of gamma radiation in matter with the exception that the
absorption coefficients and attenuation coefficients involved for
neutron and gamma radiation, respectively, are very different.
The negative sign of Eqns (1.245) and (1.246) denotes the
diminishing intensity of the ncutron beam as a function of
absorption coefficient and absorber thickness. The absorption
coefficient na is the combined effect of the number of nuclei (n)
in the neutron beam path that might impede the continued travel
of neutrons and the power of the nuclei to react with the
neutrons. Eqn (1.246) can be integrated over the limits of beam
intensity from /5 to / and absorber thickness from 0 to x as

follows:
! X
/dl/l = —na/d.t' (1.247)
Io 0
to give the equation
In Iy/l = nox (1.248)
or
I = lpe > (1.249)

which is the most simplified expression for the calculated beam
intensity (/) after passing through an absorber of thickness (x)
when the absorber material consists of only one pure nuclide
and only one type of reaction between the neutron beam and
nuclei is possible. If, however, different nuclides are found in
the absorber material whereby various reactions between the
neutron beam and various different nuclei of the absorber
material are possible, we must utilize the sum of the neutron
cross sections for all reactions that could take place.
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We can use Eqn (1.248) to calculate the half-value thickness
(xy;2) or the thickness of absorber material needed to reduce the
incident neutron beam intensity by one-half. If we give the
initial beam intensity (/p) a value of | and the transmitted
intensity (/) a value of 1/2, we can write

In 1/0.5 = noxy ), (1.250)
and
In2 = noxy;; (1.251)
or
0.693 = noxy, (1.252)

The half-value thickness for neutron beam attenuation may be
written as

Xy2 = 0.693/no (1.253)

where # is the number of nuclei per unit volume (cm ) and @
the neutron cross section in ¢cm”. The neutron cross section o
can be defined as the area in em® for which the number of
nuclei—neutron reactions taking place is equal to the product of
the number of incident neutrons that would pass through the
area and the number of target nuclei. The cross section is
defined in units of 10 ** em” on the basis of the radius of atomic
nuclei being about 107" cm. It provides a measure of the
chances for the nuclei of a material being hit by a neutron of
a certain energy. The unit of 10°%* em” for nuclear cross sections
is called the barn. See Section VILD of this chapter for a more
detailed discussion on the bam as a unit of cross section. Tables in
reference sources of nuclear data provide the neutron cross
sections in units of bams for various nuclides and nuclide energies.
An example is the reference directory produced by McLane et al
(1988), which provides neutron cross-section values in bams and
neutron cross section curves for most nuclides over the neutron
energy range from 0.01 eV 1o 200 MeV.

Let us take an example of 10 ¢V neutrons incident on a water
barrier (i.e.. neutrons traveling in water). We may use Eqn
(1.253) to estimate the half-value thickness, if we ignore the less
significant interactions with oxygen atoms. This is because the
neutron cross section for hydrogen at 10 eV is about 20 barns
(Fig. 1.59) and that of oxygen is only 3.7 barns (McLane et al,
1988), and there are twice as many hydrogen atoms as oxygen
atoms per given volume of water. The half-value thickness may
be calculated as follows:

The value of # for the number of hydrogen nuclei per em” of
water may be calculated on the basis of Avogadro’s number of
molecules per mole. If 1 mole of water is equivalent to 180 g
and the density of water is 1.0 g/em®, we can calculate the
number of hydrogen nuclei per em” as

6.22 % 10* molecules H,0/18 cm?
= 345 x 107 molecules l~l:0/cm3
n = (3.45 x 10* molecules H;0/cm®)
% (2 proton nuclei or 2 :H/molcculc)

pe

= 6.90 x 10 [H nuclei/em®
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FIGURE 1.59 Total cross section curve for hydrogen-1 over the ncutron
energy range 0.01 ¢V—-10 keV.

By definition, 20 barns is equal t0 20 x 10" ** em?, and the half-
value thickness may then be calculated as

- 0.693

M2 = 1690 % 102 em7)(20 x 102 em?)
0693
T 1.38cem !
= (.502 cm

If we make the calculation for 1 keV neutrons traversing
water and use the value 4.1 bams for the neutron cross section of
hydrogen nuclei at this neutron energy (McLane et al, 1988), we
calculate a half-value thickness of

— . 0.:‘)93 —
g (6.90 x 10°* em=*)(4.1 x 10-% ¢m?)
0693
~0.283cm !
= 245¢cm

As the examples illustrate in the case of the proton, the
neutron cross section (or barns) decreases as the energy or
velocity of the neutron increases, That is, the neutron reactions
with nuclei obey the general rule of having some proportionality
o /v, where v is the velocity of the neutron. This inverse
proportionality of cross section and neutron velocity is partic-
ularly pronounced in certain regions of energy as illustrated in
the total neutron cross section curves for protons and elemental
boron in Figs 1.59 and 1.60, respectively. However, this is not
always the case with many nuclides at certain neutron energies
where there exists a resonance between the neutron energy and
the nucleus. At some specific or very narrow neutron energy
ranges, certain nuclei have a high capacity for interaction with
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Elemental Boron occur with (n.y) reactions. The high cross sections occur when
1000 . i ‘ { ; f ; the energy of the incident neutron comresponds exactly to the
. 1 i T i quantum state of the excited compound nucleus, which is the
Y, 1O 1 O newly formed nucleus consisting of a compound between the
.“ LIUER 1 IHAE | LIS |11 12 incident neutron and the nucleus. Most nuclides display both the

I/v dependence on neutron cross section and the resonance

effects over the entire possible neutron energy spectrum. We

should keep in mind that neutron cross sections can be specific

- and differ in value for certain reactions, such as proton (a,,)- and
[{IH | alpha particle (o,)-producing reactions, fission reactions (). or

. ! neutron capture cross sections (o). The total neutron cross
[ ‘ ) O 1 section (@) would be the cross section representing the sum of
yus LU | Lo f LU L LU L all possible neutron reactions at that specific neutron energy.
For example, the thermal neutron cross section for ***U, which
is the neutron cross section at 0.0253 ¢V neutron energy cor-

Total Cross Section (bams)
-
-
-

® responding to a neutron velocity of 2200 m/s at room temper-
. ature, can be given as o, =95 bams for the ncutron capture
= cross section, gy = 586 bams for the fission cross section, and

a, = 0.0001 barns for the neutron cross section for the alpha

particle-producing reaction, These neutron cross-section values

S -“. indicate that neutron fission would predominate at the thermal

. . neutron energy of 0.0253 eV, although some neutron capture

would also occur. The total neutron cross section, a,,,, would be

the total of the three possible reactions or gy, = 95 bams + 586

barns + 0.0001 bams = 681 bamns. In our treatment of slow

neutron capture by ***U in Section VIILE.d.c. illustrated by

Egn (1.241), we noted that about 14% of the slow neutron

1 captures by ***U nuclei result in the formation of a long-lived

001 04 1 10 100 1000 10000 *¥U and gamma radiation. and the remaining 86% of the slow

Neutron Energy (eV) neutron captures result in nuclear fission. This is exactly what is

FIGURE 1,60 Total cross section curve for elemental boron over the neutron  predicted by the thermal neutron cross section values just
cnergy runge 0.01 eV—10 keV. provided, that is, for ***U

neutrons, The elevated neutron cross sections at specific neutron O[O = 95 bams/681 bams = 14% neutron capture

energies appear as sharp peaks in plots of neutron cross section

versus energy, such as the cross section curve illustrated in and
Fig. 1.61 for 33Mn. These peaks are called resonances and often 05 /01 = 586 bams /681 barns = 86% fission
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FIGURE 1.61  Tonal cross section curve for manganese-55 over the neutron energy range of 0.01 ¢V 10 keV. The columns in the upper lefi-hand section of the graph
provide the number of data points and an abbreviation of the laboratory that provided the data, ( From Mclane et al, (1988 ), reprinted with permission from Elsevier © 1988 )

89 of 282 11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

90 of 282

6. Neutron Decay

We have seen that fast neutrons may lose their energy through
clastic and inclastic collisions with other nuclei, and if these
neutrons do not undergo other reactions with nuclei, they may
lose sufficient energy to reach thermal equilibrium with
surrounding atoms and possibly be captured by atomic nuclei.
The question remains of what would happen to a free neutron
that is not absorbed by any atomic nucleus.

Earlier in this chapter (Section VIILB.1), we discussed the
transformation of the neutron within nuclei of radioactive
atoms, which have a neutron/proton ratio too high for stability.
In these unstable nuclides, the neutron breaks up into a proton,
negatron (negative electron), and antineutrino (See Eqn (1.103)).
If the neutron can transform itself in unstable nuclei, it stands
to rcason that the ncutron might be unstable outside the
protective boundaries of the stable nucleus. This is just the
case, which A. H. Snell and L. C. Miller demonstrated in 1948,
This work was followed with further studies by Robson
(1950a.b) and Sncll et al (1950), that demonstrated that
neutrons in free flight in a vacuum would indeed decay with
a lifetime in the range of 925 minutes with a release of 0.782
MeV of energy. Later more accurate measurements of neutron
decay by numerous researchers including Abele (2000), Abele
et al (2002), Arzumanov, et al, (2000a,b), Pichlmaier et al,
(2000) and Snow et al, (2000), Coakley (2001), Nico et al
(2005), and Serebrov et al (2005), among others yielded the
neutron lifetime declared by the Particle Physics Group to be
886.7 + 1.9 s (Caso et al, 1998), which is close to 15 minutes.
Much research has been carried out over the past several years
to obtain the most accurate measurement of the neutron
lifetime (Coakley, 2007, Wilkinson, 2007, Arzumanov et al,
2009, Dewey et al, 2009, Ezhov et al, 2009, Leung and Zim-
mer, 2009, Mateme, et al, 2009, Miiller et al, 2009,
O'Shaughnessy et al, 2009, and Walstrom et al. 2009), which
is an important physical parameter. The most accurate
measurement of the neutron lifetime will help answer ques-
tions in particle and astrophysics. In particle physics, the
neutron lifetime will help us address the weak interaction
parameters within baryons, such as the transformation of
a d quark into a u quark described in Section IV.B (Walstrom
et al, 2009). In astrophysics the neutron lifetime is a key
process in establishing the model for the Big Bang primordial
nucleosynthesis whereby there was an equilibrium of neutrons
and protons a few minutes after the Big Bang described by
Paul (2009). A detailed treatment of the Big Bang primordial
nucleosynthesis is given in a previous book by the writer
(L’ Annunziata, 2007).

Various methods are used to measure the neutron lifetime
including the trapping and magnetic storage of neutrons fol-
lowed by the counting of decay products. Paul (2009) provides
a very thorough review of the methods used worldwide to
determine most accurately the lifetime of the neutron. The
present world average of the neutron lifetime of 1, = 885.7 &
0.8 s was reported by the Particle Data Group (Amsler, et al,
2008); however, research to achieve the measurement of the
lifetime of the neutron to a precision of 3 0.1 s is currently
under intensive research. The decay of elementary particles is
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characterized in terms of lifetime. The lifetime, usually
symbolized as T, is related to the term half-life, 1, /5. the mean
time it takes for one-half of the particles to decay (Sundaresan,
2001) according to the relationship

fi2 = (In 2)7 = 0.6937 (1.254)
The free neutron decays according to the scheme
n = p"4e +r+07823 MeV (1.255)

The 0.7823 MeV of energy released in the neutron decay

corresponds to the difference in mass of the neutron and the sum

of the masses of the products of the neutron decay, the proton

plus the electron, or

Q = my — (my +me)

[1.008664915 u — (1.007276466 u + 0.0005485799 u)]
% (931.494013 MeV /u)

0.7823 MeV

Il

(1.256)

The neutron, therefore, outside the protective confines of the
stable nucleus, has a very short lifetime.

IX. ELECTROMAGNETIC RADIATION —
PHOTONS

A. Dual Nature: Wave and Particle

In the latter part of the 19™ century, Heinrich Hertz (1887)
carried out a series of experiments demonstrating that an
oscillating electric current sends out electromagnetic waves
similar to light waves, but of different wavelength. Hertz
proved, thereby, the carlier theory of James Clerk Maxwell,
that electric current oscillations would create alternating
clectric and magnetic ficlds, and radiated electromagnetic
waves would have the same physical properties of light. A
subsequent discovery by Nobel Laureate Picter Zeeman
(1897) further linked the properties of light with electricity
and magnetism when he discovered that a magnetic field
would alter the frequency of light emitted by a glowing gas,
which we now refer to as the Zeeman effect. The magnetic
ficld would alter the spectral line comresponding to the
frequency of the light into a triplet or even a more complex
multiplet of lines. This discovery was significant, because it
was the very first to link the properties of light with electricity
and magnetism.

Not long after the discoveries of Hertz and Zeeman came the
work of Max Planck, who in 1900 proposed a formula to explain
that the vibrating particles in the heated walls of a Kiln could
radiate light only at certain energies. These energies would be
defined by the product of a constant having the units of energy x
time and the radiation frequency. The constant, which he calcu-
lated, became known as the universal Planck constant, i = 6.626
% 107* J 5. Therefore, radiation would be emitted at discrete
energies, which were multiples of Planck’s constant and the
radiation frequency, ». Planck named the discrete radiation energy
as the quantum from the Latin guantus meaning “how great’.
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In 1905 Einstein grasped the calculations of Planck to
explain and provide evidence that light, not only traveled as
waves but also existed as discrete packets of energy or parti-
cles, which he named “energy quanta”. Today we refer to these
energy quanta as photons. Einstein demonstrated the existence
of the photon in his explanation of the photoelectric effect (see
Section II). He demonstrated that the energy of an electron
(photoelectron) ejected from its atomic orbital after being
struck by light was not dependent on the light intensity, but
rather on the wavelength or frequency of the light. In other
words, increasing the light intensity would increase the
number of photoelectrons, but not their energy, whereas,
altering the frequency, thus energy, of the light would alter the
energy of the photoelectron. In summary, Einstein demon-
strated that the energy of the photoelectron depended on the
energy of the photon that collided with the electron or the
product of Planck’s constant times the light frequency
according to the formula
: he
E=h= 3
Eqn (1.257) is referred to as the Planck—Einstein relation
(Woan, 2000). From this observation, Einstein is credited with
discovering the photon as an clementary particle. Also, we may
notice from Eqn (1.257) that the product of the photon

(1.257)
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frequency, », and wavelength, 2, always yields the velocity. ¢,
the speed of light. The photon always travels at the constant
speed in a vacuum, ¢ = 29979 x 10® m/s: it cannot travel at
a speed less than ¢ in a vacuum.

From our previous treatment, we sec that the photon
behaves as a particle, which could knock out an electron
from its atomic orbital provided it possessed sufficient
energy to do so, that is, an energy in excess of the electron
binding energy. Therefore, the photon is considered as
another elementary particle. In his explanation of the
photoclectric effect, Einstein was the first to demonstrate the
particulate nature of light; and it is for this work he won the
Nobel Prize. Since these findings of Einstein, electromag-
netic radiation is known to have a dual nature as energy that
travels as a wave and as a particle.

Electromagnetic radiation may be classified according to its
wavelength or origin, For example, we will see in this section of
the chapter that gamma rays and x-rays are similar, but have
different origins. Gamma rays arise from energy-state transi-
tions of the nucleus of an atom while x-rays come from energy-
state transitions of extranuclear electrons. The classification of
clectromagnetic  radiation  according to  wavelength  and
frequency is illustrated in Fig. 1.62,

Since electromagnetic radiations or photons have properties
of particles, they should also possess momentum. We calculate

Low — Source of Type of
energy radiation radiation | Wavelength | Frequency
r 50-Hz kilometers 10's”
alternating
current
Long-wave
radio
electric current s
AM radio meters 10's
Furado | dm
v |
‘1 \ Microwave t 10"s™
pm
1 Vibrating
gzé molecules (heat) | Infrared
Electron osclilations “White
g }E on the edge of atoms Viehle ';"IH! "
Ultraviolet A
Electron oscillations
gg
< within the atom
X-ray small fractions
of angstroms
Nuclear fission Gamma
and fusion or
(radloactivity) °°",,,"'°
High -~
el For electromagnetic radlation
Velocity = ¢ =3 x 10 cmis (approx.)
Velocity = frequency x

Photon energy E = kv = k x frequency
FIGURE 1,62 Electromagnetic radiation spectrum, (From Dear (1995), reproduced with permission from The McGraw-Hill Companies © 1995,)
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momentum as the product of mass and velocity. For relativistic  The frequency is calculated according to Egn (1.257) as
conditions, the mass of a particle is a function of its speed "
: 2 2 - 29979 x 10 m/s
according to Egn (1.196) previously described or s T N R 085!
o i ] r = 1= 000 X10 O, - x0T

e — 4.84 % 10° Hz

m=————— (1.258)
where m and mg are the particle relativistic and rest masses, u is
the particle speed, and ¢ is the speed of light. Gautreau and
Savin (1999) wansform Egn (1.258) by squaring both sides and
then multiplying each side by ¢*[1 - (u?/c?)] to yield the  Notice that relativistic calculations of momentum have units of
equation MeV/e, while conventional units of momentum are derived

from mass times velocity or kg m/s. Units of MeV/e can be
et — il = mic (1.259)  converted to the conventional units with the conversion factor
1 MeV/e=0.534 x 107" kg m/s (Gautreau and Savin, 1999),

The momentum is expressed according to Eqn (1.262) as

p = :i = 2.0MeV/e

By using E =mc® and Eg=moc” to define the relativistic and
rest energies and p=mu to define the particle momentum
together with the fact that the rest energy of the photon isalways B, Gamma Radiation

zero, i.e., my =0, Eqn (1.259) becomes

Radionuclide decay processes often leave the product nuclide in
an excited energy state. The product nuclide in such an excited

E - p = (md) (1.260)  guate either falls directly to the ground state or descends in steps
B -pd =0 (1.261) o lower energy states through the dissipation of energy as
gamma radiation,
and A nuclide in an excited energy state is referred to as
E a nuclear isomer, and the transition (or decay) from a higher to
p = .‘: (1.262)  alowerenergy state is referred to as isomeric transition. Gamma

From Egns (1.257), (1.261). and (1.262). we can further

describe the photon momentum as

c c A

E _h _h

(1.263)

To illustrate the use of the above equations defining the rela-
tionships of photon properties, let us calculate the wavelength,
frequency, and momentum of a 2 MeV gamma-ray photon.
From Eqn (1.257), we can write the equation for calculating the

wavelength as

_ he

AT

(1.264)

Planck’s constant, /1, can be converted from units of J-s to Vs

as

rays are emitted in discrete energies corresponding to the
energy-state transitions a nucleus may undergo when in an
excited state. The energy, £, of a gamma ray may be described
as the difference in energy states of the nuclear isomers:

Ey = h = E —E (1.267)

where hw is the energy of the electromagnetic radiation
described previously in Section IX.A, and £} and E; represent
the energy levels of the nuclear isomers.

Let us consider the decay schemes of some radionuclides to
illustrate the process in more detail.

Fig. 1.63 shows the decay scheme of §?Rb with a half-life of
18.8 days. This nuclide decays by 8~ emission with an increase

P 1880

6626 x 1071 s
COL602 x 10719 ) eV

= 4.136 x 10 eV s

h (1.265)

and he is calculated as

T
]

(4.136 x 107"V 5)(2.9979 x 105 m/s)  (1.266)
12.399 % 1077 eV m

= 124 keVA E
107 MaV
The wavelength according to Egn (1.264) becomes % o
he 124 keVA 3

A== o0 o 0.0062A o )
E  2x10'keV FIGURE 1.63 Decay scheme of %Rb,
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in atomic number to $5Sr. Eighty-eight percent of the beta
particles emitted have a maximum energy of 1.77 MeV; the
remaining 11 % have a maximum energy of 0.70 MeV. The
percentages cited and illustrated in the figure are referred to as
transition probabilities or intensities, Obviously, a greater
quantum of energy is released by the 1.77 MeV, g decay
process. As a consequence, the “*Sr product nuclides that result
from §~ emission of 0.70 MeV (11 %) are at a higher energy
state than those that result from 87 emission of 1.77 MeV. The
energy difference of the two ¥Sr product nuclide isomers,
E) — E, is equivalent to the difference of the two 87 energics,
1.77 MeV = 0.70 MeV = 1.07 MeV. Consequently, the *Sr
nuclide isomers, which are products of the 0.70 MeV g-decay
process, can emit the remaining energy as 1.07 MeV gamma-
ray photons.

As illustrated in Fig. 1.63, 11, % of the parent **Rb nuclides
decay to a **Sr nuclear isomer at an clevated encrgy state. Not
all of these isomers immediately decay to the ground state. Only
8.8% of the *Rb — **Sr disintegrations result in the emission
of a gamma-ray photon of 1.07 MeV. For example, a 37 kBq
sample of “Rb by definition would emit 2.22 x 10° beta
particles in | minute (37,000 dps x 60 s/min). However, only
(222 x 10°0.088)=1.95 x 10° gamma-ray photons of
1.07 MeV can be expected to be emitted in 1 minute from this
sample.

Fig. 1.64 shows the somewhat more complicated decay
scheme of '§Ce, which has a half-life of 284.5 days. This
nuclide dccays by 8 -emission with an increase in atomic
number to '“Pf In this case, three distinct B-dccay processes
produce lhn:c nuclear isomers of the daughter "**Pr. Seventy-
five percent of the beta particles emitted have a maximum
energy of 0.31 MeV, 20% have a maximum energy of 0.18 MeV,
and the remaining 5 % have a maximum energy of 0.23 MeV.
Obviously, a greater amount of energy is released by the
0.31 MeV §-decay process. As a consequence, ' “Pr nuclides
that result from 8 -emission of 0.23 MeV can decay to the
ground state with the emission of gamma-ray photons with an
energy equivalent to 0.08 MeV, that is, 0.31 MeV — 0.23 MeV.

“a
lc. 284 54

= O 23 MeV
e
5%

013 MeV
Y
"%
008 Mev
Y
2%

ePr 17.3mn
FIGURE 1.64 Decay scheme of "#{,Ce.

Likewise, "*'Pr isomers at an even higher encrgy state are
products of the 0.18 MeV g-decay process. These can decay to
the ground state with the emission of gamma-ray photons of
energy 0.13 MeV, that is, 0.31 MeV — (.18 MeV. Not all of the
product isomers decay with the immediate emission of gamma
radiation, and the abundance of these transitions is given in
Fig. 1.64.

It is also possible that essentially all of the product nuclides
of a decay reaction will be at an excited or elevated energy state
and subsequently fall to a lower energy state by the emission of
gamma radiation,

The decay scheme of the nmllde BNa with a 2.6-year half-
life serves as an example (see Fig. I .65). The 37Na nuclides
decay by both electron capture (EC) and §* -emission, at rela-
tive propomons of 10 % and 90 %, respectively, to yield
m\mednate Ne product nuclides in an elevated energy state.
Only a lmcc of the **Na nuclides (0.06 %) decay directly to the
ground state. All of the J3Ne isomers in the excited energy state
decay immediately with the emission of gamma-ray photons of
1.28 MeV energy, which is equivalent to the difference of the
encrgy levels of the two 33 Ne¢ isomers and also equivalent to the
difference in energies released by the two beta-decay processes
(1.82 MeV-0.54 MeV),

Isomeric transition, as described earlier, is a decay process
in which y-emission is the sole process of eliminating energy
from an excited nucleus. This mode of decay is referred to as
isomeric transition because neither the mass number, A, nor the
atomic number, Z, of a nuclide ('-,‘_X) changes in the decay
process, and the nuclides are considered to be in isomeric
energy states,

In the previous examples (Figs 1.63. 1.64, and 1.65), the
isomeric energy-state transitions are short-lived, that is, they
occur virtually immediately after the other decay processes
(e.g.. . 8%, and EC) and the half-life of the parent nuclide is
dependent on these initial processes. If, however, the isomeric
transitions are long-lived, the nuclide is considered to be in
a metastable state. These nuclides are denoted by a superseript
m beside the mass number of the nuclide. The radionuclide

22,
L] 2 60y
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Mev
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128Mev
P /ooe%
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FIGURE 1.65 Decay scheme of {1Na.
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FIGURE 1,66  Decay scheme of ' Sn.

32
2P 1429
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100 %
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FIGURE 1.67 Decay scheme of 3P,

1192Sn with a 250-day half-life is an example. Its decay scheme,
shown in Fig, 1.66, illustrates the emission of two y-photons of
0.065 and 0.024 MeV energy falling from the 0.089-MeV
excited state to the ground (stable) state.

Gamma radiation is not produced in all radionuclide decay
processes. Instead, some radionuclides decay by emitting only
particulate radiation to yield a product nuclide at an unexcited
gound state. An example is the commonly used radionuclide
““P. which decays by the scheme shown in Fig. 1.67.

C. Annihilation Radiation

The negatron or negative beta particle, produced by 8 decay or
by pair production (see Section X.C), will travel through matter
until it has completely dissipated its Kinetic energy via ioniza-
tion, electron excitation, or bremsstrahlung. The negatron then
at rest acts as an atomic or free electron in matter.

A positron or positive beta particle, however, may be
considered an “antiparticle™ of an electron and consequently, in
the electron environment of atoms, has a definite instability. A
given positron emitted by pair production or by 8% decay will
also dissipate its Kinetic energy in matter via interactions
described previously for the case of the negatron. However, as
the positron loses its Kinetic energy and comes (o a near stop, it
comes into contact with an electron (Fig. 1.68) with nearly
simultaneous annihilation of the positron and the electron
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FIGURE 1.68 Annihilation, The interaction between a positron and an elec-
tron, and the conversion of their masses into two photons of 0.511 MeV energy.

masses and their conversion into energy. The annihilation
involves the formation of positronium, which is a short-lived
association of the positron and electron. Its lifetime is only
approximately 107" or 1077 seconds, depending on whether
the spin states of the associated particles are parallel (ortho-
positronium) or opposed (para-positronium). The para-positro-
nium is the shorter-lived spin state. The energy released in this
annihilation appears as two photons emitted in opposite direc-
tions. This transformation of mass into energy. considered as the
reverse of pair production, is described as

et + e =2 = 2E, (1.268)

where a positron, ¢, and electron, ¢, combine to form two
gamma-ray photons of energy E,. To maintain the equivalence
of mass and energy (see Eqn (1.300)), the equivalent of two
electron rest masses (0.511 MeV) must appear as photon
energies (see Section X.C). In agreement with Eqns (1.268) and
(1.300), the annihilation results in the emission of two
0.511 MeV photons in opposite directions.

D. X-Radiation

X-radiation is electromagnetic radiation similar to gamma ()
radiation, Both x-rays and y-rays are identical in their proper-
ties. Both x-rays and y-rays are photons that possess a quantum
of energy defined by Eqn (1.257). namely, £ = v, which is the
product of Planck’s constant and the frequency of the radiation,
X-rays and y-rays differ only in their origin. X-rays originate
from electron energy transitions, and y-rays originate from the
nucleus of an atom as a nucleus at a clevated energy state decays
to a lower more stable energy state. There are two types of
x-rays, which are the following:

1. Electromagnetic radiation characterized by discrete spectral
lines of energy resulting from electron transitions in shells of
the atoms (e.g., K, L, M.... shells) from which they originate.
These are x-ray emissions produced when an electron from
a given shell is ejected from an atom and electron from outer
shell fills the vacancy left by the ejected electron, This is
followed generally by a cascade of electron transitions from
outer electron shells, since the filling of one electron
vacancy by the transition of an electron from an outer to
inner shell will leave another electron vacancy in the outer
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shell, For example, an electron vacancy in the K shell
created by the capture of an electron by the nucleus (e.g.. EC
or K-capture decay) is filled by an electron in the next outer
L shell creating an clectron vacancy in that shell, which is
followed by the filling of that electron vacancy by an elec-
tron in the next outer M shell, etc. The spectra of these
discrete energy lines of electromagnetic radiation are char-
acteristic of the atoms from which they originate.

2. Electromagnetic radiation characterized as a broad smear
of continuous energies referred to as bremsstrahlung,
which is produced by electrons or other charged particles,
such as protons and alpha particles, as they are accelerated
toward an atomic nucleus and are deflected by the Coulomb
field of the nucleus. This was the type of x-ray discovered
by Wilhelm Rintgen in 1895, who was the first to discover
x-rays. Rontgen discovered the mysterious invisible rays on
November 8, 1895 when he was studying cathode rays, i.e.,
the current that would flow through a partially evacuated
glass tube (cathode-ray tube then referred to as a Crooke's
tube). With such a tube covered in black paper and in a dark
room, he noticed that a paper plate covered with the
chemical barium platinocyanide would become fluorescent
(give off light) even at a distance of two meters from the
cathode-ray tube. He was able to demonstrate that the
invisible rays came from the collision of the cathode rays
(electrons) with the glass surface of the cathode-ray tube or
from the collision of the cathode rays with other materials
such as aluminum inserted into the glass of the tube,
Further studies by Rontgen demonstrated that these rays
could travel through various materials to varying extents,
when these were placed in the path of the invisible rays, and
the transmitted rays could be measured with photographic
plates. He gave these mysterious rays the name X-rays,
because of their unknown nature and “for the sake of
brevity™. as he stated in his original papers (Roentgen
(1895, 1896).

1. X-rays Characterized by Discrete Spectral Lines

In Section VIILB.3 we discussed the electron-capture (EC) or
K-capture decay process whereby an electron from one of the
atomic shells (generally the innermost K-shell) is absorbed by
the nucleus, where it combines with a proton to form a neutron.
No particle emission results from this decay process. However,
the vacancy left by the electron from the K-shell is filled by an
electron from an outer shell (generally the adjacent L shell).
Transitions produced in electron shell energy levels result in the
emission of energy as x-radiation (see also Sections VIILC and
VIILD). This radiation consists of photons of electromagnetic
radiation similar to gamma radiation. X-radiation and gamma
radiation differ only in their origin. X-rays arise from atomic
electron energy transitions and gamma rays from transitions
between nuclei of different energy states. Another nuclear
decay process that results in the loss of atomic clectrons is decay
by internal conversion (IC), which competes with gamma-ray
emission, discussed in Section VIILC. Also. Auger clectron
emission, that may follow EC decay, will leave a vacancy in an
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electron shell that would cause electron transitions from outer
shells during the filling of that vacancy and the emission of
x-rays. The production of x-radiation from atomic electron
transitions is illustrated in Figs 1,47, 1.48, 1.69, and 1.70.

When an clectron transition occurs from the outer L shell to
an inner K-shell, the energy emitted is equivalent to the
difference between the K and L electron-binding energies. The
electron transitions that ensue in the filling of vacancies result in
energy lost by the atom as x-radiation, which is equivalent to the
difference of the electron-binding energies of the outer, Eqypen
and its new inner state, Ejyqen as described by

(1.269)

The radiation emitted consists of a discrete line of energy
characteristic of the electron shell and, consequently, of the
atom from which it arises.

hy = Eoger = Eianer

FIGURE 1.69 Electron capture (EC) decay and the accompanying ganma
(hr) and x-radiation.

o 5 —

K

FIGURE 1.70  Atomic clectron energy levels or shells (K., L, M, etc.) and lines
of trunsition comesponding to chamcteristic x-rays (K. Ky K. etc.).
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The production of x-rays in radionuclide decay is, however,
more complex, The filling of one electron vacancy in an inner
shell is followed by a series of electron transitions in an overall
adjustment of electrons in outer shells. This gives rise to
further x-rays with lines characteristic of outer shells. Such
electron transitions, each resulting in the emission of discrete
lines of characteristic x-rays, are illustrated in Fig. 1.70. The
transitions are identified by a letter corresponding to the shell
(K, L, M. etc.) with vacancy giving rise to the x-ray photon and
a subscript (a, 8, ¥, etc.) to identify, from among a series of
outer electron shells of the atom, the shell from which the
electron vacancy is filled. For example, an x-ray arising from
an electron transition from the L to the K-shell is denoted as K,
and that arising from a transition from the M 1o the K-shell as
K. Transitions involving the filling of electron vacancies in
the L shell from outer M. N, and O shells are denoted by L, L.
and L., etc.

The complexity of x-ray lines emitted and their abundances
of emission are compounded by the existence of other mecha-
nisms of x-ray production in unstable atoms, One of these
mechanisms is the production of Auger clectrons. An x-ray
emitted from an atom may produce an Auger electron (see
Section VIILD), which results in the emission of an atomic
clectron from a shell farther away from the nucleus. The
vacancy left by the Auger electron gives rise to additional x-rays
characteristic of outer shells following the electron readjust-
ments that ensue. Auger electrons can be emitted from a variety
of electron shells, followed by an equal variety of characteristic
x-rays from subsequent electron adjustments in outer shells.

Any process that would cause the ejection of an atomic
electron of an inner shell can result in the production of
x-radiation. Other processes, such as radiation-induced ioni-
zation within inner electron shells of atoms, will result in the
filling of the missing electron from an outer shell and
a cascade of electron rearrangements from outer to inner
shells. Any radiation source, that can produce ionization, even
x-rays that impinge on a target material, will produce addi-
tional x-rays as a consequence of the ionization of internal
electron shells of atoms, and these x-ray emissions will be
characteristic of the elements that were ionized by the external
radiation. Nobel Laureate Charles Glover Barkla made this
observation in 1917 in his Nobel Lecture where he stated
(Barkla, 1917)

Each element when traversed by x-rays emits x-radiations character-
istic of the element; each characteristic radiation is unaffected by
changes in the physical condition or state of chemical combination of
the radiating element, and its quality is independent of that of the
exciting primary radiation. But only primary radiations of shorter
wavelength are able to excite the characteristic x-radiations... all of
the radiations hitherto definitely observed have fallen imto three series,
the K-, L-, and M-series.

Thus, each element can be characterized by its x-ray emis-
sion spectra. It was Henry Moseley, who devised an apparatus
whereby he could bombard individually all of the known and
available elements with cathode rays and measure the wave-
lengths of the x-rays emitted by each element (Moseley, 1913,
1914). In his first report, Moseley (1913) measured the x-ray

Handbook of Radioactivity Analysis

emission spectra of 21 elements of increasing numbers of the
Periodic Table of the Elements from aluminum to silver and
determined the wavelengths of the a and lower intensity 8 lines
that belong to Barkla's K series. In a subsequent paper, Moseley
(1914) measured the wavelengths of the L series of X-ray
emissions of 24 elements of increasing numbers of the Periodic
Table of the Elements from zirconium to gold. Of the L series,
he measured the wavelengths of a-, §-, y-. and &-lines of
decreasing wavelengths and decreasing intensities. Moseley
then plotted the square root of the radiation frequencies against
a characteristic integer (N) assigned to cach element. Starting
with aluminum, being the 13™ element in the periodic table, he
assigned it the number N = 13. The next element, silicon, was
assigned the next highest integer N = 14, phosphorus N = 15,
cte. A copy of his plots is illustrated in Fig. 1.71. The plots
showed an incredibly straight line relationship between the
assigned integer N and the x-radiation frequencies for each
element. From this relationship, he concluded the following
(Moscley. 1914):

Now if either the elements were not characterized by these integers or
any mistake had been made in the order chosen, or in the number of
places left for unknown elements [places for three unknown elements in
the Periodic Table were found, See Fig. 1.71], these irregularities
would at ence disappear. We can therefore conclude from the evidence
of the x-ray spectra alone, without using any theory of atomic structure,
that these integers are really characteristic of the elements, Further, as
it is improbable that two different stable elements should have the same
integer. three, and only three, more elements are likely to exist between
Al and Au. As the x-ray spectra of these elemenis can be confidently
predicted, they should not be difficult to find... There is ever reason 1o
suppose that the integer which controls the x-ray spectrum is the same
number of electrical units in the nucleus. ..

In this work Moseley was able to demonstrate that the
number of electrons in the atoms of each element are equivalent
to what we now refer to as the atomic number Z (Moseley's N)
and that the x-ray emission spectra is a characteristic of each
element.

Nobel Laureate Karl Manne Siegbahn provided insight into
the energy quanta emitted by the x-rays and consequently the
energy states of the electrons in the K-, L-, M-, N- and other
orbitals of the elements. The impact of Siegbahn’s findings
was underscored in the Nobel Prize Presentation Speech
(Gullstrand, 1925) with the statement

In an element that can emit both K-and L-rays, the former radiation
has much shorter wavelengths and consequently greater frequencies
than the latter. As the energy quamta are proportional 1o the frequen-
cies, therefore, the K radiation imvolves a larger change in the energy of
the atom than the L radiation: and in the atomic theory this is as much
as to say that an orbit imto which an electron falls on emission of
a K-line must lie nearer the nucleus than an orbit to which an electron
Salls on emission of an L-line. In this way it was inferred that there is
a K-level nearest the nucleus, owside that a L-level. and after that
a M-level and a N-level (and so on ...), all these four being experi-
mentally determined [by Manne Sieghahn].

Because x-radiation is characteristic of the atom from which
it arises, it is customary to identify the element along with the
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x-ray photon (e.g.. Cr K x-rays, Hg L x-rays, and many examples
are listed in Appendix A). In these examples, the fine structure of
the x-ray emissions is not given and the lines are grouped
together as K and L x-rays. Whenever a nuclide undergoes alpha-
or beta-decay including EC decay, the daughter nucleus may be
left at an excited energy state whereby the daughter nucleus then
decays to the ground state with the emission of gamma radiation,
The emission of internal conversion electrons often competes
with gamma emission, which leaves vacancies in electron shells
and the concomitant emission of x-rays. In such cases, the x-ray
emissions are characteristic of the daughter atom. See examples
throughout Appendix A in the radionuclide decay tables where
the x-ray emission intensities are listed as those of the daughter
nuclide rather than the parent,

2. Bremsstrahlung

Bremsstrahlung is a type of x-radiation that is characterized by
a broad smear of continuous energies of electromagnetic radia-
tion anywhere in the range between zero and an energy
maximum. In general, any charged particle that undergoes
acceleration will emit electromagnetic radiation: thus, an
accelerating charged particle will emit bremsstrahlung when it is
made to decelerate upon deflected from its path of travel by
collision or near encounter with an atomic nucleus. Charged
particles undergoing acceleration, such as beta particles, elec-
trons, protons, deuterons, and alpha particles, can emit brems-
strahlung as these particles decelerate in a series of collisions
with atomic nuclei. This mechanism is illustrated in Fig. 1.72,
where a beta particle traveling through matter approaches
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FIGURE 1.72 Bremsstrahlung peoduction. A beta particle is deflected by an
atomic nucleus and loses Kinetic energy with the emission of a photon of
x-radiation.

a nucleus and is deflected by it. This deflection causes a decel-
cration of the beta particle and consequently a reduction in its
Kinetic energy with the emission of energy as a photon of
bremsstrahlung, which is taken from the German language
meaning “braking radiation.” The phenomenon is described by
h = E;—E (1.270)
where hr is the energy of the photon of bremsstrahlung, £ is the
initial Kinetic energy of the beta particle prior to collision or
deflection, producing a final Kinetic energy £y of the electron.
As described by Evans (1955), the acceleration produced by
a nucleus of charge Ze on a particle of charge ze and mass M is
proportional to Zz¢*/M. where Z is the atomic number of the
nucleus, e is the elementary charge = 4.803 x 10" esu, and zis
the particle atomic number or | for electrons and protons, 2 for
alpha particles. Thus, the bremsstrahlung intensity, which is
proportional to the square of the product of the amplitude and the
charge ze, will vary according to Z°z*¢%/M° (Evans, 1955). From
this relation it is seen that the production of bremmstrahlung per
atom of absorber is proportional to the square of the atomic
number of the absorber material, and that the total bremsstrah-
lung is inversely proportional to the square of the mass M of the
accelerating charged particle. It is intuitively obvious and it has
been demonstrated through experiment that an absorber material
of higher atomic number will yield a greater production of
bremsstrahlung per atom, because the size of the nucleus as well
as its charge increases with atomic number, and thus the proba-
bilities of interaction of the accelerating charged particle with
anucleus will be a function of the magnitude of the charge on the
nucleus as well as the nuclear size. For example, a charged
particle (... electron or beta particle) of given energy will yield
more bremsstrahlung upon interaction with absorber material
consisting of pure Pb than one of Cu or C (e.g.. graphite), that is,
bremsstrahlung in Pb (Z=82) > Cu (Z=29) > C (Z=6). The
inverse proportionality of bremsstrahlung to the square of the
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mass M of the charged panticle yields as an outcome that
bremsstrahlung production by electrons (M = 0.0005485 u) is
the most significant among all other charged particles, which are
of much higher mass, e.g., the muon (M = 0.1134 u), proton
(M = 1.007 u), deuteron (M = 2,014 u). or the alpha particle
(M =4.001 u). For example, the muon, which has a mass
equivalent to 206.7 times that of the electron, would yield less
bremsstrahlung than an electron of equal energy in the same
absorber medium by a factor of more than 42,000, ie.,
M2/M? = 0.1134%/0.0005485% = 42,700, A proton of the
same energy and in the same absorber material would yield yet
less bremsstrahlung than that of the electron by a factor of
M2/M? = 1.007°/0.0005485% = 3.37 x 10°. Neventheless,
bremsstrahlung from accelerated charged particles, such as
accelerated protons, is significant (Huisman et al, 2000, Volkerts
et al, 2001, Mahjour-Shafiei et al, 2006, Cohen et al, 2008, and
Johansson and Wilkin, 2009),

The tremendous difference between the magnitudes of
bremsstrahlung production by protons and electrons of the same
energy in a given absorber material described in the previous
paragraph (i.e.. M2 /M? = 1.007%/0.00054857 = 3.37 x 10°)
was utilized by Olzem et al (2007) to measure cosmic-ray
positron radiation through bremsstrahlung conversion. A major
difficulty in the measurement of cosmic-ray positrons in the
energy range of 50 GeV is the high background of cosmic-ray
protons, which exceed the number of positrons by a factor of 10*
(Aguilaretal, 2002, Beatty et al, 2004, and L' Annunziata, 2007).
The researchers (Olzem et al, 2007) took advantage of the fact
that proton bremsstrahlung is suppressed by a factor of more than
3.37 x 10° with respect to the electron (ie., positrons). By
detecting the bremsstrahlung produced by the high-energy
(1=50GeV) cosmic-ray positrons, the proton background in this
same energy range is suppressed by a factor of more than 3 x 10°,
Bremsstrahlung by cosmic-ray pions are also significantly sup-
pressed compared to electron bremsstrahlung by a factor of
M2/M? = 0.14850% /0.0005485 v* = 7.3 x 10*, A diagram
illustrating the process of cosmic-ray positron bremsstrahlung
conversion is illustrated in Fig. 1.73.

As illustrated in Fig. 1.73, a primary cosmic-ray positron
enters into the detector material from above producing brems-
strahlung photons, The bremsstrahlung photon then converts
into a positron—electron pair. Three particles are observed in the
tracking detector, namely, the positron and negatron each of
0.511 MeV energy created in the pair production, which are
highly deflected in & magnetic field, and the incident high-
energy positron, which is only slightly deflected in the magnetic
field. Olzem et al (2007) report that additional background
rejection of cosmic-ray mesons and protons are provided by the
photon emission angles, which are essentially zero for high-
energy positrons and significantly larger than zero for mesons
and protons due to their higher mass.

a. Bremsstrahlung in Beta-particle Absorbers

When beta particles from a particular radionuclide source strike
an absorber material, a wide spectrum of bremsstrahlung photon
wavelengths (or energies) will be produced. The bremsstrahlung
photon energies will range from zero 10 a maximum photon
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FIGURE 1.73 Signature of pair production by a bremsstrahlung photon.
(From Olzem & ak, 2007). Reprinted with permission of Elsevier © 2007.)

energy, MVpay. The broad spectrum of bremsstrahlung is due to
the broad possibilities of different interactions, i.e., deflections
or collisions, that the beta particles can have with atomic nuclei
of the absorber and the broad spectrum of beta-particle energies
emitted from any given radionuclide. In a given spectrum of
bremsstrahlung, the shortest wavelength, 4., is observed when
 beta particle or electron undergoes a direct collision with the
nucleus of an atom and loses all of its Kinetic energy, hvi,y, as
bremsstrahlung or x-radiation according to the relation

he

Amin !

hl‘m‘ = ( l.27' )
which follows the energy—wavelength Planck—Einstein rela-
tion previously described by Eqn (1.257).

Let us consider an example of a 1,710 keV beta particle from
P (Eax = 1.71 MeV) striking a nucleus. If the beta particle
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loses all of its energy in the collision, the wavelength of the
bremsstrahlung emitted from this interaction according to Eqn
(1.271) would be

hc_ - 12.4 keVA

= = =00 o 0.00725 7
e ITIO RV, — OOTEA

(1.272)

See Eqn (1.266) for the conversion of the constant /ic to
convenient units of ¢V m or ¢eVA”. Bremsstrahlung production
by high-energy beta particles in absorber material of high
atomic number is significant (see Section XIV). Consequently,
to reduce the production of bremsstrahlung in radiation
shielding against the harmful effects of high-energy beta
particles, an absorber of low atomic number (e.g.. plastic) may
be preferred over one of high atomic number (e.g., Pb-glass).

Tonization and electron excitation were previously described
as predominant mechanisms by which a traveling beta particle
may lose its Kinetic energy in matter (see Sections VIILB.6 and
XIV.A). However, the production of bremsstrahlung may
also be another significant mechanism for the dissipation of
beta-particle energy, particularly as the beta-particle energy and
the atomic number of the absorber increase (Kudo, 1995). A
more thorough treatment is found in Section XIV.A, which
includes examples of calculations involved to determine the
degree of bremsstrahlung production as a function of beta-
particle energy and absorber atomic number. In general terms,
we can state that for a high-energy beta particle such as the beta
particle of highest-energy emitted from P (Eqgy = 1.71 MeV)
in a high-atomic-number absorber such as lead (Pb = 82),
bremsstrahlung production is significant. In a substance of low
atomic number such as aluminum (Al = 13), bremsstrahlung
production by a 1.7 MeV beta particle is reduced to more than
sixfold as compared to lead (See Table 1.18).

In view of the wide spectrum of beta-particle energies emitted
from radionuclides and the wide variations of degree of beta-
particle interactions with atomic particles, the production of
a broad spectrum, or smear, of photon energies of bremsstrahlung

GABLE 1.18 Approximate Incident Beta-particle Energy Loss (//£) as Bremsstrahlung in Various Thick Targets® \
Fraction of incident Beta-particle Energy loss (1/F)

Incident energy (E) H,0 (Z = 6.6)" Al (Z=13) Cu(Z=29) Mo (Z = 42) WiZ=74) Pb (Z = 82)
0.1 MeV 0.05 % 0.09 % 0.2% 0.3 % 0.5 % 0.6 %

0.2 0.09 0.2 0.5 0.6 1.0 1.1

0.5 0.2 0.5 1.0 1.5 2.6 29

1.0 0.5 0.9 2.0 29 5.2 5.7

1.5 0.7 14 3.0 4.4 7.8 8.6

2.0 0.9 1.8 4.1 5.9 10.4 1.5

25 1.1 23 5.1 7.4 13.0 14.4

aomic number of the thick-targer absorber,

e .

“Calculated according to 1/ €= (0.0007 MeV " 1 ZE where I is the total bromsstrahlung energy (MeV), € is the incident electron or beta-particle energy (MeV), and Z is the

For M0, a compournd absorber, the efiective og modified aomic number is used as calcutated by Markowics and VanGriken (1984) and Manfunatha and Rudraswarmy
12009, 20106, namely, Zowg = (3 WZ] JAVNS. WIZI/A) where W, Z, and A, are the weight fraction, atomic number, and mass aumber, respectively, of the ith

S

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

100 of 282

is characteristic. This contrasts with x-radiation, which is emitted
as a result of atomic electron rearrangement processes, resulting
in the emission of discrete lines of photon energy.

b. Artificially Produced Bremsstrahlung

An apparatus used to produce artificially x-rays, such as those
employed in medical diagnosis or x-ray diffraction, functions on
a similar principle of bremsstrahlung described previously. The
X-ray apparatus consists of an evacuated tube containing
a cathode filament and a metal anode target such as tungsten
(A =T74). A voltage potential is applied to the tube so that clec-
trons emitted from the cathode accelerate toward the anode.
Upon colliding with the tungsten anode, the accelerated electrons
lose energy as bremsstrahlung x-radiation. For example, an
electron accelerated in an x-ray tube to an energy of 40 keV,
which loses all of its energy upon impact with a tungsten nucleus,
would produce a single x-ray photon of wavelength calculated as

_he _ 124keV-A

T e 40 keV
A broad spectrum of bremsstrahlung is produced duc to the
various degrees of deflection or collision of the accelerated
clectrons with the target nuclei.

Electron accelerators are a good source of bremsstrahlung
currently employed in food irradiation for the preservation and
extension of the shelf-life of food (Miller, 2003, 2005, Mehta
et al, 2003, Auslender et al, 2004, Farkas, 2004, 2006,
L' Annunziata, 2007, and Farkas et al, 2010). Food irradiation is
the process where food is exposed to ionizing energy, utilizing
gamma photons emitted by “Co (or less frequently by "V'Cs),
machine-generated x-rays (bremsstrahlung) of max. 5 MeV. or
accelerated electrons of max. 10 MeV Kinetic energy (Farkas,
2004). The use of accelerator sources is gradually replacing the
use of radioisotope sources for the irradiation of food. mainly
because the generation of the radiation can be controlled by
a simple on—off switch (Cleland et al, 1998 and Miller, 2003).
The accelerators may be used to irradiate food directly with the
electron beam or indirectly with the bremsstrahlung radiation
produced after the electron beam strikes a converter material. To
avoid the possibility of measurable food activation via photo-
nuclear reactions. the Kinetic energy of the electron beam is
limited by regulation to 10 MeV, and the Kinetic energy regu-
lation for bremsstrahlung irradiation of foods is limited 0 5
MeV.

Bremsstrahlung, electron beams, and gamma radiation have
numerous industrial applications, which include, in addition to
food preservation, the sterilization of health-care products, the
irmadiation of blood to prevent transfusion-associated graft
versus host disease, the sterilization of tissue for transplant
surgery, the synthesis of radiation-cured rubber, the manufac-
ture of radiation-cured wood polymer composites, etc. These
applications are reviewed in a previous text by the author
(L’ Annunziata, 2007).

=031A = 0031 nm (1.273)

c. Inner or Internal Bremsstrahlung

Bremsstrahlung of very low intensity, referred to as inner or
internal bremsstrahlung, also occurs during the transforming
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nucleus in electron-capture decay processes and beta particle
emission, This is a continuous spectrum of X-ray photons that
originates within the transforming atoms and can be attributed
to the sudden change of nuclear charge when the beta particle is
emitted or when an orbital electron is captured (Evans, 1955).
Internal bremsstrahlung is explained by Cengiz and Almaz
(2004) to occur during the emission of a § -particle from the
nucleus, as the § -particle undergoes an acceleration at its birth
and emits bremsstrahlung in the field of the emitting nucleus.
The magnitude of inner bremsstrahlung was calculated to be
approximately 1/137 quantum of internal bremsstrahlung per
beta particle emitted from the nucleus (Knipp and Uhlenbeck,
1936 and Evans, 1955). Internal bremsstrahlung spectra for
several nuclides that emit 8 particles were calculated by
Cengiz and Almaz (2004). This radiation was named inner or
internal bremsstrahlung, because it originates from the nucleus
the internal part of the atom in contrast to external brems-
strahlung that occurs when an external beta particle approaches
an atom external to it from another source and is deflected by
the nucleus of that atom.

In the clectron-capture decay process, the quantum of
energy not carried away by the neutrino is emitted as internal
bremsstrahlung. Thus, in electron capture decay, internal
bremsstrahlung may possess energies between zero and the
maximum, or transition energy of a radionuclide. When gamma
radiation is also emitted, the internal bremsstrahlung may be
masked by the more intense gamma rays and go undetected.
However, in the absence of gamma radiation, the upper limit of
the internal bremsstrahlung can be used to determine the tran-
sition energy of a nuclide in electron capture decay. Some
examples of radionuclides that decay by electron capture
without the emission of gamma radiation are as follows:

3Fe — 33Mn 4 v+ hv (0.23 MeV) (1.274)

TZAr — 11C1 + v+ hv (0.81 MeV) (1.275)
and

BV = BT+ v+ hv (0.60 MeV) (1.276)

where /v is the intemnal bremsstrahlung, the upper energy limits
of which are expressed in MeV,

d. Nuclear Bremsstrahlung (Nuclear Startstrahlung)

Nuclear bremsstrahlung was recently identified by Nie Luo,
Magdi Ragheb, and George Miley at the University of Hlinois
(Luo et al, 2010). This class of bremsstrahlung refers to electro-
magnetic radiation of low energy (i.e., soft x-rays of a few hundred
¢V toa few keV) emitted by a proton or deuteron or both as these
undergo acceleration during the fusion of a proton with a neutron
or the fusion of a proton with a deuteron. Luo et al (2010) loosely
assigned the name of nuclear bremsstrahlung to this phenomenon
and have ventured to also call it nuclear startstrahlung from the
German meaning “take-off radiation™ depicting the acceleration
of these nuclear particles as the origin of the soft x-rays. The
identification of this class of bremsstrahlung opens the door to new
plasma diagnostics such as in the identification of the parasitic
D~D fusion reaction in future thermonuclear research based on
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D-T fusion. The D~D fusion reaction, previously described by et al, (2010), the proton and neutron are attracted to each other

Eqn (1.237), produces protons according to by the strong nuclear force, and this attraction causes both

particles to accelerate toward each other. Due to the charge on

d+d = MHip Q=404MeV (1277} he accelerating proton, electromagnetic radiation is geanlegrmed

The D—T thermonuclear reaction is also an excellent source of  of the bremsstrahlung type. Luo et al (2010) refer to this as

neutrons, as described previously in this chapter (See Eqn @ nuclear bremsstrahlung or nuclear startstrahlung to accentuate
(1.238)). The protons and neutrons generated can, in turn, its origin in acceleration due to the strong nuclear force.

participate in the thermonuclear process via other reactions The fusion of the proton with deuterium yields the

including the fusing of a proton with a neutron according to nuclear bremsstrahlung similar to the case of the proton and

R neutron fusion. However, Luo et al (2010) explain that the

pin = "Heytxrys Q=223MeV  (1.278)  Coulomb repulsion of proton and deuterium adds a degree of

complication to the process, They explain that the Coulomb

and the fusion of a proton with un-reacted deuterium fuel  parrier is overcome by quantum mechanical tunneling, and

according to the reaction the strong nuclear force still causes both particles to accel-

p+d — e + y4xrays Q= S49MeV  (1.279) crate toward each other, although the particles accelerate at

different rates because of their mass difference. As both the

Both ol'whichgivc rise lolhc"uclcarbrcms&lmhlung. which are proton and dcuteron are chnrgcd_ lhc)- radiate quanta of

included in the above (wo reactions, electromagnetic radiation. Because the two charged particles

The process of nuclear bremsstrahlung, in the simplest case  are accelerating toward each other, they travel in opposite

of p—n capture, is illustrated in Fig. 1.74. As described by Luo  girections. the radiation they emit will tend to cancel each

other; however, the cancellation is not complete, because the

p . (—_— two particles accelerate at different rates due to their mass

difference.

3. X-rays from Beta-particle Emissions

All beta-emitting radionuclides, even those radionuclides clas-

sified as pure beta emitters that are not the source of any gamma
(a) radiation, including *H, "*C, *P. **s, **Ca, “Ni. ¥Sr. ™Y, and

'23Sn. among others, will produce x-ray photons. For example,

s ¥ the measurement of bremsstrahlung from the beta particles of

Py *H has been demonstrated as a method for the monitoring of the

._..,..-“'-‘ fuel processing system in the development of thermonuclear

r® fusion reactors (Shu et al, 2004, 2006). This section describes x-

ray production by beta particles in thick-target materials, Thick-
target materials include any absorber within which a beta
particle will come to a complete stop. When beta particles are
emitted from decaying nuclei and escape the atom from which
(b) they originated, and are absorbed by materials before coming to

a stop, x-ray photons are created by several distinct physical

phenomena, which are enumerated as follows:

P . 1. External bremsstralung, which is a continuous spectrum of
x-rays produced when the accelerating beta particle traverses
atoms of absorber material and is deflected by the Coulomb
field of atomic nuclei causing the beta particle to decelerate

() and emit electromagnetic radiation. This is the major source

FIGURE 1.74  The nuclear bre hlung process that releases soft x-ray in the of x-ray encrgy that a beta particle will radiate. As discussed
proton-neutron capture and proton-deuteron fusion. The solid curves represert the previously the energy of the electromagnetic radiation
attactive nuclear p 1 of a (or felt by a proton. The length emitted (E = /w) is proportional to the initial energy of the

dimension shown is ~ 10 fermi. (1) The proton, having an initial positive Kinetic be . . . 2 .
. 5 ta particle and the atomic number (Z) of the absorber. Thus,

encrgy of several keV. is moving towand the neutron (oe desteron) due 10 nuchear % % 2

attraction, (b) The proton accelerstes in the peocess, and therefore starts radiating the bremsstrahlung energy loss (/) in MeV is written as

clectromagnetic waves, Le. photoas, (¢) The proton, having lost all of its initial

Kinetic energy and maybe more, now has a total energy of negative valve, ie.. it is

now a bound state around the (ord ). Afterwands it may enta ga I = kZF2 (1.280)
of 223 MeV for proton-neutron fusion (or $.49 MeV for proton-deuteron fusion) and - :
then combine with the for & } to fimally form “H (or "He). The
ion of the is radiation- free, b the is without charge,  OF
In p—d fusion, the accelerating & al 5 but this is not il d inthe 1E = kZE (1.281)

figure for clarity, (From Lo et al, 2010 with penmission of Elsevier © 2010,)
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where //E is the fraction of incident beta-particle energy lost as
bremsstrahlung and k=0.0007 MeV~' is a normalization
constant (Evans, 1955, and Faw and Shultis, 2004). Table 1.18
illustrates the effect of atomic number Z on the conversion of
beta-particle energy to bremsstrahlung in a thick target
according to the approximation given by Egn (1.281).

The estimates of energy conversion for a | MeV clectron in
aluminum and a 2 MeV electron in lead listed in Table 1.18
agree with estimates quoted by Choppin et al (2002) and Faw
and Schultis (2004), respectively. Molybdenum (Mo) and
tungsten (W), listed in Table 1.18, are relatively high-Z mate-
rials with heat swbility used as target materials for the
production of bremsstrahlung x-rays in commercial medical
diagnostic x-ray tubes (Mavunda et al, 2004).

2. Internal bremsstrahlung occurs during the emission of the
beta particle from the nucleus, as the beta particle acceler-
ates at its birth and emits a continuous spectrum of x-rays in
the field of the emitting nucleus (Cengiz and Almaz, 2004).
This mechanism of bremsstrahlung production is in direct
contrast to that of outer bremsstrahlung whereby the beta
particle approaches a nucleus from outside the atom
described in the previous section.

3. X-rays corresponding to line spectra characteristic of the
absorber material are produced when the beta particle
traverses the absorber and produces ionization in inner
electron shells (K, L, M.... shells). The electron vacancies in
the inner shells are filled by electrons from outer shells with
the concomitant emission of x-rays. These x-rays consist of
discreet lines of energy characteristic of x-ray lines of the
absorber material.

4. X-rays corresponding to line spectra characteristic of the
emitting atom arc produced when the beta particle produces
ionization as it accelerates out of the atom from which is was
created. lonization of internal electron shells (K, L, M....
shells) of the emitting atom leaves electron vacancies, which
are filled by electrons from outer shells, producing x-rays of
discrete energy lines characteristic of the emitting atom. The
probability of this intemmal ionization followed by x-ray
emission by the S-emitting atom is of the order of 10
(Levinger, 1953, Boehm and Wu, 1954, and Evans, 1955).

E. Cherenkov Radiation

Charged particles, when they possess sufficient energy, may
travel through a transparent medium (gas, liquid, or solid) at
a speed greater than the speed of light in that medium. This
occurrence, known as the Cherenkov or Cerenkov effect, causes
the emission of photons of light referred to as Cherenkov photons
or Cherenkov radiation. These photons extend over a spectrum of
wavelengths from the ultraviolet into the visible portion of the
clectromagnetic radiation spectrum. The photon emission is
aresult of a coherent disturbance of adjacent molecules in matter
caused by the traveling charged particle, which must possess
a certain threshold energy. This phenomenon has practical
applications including (i) the measurement and detection of
radionuclides that emit relatively high-energy beta particles,
(i) the measurement of gamma radiation via the Cherenkov
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effect produced by Compton electrons, and (iii) the identification
of subatomic particles. The history of discovery, theory, and the
applications of Cherenkov photons are discussed in detail in
Chapter 15, and only a brief treatment is provided in this chapter.
Cherenkov radiation was discovered by Pavel A, Cherenkov
(1934a,b, 1936) while working on his PhD dissertation under
the direction of Sergei 1. Vavilov, who was director of the P. N.
Lebedev Institute of Physics in Moscow. For detailed accounts
of the history of this discovery and Cherenkov's experimental
technique, see papers by Cherenkov's daughter, Elena
Cherenkova (2005, 2008), and a previous book by the author
(L' Annunziata, 2007). Once Cherenkov had discovered this
unique visible radiation produced by high-cnergy Compton
electrons or high-energy (fast) 8-particles, and once Cherenkov
found that this light was polarized and that the light emission
was asymmetric, that is, it was emitted only in the direction of
the fast electrons (Cherenkov, 1934a,b, 1936) did Cherenkov
and his doctoral dissertation advisor Sergei I. Vavilov know that
they were dealing with a yet unknown phenomenon. II%ja Frank
and Igor Tamm of the Theoretical Physics Division of the same
institute noticed and went to work on the interpretation of this
new phenomenon. Their findings were published in a joint paper
entitled “Coherent Visible Radiation of Fast Electrons Passing
through Matter” (Frank and Tamm, 1937). They explained the
phenomenon as caused by a charged particle traveling in
a medium at a speed in excess of the speed of light in that
medium. It was known from Einstein's theory of relativity that
matter could not travel in excess of the speed of light in
a vacuum (¢ = 2.99 x 10® m/s); however. in gaseous, liquid, or
solid media, the velocity of light will be less than its velocity in
a vacuum, and an clementary charged particle with sufficient
energy could travel in such media at speeds exceeding that of
light. The charged particle in passing through the electron
clouds of a transparent medium (liquid, solid, or gaseous) would
create an electromagnetic shock wave analogous to that of
a ‘sonic boom’ created by a jet airplane or projectile traveling in
the atmosphere at a speed exceeding that of sound. In the words
of Frank and Tamm (1937) with authors remarks in brackets:

We shall consider an electron moving with constant velocity v along fan ]
axis through a medium characterized by its index of refraction n. The
field of the electron may be considered as the result of superposition of
spherical waves of retarded porential. which are being continually
emitted by the moving electron and are propagated with the velocity (c/n).
[See Fig. 1.75] It is easy to see that all these consecutive waves emitted
will be in phase along the directions making the angle O with the axis of
mation [of the particle], if only v. n, and O do satisfy the condition

I
Y, e 2
cos # Bn (1.282)

where B = vic. Thus, there will be a radiation emitted in the direction 8,
whereas the interference of waves will prevent radiation in any other
direction. Now the condition [of radiation emission] can be fulfilled
only if

gn > 1, (1.283)
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(b)p =1

(@)p>1
FIGURE 1.75 A Huygens construction of the spherical waves of retarded
potential produced by a charged particle traveling along an axis in a refractive
medium from points Ay to Ay a1 two velocities, namely. (1) fr > 1 and
(b) @n = 1. (From Nobel Lecture of H'ja Frank (1958) with permission © The
Nobel Foundation 1958.)

that is. only in the case of fast electrons in a medium, whose index of
refraction n for frequencies in question is markedly larger than 1.

The index of refraction, n. is by definition the ratio of the
speed of light in a vacuum to its speed in a particular medium,
and the value of # will vary from one medium to another. The
term “fast electrons’ used by Frank and Tamm (1937), quoted
above, refers to clectrons of such energy that they travel at
a speed in excess of the speed of light in a particular medium.
Also, the term § is called the relative phase velocity of the
particle (8 =v/c) or the velocity of the particle in a medium
divided by the speed of light in a vacuum.

Eqn (1.282). derived by Frank and Tamm. can be found from
the distance of travel of the spherical wave front relative to the
distance traveled by the electron, as depicted in Fig. 1.75. In the
words of Frank (1958) in his Nobel Lecture (© The Nobel
Foundation):

...We have 10 consider each point of the particle trajectory as a source
of waves. In this case the wave phase is determined by the instant of
passage of the particle through a given point, Let us assume that at
moment \ = —y the emitter was at point Az, at moment V= —ty at point
Ay at moment s <ty at Ay and, finally, at the moment of observation
t=0at Ap

...the velocity of the waves is equal to the phase velocity of light ¢/n
. The surfaces of the rays are simply spheres whose radii for points A ..
Az Ay and Ag are (chojts, (c/nfta, (c/npty, and 0. respectively [See
Fig. 1.75a]. The envelope of these spheres evidently represents a cone
of circular cross section with the apex at Ap. Its generatrices in the
plane of the drawing are AgB and ApB'.

According to the Huygens' principle. the directions of the rays are
defined by the radius vectors drawn from some centre of the waves (o
the point of tangency with the envelope. For example, in Fig. 1.75a, it is
A:B and AzB" coinciding with the generatrices of the wave normal
cone...

From Fig. 1.75 it is not difficult to determine the magnitude of the
threshold velocity, When the velocity diminishes, the di es between
points A decrease. The threshold case arises when point A, occupies the
position Ay, on the surface of the sphere (This case is depicted sepa-
rately in Fig. 1.75b.) At lower velocities, one of the spheres lies
completely within the other and they do not have a common envelope.

In the threshold case [Pn = 1], they have oniy a common point of
tangency. A, Thus evidemly (¢/aps = vota, ie.. vo= ¢/, The cone of
wave normals is compressed in the direction of velocity v, and the wave
cone transforms into a plane perpendicular to the axis of motion at
point Ag, [Fig. 1.75b].

From Fig. 1.75a the equation defining the angle 0 as
a function of the particle phase velocity 8 and index of
refraction n, i.e., cos 0 = 1/8n, is derived from the distances of
travel of the wave front with respect to that traveled by the
charged particle. The velocity v of travel of the wave front in
a particular medium is a function of the index of refraction n of
the medium, since by definition i = ¢/v. The distance traveled
by the wave front from Aj to B of Fig. 1.75a is the product of
velocity and time 1 or A3B = vry, and the distance traveled by
the charged particle in the same time span from Az 1o Ay is the
product of the particle velocity in the medium v, and time 13 or
A3Ap = vy, which may be written as A3Ag = (v, /c)ets. Since
the particle phase velocity g is defined as v, /c, the distance
AsAp traveled by the charged particle becomes A3Ag = Bets.
The angle of emission # of the Cherenkov radiation with
respect to the direction of travel of the charged particle is
defined as

_AB_(e/ms _ 1
T Ay Bers B KA284)

Thus, the Cherenkov photons are anisotropic, that is, the
photons are not emitted in all directions: rather, the photons are
conical, i.e., they are emitted as a cone at an angle ¢. The angle
of emission is a function of the phase velocity of the particle (8)
and the index of refraction (1) of the medium within which the
particle is traveling. If the particle is assigned a maximum
velocity, where § approaches unity, there will be a maximum
angle of emission # of the Cherenkov photons in liquids, and the
angle would be a function of the index of refraction of the
medium or

when g = 1| (1.285)

1
Co8 Opax = —
n

For example, if an clectron traveling in water is assigned
a maximum velocity, where 8 = 1, and the index of refraction of
water at the sodium D line, iy = 1.3330, the maximum angles
of emission of Cherenkov photons in water would be calculated
according to Eqn (1.285) as

Omax = =414 (1.286)

b
1.3330

In another medium such as benzene, where the index of
refraction, njy = 1.50108, the maximum angle of emission of
the Cherenkov photons would be 48.2° calculated according to
Eqn (1.286). Thus, Cherenkov photons are emitted as a cone at
various angles between zero and a maximum value depending
on the velocity of the particle and the index of refraction of the
medium within which the particle travels. The conical prop-
erties of Cherenkov radiation, illustrated in Fig. 1.76, was
described by Cherenkov in 1958 in his Nobel Lecture (© 1958
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FIGURE 1.76 Diagram of an experimental arrange-
ment for obtaining photographs of the cone section in
the plane of a photographic plate placed perpendicular
to the path of high-speed (600 McV) protons in an
accelerator beam. (Fromn Cherenkov's Nobel Lecture
(1958) with permission © The Nobel Foundation
1958.)
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Visible Spectrum:
| Inner Ring: Red
| Outer Ring: Violet

The Nobel Foundation) with the authors comments in brackets
as follows:

If we consider the picture [of the radiation] not in  the
[2-dimensional] plane bur spatially, then the radiation must spread
our along the surface of a come whose axis forms the path of an
electrically charged particle while the surface line forms with this
axis the angle [0].

If we place [a] photographic plate perpendicular to the beam of high-
speed particles [See Fig. 1.76]. we shall obtain, in addition to an image
of the track of the beam, also a photograph of the radiation in the form
of a ring. This photograph was obtained with the aid of a fine beam of
protons in the accelerator of the United Institute for Nuclear Research
at Dubna.

we have in our considerations assumed some fived frequency. In
reality, however. the radiation spectrum is continuous. Since the
medium exhibits dispersion, 1., the refractive index is dependent on
the frequency, this means that the light of different wavelengths is
propagated at angles which, even with strictly constant velocity of the
particles, differ somewhat from one another.

Thus, the radiation is broken up as in speciral analysis. The radiation
cone will consequentiy show a definite intensity, and in the case of
a medium with normal dispersion the spectral red will lie in the inner
part of the cone while the violet is on the outside. Thar this is actually so
was shown by a photograph showing part of the ring with a colour

plare.

Cherenkov photon ring imaging has developed into a field
of its own. Special ring-imaging-Cherenkov (RICH) detectors
have been developed, which are used for particle identifica-
tion. Such detectors can provide information on the particle
velocity, 8. and discriminate between very high-energy rela-
tivistic particles of different mass, such as protons (m = 938,27
MeV/c®), kaons (m=493.67 MeV/c®), pions (m = 139.56
MeV/c?), and electrons (m=0.511 MeV/c®). The RICH
detectors are specifically capable of discriminating between

kaons and pions of momentum approximately 50 GeV/e. These
detectors are discussed in detail in Chapter 15, and advances
are reviewed in the proceedings of international workshops on
this technique (Engelfried and Paic, 2005, and Bressan et al,
2008).

As noted above and illustrated in Fig. 1.75, the particle
phase velocity, 8, is a critical factor in the production of
Cherenkov photons in a medium of given index of refrac-
tion, n, that is, Cherenkov radiation will occur only when
8 > ln. Consequently, the particle energy, upon which the
particle phase velocity is dependent, is a critical factor.
Thus, there is a minimum or threshold energy that the
charged particle must reach when traveling in a medium
of given index of refraction, before Cherenkov photons will
be produced. This threshold energy is defined by the

equation
2 it
Ep = moc” || | == -1
n?

where myg is the particle rest mass and ¢ is the velocity of light in
a vacuum (2.99 x 10" cm/s). Eqn (1.287) is dealt with in more
detail in Chapter 15. Thus, the threshold energy for Cherenkov
photon production will vary according to the particle rest mass
and index of refraction of the medium. The energy required for
the production of Cherenkov photons, Ey, increases with
particle mass, and it will be lower for media of higher index of
refraction.

The counting of Cherenkov photons for the analysis of
radionuclides is a common technique, and Eqn (1.287) may
be used to assess the potential of a given medium for the
detection of beta particles that are emitted by particular
radionuclides. For example, the radionuclides **P and P are
commonly used as radionuclide tracers in the biosciences,
and aqueous solutions are generally the medium within
which the radionuclides are used. Eqn (1.287) may be used
to determine the threshold energy for the production of

(1.287)
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Cherenkov photons by beta particles (i.e.. electrons) in water
by taking the rest mass of the electron (m, =9.10938 x
107" g) and the index of refraction of water (n}y = 1.3330)
to give

En = (9.10938 x 1072%2)(2.99792 x 10" em/sec)’

8.18707 x l(r’crgs[

I
R S——
V0.43721 ]

~{ 8.18707 x 107 ergs ki

— \1.602 x 102 ergs/eV )/ |0.66121

(0.5110 x 10° eV)(0.51237) = 0.262 MeV
(1.288)

Thus, the beta particle must possess a minimum of 0,262 MeV
energy to produce Cherenkov photons in water. Comparing the
maximum energies of the beta emissions of 2P (Epax =
1.710 MeV and VP (Epu = 0.249 MeV) clearly indicate that
the beta emissions from P will not produce any Cherenkov
photons in water: and only those beta-particle emission from 2p
in water with energies in excess of 0,262 MeV can be detected
by Cherenkov photon counting. Thus, the Cherenkov effect may
be used to discriminate between P and *'P in water by
detecting only the **P fraction. Cherenkov photon counting is
discussed in detail in Chapter 15 together with other applica-
tions of the Cherenkov effect.

There are numerous applications of the Cherenkov
effect, and these are discussed in detail in Chapter 15. Among
these applications are (i) the analysis of radionuclides that
emit beta particles with sufficient energy to produce Cher-
enkov photons in the medium in which they are analyzed,
(ii) the discrimination of beta-emitting radionuclides by the
selection of a medium with an index of refraction that would
allow or prevent the Cherenkov effect, and (iii) the
measurement of gamma radiation via the detection of photons
produced by Compton electrons, and (iv) high-energy
particle identification with ring-imaging Cherenkov (RICH)
detectors.

X. INTERACTION OF ELECTROMAGNETIC
RADIATION WITH MATTER

The lack of charge or rest mass of electromagnetic gamma and
x-radiation hinder its interaction with matter and the dissipation
of its energy in matter. Consequently, gamma radiation and
x-rays have greater penetration power and longer ranges in
matter than the massive and charged alpha and beta particles of
the same energy. Nevertheless, gamma and x-radiation arc
absorbed by matter, and the principal mechanisms by which this
type of radiation interacts with matter are discussed in this
section.
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A. Photoelectric Effect

The energy of a photon may be completely absorbed by an
atom. Under such circumstances, the entire absorbed photon
energy is transferred to an electron of the atom and the electron
is released, resulting in the formation of an ion pair (see also
Section IX.A). Consequently, the energy of the emitted electron
is equal to the energy of the impinging photon less the binding
energy of the electron. This is described by the photoelectric
equation of Einstein:

E.=hv—¢ (1.289)

where E, is the energy of the ejected clectron, /i is the energy
of the incident photon, and ¢ is the binding energy of the
clectron or the energy required to remove the electron from the
atom. The ejected electron is identical to a beta particle and
produces ionization (secondary ionization in this case) as it
travels through matter as previously described for beta
particles.

The photoelectric effect occurs in the inner electron shells,
predominately in the K-clectron shell, of the atom as described
in Section X.D. When an electron from an inner atomic K or L
shell is ejected, electrons from outer shells fall from outer
clectron shells to fill the resulting gap. These transitions
in electron energy states require a release of energy by the
atomic electrons, which appears as soft (low-energy) x-rays.
X-radiation is identical in properties to gamma radiation, The
essential difference lies in the origin of the two radiations. As
previously described, gamma radiation originates from energy-
state transformations of the nucleus of an atom, whercas
x-radiation originates from energy-state transformations of
atomic electrons.

B. Compton Effect

There is a second mechanism by which a photon (e.g.. x-ray or
gamma ray) transfers its energy to an atomic orbital electron.
In this interaction, illustrated in Fig. 1.77, the photon, E,,
imparts only a fraction of its energy to the electron and in so
doing is deflected with energy E] at an angle ©, while the
bombarded electron is ejected at an angle # to the trajectory of
the primary photon. This interaction is known as the Compton
effect and also as Compton scattering. The result of this

LJ
FIGURE 1.77 The Compton effect. An incident photon collides with an
atomic electron and imparts energy to it the photon and electron being deflected
at angles © and &, respectively, to the trajectory of the incident photon,
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interaction is the formation of an ion pair, as in the case of the
photoelectric effect. However, the deflected photon continues
traveling through matter until it dissipates its entire Kinetic
energy by interacting with other electrons in a similar fashion
or via other mechanisms of interaction with matter discussed in
this section. The ejected electron, being identical in properties
to a beta particle. loses its energy through the secondary
ionization it causes according to mechanisms previously
described.

Our understanding of the Compton effect comes from the
original work of Arthur H. Compton (1923a.b), who discovered
that x-ray photons scattered by thin foils underwent a wave-
length shift. The shift in wavelength of the scattered photon
with respect to that of the incident photon was a function of the
angle of scatter ©. To interpret this effect, he treated x-radiation
as photon particles or quanta according to the Einstein—Plank
relation £ = hv (see Eqn (1.257)) and the scattering to occur as
photon—electron collisions somewhat like billiard-ball colli-
sions as illustrated in Fig. 1.77. Compton derived the equation,
which describes the wavelength shift between the incident and
scattered photons and angle of scatter as

V== L(I—cose) (1.290)
moc
where 2’ and 4 are the wavelengths of the incident and deflected
photons, /i is Planck’s constant, mg is the rest mass of the
electron, ¢ is the speed of light, and @ is the angle of scatter of
the photon relative to its original direction of travel,

The Compton-scatter photon will always be of longer
wavelength (lower energy) than the incident photon, because of
energy lost in the collision with the electron, For example, let us
calculate the wavelength shift and energy loss by an incident
photon of wavelength 0.300 nm that collides with an electron,
and where the photon is scattered at an angle of 70°, The
wavelength of the scattered photon is calculated according to
Eqn (1.290) as

Al ).+L(l—cos9)
myc

6.626 x 107 J sec

Il

- 10
30X 107 m + 15500 % 10-7 kg) (2,997 x 10° m/scc)

%(1 —cos70)
=30x 10 ""m+ 243 x 1072 m(1 - 0.342)
0.3016 nm

The energy lost by the incident photon according to the
Einstein—Planck relation Eqn (1.257) is given by

AE = E,-E,
he  he
g
124keVA 124 keV A
T O300A  3016A

4.133 keV — 4111 keV = 0.022 keV
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and the fraction of photon energy lost becomes

AE 0022 keV
— I e— " 5 — s

E 4133 keV DAY =R

We can calculate directly the energy of the Compton scatter
photon, 2’, if we know the incident x-ray or gamma-ray photon
energy and angle of scatter of the photon according to the equation

= Ey
T 1+ (Ey/m3)(1 — cos ©)

E, (1.291)

where E, is the energy of lhg Compton scatter photon, E., is the
incident photon energy, mc” is the rest energy of the electron
(511 keV or 0.511 MeV. see Section X.C), and © is the
Compton photon angle of scatter (Tait, 1980). If we take the
data from the previous example, where the incident photon
energy was 4.133 keVand the angle of scatter was 70°, we can
calculate the energy of the Compton photon according to Eqn
(1.291) 10 be

£ 4.133 keV

_ -4 v
Y = ¥ (@133 keV/51T keV)(l —cos 707) — 111 ke

The result is in agreement with the calculations above using
Eqn (1.290) derived by Compton.

It has been shown by Compton that the angle of deflection of
the photon is a function of the energy imparted to the electron,
This angle may vary from just above © = (° for low Compton
clectron energies to a maximum © = 180° for the highest
Compton electron energy. Compton electrons are thus emitted
with energies ranging between zero and a maximum energy
referred to as the Compton edge. The Compton edge is the
Compton electron energy corresponding to complete backscat-
tering of the gamma-ray photon. With @ = 180° orcos © = —1,
Eqn (1.291) is reduced to the following equation describing the
energy. E.. of the gamma-ray photon at the Compton edge in
MeV units:

& = T3 & o MFZV)(I “onig) 122

or
E, = m'sz;%ﬁﬂ (1.293)

or
y £y (1.294)

* = 143914,

As an example, the energy of the gamma-ray photon in MeV at
the Compton edge for an incident gamma ray from 'V'Cs
(£, = 0.662 MeV)is calculated according to Eqn (1.294) to be

- 0.662
T 1+ 3.914(0.662)
A Compton scatter photon is of longer wavelength and lower

energy than the incident photon. Deflected Compton photons
occur with a broad spectrum of energies. Spectra of Compton

E, = 0.184 MeV
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scattered photon energies contain a peak known as the back-
scatter peak (see Chapter 16). The backscatter peak arises from
Compton scattering into a gamma photon detector [e.g., Nal(Tl)
crystal] from the surrounding detector shielding and housing
materials. The backscatter peak occurs at increasing values of
energy (MeV) in proportion to the incident photon energy and
approaches a constant value of 0.25 MeV, according to
Eqn (1.294), for incident photon energies greater than | MeV
(Tait, 1980). The energy of the Compton electron, £, may be
described by

Ec=E,~E,-¢ (1.295)

where E, and £, are the energies of the incident and deflected
photons, respectively, and ¢ is the binding energy of the elec-
tron. As the binding energy of the atomic electron is relatively
small, the energy of the ejected electron is essentially the
difference between the incident and deflected photon energies.
Substituting the value of £/, from Eqgn (1.291) and ignoring the
electron binding energy. the Compton electron energy can be
expressed as

1+ (Ey/me?)(1 = cos ©)
= &
I+ (E, /0511 MeV)(1 — cos ©)

(1.296)

E. = E,

E.=E, (1.297)
where the electron energies are given in MeV. For example, the
energy of a Compton electron, E,, scattered at 180° (Compton
edge: cos © = —1) and originating from an incident gamma-ray
photon from '¥'Cs (£, = 0.662 MeV) is caleulated according to
Eqn (1.297) as

0.662
1+ (0.662/0.511)(1 — cos 180°)
= 0.478 MeV

E. = 0.662 —

Alternatively, if we ignore the negligible electron-binding
energy and know the incident photon energy and Compton
scatter photon energy, we can calculate the Compton electron
energy by difference according to Eqn (1.295):

E.= 0.662 MeV — 0.184 MeV = 0.478 MeV,

which is in agreement with the electron energy calculated
above. The Compton edge and backscatter peak due to inter-
actions of Compton electrons and Compton backscatter
photons, respectively, in a scintillation crystal detector are
described in Chapter 16,

C. Pair Production

The interactions of gamma radiation with matter, considered
carlier, involve the transfer of ¥ energy. in whole or in part, to
atomic electrons of the irradiated material. Pair production, as
another mechanism of y-energy dissipation in matter, results in
the creation of matter (i.e.. electrons) from the y-energy. The
particles produced are a negatron and a positron from an indi-
vidual gamma-ray photon that interacts with the Coulombic
field of a nucleus (see Figs 1.4 and 1.78). Consequently, this
phenomenon involves the creation of mass from energy.

e+
hv
Atomic
nucieus e”
FIGURE 1.78 Pair prod The conversion of a g ray photon into

A negatron and positron pair,

Carl D. Anderson at the California Institute of Technology
(Caltech) received the 1936 Nobel Prize in physics for his
discovery of the positron, the first experimental evidence of
antimatter. He and his graduate student Seth Neddermeyer also
reported in their findings (Anderson and Neddermeyer, 1933)
the first observation of pair production, which they described as
follows:

One of the most striking phenomena, which have been observed in this
experiment is the oce [ simul e of paired tracks
consisting of one positive particle and one negative with a commeon
point of origin,.. The process. which gives rise to the positrons is at
present not known, but so far as these data go they are in accord with
the view expressed by Blackett and Occhialini (1933) that the two
particles may be formed by a process in which the energy of approxi-
mately 1 MeV required for the formation of a positive and negative
electron is supplied by the impinging radiation.

It was Nobel Laureate Patrick Blackett and his coworker
G.P.S. Occhialini (1933) who recognized that the two particles.
positron and negatron, are formed by the process known as *pair
production’ whereby the energy of 1.02 MeV required for the
production of the two particles is provided by the gamma
radiation. In his Nobel Lecture. Anderson (1936) explained the
pair-production phenomena as follows:

ous apy

..that the appearance of pairs of positive and negative electrons could
be understood in terms of this theory [ Dirac’s theory ] as the “creation™
of a positive-negative electron pair in the neighborhood of an atomic
nucleus. The energy corresponding to the proper mass of both of the
particles, as well as to their kinetic energies is supplied, according 1o
this view, by the incident radiation. Since the energy corresponding to
the proper mass of a pair of electrons is approximately 1 MeV. one
should expect gamma rays of energy greater than this amount to
produce positrons in their passage through matter, and further that the
sum of the kinetic energies of the positive and negative electrons should
be equal to the energy of the radiation producing them diminished by
approximarely | MeV.

In the above statement, Anderson described the process of
pair production, first theorized by Dirac (1928a,b), observed
through cloud-chamber track photographs by Anderson and
Neddermeyer (1933), and interpreted by Blackett and Occhia-
lini (1933). The gamma-ray photon energy required for pair
production is, as noted above by Anderson, equivalent to the
sum of the masses of the electron and positron described by the
equation
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2 3 bl
Epgir = Me-¢* +me ¢ = 2me* = 2(0.511 MeV)

= 1.022 MeV (1.298)

The gamma-ray photon energy in excess of 1.022 MeV appears
as the Kinetic energy of the electron and positron created, and
the overall pair-production phenomena can be expressed as

v = 2me + E. +E, (1.299)

where /i is the gamma-ray photon cnergy, 2m¢” is the energy
equivalence of the mass of two electrons, and £, and E,. are
the Kinetic energies of the electron and positron, respectively. In
pair production, gamma-ray energy in excess of 1.02 MeV
appears as Kinetic energy of the negatron and positron produced.
By the time of his Nobel Lecture in 1936, three sources of
positrons were known, and Anderson took the opportunity of his
lecture to describe these, which are the following: (1) cosmic-
ray showers of electron—positron pairs via pair production from
cosmic gamma radiation, (2) pair production via the absorption
of gamma radiation in excess of 1 MeV from radionuclide
sources, and (3) positron emission via beta decay from radio-
active clements, such as “"P, "'N, and *’Si, artificially produced
by Joliot-Curie and Joliot (1934a.b.c), which decay by positron
emission.

The creation of an electron requires a certain quantum of
energy of a gamma-ray photon, which may be calculated
according to Einstein’s equation for the equivalence of mass and

energy
E = mc* (1.300)

where £ is the energy. m, is the electron rest mass, and ¢ is the
speed of light in a vacuum. Thus, the rest energy of the clectron
(negatron or positron) is calculated as

(9.109 x 107" kg)(2.997 x 10% m/sec)’
8.182x 107"y

E

Since by definition, 1 eV = 1.602 x 10~'?J, the electron rest
energy in joules is converted to electron volts as

$.182 % 107" J/1.602 x 107" J/eV = 0.511 MeV

Thus. the creation of an electron (negatron) requires a minimum
energy of 0.511 MeV. However, a gamma ray of 0.511 MeV
energy cannot alone create a negatron, as there must also be the
simultaneous creation of its antiparticle, the positron of equal
mass, and opposite charge. The minimum gamma-ray photon
energy required for the creation of the negatron—positron pair
is. as described by Eqgn (1.298) above, 2(0.511) or 1.022 MeV.
Thus. the absorption by matter of gamma radiation greater than
1.02 MeV may result in pair production. The probability of pair
production increases in proportion to the magnitude of gamma-
ray photon energy above 1,02 MeV, and pair production is the
predominant mechanism of absorption of photons of energies of
5 MeV and above (see Figs 1.81 and 1.82 further on in this
chapter).

As discussed previously in Section IX.C, positrons will
produce annihilation radiation when they come to rest in the
proximity of a negative electron, i.¢.. their antiparticle, resulting
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in the simultancous conversion of two electron masses into two
gamma-ray photons of 0,511 MeV energy.

Pair production does not occur only in the vicinity of atomic
nuclei bombarded by gamma radiation. It may also originate
from nuclei that emit gamma radiation with transition energies
greater than 1.02 MeV. This is referred to as internal pair
production, and the mechanism competes to a small extent with
the emission of gamma radiation. The degree to which this
competition occurs is measured by the ratio of intensities of
positron—negatron pairs to gamma radiation or (¢* /). Some
examples of nuclides that emit such positron—negatron pairs
and the intensities of these pairs relative to gamma radiation are
given in Table 1.19.

A practical application of internal pair production to the
nondestructive activity analysis of *"Y and "'Sr was reported by
Selwyn et al (2007). The nuclide *°Y decays by negatron emis-
sion with a Q value of 2280.1 keV as illustrated in Fig. 1.79. The
activity of Y is determined traditionally by liguid scintillation
or Cherenkov counting of the high-energy negatron emissions,
which have an £, of 2280.1 keV as described in Chapters 7, 9,
and 15, as this beta transition occurs at an intensity of 99.999% to
the ground state of stable **Zr. There is a very small branching
beta transition with an £, of 519.4 keV, which occurs at an
intensity of 0.011%, to metastable **Zr at the energy level of
1760.7 keV (see Fig. 1.79). This is well above the 1022 keV
required for internal pair production, that can occur in the tran-
sition from 1760.7 keV to the ground state of *Zr. Sclwyn et al
(2007) measured the internal pair production branching ratio for
this transition to be (31.86 £ 0.47) x 107 by measuring the
count rate of the 511 keV peak with a high-purity germanium
detector (HPGe) produced by the positron (8 ") annihilation that

('I’ABI.E 1.19 Examples of Nuclides that Exhibit Internal \
Pair Production, Their Gamma Radiations and Relative
Intensities of the Positron-Negatron Pairs

Gamma radiations Pair/gamma
Nuclide  Energy (MeV)  Abundance (%) ratio (¢7 /y)
**Na 1.369 100 6x10°
2.754 100 7x10"
*Mn 1.81 29 5.6 x 107"
2.1 15 46x10"
“Fe 1.099 57 14 %10
1.292 43 11x10"
“'Co 1.17 100 3.7 %107
1.33 100 Combined”
W2py 1.576 4 1.1 x10"
Wipy 1.489 0.3 19x10*
2.186 0.7 6.7 x 10°*
"ty 1.274 37 80 x 107"
“The value of (0" /) of 3.7 x 107 * for “"Co ropresents the palrigamma ratio

for both gamma emissions combined,
& >
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¥y 4=e400n FIGURE 1.79 Decay scheme of ™Y,
i 2280.1 keV
B~ 5194 keV (0.011%)
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follows pair production. The high-energy beta emissions of ™'Y
produce bremsstrahlung background radiation, which had to be
subtracted from the overall count rate to get an accurate
measurement of the net count rate at the 511 keV peak. With the
known branching ratio for the internal pair production, and
measurement of the net count rate and detection efficiency of the
511 keV positron (8°) annihilation photons, the ™'Y activity of
unknown samples can be determined. The activity of *’Sr can be
calculated from the measured activity of *Y, as their activities
are equal when in secular equilibrium (see Section XV.C and
Fig. 1.97).

D. Combined Photon Interactions

Because of its zero rest mass and zero charge, gamma radiation
has an extremely high penetration power in matter in compar-
ison with alpha and beta particles.

Materials of high density and atomic number (such as lead)
are used most often as absorbers to reduce x- or gamma radia-
tion intensity. Radiation intensity, /. is defined here as the
number of photons of a radiation beam that traverse a given area
per second, the units of which can be photons cm™? s~
Suppose a given absorber material of thickness x attenuates or
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reduces the intensity of incident gamma radiation by one-half.
Placing a similar barrier of the same thickness along the path of
the transmitted gamma radiation would reduce the intensity
again by one-half. With three barriers each of thickness x and an
initial gamma-ray intensity /o, there is a progressive drop in the

| 1
transmitted gamma-ray intensities: /; = ;Io. I = 5"' I =

1 1
512 and [, = S1,.y. Obviously, incident x- or gamma radia-

tion may be reduced from /; to /3 by using a 3x thickness of the
same material as an absorber. Consequently, the intensity of the
transmitted  electromagnetic  radiation is  proportional to
the thickness of the absorber material and to the initial intensity
of the radiation. An increasing absorber thickness increases the
probability of photon removal, because there is a corresponding
increase of absorber atoms that may attenuate the incident
photons via the photoelectric effect, the Compton effect, and
pair production mechanisms.

If gamma-ray attenuation with respect to absorber thickness
is considered, the change in gamma-ray intensity, A/, with
respect to the absorber thickness, Aw, is proportional to the
initial gamma-ray photon intensity, /. This may be written as

Al/Ax = —pul (1.301)

where u is the proportionality constant, referred to as the linear
attenuation coefficient or lincar absorption coefficient. Its value
is dependent on the atomic composition and density of the
absorber material. The change in intensity over an infinitely thin
section of a given absorber material may be expressed as

dI/dx = —pl (1.302)

or
A/l = —pdx (1.303)
Integrating Eqn (1.303) over the limits defined by the initial

intensity, /o. 1o the transmitted intensity, /, and over the limits of
absorber thickness from zero to a finite value x, such as

! x
/dl/l = —u/dr (1.304)
Iy 0
gives
Inf—Inly = —px (1.305)
or
Inly/l = px (1.306)
Eqn (1.306) may be written in exponential form as
I = hpe™ (1.307)

which is somewhat similar to the exponential attenuation of
neutrons discussed earlier in this chapter.

Because gamma-ray absorption is exponential, the term
half-value thickness, x; . is used to define the attenuation of
gamma radiation by matter. Half-value thickness is the thick-
ness of a given material of defined density that can reduce the

https://www.dawsonera.com/reader/sessionid 15...

Handbook of Radioactivity Analysis

intensity of incident gamma radiation by one-half. The half-
value thickness may also be defined according to Eqn (1.306). in
which the initial gamma-ray intensity, ly, is given an arbitrary
value of 1 and the transmitted intensity must, by definition, have
a value of 1/2, or

In1/0.5 = px, 5 (1.308)

or
In2 = uxyn (1.309)

and
Xy = 0.693/u (1.310)

From the linear attenuation coefficient, u. of a given material and
gamma-ray photon energy, it is possible to calculate the half-
value thickness, x; ». The linear attenuation coefficient has units
of em ™', so that calculated half-value thickness is provided in
units of material thickness (cm). Linear attenuation coefficients
for some materials as a function of photon energy are provided in
Table 1.20. The table refers to these as total linear attenuation
coefficients, because they constitute the sum of coefficients due
to Compton. photoelectric, and pair production interactions.
Celiktas (2011) reports on the development of the experimental
methods that may be used to determine gamma-ray linear
attenuation coefficients. Calculated half-value thicknesses of
various absorber materials as a function of gamma-ray energy
are illustrated in Fig. 1.80 to show some examples of the varying
amounts of absorber material required to attenuate gamma-ray
photons. The linear attenuation coefficient is a constant for
a given absorber material and gamma-ray photon energy and has
units of reciprocal length such asem ™", Itis, however, dependent
on the state of the absorber or the number of atoms per unit
volume of absorber. A more popular coefficient is the mass

[TABI.E 1.20 Total Linear Attenuation Coefficients (cm ') lov\

Gamma-Ray Photons in Various Materials®

Photon

energy (MeV)  Water  Aluminum  Iron Lead
0.1 0.167 0.435 2704 59.99
0.2 0.136 0.324 1.085 10.16
0.4 0,106 0.2489 0.7223 2,359
0.8 0.0786 0.1844 0.5219 0.9480
1.0 0.0706 0.1658 0.4677 0.7757
1.5 0.0575  0.1350 0.3812 0.5806
20 0.0493  0.1166 0.3333 0.5182
4.0 0,0339 00837 0.2594 04763
8.0 0.0240 0.0651 0.2319 0.5205
10.0 0.0219 0.0618 0.231 0.5545
“Data from Argonne National Laboratory, ANL-SS00 (1963), Hubbell (1969),

and Berger et al. (20100,
\- ) 9

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis https://www.dawsonera.com/reader/sessionid 15...

Chapter | 1 Radiation Physics and Radionuclide Decay @
attenuation coefficient, .. which is independent of the physical Let us calculate the half-value thickness of lead (p =
state of the absorber material and is defined as 11.3 g/em®) for 2.0 MeV gamma radiation, and further calcu-
4o = ulp (1.311) late what the reduction in radiation intensity would result if we
O i

positioned four times the half-value thickness of lead in the

where p is the density of the absorber in units of g/em”, and g, path of the radiation beam. First, the linear attenuation coeffi-

has units of cm*/g. Some examples of mass attenuation coeffi-  cient, g, or mass attenuation coefficient, g, for 2.0 MeV

cients according to x- and gamma-ray photon energy arc  photons in lead are obtained from either Table 1.20 or 1.21 and

provided in Table 1.21. Using the mass attenuation coefficient,  the half-value thickness of lead for 2,0 MeV photons is

Eqn (1.307) transforms to calculated as

I =lge™ VM (1.312) 0.693 0.693

and the half-value thickness is calculated according to - T x u—,,p—
Eqn (1.310) as

(1.314)

X172

or

X172 = 0.693/u,,p (1.313) 0.693 0.693
X172

= or
27 05182em=T T (0.0457 cm?/g)(11.3 g/em’)

Mass attenuation coefficients for x- or gamma-ray photons over
a wide range of energies from | keV to 1000 MeV in 100
clements are available from Berger and Hubbell (1997). In
addition, mass attenuation coefficients for any element, chemical  Thus. a barrier of 1.34 cm thickness of lead is sufficient to
compound. mixtures of elements, or mixtures of compoundsover  radyce the radiation intensity of 2.0 MeV photons by 1/2 or
the x-ray- or gamma-ray photon energy range of 1 keV 10 506, According to Eqn (1.307), the relation between the initial
10" MeVare available from a database, which can be found atthe  rydiation intensity. /oy, and the transmitted intensity. /. is
following National Institute of Standards and Technology

(NIST) website:  hup:/physics.nist.gov/PhysRefData/Xcom/ 1
himl/xcoml.html. A sample of mass attenuation coefficients Io o
over the range of 5 keV to 10 MeV in a few materials are listed in
Table 1.21. The following calculation illustrates the use of the
data from Tables 1.20 and 1.21 to calculate half-value thickness
and radiation attenuation:

X2 = 134 cm

e (1.315)

and for x = 1.34, if the initial radiation intensity is given an
arbitrary value of 2, the transmitted intensity would be 50% of
the initial intensity or equal to 1. We then can write

(TABLE 1.21 Total Mass Attenuation Coefficients (cm?/g) for X- or Gamma-Ray Photons in Various Materials® \
Photon
energy
(MeV) Air Water Aluminum Iron Lead
0.005 18.3 42,0 193 140 730
0.01 4.6 5.1 26,2 171 131
0.05 0.187 0.208 0.368 1.96 8.04
0.1 0.151 0.167 0.170 0.372 5.55
0.2 0.123 0.136 0.122 0.146 0.999
0.4 00953 0.106 0.0922 0.0919 0.208
0.8 0.0706 0.0786 0.0683 0.0664 0.0836
1.0 0.0655 0.0706 0.0614 0.0595 0.0684
15 0.0517 0.0575 0.0500 0.0485 0.0512
2.0 00445 0.0493 0.0432 0.0424 0.0457
4.0 0.0307 0.0339 0.0310 0.0330 0.0420
8.0 00220 0.0240 0.0241 0.0295 0.0459
10.0 0.0202 0.0219 0.0229 0.0294 0.0489
“Data from Angonne National Laboratory, ANL-5800 (1963), Hubbell (1969), and Beeger and Hubbell (1997), and Berger et al, (2010), available at National Institute

C Sandrds and Technology (NIST): hepeiphysics.nist. gowcgi-bin’Xcomxcom3_1. )
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(1.316)

b 2
If we employ four times the half-value thickness of lead or 4 x
1.34 cm = 5.36 cm., we can calculate that the transmitted radi-
ation would be reduced to the following:

f - )

or

e 3 — ilé = 0.0625 = 6.25% transmitted

The remaining 15/16 or 93.75% of the initial radiation is
attenuated by the 5.36 cm lead barrier. In general, we need
not know the half-value thickness of the material or shield,
but simply obtain the lincar or mass attenuation coefficient
for a given energy of x- or gamma radiation from reference
tables and use Eqns (1.307) or (1.312) to calculate the
magnitude of radiation attenuation for any thickness of the
absorber material. For example. if we used only 2.5 cm of
lead barrier, the attenuation of 2,0 McV gamma rays could be
calculated as

!
— 2 @AY s g (1.317)
lo
and
I _ 082 em )2 om) _ (00457 cm? /) (113 g/em’)(25 cm)
ly

= ¢ ¥ = 0275 = 27.5%

Thus, the 2.0 MeV radiation transmitted through a shield of
2.5 em of lead would be 27.5% of the initial radiation intensity.

As previously discussed, the absorption of gamma radiation
is a process that principally involves three mechanisms of
attenuation: the Compton effect, the photoelectric effect, and
pair production. The attenuation coefficients just discussed
above are also referred to as total attenuation coefficients,
because they consist of the sum of three independent coeffhi-
cients or

#= g+ gt gty (1.318)

where g, u.. and u, are attenuvation coefficients for Compton,
photoelectric, and pair production processes, The attenuation
coefficients are proportional to the probabilities of occurrence
of these radiation attenuation processes and can be used as
a measure of the relative roles these processes play in the
absorption of gamma-ray photons.
Accordingly, the total and partial mass attenuation coeffi-
cients can be written as
By = p/p = p./ptp/p+p,/p (1.319)
Figs 1.81 and 1.82 provide a graphic representation of the
relative  frequency of  occurrence of the Compton,
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photoelectric, and pair production processes in aluminum and
sodium iodide absorbers as a function of photon energy. From
these curves, it is seen that the photoelectric effect plays an
increasing role in total gamma-ray attenuation at lower
gamma-ray energies and with absorber materials of higher
atomic number. We can also note from these figures that pair
production becomes significant at photon energies above |
MeV, as the threshold energy for pair production is 1.022 MeV.
Data on the total and partial mass attenuation cocfficients as
a function of photon energy for any element, chemical
compound, mixture of elements, or mixture of compounds
over the photon energy range of 1 keV to 10° MeV are avail-
able from the following website of the National Institute of
Standards and Technology (NIST): hup://physics.nist.gov/
PhysRefData/Xcom/html/xcom 1 .html.

In some absorber materials of relatively high density,
absorption edges can be measured for low photon energies, such
as the K edge illustrated in Fig. 1.81. The absorption edge is
a discontinuity in the attenuation coefficient curve for the
photoelectric effect that is caused when photon energies are less
than the binding energies of clectrons of a certain shell (e.g.,
K-shell) and that reduces the number of electrons which may be
ejected by the photoelectric effect. When photons possess the
threshold binding energy of clectrons of that shell, there is
a sudden surge in attenuation owing to the ejection of electrons
from that shell via photoelectric interactions. The photoelectric
effect will occur primarily in the K-clectron shell. At such
photon energies (> K-shell binding energy). the probability of
the photoelectric effect occurring in the L shell is only about
20% and even less probable for outer shells (Friedlander et al,
1964). Such a phenomenon may appear strange, considering
that the binding energies of the electrons are lower in shells
further away from the nucleus. If one considers only the binding
energies of the electrons, it would appear. although incorrectly,
that for photon energies in excess of the K-shell binding energy,
clectrons further away from the nucleus (e.g., L, M, N shells)
would be ejected as photoelectrons more easily. This is not the
case, because energy and momentum must be conserved in the
process, and the atom, because of its much higher mass, will
carry off the excess momentum while taking away negligible
energy in the process. The entire photon energy is transferred to
the photoelectron less its binding encrgy. Consequently, the
photoelectric effect cannot occur with a free electron, because
there is no atom to carry off excess momentum, as demonstrated
by Gautreau and Savin (1999). In the same sense, when the
photon energy is much greater than the electron binding energy,
the electrons, such as those in the outer shells with very low
binding energies, act more like free electrons. These electrons
contribute less to photon attenuation by the photoelectric effect.
As explained by Lilley (2001), the conservation of energy and
momentum is the reason why the most tightly bound electrons
contribute most to photoelectric absorption for £, > By, where
E., is the photon energy and By is the K-shell electron-binding
energy. and also why there is a marked dependence of photon
attenuation on photon energy and absorber atomic number. The
photon absorption in Nal, illustrated in Fig. 1.82, shows a K
edge at ~0.033 MeV or 33 keV. This corresponds to the elec-
tron binding energy in the K-shell of iodine, which from
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reference tables (Lide, 2010) is reported to be 33169 eVor 33.1
keV. Photon attenuation by the photoelectric effect for photon
energies in excess of 33 keV occur predominantly with the
K-shell electrons. There is no K edge observed for sodium in
Fig. 1.82 for the Nal absorber, because the binding energy of the
K shell of sodium is only 1070 ¢V or 1.07 keV., a factor of 10
lower than the photon energy scale provided in the figure. At
much lower photon energies, corresponding to L- and M-shell
electron-binding energies. characteristic L and M edges can be
observed. The binding energies of electrons in the various
atomic electron shells of the elements are listed in reference
tables, such as those provided by Lide (2010).

As illustrated in Figs 1.8]1 and 1.82, the pair production
process does not occur at gamma-ray energies below the
threshold value of 1.02 MeV, as expected, in accord with the
combined positron and negatron rest energies (ie. 2 x
0.511 MeV) required for pair production. A thorough treatment
of the attenuation and absorption of gamma radiation in matter
is available from Hubbell (1969), Krane (1988), Lilley (2001).
Serway et al (2005) and Turner (1995).

XI. RADIOACTIVE NUCLEAR RECOIL

When a decaying nucleus discharges or emits a particle such
as an alpha particle, beta particle, gamma-ray or x-ray photon,
or neutrino, the nucleus will recoil in a fashion somewhat like
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FIGURE 1.81 Mass attenuation coefficients for photons in aluminum, The
total attenuation is given by the solid line, which is the sum of the panial
attenuations due to the Compton effect, u /p; the photoelectric effect, uJp:
and pair production. w,/p. (Drawn from data of Hubbel ¢t al, (2010) avail-
able from the website of the National Institute of Standards and Technology
(NIST): Intp:/iphysics.nist. gov/PhysRefDate/Xcom/Meml/xcom 1 html)

a cannon recoils when it shoots a cannon ball from its barrel.
The energy of recoil is a function of the mass and energy of
the particle that is emitted as well as the mass of the nucleus.
This may appear intuitively obvious, if we relate the process
to that of a cannon, that is, the heavier the cannon for a given
mass and velocity of cannon ball, the less will be the recoil
energy. Even radionuclides that emit electrons or photons
from their atomic shell, such as Auger electrons and x-rays,
respectively, will experience some recoil effect, albeit much
less than would occur when a heavy particle, such as the
alpha particle, is emitted from a nucleus at high energy.
Nuclear particles that collide also do so resulting in nuclear
recoil. In accord with the principles of conservation of
momentum, nuclear recoil will occur in all nuclear decay
processes with the conservation of momentum between the
emitted particle and the product nucleus, as illustrated in
Fig. 1.83.

In various textbooks one can find reference to some equa-
tions for calculating nuclear recoil energies for some particular
particle emissions. However, van Rooyen et al (2008) and
Szucs et al (2009) provide relativistic and nonrelativistic
expressions for all particle emissions including alpha particles,
beta particles, Auger clectrons, neutrinos, and gamma-ray and
x-ray photons. Detailed derivations of the equations are not
included by these authors, and the derivations will be provided
here.
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FIGURE 1.82 Mass attenuation coefticients for 1000 &

photons in sodium iodide. The total attenuation is

given by the solid line, which is the sum of the partial

attenuations due to the Compton effect, p/p: the
photoelectric effect. uJp: and pair production, u,/p.

(Drawn from data of Hubbel et al, (2010) available

Srow the websire of the National Inssitute of Standard: 100
and Technology (NIST):  hup:/iphysicsmist.gov/
PhrysRefDate/XcomMeml/xcom ], hund)
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A. Relativistic Expressions

When a particle is emitted by a decaying nucleus, it possesses
a kinetic energy (K,). which is the difference of the total particle
energy (Ep) and its rest energy (m,c?) or

K, = Ep— myc? (1.320)
Pu 7% P,
o TR
N N particle
recoil nucleus omittec
nucleus at rest
FIGURE 1.83 Nuclear recoil resulting from the energy imparted 10 a nucleus
(N) at rest (dashed circle) by the emission of a particle (p) by the nucleus.

Conservation of encrgy and momentum requires that the energy of the nucleus at
rest be equal 1o the encrgy of the recoil nuckeus + the energy of the emitted
partiche, ie. Ey (a1 rest) = Ey (recoil) + E2 and the momentum of the recoil
nucleus Py is equal the momentum of the emitted particle P, ie., Py = P,

0.1 1 10 100

And if the expression of energy, momentum, and particle mass
is written as (See Eqn (1.260))

E} = pic + (myc?)? (1.321)

r

where pj, is the particle momentum and ¢ is the speed of light in
a vacuum. From Eqns (1.320) and (1.321). we can write

(Kp +mpc) = ple® + (mpc?)? (1.322)

which becomes
Kﬁ +2myc K, + (m,,('z)2 = pf,(‘z + (m,,cz)2 (1.323)

and reduces to
K; +2m, K, = pie? (1.324)
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Solving Eqn (1.324) for the particle momentum gives

,/K;: + 2m,c’K,

C

Py = (1.325)
According to the laws of conservation of momentum. we can
write

PN = Pp (1.326)

where py is the momentum of the nucleus as a result of the
emission of the particle. From Eqns (1.325) and (1.326), we
can equate the expressions for the nuclear and particle
momentums as

\/Kg. + 2myc?Ky \/K,E + 2m, 2K,

C C

(1.327)

where Ky and my are the Kinetic energy and mass, respectively,
of the recoil nucleus. If the total energy of the nucleus (Ey), in
terms of its momentum and mass, is written according to
Eqn (1.321),

E} = pic + (my?) (1.328)

and with py = p,. we can express the total energy of the
nucleus as

VK2 4 2mpcK,\ R
E} = (»———p(—— & 4 (myc?)? (1.329)
which becomes

Ey = K} 4 2myc* Ky + myct (1.330)

Eqn (1.330) is reduced to the simple expression of the total
energy of the nucleus as

Ex = \[K2 4 2my2K, + mict (1.331)
If by definition, the kinetic energy of the nucleus Ky, that is, it's
recoil energy, is the difference of its total energy, Ey, and its rest
energy. myc>, then

Ky = Exy - IllA\,'l:2 (1.332)

From Eqns (1.331) and (1.332), we can amive at the final
expression for the kinetic energy of the recoil nucleus in terms
of the particle Kinetic energy (K,), particle mass (mm,), and mass
of the recoil nucleus (my) to be

Ky = \[ 2+ 2mp 2Ky + myct — mye? (1.333)

Eqn (1.333) is the fully relativistic expression for the calculation
of the nuclear recoil energy for particle emissions that possess
nonzero rest mass, such as alpha particles, beta particles, and
Auger electrons. For particle emissions consisting of gamma-
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ray and x-ray photons, which have a zero rest mass, the term
2mpc*K, will fall out of Eqn (1.333), and in the case of the
neutrino, which has a near-zero rest mass, the term 2m,c*K,,
becomes negligible and can be dropped out of Eqgn (1.333) so
that it simplifies to

Ky = /K2 + myc* - myc?

Eqn (1.334) is thus used to calculate the nuclear recoil
energies for gamma-ray photon, x-ray photon, or neutrino
emissions. We should keep in mind that the recoil nucleus is
that of the daughter nucleus. because it is the daughter
nucleus that recoils after the nucleus discharges or expels
a particle.

(1.334)

B. Nonrelativistic Expressions

1. Nuclear Recoil Energy from Alpha-particle
Emissions

For relatively very heavy particles, such as the alpha
particle, the more simple nonrelativistic calculation of the
nuclear recoil energy may also be used. The nonrelativistic
expression of the nuclear recoil encrgy for alpha-particle
emissions is  derived subsequently. The nonrelativistic
expression of the Kinetic energy of the alpha particle is
defined as

MeV? (1.335)

1| =

Ko =

where m, and v are the mass and velocity of the particle,
respectively. Its nonrelativistic momentum would be simply

Pa = Mgy (1.336)
Multiplying Eqn (1.335) by 2m,, gives
2m Ky = (mav)? = pl (1.337)

Eqn (1.337) relates the alpha-particle mass, energy, and
momentum. Conservation of momentum of the alpha particle
() and recoil nucleus (py) dictates

Pa = PN (1.338)

and then from Eqns (1.337) and (1.338), we can write

V2m K, = /2myKy

where my and Ky are the mass and Kinetic energies of the recoil
nucleus. Squaring both sides of Eqn (1.339) and solving for Ky

gives
K= ('"_) K.
my

Eqn (1.340) was used in Section VIILA.2 Egn (1.89) for the
calculation of the recoil energy resulting from the 5.545
MeV alpha particle emitted from **'Am. The relativistic
expression, provided in Eqn (1.333), yields the same result.

(1.339)

(1.340)
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2. Nuclear Recoil Energy from Gamma-ray, X-ray,
and Neutrino Emissions
For gamma-ray photons and x-ray photons, which have zero rest

mass, and neutrinos, which have near-zero rest mass, we can
express their momentum (See Eqn (1.262)) as

Ep
c

Pp = (1.341)
where p, is the momentum of the gamma-ray photon, X-ray
photon, or neutrino, £, is the particle energy. and ¢ is the speed
of light in a vacuum. If the nonrelativistic expression of the
kinetic energy of the recoil nucleus is

(1.342)

Ky = EmN\':

where Ky is the Kinetic energy of the recoil nucleus, my is the
mass of the recoil nucleus and v is its velocity. Multiplying both
sides of Eqn (1.342) by 2my gives

2myKy = (myv)* = py (1.343)

where py is the momentum of the recoil nucleus. As momentum
is conserved, we can write

"
-2

P =y = 2myKy = 3 (1.344)

Solving Eqn (1.344) for the Kinetic energy of the recoil nucleus

gives
- _1( 5
A.\' N E(MNCZ

where Ef, is the energy of the gamma-ray photon, X-ray photon,
or neutrino, and my is the mass of the recoil nucleus.

(1.345)

C. Sample Calculations
1. Nuclear Recoil from Alpha Emissions

Earlier in this chapter (Section VIILA.2, Eqn (1.89)), the
nonrelativistic expression for the recoil energy was used to
determine the recoil energy imparted to a nucleus as a result of
alpha-particle emission of 5.545 MeV that occurs in the
following decay of **' Am:

%4Am — 2JINp + IHe

(1.346)
The relativistic expression provided by Eqn (1.333) will be
used. Since nuclear recoil occurs after the nucleus emits
a particle, it is the daughter nuclide that recoils, We will use
atomic mass units (u) and the conversion factor of
931.494013 MeV/u to convert mass to energy units. Relevant
data from nuclear tables (e.g.. Lide, 2010) are the mass of
the alpha particle and that of *’Np which are 4.00150617 u
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and 237.048166 u, respectively. Thus, from Eqn (1.333), the
nuclear recoil energy is calculated as

Ky

]

‘/KIE +2m, 2K, + mict — mye®

(5.545 MeV)? + 2(4.00150617 u)

%(931.494013 MeV /u)(5.545 MeV)

+1(237.048166 u)(931.494013 MeV /u))?
~ (237.048166 u)(931,494013 MeV /u)
0.0936 MeV

|
i

(1.347)

The recoil energy of 0.0936 MeV agrees with the nonrelativistic
calculation made ecarlier in Section VIILA.2 (see Eqn (1.89)).
The nuclear recoil energy is 1.68 % of the alpha-particle energy.
In general, the nuclear recoil energy resulting from alpha-
particle emissions are about 2% of the alpha-particle energy.
This is relatively high for recoil energies, which is characteristic
of alpha-particle emissions, because the alpha particle is
massive, We will notice much smaller nuclear recoil energies
resulting from beta-particle emission energies of similar ener-
gies to the alpha particle. This is because the alpha particle is
massive compared to the electron or beta particle. The mass of
the alpha particle is 7294 times that of the electron (i.e., afe =
4.00150617 w/0.000548579 u). An analogy can be made by
comparing the recoil imparted to a cannon upon firing a cannon
ball compared to the kick imparted to a pistol upon firing
a 0.45 caliber bullet.

2. Nuclear Recoil from Beta Emissions

Let us calculate the recoil energy imparted to a nucleus by the
emission of a beta particle. The following decay of '™Pd by
beta-particle emission may serve as an example:

1PPd — "PnAg + 8 (Emax = 1.03MeV) + i 4y
(1.348)

Beta particles are emitted with a broad spectrum of energies
from zero to £y, because the decay energies are shared with
a neutrino. We will select the maximum energy (1.03 MeV) that
the negative beta particle may possess when the antineutrino
energy is at its minimum (near zero) in order to calculate the
maximum recoil energy that the particle may impart to the
nucleus. We will not calculate here any nuclear recoil energy
that the gamma ray may impart to the nucleus. Again, as in the
previous example, the nucleus that undergoes the recoil is that
of the daughter nuclide, because it is the daughter that is
produced when the beta particle is emitted from the nucleus,
Also, we will use the relativistic expression of the recoil energy
Eqn (1.333) for the calculation. Relevant data from nuclear
reference tables for the calculation are the mass of the beta
particle (i.e.. electron mass) and that of '™ Ag, which are
0.000548579 u and 108904756 u. respectively. The nuclear
recoil energy is calculated as

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis https://www.dawsonera.com/reader/sessionid 15...

Chapter | 1 Radiation Physics and Radionuclide Decay @
j 2 1 S: W g ies 1 ArLe . a1V NS
Ky = ‘/ Kﬁ +2m, 2K, + ,,,,2\,‘4 — mye? volts: whereas, energies imparted by the relatively miniscule

beta particle range mostly from a few to several hundred elec-
T tron volts, and energies imparted to nuclei by gamma-ray and x-

(103 x 10° V)~ + 2(5.48579 x 107* u) ray photons and neutrino emissions are yet smaller.
(931494013 ¢V /u)(1.03 x 107 V)

+[(108.904756 u)(931494013 eV /u))?

3. Nuclear Recoil from Gamma-ray Photon,
~ (108.904756 u)(931494013 eV /u) X-ray Photon, or Neutrino Emissions

Il

10.41 eV Let us consider an example of a nuclide that decays exclusively
(1.349) by electron capture with the emission of neutrinos and gamma

radiation. The nuclide "Be decays to "Li with the emission of

As we see from this example, the previous example, and from  eurrinos of 0.862 MeV at 89.6% relative intensity and
Table 1.22, the energies imparted by the massive alpha particles (0,384 MeV at the remaining 10.4% intensity. The "Li daughter
to recoil nuclei are measured in the tens of thousands of electron  pyclides resulting from the lower 0.384 MeV neutrino

[’I'ABLE 1.22 Recoil Energies in Electron Volts (eV) Imparted to Nuclei of Various Masses by Emitted Particles \
of Various Energies in MeV
Alpha particles®
Nuclear mass E, = 1.5 MeV E, = 2 MeV E, =~ 4 MeV £, = 6 MeV E, = 8 MeV
150 u 4.084 eV 5384 eV 10.7E4 eV 16.0E4 eV 2134 eV
175 3.4E4 4.6L4 9.1E4 13.7E4 18.3E4
200 3.084 4,084 8.0E4 12.0E4 16,084
225 2.7E4 3.6E4 7.1E4 10.7E4 14.264
250 2.4E4 3.2E4 6.4E4 9.6E4 12.8E4
Beta particles”
Nuclear mass Es = 0.5 MeV Ey = 1 MeV E; = 2 MeV £y = 4 MeV Ey = 6 MeV
10u 40.84 eV 108,35 eV 32442V 1078.27 eV 2261.53 eV
20 20.42 54.27 162.1 539.13 1130.76
50 8.17 2171 64.88 215.65 452.30
100 4.08 10,85 32.44 107.82 226,15
150 2.72 7.23 21.63 71.88 150.77
200 2.04 543 16.22 5391 113.08
250 1.63 4.34 12.98 43.13 90.46
G y, x-ray ph or neutrinos’
Nuclear mass E, = 0.5 MeV E, = 1 MeV E, =2 MeV E, = 4 MeV E, = 6 MeV
10u 13.42¢V 53.68 ¢V 21471 eV 858.83 eV 193238 eV
20 6.71 26.84 107.35 429.42 966.19
50 2.68 10.74 4294 1701.77 386.47
100 1.34 5.37 21.47 85,88 193.24
150 0.89 3.58 14.32 57.25 128,82
200 0.67 2,68 10.74 4294 96.62
250 0.54 2.15 8.59 34.35 77.29
“Nuclear recoil energies resulting from alpha-particle emission are expressed in exponential form. For example, the nuciear recoil energy imparted to 2 nucleus of mass
150 u by an alpha-particle emitiod with energy of 1.5 MeV is 4.004 oc 4.0 x 10" oV. Aka, nucloar recoil encrgies for nuclear masses of < 150 u are not listed for alpha
particle emissions, because only nuclel of relatively high mass (A 2 140 ul are unstable 10 alpha-particle emission. The recoll energies resulting from alpha-particle
omissions were calculated by Egn (13400, Le., Ky = (m,/mx)K,. G v ——
BThe recodl energies resufting from beta-particle emissions were cakculated according to Eqn (1.333), Le. Ky \»‘X;: + 2m Ky + mict - mad

K‘an»l energics resulting from gamma.ray photon, x-ray photon or neutnino emissions weve calculated according to Eqn (1.334), ie.. Ky ‘,'A"; + m;r; myct. )
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emissions decay to the ground state with the emission of gamma
radiation of 0.478 MeV. The decay scheme of "Be is illustrated
in Fig. 1.39 and the decay equation is the following:

Be 55 JLitv+y (1.350)

We can use Eqn (1.334) to calculate the nuclear recoil energy
resulting from the emission of a neutrino or gamma-ray photon.
Let us calculate the recoil energy impanted to the "Li nucleus
resulting from the emission of a 0.862 MeV neutrino. The mass
of "Li obtained from physical data tables is 7.016004 u and the
constant for conversion of mass units to energy is 931.494013
MeV/u,

Ky = K} + Myt = mye?
(8.62 x 10° eV)*+

" ={ [(7-016004u)(93|4940|3cV/u)]1} (1.351)

< (7.016004 u)(931494013 ¢V /u)
= 56.84 ¢V

This calculated value is in agreement with the experimental
measurement of the “Li recoil energy of 56 1eV by 2002
Physics Nobel Laurcate Raymond Davis Jr. (See Davis, 1952).
The recoil energy is higher than that calculated above for the
recoil energy imparted by the beta-particle emission to a '™ Ag
nucleus Eqn (1.349), because of the relatively small mass of the
"Li nucleus. We can see from Table 1.22 that when comparing
particle emissions of the same mass and energy. higher recoil
energies will result with nuclei of smaller mass,

D. Radioactive Recoil Effects

The implications of nuclear recoil are numerous including
applications of hot-atom chemistry where chemical bonds are
broken by recoiling nuclei facilitating the preparation of
high specific activity radionuclides by means of the
Szilard—Chalmers effect, Also, nuclear recoil during radioac-
tive decay of naturally occuring radionuclides can create
disequilibrium when the recoil liberates the nuclide from its
mineral lattice. These recoil effects will be  discussed
subsequently.

1. Szilard—Chalmers Process

Prior to discussing the Szilard—Chalmers process, which is
important in the preparation of radionuclides with high specific
activity, the historical background that led to its discovery is
relevant and will be presented briefly. A more thorough account
is given in a previous book by the author (L' Annunziata, 2007).
On September 12, 1933, Leo Szilard (1898—1964) read a news
report in the The Times where Emest Rutherford was inter-
viewed. The reporter had asked Rutherford what were his
thoughts concerning nuclear transmutations and nuclear energy.
Rutherford replied that charged particles, such as the proton,
could eventually be accelerated with sufficient high voltage to
eventually transform all of the elements, He added that the
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energy released would be oo small to produce energy on a large
scale for power and anyone who looked for transmutation as
a source of power was talking “moonshine”. Szilard agreed with
Rutherford’s comments concerning accelerated protons that
these would not be a useful source of energy. He knew that the
proton had to overcome the Coulombic barrier of its repelling
positive charge with that of the atomic nucleus. However, he
thought that the neutron, because of its neutral charge, should be
able to penetrate the Coulombic barrier of an atom and collide
with the nucleus without any external force and cause a reaction
or transmutation of the nucleus. Szilard's mind was restless,
while standing at a street comer in London in the following
month of October and during the time that it took a traffic light
to change, the idea of the possibility of a neutron-induced
nuclear chain reaction hit him. Szilard knew that in chemistry,
there existed chain reactions where one reaction could yield two
products that could further interact with other reactants
to produce four products and these could react to produce eight
products, etc. resulting in an exponential increase in reactions.
The chain reactions could be very numerous and limited only by
the quantity of reactants available. He thought that if a chain
reaction with neutrons could occur, that is, if a neutron would be
able to interact with an atomic nucleus to produce more than
one neutron and the additional neutrons created would interact
with other atomic nuclei to produce yet more neutrons, a chain
reaction would ensue and a tremendous amount of energy could
be liberated. Szilard could foresee that the initial neutron
reaction and the resultant multiplication of neutrons should
occur in a very short period of time, in microseconds, as nuclear
reactions would be fast, producing an explosion of unforesee-
able magnitude. Leo Szilard was the first 1o conceive the
possibility of obtaining large amounts of energy and even an
explosion from nuclear transmutations,

Having formulated further his initial idea of the potential
energy that could be released from neutron-induced chain
reactions on March 12, 1934, Szilard filed for a patent, which
contained the basic concepts of a nuclear chain reaction, the
concept of “critical mass™, that is, the minimum mass of
amaterial required for a sustained nuclear chain reaction, and the
“explosion™ that could result. He was awarded British Patent No.
630.726 entitled Improvements in or Relating to the Trans-
Sformation of Chemical Elements. In his patent Szilard described
the concept of critical mass in his statement “If the thickness is
larger than the critical value...I can produce an explosion.” (Feld
and Weiss-Szilard, 1972, Loeber, 2002). Otto Hahn, Fritz
Strassmann, and Lise Meitner had not discovered nuclear fission
until 1939, Consequently, the fissile materials required to
produce neutron-induced nuclear chain reactions had not yet
been discovered and there is no record of any such nuclear chain
reactions ever been discussed prior to Szilard's patent. Szilard
was clearly ahead of his time. The patent, as written by Szilard,
stated “This invention has for its object the production of
radioactive bodies and the liberation of nuclear energy for power
production and other purposes through nuclear transmutation.”
(Feld and Weiss-Szilard, 1972) Szilard was a pacifist and
idealist, and the objective of his patent was not personal gain but
for control over the harmful use of nuclear weapons, After
a year's time, he convinced the British government to accept the
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patent in order to keep the concepts of the patent secret and
inaccessible to the world. Later in life Leo Szilard joined the
Manhattan Project, which was the secret American project for
the production of the atomic bomb, out of fear that Germany
could become the first to acquire the weapon. Rhodes (1986) and
Loeber (2002) point out that Szilard tried to use his patent as
a means to gain control of the decision-making process for the
atomic bomb. He felt that the control of the bomb and its use
should be in the hands of the wisest scientists and not in the hands
of government officials. Rhodes (1986) noted that the U.S.
government rejected Szilard's claim to the atomic bomb on
simple legalistic grounds, because he did not disclose the exis-
tence of his patent before joining the Manhattan Project.

When Szilard first conceived of neutron-induced fission in
1933, he did not know what element or isotope would undergo
such fission. His patent had made a slight mention of uranium
and thorium, but his thoughts were mistakenly on beryllium, He
therefore started a search for the chain-reacting element. With
this in mind, Szilard began a collaboration of nuclear research
with T. H. Chalmers at the Physics Department of the Medical
College of St. Bartholomew's Hospital, London. This research
did not lead to the discovery of the neutron-induced chain
reaction, but lead to other important discoveries, including
(i) the discovery of a photoneutron (y,n) source, that is, the
induction of neutron emission by gamma or x-radiation and
(ii) the Szilard=Chalmers effect, which is the rupture of
a chemical bond between an atom and a molecule of which the
atom is a constituent, as a result of nuclear recoil during
radioactive decay of that atom. The Szilard—Chalmers effect
led to the Szilard—Chalmers process or reaction, which has
enabled the isolation of high-specific activities of radionuclides.
The two discoveries and their applications will be discussed
subsequently.

In his search for neutron emission that might initiate
a neutron-induced chain reaction, Leo Szilard and T.H.
Chalmers imadiated beryllium with radium gamma rays. They
discovered a radiation from the beryllium that would induce
radioactivity in iodine and concluded that neutrons were
emitted from the beryllium by the gamma rays (Szilard and
Chalmers, 1934a.b, 1935). Their report was the first where
neutron emission was initiated by gamma radiation, and the
reaction that they observed can be abbreviated as

“Be(y,n)*Be (1.352)

which reads

“Be target nuclide(gamma-ray  projectile, neutron
emitted)*Be product nucleus,

This discovery was significant, because today photoneutron
(7.n) sources are useful portable sources of neutrons. A very
common neutron source of this nature used today is the mixture
of '**Sb + Be where the gamma rays from '**Sb yield neutrons
via a photonuclear reaction (see Table 1.13).

Szilard and Chalmers (1934b) used iodine as the indicator
for neutrons as the neutrons would induce radioactivity in
iodine by creating radioiodine via neutron capture. A subse-
quent work was reported shortly thereafter by Brasch and
coworkers together with Szilard and Chalmers and assistance of
Lise Meitner in Berlin (Brasch et al, 1934) whereby the neutron
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emission from beryllium was induced by x-ray photons and
neutron capture by bromine, and the isolation of the product
nuclide, radiobromine, was used as the neutron indicator.

An important outcome of this work was the discovery of the
Szilard—Chalmers process whereby radionuclides may be
casily separated and isolated from their parent atoms and
consequently high specific activities of radionuclides may be
obtained which otherwise would be difficult when both the
target and product atoms are isotopes. For example, Szilard and
Chalmers (1934 a,b,) surrounded 150 mg of radium (gamma-
ray source) with 25 g of beryllium in a scaled container of
I-mm-thick platinum. The Ra—Be neutron source was
immersed in 100 mL of ethyl iodide. The neutrons produced
radioactive '**I from stable '*’I by neutron capture. The '**I
would precipitate as radioactive silver iodide (Ag'**l) after the
addition of water containing silver ions (Ag'). However,
a control experiment without the neutron source produced no
radioactivity over background in the silver iodide precipitate.
This experiment indicated that the chemical bond between the
carbon atom of the ethyl group and the '**I was broken after '*’1
neutron capture, because free unbound ionic I would
precipitate with the Ag* to produce radioactive Ag'**I precip-
itate in the aqueous phase according to the sequence illustrated
in Fig. 1.84

The energy of bonding between the carbon and iodine atoms
is about 2 eV, which is higher than the neutron recoil energy.
Consequently, the rupture of this bond is due to the gamma-
recoil when the '**I undergoes gamma emission upon de-
excitation after neutron capture. Some atoms of '**1 could
recombine with the free ethyl group and even exchange with
some stable atoms of '*’I, but if these processes are slow and if

;’Y
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H—C—C-1 + i ——=—+ H—C—C
| ] [
H H and
‘chemical bond rupture
[ £ 7
H—c—¢C | + ¥
|
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’
g™ (radioack 9
— in aqueous phase)

FIGURE 1.84  Szilard-Chalmers Process. High specific activity ' is separated
from the stable "' as a result of the Szilard-Chalmers Effect. The capture of
a neutron by the stable isotope '*"1in the ethyl iodide molecule created radicactive
131, The peutron capture process leaves the ™1 nucleus in an excited state. which
crils a ganuna-ray upon de-excitation. The gamma-recoil causes a rupture of the
chemical bond between the carbon atom of the ethyl group and the '**1 thereby
liberating the '**1 2« an anion. The addition of water aning silver cations
(Ag") tothe onganic solution enables the ionic ™1 1o enter the agueous phase and
separate out & peecipitated Ag' 1. The radioactivity of "1 is detected by its beta-
particle emissions: and it decays with a half-life of 25 minutes,
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these processes are further reduced by the addition of water or
even alcohol to dilute the organic phase, the precipitate of
radioactive inorganic iodide proceeds yielding a highly enriched
radioactive '**I with minimal 'L

The Szilard—Chalmers process remains to this day a very
practical application to the isolation of high specific activity
radioactive sources from the medium in which the radionuclide
sources were synthesized. A few examples taken from the
literature are an editorial review by Eckelman et al (2008), the
isolation of high specific activity radioisotopes after cyclotron
production (Bonardi, et al, 2004, Birattari, et al, 2001), the
preparation of high specific activity “*Cu (Van Elteren et al,
1999, Giclow, 1990, Barnes et al, 1986, Hetherington, et al,
1986, and Sekine, 1986), the production of high specific activity
"Ho (Zeisler, and Weber 1998), the preparation of high
specific activity Imsn for medical applications (Mausner et al,
1992). high specific activity '“Re (Jia and Ehrhardt, 1997), the
optimized production of "*F (Alfassi et al, 1986), high specific
activity radiohalfnium complexes (Abbe and Marques-Netto,
1975 and Marques-Netto and Abbe, 1975), high specific activity
*ICr (Harbottle, 1954 and Green and Maddock, 1949), high
specific activity **Mn (Zahn, 1967a,b). high specific activity
radioisotopes of tin (Spano and Kahn, 1952), the concentration
of high specific activities of the radioisotopes of Groups IV and
V elements (Murin and Nefedov, 1955), and the production of
high specific activity Mo and *°Y (Tomar et al, 2010).

2. Radioactive Disequilibrium

When chemical bonds are broken after radioactive nuclear
recoil, the recoiling nucleus may be displaced from the chem-
ical structure (e.g., mineral lattice) within which it resided. The
liberated nuclide, which may be part of a natural decay chain,
may then be leached from mineral deposites into ground water
creating disequilibrium among the natural radionuclides. For
example, Labidi et al (2010) measured the isotopic levels of
UMY and **RaFMU in waters of Tunisia and found
a disequilibrium between the two members of the ***U decay
series, which may be due to the direct action of nuclear recoil
during radioactive decay and preferential leaching. This decay
series was discussed and illustrated previously in Fig. 1.20. The
researchers estimated the annual effective radiation doses due to
the ingestion of the mineral waters to be well below the
0.1 mSv/year reference dose level. Fernandez et al (2006)
studied the radioecological characteristics of a uranium mining
site in Brazil and point out that, as suggested by Ivanovich
(1994) and Ivanovich and Harmon (1992). disequilibrium
between Ra and U isotopes may be due to (i) precipitation/
dissolution reactions, (ii) alpha recoil, (iii) diffusion, and (iv)
the Szilard—Chalmers effect. The activity ratios of “*U/***U
were studied by Paces et al (2002) for evidence of ground-water
flow patterns in the USA and acknowledge that ***U enters
solution preferentially from rocks as a result of mechanisms
related to its origin by radioactive decay of “**U, including
alpha recoil damage of crystal-lattice sites containing ***U and
the Szilard—Chalmers effect as well as radiation-induced
oxidation of ***U. Similar disequilibrium effects of natural
radioactivity, that may be due to nuclear recoil following alpha
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decay in the B8y decay series, was observed by Dowell and
O'Dea (2002) and Davis and Krogh (2000). Disequilibrium
among radionuclides in the natural decay series was under-
scored by Adloff (1989) to occur by “natural Szilard—Chalmers
reactions”™ all along the radioactive decay series and that this is
triggered mostly by nuclear recoil effects after alpha decay.
Adloff summarizes that these effects have found a wide range of
applications in environmental studies such as geochronology,
weathering, sedimental processes, and oceanic chemistry.

XIl. COSMIC RADIATION

Stable charged particles and nuclei with lifetimes of 10° years or
longer originating from space, that strike the top of the atmo-
sphere (TOA) from all directions, constitute what is known as
the cosmic radiation. Air showers of the cosmic radiation
consist of cascades of subatomic particles and electromagnetic
radiation resulting from nucleon—nucleon collisions of high-
energy cosmic-ray particles from space with atomic nuclei of
the carths’ atmosphere. Cosmic rays are classified according to
their origin in space. and the air showers of the cosmic radiation
are characterized according to the products of collisions of high-
energy cosmic-ray particles and nuclei with atoms of the earth’s
atmosphere,

The discovery of cosmic radiation is auributed 0 Victor
Hess, who made seven balloon ascents during 1911—1913 into
the atmosphere during the daytime, during the evening dark-
ness, and even during a solar eclipse. On these ascents he took
along three electroscopes that would measure the ionization
caused by external radiation. He thought it is best to make
simultancous measurements of ionization with more than one
instrument to eliminate doubt in the event one instrument might
give erroneous readings. Hess found that at an altitude of
500 meters, the ionization dropped to about half that obtained
from the soil surface. However, the readings would increase
proportionally with altitude as he would ascend beyond 1000
meters. He found that the ionization at 1500 meters would
increase to be approximately equal to that at the soil surface,
and further ascents to altitudes of 5000 meters would provide
ionization readings of several times that at the ground level
(Hess, 1912, 1936, 1940). It was obvious to Hess that gamma
rays, from radium in air, could not cause any increase in ioni-
zation with altitude where air got thinner, and he interpreted his
results in the following words:

The only possible way to interpret my experimental findings was to
conclude 1o the existence of a hitherto unknown and very penetrating
radiation, coming mainly from above and being most probably of extra-
terrvestrial (cosmic) origin...

Victor Hess was awarded the Nobel Prize in 1936 for his
discovery of cosmic radiation.

The dose to the human body from cosmic radiation is of
concern 1o astronauts, airline pilots, and persons living at high
altitudes, as our atmosphere attenuates considerably cosmic
radiation and the dose to the human body consequently
increases with altitude. Cosmic radiation is also of much
concern as background interference in the measurement of low
levels of radioactivity, The accurate measurement of
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radionuclides in our environment requires the suppression and
accurate measurement of the background interference from
COSMIC rays.

A. Classification and Properties

Cosmic radiation incident on the earths™ atmosphere is classi-
fied into “primary™ or “secondary™ cosmic rays. As defined by
Gaisser and Stanev (2002), primary cosmic rays are stable
charged particles and nuclei accelerated at astrophysical sour-
ces, and secondary rays are particles produced via the interac-
tion of the primarics with interstellar gas. The nuclear
interactions of the accelerated primary cosmic-ray particles
with interstellar medium produce stable nuclei of the light
elements (e.g., Li, Be, and B). as well as many fundamental
particles including pions or 7@ mesons of zero charge ("), that
decay into gamma rays (see Eqns (1.367) and (1.368)). Galactic
gamma radiation has been mapped recently by the Compton
Gamma Ray Observatory satellite. The satellite has provided an
image of the galaxy produced by gamma rays of approximately
100 MeV (Simpson, 2001). The gamma-ray image compares
closely to the visible-light image of the galaxy of which we are
most familiar. Galactic gamma rays can cover the full energy
range from <100 MeV 10 >10 TeV.

Primary cosmic-ray particles include protons, helium nuclei,
electrons, and nuclei of most elements of the periodic table
(e.g.. carbon, iron, oxygen, etc) of stellar origin. Nuclei of the
light clements lithium, beryllium, and boron (Z = 3—5) are
classified as secondary radiation. The abundance of these light
clements in cosmic radiation is highly enriched over the abun-
dance of these elements in the universe, which is evidence that
these are secondary nuclei created via collision (nuclear spall-
ation interactions) with heavier primary particles during the
interstellar propagation of primary nuclei. The radionuclide
"Be (uy= 1.6 x 10° y) is found among other isotopes of the
light elements in cosmic rays. From the measured abundance
analysis of "Be, “Be, and the radioactive "’Be in cosmic radi-
ation, it is found that cosmic-ray particles remain contained in
galactic magnetic ficlds for approximately 107 years before
escaping into our atmosphere or inter-galactic space. The mean
interstellar density for propagation of the cosmic radiation is
~ 0.2 atom/ecm® (Simpson, 2001),

Nucleons of practically all elements of the periodic table
will be found in cosmic radiation. Free protons account for
about 80% of the primary nucleons and approximately 15%
are nucleons bound in helium nuclei (equivalent to alpha
particles). Electrons constitute about 2% of the primaries.
Nuclei of the elements of the periodic table other than the
previously mentioned (H and He) make up the remaining
components of cosmic radiation. Nuclei of the light elements
(Li, Be. and B), which constitute secondary cosmic ray
particles, account for a small fraction (~0.2%) of cosmic ray
nuclei (see Table 1.23).

The composition of cosmic radiation will vary according to
the 1l-year solar cycle and the carth’s magnetic latitude
(Potgieter, 2008a.b). The earth’s magnetic field, which extends
well into space, affects the composition of the charged parti-
¢les of cosmic radiation. The geomagnetic latitude effect was
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(TABLE 1.23 Approximate Composition of Cosmic Radialion\
of Galactic Origin Incident on the Top of the Atmosphere
(Toe)*

Approximate
Radiation type fraction (%)
H nuclei or protons (p* and p 1" 80
He nuclei (equivalent to a particles) 15
Electrons (¢~ and ") 2
Heavier nuclei (e.g., C, O, Mg, Fe, Si, etc)? 1
Lighter nuclei (Z = 35, i.e, Li, Be, and BS* 0.2

“Cosmic radiation incident at the top of the terrestrial atmosphere inclades all
stable chamged pavticles and nuclei with lifetimes of the order of 10° years oc
longer (Gaisser and Stnev, 2002).

*The ratio of antiprotons to protons (B/p) is about 2 x 10 in the particle
cnevgy range of 10-20 GeV.

“The ratio of positrons o negatrons (e /¢ | vavies from ~0.2 bolow 1 GeV to

~ 0.1 around 2 GeV and to ~ 0.05 a¢ higher electron energies of 5-20 GeV.
“Nucieons of alf of the elements of the periodic table stripped of ther somic
electeons with the excoption of the lighter nucleons listed dbove,

“The nuckei of Li, Be, and B are classiried as socondary cosmic radiation, that is,

\pm les produced by the interaction of the primaries with interstellar gas. j

first reported by Clay (1928) and confirmed by Compton
(1932, 1933), who measured cosmic-ray showers with ioni-
zation detectors while traversing latitudes onboard ocean
vessels. Cosmic-ray particles will concentrate in the carth’s
Van Allen radiation belts, which extend from about 1000 to
60,000 km from the earth. The sea-level latitude effect of the
clectromagnetic and meson components of cosmic-ray inter-
actions in the earth’s atmosphere measured by Compton cor-
responded to an approximately 12—15 percent increase
between the geometric equator and high latitudes. However, no
information was obtained then on the latitude effect on the
nucleonic component of cosmic radiation at sea level, Subse-
quent studies (Simpson, 1948, 1951, 2001) demonstrated
a dramatic increase of 300—400 percent in the nucleonic
component compared with a 10=15% increase in the meson
component of cosmic radiation at sea level as one traveled
from 07 1o 707 latitude. This is particularly relevant to inter-
national airline pilots who are concerned about the cosmic
radiation dose they accumulate when they travel frequently at
high altitudes (12 km) and high latitudes (40—-60 degrees)
where the radiation intensities are higher.

Positrons and antiprotons are components of secondary
cosmic radiation. Positrons are much lower in abundance than
electrons (See Table 1.23). They are produced mainly via proton
and nuclei interactions in the interstellar medium (Grimani,
2009). The differential flux of negatrons and positrons incident
at the top of the atmosphere from galactic space is a function of
particle energy. The positron fraction, measuredase’/(e” 4 ¢7),
decreases from ~0.2 below 1GeV, to ~0.1 around 2 GeV and to
~0.05 at higher energies of 5=20 GeV (Grimani 2009, 2005,
Clem and Evenson, 2002, Gaisser and Stancv, 2002 and
Sundaresan, 2001). Antiprotons in the cosmic radiation were
discovered by Golden et al (1979, 1984). These are classified as
secondaries, as antiprotons as well as positrons are produced by
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the interactions of primary cosmic radiation, principally protons
with the interstellar matter, such as cosmic-ray nuclei (Adriani,
et al, 2010, Gaisser and Schacfer, 1992, Webber and Potgicter,
1989 and Gaisser and Maurer, 1973). The proportions of anti-
protons to protons (p/p) are a function of energy with ratios
varying from ~ 0.3 x 107* to | x 107" in the energy range of
~0.2—1 GeV. from ~2 x 10 *t0 1 x 10" *in the energy range
of ~1=10 GeV, and from ~2 x 107 t0 3 x 10" in the energy
range of 10—180 GeV (Adriani, et al, 2010, Beach et al, 2001,
Basini et al, 1999, Mitchell et al, 1996, and Hof et al, 1996). In
summary, the approximate composition of galactic cosmic-ray
particles is provided in Table 1.23.

Most galactic cosmic-ray particles possess energies from
about 50 MeV to 10 GeV as illustrated in Fig. 1.85, which
provides the cnergy distributions of some of the major
components of primary cosmic radiation for a particular period
of the solar cycle. A series of very precise measurements of
primary protons and helium nucleon intensities have been made
by the AMS Collaboration (2000). Menn et al (2000) and
Sanuki et al (2000), Bellotti et al (1999), and Boezio et al
(1999). Particle energies up to 10" ¢V were first observed by
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FIGURE 1.85  Approximate fux distributions of major components of primary

cosmic radiation. See Simpsoa (1983) and Gaisser and Staney (2002) for more
precise data on nucleon flux as a function of particle energy.
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Auger and Maze (1938, 1939), and a cosmic-ray particle of
about 10°” eV energy was observed by Linsley (1963).

Protons in the kinetic energy range of 100 MeV to 10 GeV
would have relativistic speeds ranging from 42.8% to 99.6% the
speed of light (i.e.. 0.428¢ to 0.996¢) calculated according to
Eqn (1.202). For example, the relativistic speed of a proton with
10 GeV Kinetic energy would be calculated according to the
following equation:

]

K -2
= af1- (=5 35
u=c\fl (mr2+l) (1.353)
The rest energy of the proton (me?) is calculated as
met = (16726 x 10727 kg)(2.9979 x 10% m/sec)’
= 1.503 x 107"} (1.354)

which can be expressed in units of eV as follows:

1.503 x 10710}

—_— = 0.9382 x 10° ¢V = 938.2 MeV
7603 % T0-3/eV 0.9382 x 10° ¢ 38.2 Me

(1.355)

The relativistic speed of the 10 GeV proton can then be
calculated as

1
u=cl- = 0.996¢ (1.356)
\/ (10° MeV/938.2 MeV + 1)° :

A higher kinetic energy 100 GeV (10° MeV) cosmic-ray proton
would have a relativistic speed of

u=cl- : 5 = 0.999956¢
(105 MeV /938.2 MeV 4 1)°

(1.357)

The speed of the 100 GeV proton may also be calculated on the
basis of the definition of the Kinetic energy of the particle being
the difference between the roral energy of the particle and its
rest energy (See Eqn (1.194)) or

(1.358)

K = ymz'z —me* = (ym — m)c2

10°MeV = (ym — m)e*
Converting the units of electron volts in the above equation to
joules and imputing the speed of light provides
(10" eV)(1.602 x 107" J/eV)

= (ym —m)(2.9979 x 10° m/sec)’ (1.359)

from which the differences of the relativistic and rest masses of
the proton can be calculated as
1606 x 107% )
T 8.9874 x 106 m2/sec?

Y —m = 0.1782495 x 10 > kg

(1.360)
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Inputting the known rest mass m of the proton (1.6726 x 10" kg)
permits the calculation of the relativistic mass of the 100 GeV

proton as

[}

ym

]

179.9221 x 10~ kg

178.2495 x 1027 kg + 1.6726 x 10> kg

(1.361)

Since by definition, ym = m/\/1 — (12 /c2) (Sec Eqn (1.195)).

we can write

ym |

which transforms to read

> »
m (o
ym P

(1.362)

(1.363)

(1.364)

Inputting the values for the relativistic and rest masses of the

proton yields
w (16726107 ke
2 179.9221 x 10~ kg
d
L = 1 = (0.00929624)
p
w -5
= = 1-864200x 10
= (0.9999135)c2
and
u = 0.999956¢

y

(1.365)

where u is the relativistic speed of the 100 GeV proton exactly

as calculated previously by Eqn (1.357).

High-energy cosmic-ray protons, as demonstrated above,
approach the speed of light. Primary cosmic-ray nucleon
intensity drops rapidly according to energy beyond several GeV
as illustrated in Fig. 1.85. The primary nucleon intensity from
a few GeV to 100 TeV is described according to the power law

IN(E) = L8E™" nuclcons/cmz sec sr GeV

(1.366)

where E is the energy per nucleon (including rest mass energy)

and « is approximately 2.7,

As illustrated in Fig. 1.85, primary nucleon energies in
excess of 1 TeV (i.e.. 10" eV or 10° MeV) are relatively few
in number, and primary cosmic-ray particles with energies in
excess of 10 eV or 10" MeV) are very rare, but have been
reported (Horandel, 2010, Pierre Auger Collaboration, 2010,
Scherini, 2010, Zavrtanik, 2010, Nagano and Watson, 2000,
Bird et al, 1995, Hayashida et al, 1994, and Linsley, 1963). The
rarity of such extremely high-energy primary cosmic-ray
particles can be visualized with the graph of primary cosmic-ray
flux as a function of nucleon energy illustrated in Fig. 1.86.
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The cosmic-ray scientific community is studying the knee
and ankle regions of the cosmic-ray spectrum illustrated in
Fig. 1.86. The knee region at particle energies of 10°—10'° eV
shows a decline in the particle flux while the ankle region of the
spectrum occurring between 10** and 10'? ¢V shows a rise in
particle flux. The origins of the knee and ankle regions of the
energy spectrum is not fully understood. and these are now
under intense research as described by Chiavassa (2010),
Marcelli (2010), Blimer et al. (2009), Giller (2008), and
Horandel (2008a). The knee portion of the energy spectrum at
about 4 PeV (ie., ~4 x 10" ¢V), as described by Horandel
(2008a), is caused by a break in the energy spectra of the light
clements. The mean mass of the cosmic rays is found to increase
as a function of energy in the knee region. The knee in the
encrgy spectrum is most likely caused by a combination of the
maximum energy reached during acceleration and leakage from
the Galaxy during propagation (Horandel, 2008a). A current
thinking for the production of the ankle region of the spectrum
is summarized by Sundaresan (2001). It appears that the ankle is
caused by a higher-energy cosmic-ray population mixed in with
a lower energy population at energies a couple of orders of
magnitude below the ankle. The spectrum below 10 eV is
considered to be of galactic origin, and the higher-energy
population in excess of 5 x 10" eV is considered to be of
extragalactic origin (Marcelli, 2010, Allard et al., 2007, Cronin,
1999, and Sundaresan, 2001).

Much attention in the cosmic-ray community is also
focused on the mechanisms by which the cosmic-ray
nucleons are accelerated in space to energies in excess of
10 V. Enrico Fermi (1949) proposed and calculated the
acceleration of cosmic rays resulting from a series of colli-
sions with magnetic fields or magnetic clouds traversing the
universe whereby the cosmic-ray particles gain energy cach
time they bounce off the magnetic fields. This is now
referred to as Fermi acceleration, and Cronin (1999) explains
that subsequent work has shown that multiple “bounces™ off
turbulent magnetic fields associated with supernova shock
waves is the more efficient acceleration process (Drury,
1983). The energy spectrum of cosmic rays supports the
“standard picture”, as described by Horandel (2008a), that
the bulk of galactic cosmic rays is accelerated in shocks of
SUPErNOVA remnants.

B. Showers of the Cosmic Radiation

Cosmic radiation consisting of high-energy nucleons striking
the top of the atmosphere (TOA) collide with atoms of the air
to produce a cascade of secondary subatomic particles and
clectromagnetic radiation referred to as showers of the cosmic
radiation. During the years that preceded the development of
man-made high-energy particle accelerators, cosmic rays
provided much information to the field of high-energy
particle physics. The collisions of high-energy nucleons with
atomic nuclides of the atmosphere provided natural “atom
smashers™ that led to the carly discovery of sub-atomic
particles.

When a cosmic-ray particle strikes an atomic nucleus of
a gaseous molecule of the atmosphere (e.g., Na, O3, etc.),
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100 MeV. The cosmic rays consist predominantly of =
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a nuclear disintegration follows producing high-energy
secondary nucleons and charged and neutral 7@ mesons (pions).
These secondary nucleons collide with additional atomic nuclei
of the atmosphere producing a cascade of particles including
mesons, nucleons of various masses, neutrons, and products of
meson—nuclear interactions and meson decay, namely. photons
of electromagnetic radiation, positrons, negatrons, and
neutrinos, Fig. 1.87 provides a good schematic of the various
possible nucleon interactions that produce the cascade of
secondary cosmic radiation in the atmosphere,

Mesons are strongly interacting particles of mass inter-
mediate between that of the electron (0.511 MeV/c?) and the
proton (938 MeV/c®). Among the mesons produced are
(a) Kaons (K-mesons), which have a mass of about 490 MeV/
¢?, lifetimes of approximately 107" and 10°* s for the
neutral (K”) and charged (K™) kaon, respectively, decaying to
pions and/or muons as illustrated in Fig. 1.88 and (b) the
pions (m-mesons) that can decay into muons, such as
described by Eqns (1.371) and (1.372). A neutral pion has
a mass of 135 MeV/e® and a lifetime of 83 x 10 "7 5. It

Fluxes of Cosmic Rays

rd

-D
O N

(1 particle per m? - d)

Knee
(1 particle per m2 - year )

Ankle
(1 particle per kmZ = year )

4

7 10" 10" 1%

Energy (eV)

10° 10" 102 10" 10" 10" 10" 10

decays into two gamma-ray photons, as illustrated in
Fig. 1.87, or into a positron—negatron pair and gamma ray
with branching ratios of approximately 98.8% and 1.2%,
respectively, for the two decay modes (Sundareson, 2001,
Glasser et al, 1961) as follows:

= = v+ v(98.798 £ 0.032%) (1.367)

(1.368)

The positron and negatron pair (e¢'e”), as products of the
neutral pion decay, illustrated by Egn (1.368), is a result of
internal conversion of a gamma-ray photon (i.e.. internal pair
production). The neutral pion decay may also manifest itself in
yet a more rare form of dual intemmal conversion whereby two
gamma-ray photons are converted to two positron—negatron
pairs. The decay scheme is illustrated by Eqgn (1.369), and the
tracks from such a decay scheme produced in a bubble chamber
are illustrated in Fig. 1.89:

7 = et e + v (1.198 £ 0,032%)

7 = et +e +et +e (1.369)
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Out of cight million = decays in 836,000 bubble chamber
pictures, Samios et al (1962) were able to find only 206 neutral
pion decays with double internal conversion. The numerous
neutral pions were produced by Samios et al (1962) by the
interactions of = mesons from a cyclotron, with protons of the
bubble chamber liquid according to the reaction

m +pt =+ (1.370)

@Kk —x+x  (b)K—W+v,

-

FIGURE 1.88 A cloud-chamber photograph of the tracks of a probable V'
particle in a magnetic field of S000 gauss. V particles got their name from the
V-shapet tracks, that they formed from a given point in the cloud chamber. The
cloud chamber consists of upper and lower chambers separated by the glass walls
and copper tubing of a centrul Geiger counter. The Veshaped truck appears left
center in the lower-chamber, The track was the result of one of two possible modes
of kaon decay, namely, (1) a neutral kaon (K7) decaying into positive and negative
proas where the neutral kaon does not leave a track because of its lack of charge, or
(b) & negative kaon (K ) entering the cloud chamber from below and decaying
into a negative muon and neutrino, The neutrino obviously does not leave a track.
(Clowd chamber photograph is from the work of Nobel Laureate Carl D, Anderson
ard comorkers (Leighton et al., 1953) reprinted with permission © 1953 The
American Physical Society,)
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FIGURE 1,87 Schematic representation of the typical development of the
secondary cosmic radiations within the atmosphere arising from an incident
primary particle. (From Simson et al, 1953, reprinted with permission ©
1953 The American Physical Society.)

The @ mesons were slowed down with a polyethylene absorber
and then allowed to stop in the hydrogen bubble chamber. The
numerous bubble chamber photographs could be analyzed for
the identification of specific tracks by a digitized scanning
machine.

Any of the gamma rays can, in turn, produce
positron—negatron pairs via pair production, and the positron can
undergo annihilation to gamma radiation. The positive and nega-
tive pions are antiparticles. Charged pions have a mass of 139.6
MeV/c® and a lifetime of 2.6 x 10 %s, much longer than that of th
rye neutral pion. The positive pion decays to a positive muon and
muon neutrino, whereas the negative pion decays into a negative
muon and muon antineutrino as illustrated by the following:

(1.371)
(1.372)

The muon has a mass of 106 MeV/e® and lifetime of 2.2 x
10 s. The positive muon decays to a positron and muon
neutrino, and the negative muon to a negatron and anti-muon
neutrino as illustrated in Fig, 1.87 and by the following:

xt - ut+,

T —p v

-

AR A S S (1.373)

Slow negative muons undergo nuclear absorption by nucleons
with sufficient high atomic number (Z = 10 or greater):.
however, for low Z nuclides such as carbon (Z=6), slow
negative muon decay occurs rather than absorption by the
nucleus (Sundareson, 2001).

At sea level muons are the most numerous of the charged
particles resulting from cosmic ray interactions with atomic
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FIGURE 1.89 Photograph of « typical double internal conversion following 7 decay on the left with a drawing of the specific tracks provided oa the right. The

1, 1in a hydn

tracks were pr bubble chamber 30.5 cm in di

and 15.25 cm in depth, A magnetic ficld of 5.5 gauss produced the curved deflection of the

oppositely charged electrons. (From Samios et al., (1962), reprinted with permission © 1962 The American Physical Sociery.)

nuclei of the atmosphere. These have been measured with an
intensity of 100 m > sec™' at sea level. The relative abun-
dances of the cosmic radiation shower components in the
atmosphere at different altitudes with energies in excess of |
GeV are illustrated in Fig. 1.90. As illustrated in the figure,
most muons are produced high in the atmosphere at an
altitude of ~ 15 km where high-energy cosmic-ray nucleons
encounter and undergo collision with nuclei of the

Altitude (km)

[m-2s1 1)

Vertical flux

0.01 il b Ve
0 200 400 600 800 1000
Atmospheric depth  [g em~2]
FIGURE 1,90 Vertical fluxes of cosmic rays in the atmosphere with
E> 1 GeVesi I from the nucleon flux of Egn (1.366). The points show
measurements of negative muons with Eg > | GeV, (From Bellotti et al (1996,
1999). Boezio er al (2000a.b), Cowrn er al (2000). and Gaisser and Stanev
(2002), reprinted with permission © 1996 The American Physical Society.)

atmospheric gases. Pions likewise are produced high in the
atmosphere: however, their number at sea level is highly
diminished due to the prompt decay of the neutral pion to
gamma radiation and the decay of the charged pions to
muons. The muon produced high in the atmosphere loses
about 2 GeV of energy to ionization before reaching the
ground, and the mean energy of the muon at the ground is
=4 GeV (Gaisser and Stanev, 2002), and these travel at
speeds close to the speed of light (>0.99¢).

One might ask at this point the following question: If muons
of the cosmic radiation showers are produced high in the earth’s
atmosphere (at altitudes of ~ 15,000 meters or higher), travel at
speeds close to the speed of light, and have an average lifetime
of only 2.2 x 10" ° seconds, how could such muons be detected
to reach the earth’s surface? The question is an obvious one, as it
would appear with classical mathematics that, with such a short
lifetime. muons would never be expected to reach the earth,
Let’s say, for example, a muon is produced at the altitude of
15,000 meters and it travels at the speed v of 0.9993¢, which
would correspond to a speed in units of m/sec as

0.9993¢ = (0.9993)(2.9979 x 10° m/sec)
2.9958 x 10% m/sec

(1.374)

The classical calculation of its average distance d of travel
during its lifetime would be

d = (v)(r) = (2.9958 x 10® m/sec)(2.2 x 107 sec)
= 659.1 m
(1.375)

Thus, the muon would be expected to decay, according to
classical transformations, after traveling only 659 meters on the
average and, therefore, never be detected an carth. However, for
such a muon viewed by an observer on earth, he or she would
view the two events : (A) the creation of the muon and (B) the
decay of the muon, to occur in two locations in space—time
coordinates. The Lorentz time transformations demonstrate that
the two events, A and B, separated by the time interval Az, will
be dilated to the time interval Aregq. when viewed by an
observer on earth, The time dilation is calculated according to
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the following Lorentz transformation derived by Gautreau and  The increase in the observed lifetime of the accelerated muons
Savin (1999) and Serway et al (2005) over the muons at rest is
Ar -6
Dlegh = ——=—= (1.376) Ar 63.58 x 107" sec
g '11_(“-/(‘) A_Io = m = 289 (|.38l,

where v is the velocity of the particle and ¢ is the invariable speed — This test of time dilation, provided by the muon lifetime
of light in a vacuum. For the muon traveling at 0.9993c, we can measurements, is discussed in papers by Drumm et al (1977),
calculate Afeg, or the dilated lifetime of the muon as follows:  Thompson (2004) and Tomaschitz (2004),

At _ 22x 1076 sec
V1= (7/3) \/l — (0.9993)? C. Cosmic Rays, Underground

e §O The only significant cosmic radiation with energy sufficient to
= — 58.8 % 1079 sec (1.377)  penetrate considerable depths of earth are charged muons and

0.0374 muon neutrinos. Thus. Tueros and Sciutto (2010) describe

According to the dilated time of 58.8 x 107 sec, the observer  muons as the “penetrating component”™ of the cosmic-ray-
on earth will determine that the muon would travel, before it induced showers, capable of reaching deep underground without
decays, a distance of interacting in the atmosphere. High-energy muons will traverse
__ £ - 8 -6 rock and lose energy via either direct ionization or radiative
d= () Alem) = (220302¢.107 01/ mc) (5082107 2ec) processes. The radiative processes include bremsstrahlung
= 17615 meters production with concomitant positron—electron pair production
(1.378) and photonuclear interactions. Muon-induced spallation is

33t ieX ) R > another mechanism of energy loss. The muon cosmic-ray
which is well beyond the distance of 15,000 meters elevation ;. .nitie diminish with depth as expected. This is a subject of
when it was created. permitting its detection on earth. The o0l o irement of very low levels of radiation.
distance isoonly an average figure, because the muon lifetime of Consequently, underground laboratories have been built to ach-
2.2 x 10" seconds is an average lifetime. . ieve lowest possible background radiation interference in the
__ The example provided here is a realistic one, and the relativ- .o 600 of very low levels of natural radioactivity. Muon ranges
istic time dilation has been demonstrated by Bailey et al (1977, in rock are measured in units of km-water-equivalent (km.w.)

1979) based on the historical tests of Rossi and Hall (1941). where 1 km.w.e. = 10° glem? of standard rock. Average ranges in

The historical work of Rossi and Hall entailed the (oo 0d ook (2= 11, A = 22, Z/A = 0.5000, p=2.650 glem’)
measurement of the muon flux on Mi. Washington in New  for pyons of 10, 100, 1000, and 10,000 GeV are 0.05, 0.41, 2.45,
Hampshire at the altitude of 2,000 meters and at the mountain ¢ (g L The vertical muon intensity versus underground

base. They found that the muon flux at both altitudes did not depth of standard rock has been determined. The muon vertical
differ greatly, only by the ratio of 1.4, that is, the muon flux was intensity drops from 10~ cm™2sr~'s™! i

to 10 % em % 's!
1.4 times as high at the altitade of 2,000 meters compared tothe (00 0 ge of rock depths from 1 to 10 km.w.e.. respectively
ground level. Calculations based on a muon half-life of 1.5 x (Gaisser and Stanev, 2002).
10" seconds, the muon flux ratio for the two altitudes, should
have been approximately 22 even when attributing the highest
unrealistic speed of light to the muons. The actual low ratio of
1.4 could only be explained by applying the time dilation
calculations for muons traveling at the speed of 0.994c¢.

More recent experiments at CERN by Bailey et al (1977,
1979) involved accelerating muons in & storage ring to speeds of
up t0 0.9994¢. The rates of decay of the accelerated muons were
measured by detecting their electron decay-product emissions.
The accelerated muons were found to have a lifetime of
29.3 times longer than a muon at rest. This agrees perfectly with
the calculated dilated lifetime of the muon according to the
Lorentz transformation

Alegnh =

Radiation from muons of the cosmic-ray showers is signifi-
cant underground. The mechanisms of muon energy loss are
dependent on the muon energy. Tueros and Sciotto (2010) report
a Monte Carlo program that simulate high-energy cosmic-ray
showers underground. From nuclear data tables of Groom
(2001), they calculated the muon energy losses in standard rock
by plotting the stopping power versus muon energy illustrated in
Fig. 1.91. (Stopping power calculations are discussed in Section
XIV.A.) Muons traveling through matter will lose energy by
several mechanisms including ionization, bremsstrahlung
production, pair production, photonuclear reactions including
spallation caused by muon collisions with nuclei. Tueros and
Sciotto (2010) demonstrate from Fig. 1.91 that ionization losses

T A (1.379)  are dominate at low muon energies (<100 MeV) and ionization
V1 =(/2) losses predominate among the other mechanisms of energy loss

and remain fairly constant constant at 1.5-2.2 MeV em’/g below
10 GeV (10* MeV) muon energy in standard rock. At muon
energies (> 10 GeV) radiative energy losses steadily increase and
5 % reach the critical energy at ~0.7 TeV (693 GeV, see Fig. 1.91),

£f o 22X 107° sec ~ 63.58 x 10-% sec (1.380) Whl.Ch. is the energy at which the ionization Io§\‘ is equal to the
= (0.9994)2 radiative loss, The cnuc:zl energy for muons in airis much h:ghcr

3.6 TeV as reported by Greider (2001). Thus, Tueros and Sciotto

where Arg is the lifetime of the muon at rest, v the speed of the
muon, and ¢ the speed of light. The dilated lifetime of the muon
at 0.9994¢ is calculated to be

127 of 282 11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

128 of 282

Muon Losses in Standard rock
<ZJA >~ 0.50000, density ~ 24650
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Muon Ey .. [MeV] E_~693GeV

FIGURE 1,91 Muon encrgy loss versus muon energy in standard rock, ( From
Tireros and Sciwite (2010), reprinted with permission from Elsevier © 2010.)

(2010) point out that bremsstrahlung and pair production energy
losses for muons in air are negligible with the exception of very
high muon energies, whereas it is increasingly important
underground for muon energies >50 GeV,

Another source of underground background interference from
muons of the cosmic radiation showers is the production of
gamma-ray photons from radiative neutron capture reactions in
hydrogen and elements encountered in rock and other soil mate-
rials, Neutrons are produced by muon spallation reactions as well
as photonuclear reactions arising from bremsstrahlung radiative
energy loss. Aratjo et al (2008) and Lindote et al (2009) report
a Monte Carlo simulation, which provides a very good estimate of
the absolute neutron yield in lead as (1.31+0.06) x 1077
neutrons/muon/g/em’) for a mean muon energy of 260 GeV.

D. Origins of Cosmic Radiation

The origins of galactic and extragalactic cosmic rays remains an
unsolved problem, and reviews on current research and thinking
are provided by Potgieter (2010), Blasi (2008), Horandel
(2008b), and Gaisser (2001). The subject of cosmic-ray origin is
somewhat out of scope of this chapter; and the reader is invited
to peruse the review papers on this subject cited above. In brief,
cosmic rays can originate from (i) energetic particles associated
with mass ¢jections from solar flares and similar energetic solar
events, (ii) anomalous cosmic rays, which are particles of
interstellar origin accelerated at the edge of the heliopause and
accelerated at the termination shock in the solar wind., (iii) high-
energy particles of galactic origin far outside the heliosphere or
our solar system, and (iv) extragalactic sources, which give rise
to particles of the highest energies ~10' eV or higher.

XIIl. RADIATION DOSE

Radiation dose, also referred to as absorbed radiation dose, is
the amount of energy deposited in a given mass of a medium by
ionizing radiation. The measurement of radiation dose, i.e.,
radiation dosimetry, is not a subject of this book. Nevertheless,
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the basic units used in the measurement of radiation dose will be
mentioned briefly here, as the monitoring of radiation workers
for the dose received by the body is essential.

Radiation exposure was historically measured by the
roentgen (R), which is a measure of the quantity of radiation
deposited in air from the amount of charge or ionization
produced by the radiation in air. By definition, 1 R =2.58 x
107" C/kg of air at STP. that is, one roentgen will produce
2.58 x 10~ Coulombs of ion pairs in one kilogram of air. The
roentgen is a unit of exposure that is mostly historical and
seldom used: it still occasionally appears on some dosimeter
readings, Of more significance is the measure of absorbed dose,
that is, the energy of radiation absorbed per unit mass of
absorber. The original unit of absorbed dose is the rad, which is
derived from the term “radiation absorbed dose™. The rad has
been replaced with the gray (Gy). which is the SI unit of
absorbed dose. The use of SI units is recommended by the
International Commission on Radiation Units and Measure-
ments (ICRU). The rad and gray have the following equivalents:

100rad = 10* erg/g = 1 Gy = 1J/kg (1.382)
Irad = 10mGy = 100erg/g (1.383)
I mrad = 10 uGy (1.384)

As 1 eV = 1,602 x 1077 J, we can convert the gray to units of
electron-volt energy deposited in a kg of absorber or

1 Gy = 6,24 x 10" MeV /kg (1.385)

Let us use the following example to illustrate the calculation of
radiation dose:

A 1.5 ecm® beam of gamma radiation consisting of 1 MeV
photons with an emission rate of 5 x 10* photons/sec is imradiated
onto human tissue of density 1.1 g/em®. If 6.25% of the
gamma radiation is absorbed by 1.25 cm thickness of the tissue
(i.e.,93.75 % transmitted through the tissue), the rate of radiation
dose administered to the tissue per second may be calculated as

ene
dose = ey
mass

(1.386)
and
energy/sec

mass
(5 x 10° photons /sec)(0.0625)(1 MeV /photon)
- (1.1 g/em?)(1.5 cm?)(1.25 ¢cm)
o 212 10" MeV/sec
= 2.0625 g

dose/sec =

= 1.51 x 10" MeV /sec/kg

(1.387)

If 1 gray (Gy) is equivalent 0 6.24 x 10'* MeV/kg Egn (1.385),
the dose rate in MeV/sec/kg is converted to units of the Gray
(Gy) as

10 o
1.51 x 10" MeV/sec/kg 2.42 mGy/sec

dose (Gy/sec) = &2 = 101 MoV /kg/Cy

(1.388)

Another formerly very common and historical unit of radiation
dose is the rem. The rem is a measure of absorbed dose in
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biological tissue. This unit of measure is derived from the term The equivalent dose in Sv can be calculated from the
“roentgen equivalent for man™ or “roentgen equivalent weighting factors as

mammal”, The rem was created as a measure of dose of

ionizing radiation to body tissue in terms of its estimated bio- Sv = absorbed dose in grays x wg (1.390)

logical effect; its St unit i the sievert (Sv) and where the weighting factor expresses potential damage to cells

100rem = 1Sv and lrem = 10 mSv (1.389) and long-term risk (primarily cancer and leukemia) from low-
level cronic exposure, which is dependent on radiation type and
The rem or Sv (sievert) are referred to as units of equivalent other factors (ICRP. 1991 and Donahue and Fasso, 2002). Using
dose. because the dose is measured on the basis of a weighting  the notation of Lilley (2001) for average absorbed dose in tissue.
factor (wg). which defines the relative hazard of radiation on  Eqn (1.390) can be written as
the basis of the types and energies of the radiations by placin
all radiation cla)sl‘::s on lhcrgsumc dose level or ezu‘:vulcngt Rl (60
(L' Annunziata, 1987). The weighting factor, formerly known
as the quality factor (QF), is defined as the ratio of the gamma-
ray or x-ray dose to the dose required to produce the same
biological effect by the radiation in question. Table 1.24 lists
the radiation weighting factors according to radiation type and
energy. The weighting factor of a given radiation is a function
of the radiation linear energy transfer (LET). that is, the
radiation energy loss per path length of travel. As discussed in

where Sv is the equivalent dose in sieverts and Dyg is the
average absorbed dose in tissue T from a given type of radiation
R. For example, from the weighting factors of Table 1.24 and
Eqn (1.391), we can calculate that an average absorbed dose of
0.01 Gy from alpha particles (wg = 20) will produce the same
biological effect as a 0.2 Gy dose from x- or gamma radiation
(wg = 1). Likewise, a 0.1 Gy dose from 50 keV neutrons
3 o : (wg = 10) will produce the same biological effect as a 1 Gy dose
Section XIV, radiations of high mass and charge. such asalpha ¢ 1. rons (wg=1). When more than one radiation type
particles or fission products, will have a higher LET than  .oniibutes 10 the absorbed dose, the equivalent dose is calcu-
electrons or beta particles, muons, or X-ray or gamma-ray o according to the weighted sum of the contributions from
photons. Because photons will produce electrons as secondary .o radiation type.

particles, x- or gamma-ray photons are classified to have the The ICRP (1991) recommendation for limits of exposure for
same radiation weighting factor as electrons. According tothe 4o workers for whole-body dose is 20 mSv/yr (2 rem/yr)
wcig!uing factors pmvi.dcd in Table l.24.. alpha particles are averaged over 5 years, with the dose in any one year < 50 mSv
considered to be 20 times Lo damaging to cells of the (5 rem/yr). It is estimated by the United States National Safety
human body than beta particles, muons, and x- or gamma  council that the average person in the United States receives
radiation. However, alpha particles and other heavy nuclei 010 3 6 mSy (0.36 rem or 360 mrem) of accumulated radiation
have short ranges in matter compared to other radiation types.  4.c0 per year from all sources including cosmic radiation,
Thus, distance provides the best protection from alpha parti- . gical x-rays, and natural radioactivity, ete. In most world,
cles and other heavy nuclei. Also, the weighting factors for o0 whole-body equivalent dose rate is = 0.4—4 mSv/yr or
neutrons in Table 1.24 classify the neutrally charged neutrons 40400 mrem/yr, although in certain areas of the world the

as more hazardous to biological tissue than the charged  joc0 e can range up to 50 mSv/yr or 5 rem/yr (Donahue and
clectrons or muons. This is because neutrons will produce g6 2002).

recoil protons and ions of higher mass via neutron collisions in As discussed previously in Section XILB. the atmosphere

body tissue. serves as an excellent shield against intense cosmic radiation, as
cosmic-ray particles collide with nuclei of nitrogen, oxygen,

( ” o : 7\  and other gaseous atoms of the atmosphere and produce the less
TABLE 1.24 Radiation Weighting Factors hazardous particles that constitute the cosmic-ray showers.
Radiation Wi Exposure to cosmic radiation is of some concern to interconti-
X- and gamma-rays, all energies 1 nental airline pilots, who fly at high altitudes (7—12 km above

- the carth) and high degrees of latitude and who compile large

Electrons and muons, all energies - numbers of flight hours per year over long careers, Hammer et al
Neutrons < 10 keV 5 (2000) report a mean cosmic radiation dose estimate of 35 mSv
10-100 keV 10 for 509 pilots, who averaged 26.6 years of employment at an

average of 481 flight hours per year. The accumulated cosmic

200 W 1o 2 M 20 radiation dose of 35 mSv over 26.6 years will yield an average

220 MeV 10 dose rate of 1.3 mSv/y. The dose rates are well within the ICRP

520 MeV 5 (1991) recommendations for limits of exposure for radiation

- workers for whole body dose set at 20 mSv/y. For pregnant

Protons (other than recoils) > 2 MeV 5 women, however, the ICRP limit of dose is 2 mSv for the
Alphas, fission fragments, and heavy nuclei 20 duration of pregnancy. Consequently, the study by NRL (1998)
From ICRP (1991) and Donate and Fassd (2002). Reginted with permission concludes that airline compz_mics may apply a limitof 2 mSv. for
(mm ICRP © 1991, ) a pregnant member of the aircrew from the time of conception.
Astronauts, who circle the carth in orbit for extended periods of
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time, those who have traveled and plan to travel to the moon and
back, and those who may travel to Mars have reason for concern
of exposure to cosmic radiation where there is no protection
from the earth’s partially protective atmospheric shield. Fujitaka
(2005) reports that a 1-week mission on the space schuttle will
result in a radiation dose of 3.5 mSv, while astronauts would
accumulate a dose of 43 mSv during a trip to the moon. Travel
to Earth to Mars would take 280 days and the retumn trip 256
days during which time astronauts would accumulate 1850
mSy, and a stay on Mars for 439 days would expose astronauts
to an additional 410 mSv whereby each astronaut would accu-
mulate a grand total of 2.26 x 10" mSv (Paschoa and Stein-
hiusler (2010). A very interesting and stimulating note for
thought is reported by Fujitaka (2005) that space travel to Pluto,
which is at the boundaries of our solar system would expose
astronauts to a cosmic radiation dose of 70 Sv or 70.000 mSv.
which is enough radiation to kill every cell in the human body.
This may be so at current speeds of space travel, as NASA's
New Horizons Mission spacecraft to Pluto was launched in June
2006, and it is expected to arrive at Pluto after nine years,
sometime in 2015. However, with the proper thrust systems,
high speeds of space travel in a manned spacecraft would be
possible (Westmoreland, 2010 and Walter, 2006), which would
minimize space travel time well out of our solar system and thus
keep cosmic radiation dose to acceptable limits.

For further information on radiation dosimetry, the reader is
invited to peruse books dedicated to this subject matter such as
those by Bevelacqua (2010), Stabin (2009) and Cember and
Johnson (2008).

XIV. STOPPING POWER AND LINEAR
ENERGY TRANSFER

Previous sections in this chapter provide information on the
mechanisms of interaction of radiation with matter. In summary,
we can state that the principal mechanisms of interaction of
charged particles with matter, which result in significant
charged-particle energy loss, are (i) ionization via Coulombic
interactions of the charged particles with atomic electrons of the
absorbing medium, (ii) electron orbital excitation of the
medium, which occurs when the energy transfer through
Coulombic interaction is not sufficient to actually cject an
electron from an atom, and (iii) the radial emission of energy as
bremsstrahlung (x-radiation) when a charged particle deceler-
ates as it is deflected by an atomic nucleus. Release of particle
energy by bremsstrahlung radiation becomes increasingly
significant as the charged panticle (e.g.. beta-panticle) energy
and absorber atomic number increase. On the other hand,
electromagnetic radiation dissipates its energy in matter via
three mechanisms, namely, (i) the photoelectric effect, (ii)
Compton scattering, and (i) pair production, The photoelectric
effect and Compton scattering generate ion pairs directly within
the absorbing medium, whereas pair production results in the
creation of charged particles (positrons and negatrons) that will
subsequently dissipate their energy via ionization, electron
excitation, and. in the case of positrons, annihilation. Also, we
have seen that energetic neutrons will dissipate their energy in
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matter through elastic collisions with atomic nuclei of the
absorbing medium. When hydrogen is present in the absorbing
material, the bulk of fast-neutron energy is passed on to the
hydrogen nuclei. In turn, the Kinetic energy of these protons is
absorbed in the medium via ionization and excitation processes.
We have seen also that low- and high-energy neutrons are
absorbed principally via inclastic neutron reactions, which can
result in the production of charged particles and gamma
radiation.

The radiation properties (e.g.. charge, mass, and energy) and
mechanisms of interaction previously described govern the rate
of dissipation of energy and consequently the range of travel of
the nuclear radiation in the absorber. This brings to bare the
concepts of stopping power and linear energy transfer (LET),
which are described subsequently.

A. Stopping Power

Stopping power is defined by The International Commission
on Radiation Units and Measurements (ICRU) as the average
cnergy dissipated by ionizing radiation in a medium per unit
path length of travel of the radiation in the medium (Taylor
et al, 1970). It is, of course, impossible to predict how
a given charged-particle will interact with any given atom of
the absorber medium. Also, when we consider that the
Coulombic forces of charged particles will interact simulta-
neously with many atoms as it travels through the absorbed
medium, we can only predict an average effect of energy loss
per particle distance of travel. Taking into account the
charge, mass, and speed (energy) of the particle, and the
density and atomic number of the absorbing medium, Bethe
(1933) and Bethe and Ashkin (1953) derived the formula for
calculating the stopping power resulting from Coulombic
interactions of heavy charged particles (e.g., alpha particles,
protons, and deuterons) traveling through absorber media.
Rohrlich and Carlson (1954) have refined the calculations to
include energy losses via bremsstrahlung radiation, signifi-
cant when high-energy clectrons and beta particles interact
with absorbers of high atomic number. Also, refinements to
the stopping power formulas in the low-energy ranges of
heavy particles have been made by several researchers,
including Bohr and Lindhard (1954), Lindhard and Scharff
(1960, 1961), Northcliffe, 1963, and Mozumder et al, (1968).
Derivations of stopping power formulas can be obtained from
texts by Evans (1955), Friedlander et al (1964), Roy and
Reed (1968), and Segré (1968). Stopping power and range
tables for electrons and protons over the energy range of
10~ *=10" MeV and for helium ions over the energy range of
107'~10" MeV in 74 materials are available from Berger
(1993) and Berger et al (2005), and these can be calculated
on-line at the website of the National Institute of Standards
and Technology (NIST). ie.. hup://www.nist.gov/physlab/
data/star/index.cfm, for electrons in any user-specified
materials, and for protons and helium ions in 74 materials
(NIST. 2010).

The formulas for the stopping power of charged particles
due to Coulombic or collisional interactions (i.e., ionization and
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electron orbital excitation) are clearly defined by Tsoulfanidis
(1995) as the following:

1. for heavy charged particles (e.g.. protons, deuterons, and
alpha particles),

(1.392)

dE e 2me? , A
4:41,:2%2—N2[ln(-'"+6*72) e ﬂ‘]

2. for electrons or negatrons (negative beta particles),

dE _ 4,,20""‘1”{ In (L_ VIY_I m('z)

dy g

1 [(r=1)°
+5~7[ 2 +|-(7’+2y-|)|n2]}

(1.393)

and
3. for positrons (positive beta particles),

2 o |
dE = 4:r,2, ";; NZ{ln(B—fy ;’ m‘z)

dx
2 2
—£23+ l4+ '0,+ . ‘+"‘_'
24 T+ (y+1)7 (y+1) 2
(1.394)

where d£ /dx is the particle stopping power in units of MeV/m,
rp is the classical electron radius = 2.818 x 1075 m, z is the
charge on the particle (z=1 for p.d, 8. " and z=2 for a),
mc” is the rest energy of the electron = 0.511 MeV (see Section
X.C). N is the number of atoms per m” in the absorber material
through which the charged particle travels (V = p(Ny/A) where
p is the absorber density in units of glem®, Ny is Avogadro's
number = 6,022 x 10" atoms per mol, A is the atomic weight
(not the mass number) of the absorber material, and Z is the

atomic  number  of the absorber. y = (T4 mc?)/
me® = 1/y/1 = B° where T is the particle Kinetic energy in

MeV and /1 is the particle rest mass (e.g.. proton = 938.2 MeV/c”,
deuteron = 1875.6 MeV/c?, alpha particle = 3727.3 MeV/c?,
and 8 or 87 =0.511 MeV/c?, and § the relative phase velocity
of the particle =/, that is, the velocity of the particle in the
medium divided by the speed of light in a vacuum =
vVI1—=( 1/72) (see also Chapter 15 for a treatment on 8). and / is
the mean excitation potential of the absorber in units of eV
approximated by the equation

1 = (9.76 + 58.827'1%)Z, (1.395)

where pure elements are involved as described by Tsoulfanidis
(1995). However, when a compound or mixture of elements is
concerned, a mean excitation energy, (/). must be calculated
according to Bethe theory as follows:

whenZ > 12

IE;W,-(Z,-/A,-)In I,~|

Zj":i(zi/Ai) (1.396)

(f) = exp

D)

where wy, Z;. Aj and /; are the weight fraction, atomic number,
atomic weight, and mean excitation energy, respectively, of the
Jth clement (Seltzer and Berger, 1982a). See Anderson et al,
(1969), Sorensen and Anderson (1973), Snow et al, (1973). Janni
(1982), Selizer and Berger (1982a,b, 1984), Berger and Seltzer
(1982), and Tsoulfanidis (1995) for experimentally determined
values of / for various elements and thorough treatments of
stopping power calculations, Values of mean excitation poten-
tials, /, for 100 clements and many inorganic and organic
compounds are provided by Seltzer and Berger (1982a, 1984),

An example of the application of one of the above equations
would be the following calculation of the stopping power for
a 2.280 MeV beta particle (£,,,,) emitted from Ny traveling
through a Nal solid scintillation crystal detector. This would be
a practical example, as the Nal detector is used commonly for
the measurement of ™Y. The solution is as follows:

Firstly, the calculation of relevant variables are

2280 MeV + 0.511 MeV

= 5.
0.511 MeV 2

8= 1-;'5 = 09831 and B° = 0.9665

The atomic weight A for Nal would be the average atomic
weight (Ay,) based on the weight fraction wy, for Na (15.3%)
and wy for 1 (84.7%) in Nal or

Ay = (0.153)(Any) + (0.847)(A;)
= (0.153)(23) + (0.847)(127) = 111
Also, on the basis of the weight averages for Na and I, the
atomic number Z would be the effective atomic number Zy¢

calculated according to the following equation described by
Tsoulfanidis (1995) and Andreo et al (2005):

7 = Zi=1/A)Z]

T (wi/A)Z
where L is the number of elements in the absorber, w; is the
weight fraction of the ith element, A; is the atomic weight of the
ith element, Z; is the atomic number of the ith element, and
wi = NAIM where N; is the number of atoms of the ith element

and M is the molecular weight of the absorber. If we apply
Eqgn (1.397) to the absorber Nal, we find

(0.153/22.989)(11)% + (0.847/126.893)(53)°
C T (0.153/22.989)(11) + (0.847/126.893)(53)
= 45.798

(1.397)

(1.398)

For pure elements, the value of the mean excitation potential, /, can
be calculated according to the empirical formula provided by
Eqn (1.395). However, for the compound Nal, the mean excitation
energy. (/). will be calculated according to Eqn (1.196) as follows:

i { (0.153)(11/22.989)In149 ]
= P +(0.847)(53/126.893)In 491
/ (0.153)(11/22.989)

(1.399)
+(0.847)(53/I26.893)]} i
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where the values of the mean excitation energy, /;, for the
clements Na and I of 149 and 941 eV, respectively, were
obtained from Steltzer and Berger (1982a). From Eqgn (1.393),
the stopping power, due to collisional interactions, for the 2.280
beta particle traveling through a Nal crystal, is calculated as

dE 152 (0511 MeV s
& = B.14288x 107 m) ( 55688 )(3.67g/cm )
6,022 = 10* atoms/mol\ £10° cm?
" ( 111 g/mol )( m' ) % (45.79%9)
(0.9831)(5.462)/4.362 .
'"(—"«'BIV——("'5" MeV)(10° D,V/MCV))
x
1 [@ase2® S A
vy 1 - (5.462° 4 2(5.462) — 1)In2
= 460.4 MeV/m

(1.400)

The term (10 em*m?) is included in the above calculation to
maintain consistency of units, thus converting the units of
density expressed in g/em” to g/m®. In SI units, the stopping
power can be expressed in units of J/m or

(460.4 MeV /m)(1.602 x 107" J/MeV) = 7.38 x 107" J/m
(1.401)

The stopping power is often expressed in units of MeV em*/g or
Jm’/kg, which provides values for stopping power without
defining the density of the absorber medium (Taylor et al, 1970
and Tsoulfanidis, 1995). In these units the above calculation can
be expressed as

1 (dE\  4.604 MeV /em
de/  3.67g/cm?

P
This calculated value of stopping power due to collision or
Coulombic interactions agrees closely to the on-line computer-
calculated value of 1.20 McV cm’/g for a 2.280 MeV beta
particle or electron in Nal (See NIST, 2011).

Eqn (1.393) used above to calculate the stopping power for
the 2.280 MeV beta particle from **Y in Nal accounts only for
cnergy of the beta particle lost via collision interactions
resulting in ionization and electron—orbital excitations. The
equation does not account for radiative energy loss via the
production of bremsstrahlung radiation, which can be very
significant with beta particles of high energy and absorber
materials of high atomic number. Thus, a complete calculation
of the stopping power must include also the radiative energy
loss via bremsstrahlung as described by Eqn (1.175), that is,

(#).=@),+ ).

where (dE/dx),,., is the rate of total beta particle or electron
energy loss in an absorber, (dE/dx)_, is the rate of energy loss
due to collision or ionization interactions, and (d£/dx),, is the
rate of radiative energy loss due to bremsstrahlung production.
We must keep in mind that each stopping-power calculation,
such as the above example, provides values for only one beta
particle or electron energy. Beta particles, on the other hand, are

=1.25MeVem®/g  (1.402)

(1.403)
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emitted from decaying radionuclides with a broad spectrum of
energies from zero 10 Eq.. the majority of which may possess
an average energy, £y, of approximately one-third of ..
The ratio of beta-particle energy loss via radiative energy
emission as bremsstrahlung to energy loss via collision inter-
actions causing ionization and excitation is described by the
approximation
Eves. _ EZ
Eioa. 750

where E is the beta-particle energy in MeV and Z is the atomic
number of the absorber material (Evans, 1955, Friedlander et al,
1964, and Faw and Schultis, 2004) . From Eqns (1.403) and
(1.404), we can approximate the radial energy loss for the 2.280
MeV beta particle in Nal using the previously calculated ion-
izational energy loss Eqgn (1.400) as

aEY _ ZE (4
de/ g 750\dx/

_ (45.798)(2.280)
W 750
= (.641 MeV/ecm

(1.404)

(1.405)
(4.604 MeV /em)

This radiative energy loss expressed in units of MeV em*/g

would be
| dE) _ 0641 MeV/em
p \dx 3.67 g/em?

This agrees closely to the on-line computer calculated value of
0.16 MeV em?/g for the radiative energy loss a 2.280 MeV beta
particle or electron in Nal (See NIST, 2011). The total stopping
power of the 2.280 MeV beta particle in Nal according to
Eqn (1.403) is calculated as

@i~ )

4.60 MeV /em + 0.64 MeV /em
5.24 MeV/em

Beta-particle loss via bremsstrahlung radiation of the 2.280 MeV
beta particles from ™Y is significant in Nal, namely, 0.641/5.24
or 12.2% of the total energy loss. Consequently, Nal solid
scintillation detectors are at times used for the analysis of *’Y
(Coursey et al, 1993). The actual detection efficiencies reported
by Coursey et al (1993) for the solid scintillation analysis of *’Y
fall in the range of 9.9—18% depending on sample and detector
counting geometries. The detection efficiencies exceed the
above-calculated  12.2% energy loss via  bremsstrahlung
production, because the Nal detector will also respond to col-
lision—excitation energy of the beta particle in addition to
bremsstrahlung radiation excitation. Caution is warranted in
making correlations between detector response to beta-particle
radiation and stopping-power calculations, because we must
keep in mind that cach stopping-power calculation, such as the
above example, provides values for only one beta-particle
energy. Beta particles, on the other hand, are emitted with
a broad spectrum of energies from zero 10 E,,..

= 0.17 MeVem®/g  (1.406)

(1.407)
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Bremsstrahlung production will increase as the absorber
atomic number (Z) and beta-particle or electron energy increase,
Bremmstrahlung is highly penetrating electromagnetic radia-
tion, and thus low atomic number absorbers such as aluminum
or plastic (high in carbon and hydrogen) may be used as shields
against beta-particle radiation. Shielding material containing
high-atomic-number elements, such as lead glass, against high-
energy beta particles will yield high levels of bremsstrahlung
radiation. The effect of atomic number (Z) and beta-particle or
electron energy (£) on the ratio of energy loss via bremsstrah-
lung production to ionization energy is illustrated in Fig. 1.92,
The effective atomic numbers of compounds, such as poly-
ethylene (—Ca—Hy),. Zor = 5.28). water (Zy¢ = 6.60) and air
(Zeg = 7.3), included as absorbers in Fig. 1,92, are a function of
the weight fraction of cach clement in the compound calculated
according to Eqn (1.397). As illustrated in Fig. 1.92, absorbers
of low atomic number yicld less bremsstrahlung radiative
energy loss from high-energy beta-particle or electron interac-
tions in matter.

B. Linear Energy Transfer

The International Commission on Radiation Units and
Measurements (ICRU) defines lincar energy transfer (L) of
charged particles in a medium as

=

where dE; is the average energy locally imparted to the
medium by a charged particle of specified energy in traversing
a distance d/ (Taylor et al, 1970). The term “locally imparted”
refers cither to a maximum distance from the particle track or
10 a maximum value of discrete energy loss by the particle
beyond which losses are no longer considered as local. Linear
energy transfer or LET is generally measured in units of keV/
um. The ICRU recommends, when a restricted form of LET is

L (1.408)
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desired, that the energy cutoff form of LET be applied. because
this can be evaluated using restricted stopping-power formulas
(Taylor et al, 1970). The energy-restricted form of LET or Ly is
therefore defined as that part of the total energy loss of
a charged particle which is due to energy transfers up to
a specified energy cutoff value:

dE
o= (E).\

where the cutofl energy () in ¢V units must be defined or
stated. If no cutoff energy is applied, then the subscript = is
used in place of A, where L. would signify the value of LET,
which includes all energy losses and would therefore be equal to
the total mass stopping power.

Fig. 1.93 illustrates charged particle interactions within an
absorber involved in the measurement of LET. The possible
types of energy loss, AE, of a charged particle of specified
energy, E, traversing an absorber over a track length Al is
illustrated, where O represents a particle traversing the observer
without any energy loss, U is the energy transferred to a local-
ized interaction site, ¢ is the energy transferred to a short-range
secondary particle when ¢ < A, and A is a selected cutoff energy
level (e.g.. 100 eV). Q' is the energy transferred to a long-range
secondary particle (e.g.. formation of delta rays) for which
Q' > A, v is the energy transferred to photons (e.g.. excitation
fluorescence, Cherenkov photons, etc.). » is a selected cutoff
distance from the particle’s initial trajectory or path of travel,
and 0 is the angle of particle scatter. The interactions ¢, Q. and y
are subdivided in Fig. 1.93 when these fall into different
compartments of the absorber medium. See Taylor et al, (1970)
for methods used for the precise calculations of LET. Some
examples of LET in water for various radiation types are given
in Table 1.25, The table clearly illustrates that radiation of
a given energy with shorter range in a medium will yield higher
values of LET than radiations of the same energy with longer

(1.409)

FIGURE 192 Ratio of encrgy loss via radiative
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ABSORBER
FIGURE 1.93 Diagram of the passage of a particle of encrgy £ through
a thickness Af of material illustrating the several types of energy loss that may
occur, ( From Taylor et al., (1970) reprinted with permission from ICRU © 1970.)

ranges in the same medium, This may be intuitively obvious,
because the shorter the range of the radiation, the greater is the
energy dissipated per unit path length of travel. We can take this
further and generalize that the following radiation types will
yield LET values of decreasing orders of magnitude (the heavier
charged particles are considered here to be of the same energy
for purposes of comparison) according to the sequence:

Decreasing LET:

Fission Products

Alpha Particles

Deuterons

Protons

Low-energy x Rays and Beta Particles
High-energy x Rays and Beta Particles

Gamma Radiation and High-energy Beta Particles

Although the electromagnetic x- and gamma radiations
arc not charged particles, these radiations do have the
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characteristics of particles (photons) that produce ionization in
matter. They are, therefore, included in the above sequence and
among the radiations listed in Table 1.25.

The term delta rays (8-rays), referred to in the previous
paragraph, is used to identify high-cnergy eclectrons that
produce secondary ionization. When a charged particle, such as
an alpha particle. travels through matter, ionization occurs
principally through Coulombic attraction of orbital electrons to
the positive charge on the alpha particle with the ¢jection of
electrons of such low energy that these electrons do not produce
further ionization. However, direct head-on collisions of the
primary ionizing particle with an electron does oceur occa-
sionally whereby a large amount of energy is transferred to the
electron. The high-energy electron will then travel on in the
absorbing matter to produce secondary ionization. These high-
energy electrons are referred to as delta rays, Delta rays form
ionization tracks away from the track produced by the primary
ionizing particle (Horowitz, 2006 and Cucinotta et al, 1998).
Also, most of the muon-induced background in Ge gamma
spectrometers is caused by bremsstrahlung radiation of delta
clectrons (Povinec et al, 2008).

When we compare particles of similar energy, we can
state that the ranges of particles of greater mass and charge
will obviously be shorter and the magnitude of their LET
values would be consequently higher in any given medium.
The relationship between mass, charge, energy, and the range
of particles and their corresponding LET values can be
appreciated from Table 1.26. The LET values in Table 1.26
are estimated by dividing the radiation energy by its range or
path length in the medium. Such a calculation provides only
an estimate of the LET, because the energy dissipated by the
radiation will vary along its path of travel, particularly in the
case of charged particles, more energy is released when
the particle slows down before it comes to a stop as illus-
trated in Fig. 1.29. when energy liberated in ion-pair
formation is the highest. Nevertheless, the LET values

kfmm Taylor ¢ al. (19700, Repinted with permission from ICRU © 1970.

(I’ABLE 1.25 Track-average Values of LET (L,) in Water Irradiated with Various Radiations” \

Cut-off energy, Ls

Radiation A leV) (keV/pum)

“*Co gamma rays Unrestricted 0.239
10,000 0.232
1,000 0.230
100 0.229

22-MeV x-rays 100 0.19

2-MeV electrons (whole track) 100 0.20

200-kV x-rays 100 1.7

"H beta particles 100 4.7

S50-kV x-rays 100 6.3

5.3 MeV alpha particles 100 43

(whole track)
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GABLE 1.26 Range and Approximate LET Values for Various\
Charged-Particle Radiations in Water in Order of

Decreasing Mass and Charge®
Radiation, Range in Average LET in water
Nuclide energy (MeV) water (mm)  (keV/um)
Thorium-232 «, 4.0 0.029" 138
Americium-  a, 5.5 0.048" 14
241
Thorium-227 a, 6.0 0,055" 109
Polonium-211 a, 7.4 0.075" 98
d, 4.0 0.219° 18.3
d,5.5 0.377° 14.6
d. 6,0 0,440 13.6
d, 74 0.611° 121
p. 4.0 0.355¢ 1.3
p. 5.5 0.613" 9.0
p, 6.0 0,699’ 8.6
P74 1.009% 73
Tritium £, 0.0186 (E,,00.00575" 32"
Carbon-14 £, 0.156 (£, 0.280" 0.56"
Phosphorus- 87, 1.710 (£, 7.92" 022"
32
Yirium-90  §°, 2.280 (£, 10.99" 021"

“The deuteron (d) and peoton (p) energies were arbitranily selected to correspond
to the alpha-particle (1) energies (o tacilitate the comparison of the etiects of
iche mass and chavge on range and LET.

Calculated sccording to Eqns (1.99) and (1. 1001
“The dewteron range is calculated from the oquation Ry s = (M/Z7 )Ry 4 1.
The equation provides the range of a particle of charge Z, mass M, and enevgy £,
where R, 5 the cange in the same absorbey of 3 proton of energy EM
(Friedlander et al., 1964,
Calcutared according 1o Eqns (1.97), (1.99) and (1.100), R,, = 28.5 mg/cor’
(Fig. B.1. Appendix B).
"Calculated according to Eqns (1,.97), (1.99 and (1. 1004, Ry, = 49.5 mg/em’
(Fig. B.1).
"Calculated according to Eqnas (1,973, (1.99) and (1.100), R, = 56.5 mglem’
tFig. B.1),
SCalcwlated according ta Eqns (1,.97), (1,99 and (1,100, R, = 2.0 mg/cnr
(Fig. B.1),
MCalculations are based on the mavimum enengy (E..,,) of the beta particles. The
range was Galculated according to the empivical formula
R = O412E"77-00mtil oilable from the curve provided in Fig. B.3,

S Y,

provided in Table 1.26 give good orders of magnitude for
comparative purposes,

The concept of LET and the calculated values of LET for
different radiation types and energies can help us interpret and
sometimes even predict the effects of ionizing radiation on
matter. For example, we can predict that heavy charged parti-
cles, such as alpha radiation, will dissipate their energy at
shorter distances within a given absorber body than the more
penctrating beta- or gamma radiations. Also, low-energy
x-radiation can produce a similar effect as certain beta radia-
tions. The order of magnitude of the LET will help us predict the
penetration power and degree of energy dissipation in an
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absorber body, which is critical information in studies of radi-
ation chemistry, radiation therapy, and dosimetry, among others.
For additional information on linear energy transfer and its
applications, the reader is referred to works by Jones et al
(2010), Paschoa and Steinhiiusler (2010), Pickrell (2009),
Choudhuri et al (2007), Azab et al. (2006), Ehman and Vance
(1991), Spinks and Woods (1990). and Farhataziz and Rodgers
(1987).

XV. RADIONUCLIDE DECAY, INGROWTH,
AND EQUILIBRIUM

The activity of a radioactive source or radionuclide sample is,
by definition, its strength or intensity or, in other words, the
number of nuclei decaying per unit time (e.g., dpm or dps). The
activity decreases with time as a result of radionuclide decay.
A unit of time in which there is an observable change in the
activity of a given quantity of radionuclide may be very short, of
the order of seconds, or very long, of the order of years. The rate
of decay of some nuclides is so slow that it is impossible to
measure any change in radioactivity during our lifetime,

A. Half-Life

Rates of radionuclide decay are usually expressed in terms of
half-life. This is the time. 1. required for a given amount of
radionuclide to lose 50 % of its activity. In other words, it is the
time required for one-half of a certain number of nuclei to decay.
The decay curve of *>P (Fig. 1.94) illustrates the concept of half-
life. In Fig. 1.94, the activity of the *P is plotted against time in
days. It can be seen that, after every interval of 14.3 days, the
radioactivity of the **Pis reduced by half. Thus, the half-life. 1, /5.
of P is 14.3 days. It is not possible to predict when one
particular atom of P will decay; however, it is possible to
predict statistically for a large number of **P radionuclides that
one-half of the atoms would decay in 14,3 days.

The phenomenon of radioactivity decay and its measure-
ment in terms of half-life was first observed by Emest
Rutherford (1900). He published his observations on the rate of
decay of a certain isotope of thorium in the Philosophical
Magazine in January 1900 less than four years after Henri
Becquerel first reported the existence of radioactivity to the
French Academy of Sciences in February and March 1896.
Rutherford (1900) measured the rate of decay by the level of
ionization that the radiation would produce in air as a function
of time, and he noted the following:

«..the intensity of the radiation has fallen to one-half its value after an
interval of about one minute, The rate of leak [meaning rate of decay or
rate of ionization caused by the radiation] due 1o the emanation was
too small for measurement after an interval of 10 minutes [i.c.. 10 half-
lives]...The current [prodduced by the ionization] reaches half its value
in about one minute ~ a result which agrees with the equation given,
for e # = 1/2 when t = 60 seconds.

In his original paper, Rutherford (1900) did not use the term
‘half-life’, but he defined mathematically the concept of half-
life. As we shall see subsequently in Eqn (1.415) that the ratio of
the number of radionuclides, N, in a sample at a given time, 7, to
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FIGURE 1.94 Decay of “°P represented as a linear
plot of activity in disimegrations per minute (dpm)
against time in days, Horizontal and vertical lines
between the ordinate and abscissa delincate P
activities (dpm) after six half-lives identified by the
symbols 1y, 1y, fy,...te. (From L'Annunziata, M. F,
1965, unpublished work.)
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the original number of nuclides, N, in that sample at time 1 =0,
is equal to ¢~ * where ¢ is the base to the natural logarithm, J is
a decay constant of that radionuclide, and 7 is the interval of
time.
When radionuclide decay can be recorded  within
a reasonable period of time, the half-life of a nuclide can be
determined by means of a semi-logarithmic plot of activity
versus time, as shown in Fig. 1.95. Radionuclide decay is
a logarithmic relation, and the straight line obtained on the
semi-logarithmic plot permits a more accurate determination
of the half-life.

Emest Rutherford and Frederick Soddy (1902) in the
Philosophical Magazine summarized their findings on radio-
activity and radionuclide decay as follows:

Turning from the experimental results to their theoretical interpre-
tarion, it is necessary 1o first consider the generally accepted view of
the nature of radioactivity, It is well established thar this property is
the function of the atom and not of the molecule. Uranium and
thorium. to take the most definite cases [example], possess the
property in whatever molecular condition they oceur...So far as the
radioactivity of different compounds of different densiry and states of
division can be compared together. the intensity of the radiation
appears to depend only on the quantity of active element [radioiso-
tope | present.

The above statement by Rutherford and Soddy in 1902 that
“the intensity of the radiation appears to depend only on the
quantity of active element present” is defined subsequently in
mathematical terms.

The number, AN, of atoms disintegrating in a given time, Az,
is proportional to the number, N, of radioactive atoms present.
This relationship may be written as
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Time (days)
AN/At = N (1.410)
or
dN/dr = —IN (1.411)

where 2 is a proportionality constant. commonly referred to as
the decay constant, and the negative sign signifies a decreasing
number of radionuclides with time.

One condition must be fulfilled for Eqn (1.410) to be
rigorously applicable: the total number of radioactive atoms
being considered must be large enough to make statistical
methods valid. For example, in the case of a single isolated atom
of P, there is no way to predict when the atom will decay.
In fact, the atom might decay in the first second after 1 =0
(the moment observations are initiated) or it might decay days
or weeks later. The concept of half-life is a statistical one,
which, when applied to a large number of atoms, as is usuvally
the case, allows an accurate calculation of the activity of
radionuclides after a given time interval.

For radionuclide decay calculations. Eqn (1.411) must
be transformed into a more suvitable form and may be
expressed as

AN/N = —ids, (1.412)

which can be integrated between the limits Ny and N and
between 7o and 1, where 7o is 0 (the moment observations are
initiated), Ny is the number of atoms originally present at time
1. and N is the number of atoms remaining after time 1:

fw/~=-zjm

No

(1.413)
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FIGURE 1,95  Semi-logarithmic plot of the decay of **P. Two half-lives (1, and 7,) are delineated by horizontal and vertical lines between the ordinate and abscissa.
(From L'Anmenziata, M. F., 1965, unpublished work.)
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to give
InN/Np = =it (1.414)
Eqgn (1.414) may be written in exponential form as
N = Npe ™™ (1.415)

where ¢ is the base of the natural logarithm, 4 is the decay
constant, and 1 is the interval of time. Eqn (1.415) is the form used
todetermine the decay of a radionuclide sample after a given time
interval. To use Eqn (1.415), the value of the decay constant A
must be known, and this is different for each radionuclide. To
determine 4 for a particular radionuclide, a relationship between
the decay constant and the half-life may be derived from the
decay Eqn (1.414), which may be transposed to

In No/N = At (1.416)

By definition, we know that, after an interval of time corre-
sponding to the half-life, half of the original activity remains.
Therefore, we may assign the original activity Np as unity
whereby after one-half-life the remaining activity N would be
one-half of unity, and Eqn (1.416) would become

In1/(1/2) = (1417
or
In2 = i )5 (1.418)
and
0.693 = in )z (1.419)
The decay constant can then be defined as
A= 0.693/!.;2 (1.420)

The value of 4 can be calculated easily from the half-life of an
isotope with Eqn (1.420). The units used for 4 are expressed in
reciprocal time. s™'. m~', h™', d"', or y~', depending on the
half-life of the radionuclide and also on the time interval 1 used
in Eqn (1.415). For example, if **P, which has a half-life of 14.3
days. is used in an experiment, 2 may be expressed ind . The
unit of the decay constant must agree with the time interval 7 of
Egn (1.415).

The following example illustrates the use of Eqn (1.415) to
calculate the decay of a radionuclide sample within any time
interval.

If a sample contained 3.7 MBq of pona given date and
an investigator wished to determine the amount remaining
after a 30-day period, he would first determine the decay
constant for **P according to Eqn (1.420) and then calculate
the activity after the specified time period using the decay
Eqn (1.415) as follows. The decay constant in units of d~' is
determined by

7= 0.693/t;, = 0.693/14.3d = 4.85 x 102"

With the calculated value of 4 and the known time interval 7, the
activity of the remaining P is determined according to
Eqgn (1.415) expressed in terms of activity (A) or

A = Age™ (1.421)
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and

2
]

3.7 x 108 dps (e~ 1(48510- "y ™10 dap)

3.7 x 10° dps(e~'*%5)
3.7 % 10%(0.2334)
8.64 x 10%dps = 0.864 MBq

where A is the activity of the radionuclide in units of decay
rate (e.g., dps) after time r and Ag is the initial activity at time 1
or Ap=3.7 MBq=3.7 x 10° dps since by definition
1 MBq = 1 x 10° dps. Thus, after the 30-day period, the activity
of **P decayed from an initial activity of 3.7 MBq to 0.864 MBq.

The decay equation has many practical applications, as it
can be used also to calculate the time required for a given
radionuclide sample to decay to a certain level of activity. Let us
consider the following example:

A patient was administered intravenously 600 MBq of "™ T¢
methylene diphosphate, which is a radiopharmaceutical admin-
istered for the purposes of carrying out a diagnostic bone scan.
The doctor then wanted to know how much time would be
required for the "™Tc radioactivity in the patient’s body to be
reduced to 0.6 MBq (0.1% of the original activity) from radio-
nuclide decay alone ignoring any losses from bodily excretion,
The half-life 1, > of P Te is 6.00 hours. To calculate the time
required, we can write Eqn (1.421) as

AfAg = e (1.422)

where A is the activity in dps (disintegrations per second) after
time 7 and A is the initial activity at time 1o. Eqn (1.422) can be

transposed to

InAg/A = &t (1.423)
or
| f\n B
== In— 424
] 3 InA (1.424)

By definition Eqn (1.420) the decay constant 4 of ™"Tc is
0.693/1, /3 or 0.693/6.00 h. Solving Eqn (1.424) after inserting
the value of 2 and the relevant activities of “*™Tc gives

(6.00 h/0.693)In(600 MBq/0.6 MBq)

59.8 hours = 2.5 days

!

In the case of a mixture of independently decaying
radionuclides, the rate of decay of each nuclide species does
not change. However, the rate of decay of the overall sample
is equal to the sum of the decay rates of the individual nuclide
species. The cumulative decay of a mixture of independently
decaying nuclides from the most simple case of a mixture of
two nuclides to a more complex case of n number of nuclides
is described by

N=Me+Ne™ ... e

where N is the number of atoms remaining after time 7, and
Ny, Ng and N9 are the number of atoms originally present at
time 7y of 1, 2, and # number of nuclide species, respectively.

The semi-logarithmic decay plot of a mixture of two inde-
pendently decaying nuclides is not a straight line, contrary to pure

(1.425)
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radionuclide samples, but is a composite plot, as in the case of
amixture of **Pand **Ca (see Fig. 1.96). If the half-lives of the two
nuclides are significantly different, the composite curve may be
analyzed so that these may be determined. If the decay of the
composite mixture can be observed over a reasonable period of
time, the composite curve will eventually yield a straight line
representing the decay of the longer-lived nuclide after the
disappearance of the shorter-lived nuclide (depicted in Fig. 1.96).
This straight line may be extrapolated to time 7 = 0 so that the
activity (dpm) of this nuclide at 7 = 0 can be found. The difference
between the activity at 1 = 0 of the longer-lived nuclide and the
total activity of the sample at 7 = 0 gives the activity at £ = 0 of the
shorter-lived nuclide. Likewise, further subtraction of points of the
extrapolated decay curve from the composite curve yields the
decay curve of the shorter-lived nuclide.

The half-lives of the two radionuclides are determined from
the slopes of the two decay curves isolated from the composite
curve. Egn (1.416), which is expressed in natural logarithms,
may be transformed to logarithms to the base 10 by

2.30 log(Ny/N2) = Al = 1) (1.426)

2

log(Ny/N2) = ﬁ)(l: -n)
where Ny and N3 are the numbers of atoms or activity of the
sample at times 1y and 7, respectively. As 2/2.30 of Eqn (1.427)
is equal to the slope, the decay constant, 4, may be calculated
from a graphical determination of the slope. With a calculated
value of 2, the half-life of the nuclide is then calculated from
Eqn (1.420).

Many radionuclides have very long half-lives, which make
the graphic mfsmscnmlion of their decay impossible. Some
examples are “H (1, =123 y). "*C (1,2 =573 x 10° y),
UK (ty2=1.3 x 10° y), and "*Hf (1), =2 x 10" y) (see
Appendix A.). In such cases, the half-lives can be calculated
from Eqns (1.411) and (1.420). The decay rate or activity,
A, in disintegrations per year (DPY) of a given nuclide
sample, defined by dN/dr of Eqn (1L411), is measured
experimentally. The number of atoms of the radioassayed
sample, defined by N of Eqn (1.411), must be known or
determined. This is simple for pure samples. For example, the
number of atoms of “’K in a pure sample of KCI is easily
calculated from Avogadro’s number (6.022 x 10™ molecules/
mol) and the percentage natural abundance of “’K (0.012 %).
Samples of unknown purity and isotopic abundance require
a quantitative analysis of the element such as that provided by
a mass spectral analysis of the isotopic abundance. The value
of 2in y~! is calculated as

o dv/dr A _ CPM/E

N A
where A is the sample nuclide activity in DPY, N is the
number of atoms of the nuclide in the sample, CPM is the
sample count rate provided by the instrument radioactivity
detector, E is the instrument counting efficiency, and 5.25 x
10° min/year is the factor used to convert counts per minute
(CPM) to counts per year (CPY). The half-life can then be

(1.427)

(5.25 % 10° min/year) (1.428)
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calculated according to Eqns (1.420) and (1.428), both of
which define the value of 4,

Let us look at a practical example of the use of the above
equations to determine the half-life of “’K taken from the work
of Grau Malonda and Grau Carles (2002). The accurate deter-
mination of the half-life of *’K has very practical implications,
as it is currently used by geologists to date a rock’s formation
based on the measurement of the quantity of the stable daughter
nuclide “’Ar. Grau Malonda and Grau Carles (2002) report
the accurate determination of the half-life of “’K by measuring
the activity of *’K in a sample of pure KNOj; and applying the
relationships of half-life to 2 according to Egns (1.420) and
(1.428). They measured the K specific activity in KNO; by
the very accurate CIEMAT/NIST efficiency tracing liquid
scintillation standardization method (see Chapter 7) to be
1224 £ 0.014 Bq/§. Also, applying the Kknown isotopic
concentration of *’K in KNOj of 0.01167% and the value of
Avogadro’s number 6.022 x 107 atoms per mole, they could
calculate the number of atoms of *"K in 1 g of KNO; as follows:

6.022 x 10** atoms K/mole KNO3 \ /0.01167 atoms *'K
(101.103 g KNO3 /mole KNO;) 100 atoms K

= 6.951 x 10'7 atoms *"K /g KNO3

From Eqns (1.420) and (1.428), we can write

(1.429)

or

hp = 0.693(};) (1.430)

From the specific radioactivity of *’K in KNO; (ie.. dps “"K /g

KNOj) determined by the very accurate CIEMAT/NIST

efficiency tracing liquid scintillation standardization method,

and the calculated number of atoms of *’K per gram of KNO3,

siarau Malonda and Grau Carles (2002) calculated the half-life of
Kas

95 17 40 3
o 0.6‘)3( 6.951 x 10" atoms *'K /g KNO3 )

(12.24 dps “K /g KNO3)(60 s/m)(5.25 x 105 m/y)

and
= 1.248x10°y

From the mean of nine determinations, Grau Malonda and
Grau Carles (2002) were able to assign the value of the half-life
(1y2) of K to be (1.248 + 0.004) x 10” y at a 95% confidence
level.

Other radionuclides have very short half-lives such as
™Ra (t); = 4.65).7 At (1, = 1.0x 107 5), and*Po
(2 = 298 % 107 s). Half-lives of such short duration can be
determined by delayed-coincidence methods (Jakubek et al,
2010, Kurtukian-Nieto, et al, 2008, Morozov et al, 2006, 2002
and 1998, Schwarzschild. 1963, Oms, 2004, Petkov et al, 2003,
and Ohm et al, 1990), which involve the use of scintillation and
semiconductor detectors with detector response times as short
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FIGURE 1,96 Semi-logarithmic decay curves of P and *“'Ca isolated from a composite decay curve of a mixture of P 4 “*Ca. (From L'Anmunziara. M. F., 1965,
wnpublished work.)
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as 107" seconds. The technique has also been applied to the A —int SAap il

measurement of the half-lives of excited nuclear states, such as Ne = g — J.,\Ng(c =€) +Nge™ (0
the 8.7 ns and 98.1 ns half-lives of the 14.4 and 136.5 keV
excited states of *'Fe daughter nuclides, that emit gamma
radiation, following the decay of *’Co (Morozov et al, 2006,
2002). Radiation detectors with resolving times of fractions of
a microsecond are set electronically so that a delay circuit will
detect a radiation-induced pulse from the parent in coincidence
with a radiation pulse produced from the daughter. Varying the
delay time of the coincidence circuit results in a delay of the
coincidence pulse rate from which a decay curve of the very  C, Secular Equﬂibfium

short-lived daughter nuclide can be plotted and the half-life A vy :
determined. The phenomenon of radioisotope decay equilibrium was first

observed by Emest Rutherford and Frederick Soddy in 1902,
= which they reported in their classic paper on “The Cause and
B. General Decay Equations Nature of Radioactivity”. They reported their observations as

The simplest decay relationship between parent and daughter  follows:
nuclides that can be considered is that of a parent nuclide which  gogipacrivity is shown to be accompanied by chemical changes in

Although unnecessary in this treatment, the solution to
Eqn (1.436) is given by Friedlander et al (1964).

In decay schemes of this type, the following three conditions
may predominate: (1) secular equilibrium, (2) transient equi-
librium, and (3) the state of no equilibrium. Each of these cases
will now be considered in detail.

decays to form a stable _d‘“’Sh_lcr ?‘Wli‘k- which new types of matter are being continuously produced. These
The dcc?y 0{‘““' md'onuc_"dc i Serves as an c"ampl_c- The  eaction products are at first radioactive, the activity diminishing
parent "f“c"dc P decays with a !‘f‘""'f‘? °|: 25 days with the  eaifarly from the moment of formation. Their conti production
production of the stable daughter =S, as indicated by maintains the radioactivity of the matter producing them at a definite
equilibrivm value.
Bp — Bs(stable) + B+ ¥ a4y

y x o B A AR Rk Secular equilibrium is a steady-state condition of equal
Numﬁ?us mdnonuclldc.s. such as "H, "°C, B P, S, 7CLTCa getivities between a long-lived parent radionuclide and its short-
and "I (see Appendix A), decay by this simple parent—  jived daughter. The important criteria upon which secular
daughter relationship. equilibrium depends are:
However, numerous other radionuclides produce unstable 5 X S
daughter nuclides. The simplest case would be that in which the 1+ the parent must be long-lived. that is, negligible decay of the
parent nuclide A decays to a daughter nuclide B, which in turn parent occurs during the period of observation, and

decays to a stable nuclide C: 2. the daughter must have a relatively short half-life. The
relative difference in half-life in this latter criterion is further
A= B—C(stable) (1.432) clarified by

In such decay chains, the rate of decay and production of the
daughter must be considered as well as the rate of decay of the
parent. The decay of the parent is described by the simple rate
equation

nlig <~10"* (1.438)

~dNA/dt = AANA (1433 BB

ANS< AB (1.439)

which is integrated to the form where 74 and Zg are the respective decay constants of the parent

Na = Nje ™! (1.434)  and daughter nuclides. The importance of these two require-
ments can be clearly seen, if the ™Sr (**Y) equilibrium is taken
as an example.

The nuclide *Sr is the parent in the decay scheme

where N is the number of atoms of the parent at the time £ = 0
and Ny is the number of atoms after a given period of time 7 = 1.
The decay rate of the daughter is dependent on its own decay

! ich iti i s = 28 ip 2.7
rate as m?ll as the rate at which it is formed by the parent. It is '{',{Sr =288y Wy ! y % Z¢ (stable) (1.440)
written as 5 3
—dNg/dr = AgNg — ZaNa (1.435)  The long half-life of “Sr definitely satisfies the first requirement

for secular equilibrium, because over a quarter of a century is

where 2Ny is the rate of decay of the daughter alone and AaNx  peeded for it 1o lose 50 % of its original activity. As will be seen,

is the rate of decay of the parent or rate of formation of the  juss than 3 weeks are required for secular equilibrium to be

daughter. Eqns (1.434) and (1.435) may be transposed into the  yyained and, in this interim period. negligible decay of “'Sr
lincar differential equation OCCUTS.

_ - To satisfy the second requirement, the decay constants for

do/di+2sN — MaNpe™ =0 (435) 05, sl % A a0d dn; reégectively, oust be compeced. The

which is solved for the number of atoms of daughter, Ng. as  decay constants for *’Sr and ™Y are easily calculated from their

a function of time to give half-lives and Eqn (1.420), and the values are 6.60 x 10 °d '
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and 257 x 107" d', respectively. Consequently, in the
comparison Ay/4g = 2.57 x 107%, and this is in agreement
with the order of magnitude required for secular equilibrium.

An equation for the growth of daughter atoms from the parent
can be obtained from Eqn (1.437) by consideration of the limiting
requirements  for secular equilibrium. Since iy =0 and
Ia<< Ag.e A" = 1 and j, falls out of the denominator in the
first term. If the daughter nuclide is separated physically from the
parent (L' Annunziata, 1971), Ng = 0 at time 7 = 0 (time of
parent—daughter separation) and the last term would fall out of
Eqn (1.437). Thus, in the case of sccular equilibrium, the
expression of the ingrowth of daughter atoms with parent can be
wrilten as

N = ﬁu - e~ )
i

If the observation of the ingrowth of the daughter is made over
many half-lives of the daughter, it is seen that the number of
atoms of daughter approaches a maximum value A\N% /g,
which is the rate of production of daughter divided by its decay
constant. The final form of Eqn (1.441) to be used for the
calculation of the ingrowth of daughter can be expressed as

Ng = (Ng)pax(l = €7™) (1.442)

(L441)

Since the activity of the daughter atoms, Ag. is proportional to
the number of daughter atoms, or Ag = kigNg, where & is the
coefficient of detection of the daughter atoms, Eqn (1.442) may
also be written as

A = (AB) (1 — &™) (1.443)

Rutherford and Soddy (1902) were the first to write and inter-
pret Eqns (1.442) and (1.443) when they studied the equilibrium
existing between radioactive thorium and a daughter radionu-
clide. They noted the following:

The radioactivity of thorium at any time is the resultant of two opposing
processes; 1. The production of fresh radioactive material at a constant
rate by the thorium compound, and 2. The decay of the radiating power
of the active material with time. The normal or constant radioactivity
possessed by thorium is an equilibrivm value, where the rate of
increase of radioactivity due to the production of fresh active material
[daughter nuclide] is balanced by the rate of decay of radioactivity of
thar already formed...The experimental curve obtained with the
hvdroxide [This was the chemical form they used 1o separate the parent
muclide from the daughter.] for the rate of rise of its activity from
a mini to a maxi value will therefore be approximately
expressed by the equation I,/ly = | — e ¥, where 1y represents the
amount of activity recovered when the maxinum is reached, and |, the
activity recovered after time 1, ' being the same constant as before,

(Notice the similarity of Rutherford and Soddy’s equation,
which may be transposed to read /, = (fp)(1 —e ™) and
Eqns (1.442) and (1.443).)

Let us take an arbitrary example of equal activities of 100
dpm of parent *’Sr and 100 dpm of daughter “’Y, in secular
equilibrium. From these activities, we can calculate and
graphically represent the ingrowth of ™Y with its parent and
also the decay of ™Y subsequent to the separation of parent
and daughter nuclides (L' Annunziata, 1971). Identical activities
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of “Srand ™Y are arbitrarily chosen, because their activities are
equal while in secular equilibrium prior to their separation,
Fig. 1.97 illustrates the calculated growth of ™Y as produced by
YSr (curve B) usir:ﬁ Eqn (1.443) with (Ag),.. = 100. The
decay of separated 'Y (curve A) is plotted by simple half-life
decay (12 = 2.7 d). The dashed line (line C) represents the
decay of "'Sr, which is negligible during the period of obser-
vation (112 = 28.8 y). The total activity (curve D) is the result of
both *'Sr decay and the ingrowth of *’Y after the separation of
the latter, and it is obtained by the addition of curve B to line C.
It may be noted from Fig. 1.97 that after approximately six half-
lives of ™Y (~18 d), the activity of ™Y has increased to
essentially the same activity of *'Sr, after which both nuclides
decay with the same half-life that of the parent *°Sr (28.8 y).

Ernest Rutherford and Frederick Soddy in their classic paper
on “The Cause and Nature of Radioactivity” in 1902 in the
Philosophical Magazine made the first published observation of
what is now Known as secular equilibrium. They were studying
the radioactivity of an isotope of thorium and a daughter
isotope, which they called ThX. The term *daughter isotope” for
an isotope decay product was not then established, because
knowledge of radioactivity was only then at its infancy. They
summarized their findings with the following:

The foregoing experimental results may be briefly summarized. The
major part of the radioactivity of thorium — ordinarily abour
34 percent = is due to a non-thorium type of matter. ThX. possessing
distinct chemical properties, which is temporarily radioactive, its
activity falling to half value in about four days. The constant radio-
activity of thorium is maintained by the production of this material ar
a constant rate. Both the rate of production of the new material and the
rate of decay of its activity appear to be independent of the physical
and chemical condition of the system,

(We now know that the activity of parent and daughter
nuclides are equal in secular equilibrium and the value of
‘about 54 percent” reported by Rutherford and Soddy was
precisely 50 percent.)

As an example of the practical utility of this phenomenon,
the application of secular equilibrium theory to the analysis of
St in the environment is discussed.

One method reported by the Los Alamos National Labo-
ratory (see Gautier, 1995) entails the initial chelation (complex
formation) of the sample strontium with the sodium salt of
cthylenediaminetetraacetic acid (EDTA). The complexed
strontium is then isolated by clution on an ion-exchange
column. The eluted strontium is then precipitated as
a carbonate. The activity of radioactive strontium, which will
include Sr+ ™Sr in the sample, is determined by low-
background counting. Low-background liquid scintillation
counting is most often used for the total *Sr + *’Sr analysis, as
described by Passo and Cook (1994). The isolated radiostron-
tium is then allowed to remain in the sample without further
treatment for a period of about 2 weeks to allow ingrowth of
Y. About 2 weeks are needed to ensure that the parent and
daughter radionuclides are in secular equilibrium before the
chemical separation of yttrium from strontium. From Eqn
(1.443) it is calculated that after 2 weeks, the activity of ™Y
grows to 97.4 % of its original level. Carrier yttrium is then

11/02/2017 01:26 PM



Print: Handbook of Radioactivity Analysis

https://www.dawsonera.com/reader/sessionid 15...

143 of 282

Chapter | 1 Radiation Physics and Radionuclide Decay

D)

FIGURE 1,97 Growth and decay curves following
the separation of *Se (™Y) in secular equilibeium.
(A) Decay of isolated ™Y, (B) Ingrowth of ™Y with
*Sr. (C) Decay of isolated *Sr. (D) Total activity from
isolated ™S, repeesenting both *Sr decay and ™Y
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added to the dissolved radiostrontium, and the yttrium is
precipitated as the hydroxide, redissolved, and reprecipitated as
an oxalate (see Section XVLC for a discussion of the concepts
of carrier and carrier-free radionuclides). The step involving
the precipitation of yttrium from the sample results in the
separation of *"Y from the radiostrontium. The separated ™'Y
can then be assayed by suitable low-background counting using
liquid scintillation or Cherenkov counting (Passo and Cook,
1994 and L’ Annunziata and Passo, 2002). The *’Sr activity in
the sample is determined from the activity of "°Y by calculating
the ™Y decay from the time of separation (precipitation) of
ytrium from strontium. This is possible because the parent and
daughter radionuclides were at secular equilibrium (i.e., *'Sr
dpm =Y dpm) at time t = 5 when the precipitation and
separation of yttrium from strontium were carried out. The *Sr
activity in the sample is determined from the difference
between the total radiostrontium activity (*’Sr + *’Sr) and the
measured activity of *Sr. A review of radioanalytical methods
for the analysis of radioactive isotopes of strontium including
PSr, which involves the concept of secular equilibrium, is
provided by Vajda and Kim (2010).

Certain chemical processes in natural and biological systems
can preferentially select either the parent or daughter nuclide

and, in this manner, separate the two, For example, a rescarch
investigator could administer nuclides in secular equilibrium to
a soil and plant system. At the time of administration, the
nuclides are in secular equilibrium, that is, both the parent and
daughter activities are equal. However, if in the course of the
experiment the investigator obtains a plant sample for radio-
assay. which had preferably absorbed either the parent or
daughter, problems ensue if the equilibrium phenomenon is not
considered. Radioassay of plant tissue that had selectively
concentrated the parent could show an initial progressive rise in
radioactivity due to ingrowth of daughter, whereas a selective
concentration of daughter would result in a sample showing an
initial decrease in radioactivity. In cases such as these, it is
necessary to isolate the parent radionuclide chemically and wait
for a period of time sufficient to permit secular equilibrium to be
reached [~2 weeks for the *’Sr (*°Y) example] before the
radiochemical analysis of a sample.

D. Transient Equilibrium

Like secular equilibrium, transient equilibrium is a steady-state
condition between the parent and daughter nuclides. However,
in transient equilibrium the parent—daughter nuclides do not
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possess the same activities, but rather they decay at the same  Thus, for transient equilibrium Eqn (1.449) indicates that the
half-life, that of the parent nuclide, activity of the daughter is always greater than that of the parent by

The criterion upon which transient equilibrium rests is that  the factor 2g /(25 — A4 ). Eqn (1.449) may likewise be written as
the parent nuclide must be longer-lived than its daughter, but not

of the order of magnitude described by Eqn (1.438); that s, it is An/Ap = 1 =2/ (a5
necessary that Jx < Ag. However, the ratio Ax/Ag should fall  whereby the ratio A /Ap falls within the limits 0 < Ap /Ap < |
within the limits 10 * < A/ig < 1. in transient equilibrium.

The decay chain of '*Pd serves as an example of parent— If an activity of 100 dpm is arbitrarily chosen for the

daughter nuclides that may attain transient equilibrium. "Pd  daughter nuclide ""Rh in transient equilibrium with its parent
decays by electron capture to "“Rh with a half-life of 96 h.  'pg_ the activity of '“Pd can be found using ecither
The daughter nuclide ""Rh decays by electron capture and  Egns (1.449) or 1.450. Eqn (1.449) gives

positron emission to the stable nuclide 'Ru. The half-life of e

the daughter nuclide is 21 h. The decay scheme may be repre- 100 dom/Ax = 3.3 x 107°h~

sented as PI/AN = 33 % 10T — 72 x 100!

tip=%h tp=21h

'%ePd '%Rh '%iRu (stable) (1.444) or Ax = 78 dpm

The first criterion for transient equilibrium is satisfied in this .
¥ § A With the use of Eqn (1.449) or (1.450), the decay of the daughter
case: the half-life of the parent nuclide is greater than that of the nuclide may be calculated as a function of nt decay in

daughter. If the decay constants A, and Ag are now calculated, " e 1 1
Ry ¢ S =3 transient equilibrium, The '®Pd—'"Rh parent—daughter decay
lw:/;an::n)c:;n;::s::’clhcr o Mot e secoad crissrion (10" < in transient equilibrium is illustrated by curves A and B,
B . e TR
T bRt o S respectively, of Fig. 1,98, The parent and daughter nuclides are
Gt of ;a'“::i::kbfl:)c:;;fzolﬁ:xfﬁfih.’» ':(7'on2|(; ,h C(;::cd shown to have respective activities of 78 dpm and 100 dpm at
B y U L 1S D . Se- 2 e c CUrves |
Y 5% a2y N 20 time ¢ = 0. As curves A and B show, the parent and daughter
ql;c:zly : (hemriam? )"fn'“ 2.2 x 107" and lies within the limits nuclides in transient equilibrium decay with the same half-life,
Lo, G that corresponds to the half-life of the parent.

If the general decay Eqn (1.437) of the daughter nuclide is If the =
3 ot I ek o 0ica parent and daughter nuclides were to be separated. the
considered. the term ¢~ “*' is negligible compared with ¢ "' for daughter nuclide would decay according 1o its half-life as

sufficiently large values of 1. Thus, the terms e and N~ indicated by curve C. The isolated parent nuclide would,
may be dropped from Eqn (1.437) to give however, show an increase in activity with time owing to the
In - ingrowth of daughter until transient equilibrium is attained.

No = (Mye ™) (1445 Curve D of Fig. 1.98 shows the ingrowth of daughter nuclide

; from a freshly isolated parent. Because N =0 at time f

for the decay of the daughter nuclide as a function of time. =0 (time of separation of parent and daughter), the last term of

Because Na = Ne™™, Eqn (1.445) may be written as Eqn (1.437) falls out to give
A
= A4 \ ;
e T Sl Mo = A oty sy
AB — AA

From Eqn (1,446), it can be seen that the ratio of the number of
atoms or the ratio of the activities of the parent and daughter
nuclides is a constant in the case of transient equilibrium.
Since Ay = kasiaNa and Ag = kgigNg, where Ay and
Ap are the activities of the parent and daughter nuclides,
respectively, and ky and kg are the detection coefficients of
these nuclides. Eqn (1.446) may be written in terms of  similar to the case of Eqn (1.442). Since the activity, Ag. of the

The term 2AN /(A — 4a) describes the rate of production of
the daughter divided by the difference between the daughter and
parent decay constants, which may be written as

Ng = (NB)max(€™ — ) (1.452)

activities as daughter atoms is proportional to the number of daughter atoms,
A A orAg = kgigNg. where k is as defined previously, Eqn (1.452)
B Va=2) = —adx (1.447)  may also be written as

kg/n kat . .
AB = (AB)pax (€™ — ™) (1.453)
o kel Because the maximum daughter activity in this sample is
Ag/Ax = - (1.448) 100 dpm, Eqgn (1.453) may be used to calculate the ingrowth of

kaldp —4) daughter nuclide with (Ag),.. = 100.

If equal detection coefficients are assumed for the parent and Curve E of Fig. 1.98 illustrates the activity of the isolated

daughter nuclides, Eqn (1.448) may be written as parent and daughter nuclides. It is found by summing curves A

P
Ag/Ay = 2

144 of 282

(48 — 4a)

and D and consequently accounts for the simultaneous decay of
the parent nuclide and the ingrowth of the daughter. Notice that
the slopes of curves A, B, and E are identical when transient
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FIGURE 1,98 Growth and decay curves following
the separation of "Pd (*™Rh) in transient equilib-
rium. (A) Decay of isolated parent nuclide ""Pd.
(B) Decay of "™Rh daughter nuclide in transient
equilibrium. The dashed portion of this curve repre-
sents "™Rh decay if parent and daughter nuclides
were not separated. (C) Decay of "™Rh after separa-

tion from its parent. (D) The ingrowth of "“Rh with

the isolated parent "Pd, (E) Total activity from the
isolated "™Pd representing both "Pd decay and
'ORh growth until transient equilibrium is attained.

LY
©

(From L'Annwnziara, 1987: reprinted with permistor
Sfrom Elsevier © [987.)
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equilibrium is attained, that is, the rates of decay of both the
parent and daughter are identical.

Practical examples of decay and ingrowth calculations in
addition to those provided in the previous Sections XV.C and
XV.D may be obtained from Harmes and Jerome (2004),

E. No Equilibrium

The cases of secular equilibrium and transient equilibrium,
which involve decay schemes whereby the parent nuclide is
longer lived than its daughter, were just considered. In other
cases in which the daughter nuclide is longer-lived than its
parent, 4x > Ap. no equilibrium is attained. Instead. the parent
nuclide of shorter half-life eventually decays to a negligible
extent, leaving only the daughter nuclide, which decays by its
own half-life. The following decay scheme of **Ni serves as an
example:

2= 64d =T34
$oNi 22205, %6 ! ©Fe (stable)  (1.454)

The parent nuclide **Ni decays by electron capture with a half-
life of 6.4 d, whereas its daughter *°Co decays with the longer
half-life of 77.3 d by electron capture and 8 emission. Curve A
of Fig. 1.99 illustrates the decay of the **Ni parent nuclide. The
decay of initially isolated *Ni is followed by the ingrowth
(production) of the **Co daughter nuclide, shown by curve B,

J__-L "

¥ 1 ¢ : [ 1
60 680 100 120 140 160 80 200 220 240 260 280

|
|
|
|

The ingrowth of daughter is calculated from Eqn (1.437), of
which the last term, Nje ~#", falls out because Njj = 0 at time
¢ = 0. The number of daughter atoms Ng of Eqn (1.437) may be
converted 1o activity, Ag. by the term Ag = kgAgNVp as discussed
previously. The total activity illustrated by curve C of Fig. 1.99
depicts both the simultancous decay of parent nuclide and the
growth and decay of daughter determined by summing curves A
and B. Notice from Fig. 1.99 that the parent nuclide activity in
this example becomes negligible after around 55 d, after which
the total activity, curve C. has a slope corresponding to the
decay rate of the daughter nuclide,

F. More Complex Decay Schemes
Other decay schemes exist that involve a chain of numerous
nuclides such as

A=B—=C— ... N (1.455)

where nuclides A, B, and C are followed by a chain of a number
N of decaying nuclides. Long-decay chains of this type may be
observed in the complex decay schemes of high-atomic-number
natural radionuclides such as the ***Th, ***U, and ***U natural
decay chains illustrated previously in Figs 1.19, 1.20, and 1.21.
These decay schemes are described by the general Eqn (1.455).
However, within each of the natural decay schemes, illustrated
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FIGURE 1.99  Growth and decay curves of the “Ni 500 . o r
(*Co) parent-davghter nu:lides following the isola- 400 T | I
tion or fresh preparation of the parent nuclide “*Ni. | | ‘
(A) Decay of the parent nu:lide ““Ni, (B) Ingrowth of 300 - | A i S = = = : i_..{
daughter nuclide “*Co. (C) Total activity representing T ‘
both “Ni decay and the simultancous growth and l ‘ | ]
decay of *Co daughter. (from L'Anmimziara, 1987 200 | [ i -1
reprinted with permission from Elsevier © 1987.) ‘
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in Figs 1.19, 1.20, and 1.21, there are one or more branching
decays of the type.

For example, in Fig. 1.19, 222Bi, within the ***Th natural
decay chain, is the parent of lhe two daughter nuclides -'-Po
and 2T The half-life of the parent nuclide in bmnchmg
decays is a function of the two decay processes and may be
written as

ti2 = 0.693/(2x + 2p) (1.456)

where 24 and Ag are the decay constants of the two separate
decay processes.

XVI. RADIOACTIVITY UNITS AND
RADIONUCLIDE MASS

A. Units of Radioactivity

The units used to define radioactivity or, in other words, the
activity of a sample are written in terms of the number of atoms,
N. disintegrating per unit of time, 7. We can use Eqn (1.410),
previously discussed in this chapter, to calculate the activity of
any given mass of radionuclide. The equation, namely
AN/Ar = AN, defines the proportionality between the rate of
decay of a radionuclide and the number of atoms of the radio-
nuclide in a sample. As an example, we may use Egn (1.410) to
calculate the activity of 1 g of ***Ra as follows:

AN/At
AN/Ar

AN
(0.693/’./2)([\')

(1.457)

where A = 0.693/1) 5 as derived previously Eqn (1.420). If we
take the half-life. 1) 5, of 2*Ra to be 1599 y and substitute for N,
in the preceding equation, the number of atoms per mol of
20Ra, we can write
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AN/AI = (0.693/1599y)(6.022 x 107 atoms/226 g)
(1.458)

where, according to Avogadro’s number, there are 6.022 x 10°
atoms per gram mole of substance. If we now convert the half-
life of ““"Ra from units of years to minutes, we can calculate the
number of atoms of “**Ra disintegrating per minute (dpm) per
gram according to

0.693
ANIA: = [(1599 ¥)(365 d/y)(24 1h/d)(60 min/h)]
6.022 x 10** atoms
- 0.693 "
AN/Ar = (8————.404 < 10° min) (2.665 x 10 a(oms/g)

2.19 % 10'? atoms per minute per gram

The activity of 1 g of ***Ra is the basis of the unit of radioac-
tivity known as the curie (Ci). One curie is almost equal to the
activity of 1 g of **“Ra or. by definition,

1Ci o= 222x10%dpm = 3.7 x 10%dps  (1.460)

Therefore, one curie of activity or any multiple of the curie of
any radionuclide defines the number of atoms disintegrating per
unit of time in minutes or seconds,

The rate of decay in terms of time in seconds gives rise to the
Systéme International d*Unités (SI) unit of activity, which is the
Beequerel (Bq), where by definition

1 Bqg = 1dps (1.461)
Therefore, we can interrelate the curie and Beequerel as follows:

1Ci = 222 10% dpm = 3.7 x 10"dps = 37 GBq
(1.462)
Likewise, smaller units of the curie, namely the millicurie (mCi)

and microcurie (Ci), may be interrelated with the becquerel as
follows:

I mCi = 2.22 x 10” dpm = 3.7 x 107 dps = 37 MBq
(1.463)

and
I uCi = 2.22 x 10° dpm = 3.7 x 10* dps = 37kBq
(1.464)

Another unit of activity recommended in the carly 1960s by the
International Union of Pure and Applied Physics, but less
frequently used, is the rutherford, where | rutherford = 10° dps
and 1 microrutherford would be equivalent to | dps or | Bq
(Buttlar. 1968: Das and Ferbel. 1994).

B. Correlation of Radioactivity
and Radionuclide Mass

From Eqn (1.457) and calculations made in Section XVLA, we
can see that, for samples of a given level of activity,

https://www.dawsonera.com/reader/sessionid 15...

D)

radionuclides of shorter half-life will contain a smaller number
of radioactive atoms than radionuclides of longer half-life,

We can use Eqn (1.457) again to compare two radionuclides
of relatively short- and long half-lives to see the magnitude of
the differences in radionuclide masses we would encounter for
any given level of radioactivity. For example, we may take the
radionuclide **P of 14.3-day half-life and the radionuclide '*C
of 5730-year half-life and calculate the activity per gram (e.g..
dpm/g) and grams per curie (e.g., g/Ci) of each radionuclide for
comparative purposes. These calculations are as follows.

1. *P, half-life = 14.3 days

AN/Ar = (0.693/1,3)(N)
0.693 (6.022 X |03-‘)
(14.3d)(24 h/d)(60 m/h) Ng

6.32 x 107 dpm/g P
(1.465)
If, by definition, | curie = 2.22 x 10'* dpm, we can convert the
above calculated activity per gram of P to grams *°P per curic
as follows:
2.22 x 10" dpm/Ci

- 3. -6 2 g
632 % 107 dpm/g 2P 51 x 107° g *“P per Ci

= 3.51 % 107° mg P per mCi

(1.466)
2. ™C, half-life = 5730 years
AN/At = (0.693/1;2)(N)
B [ 0.693
(5730 y)(365d/y)(24 h/d)(60 m/h
( y)( /¥)(24 h/d)(60 m/h) e

(6.022 x 101‘)
x

9.90 x 10" dpm/g '*C

This activity per gram of "*C is converted 10 grams "*C per curie
as follows:

2.22 x 10'? dpm/Ci

0.224 g "*C per Ci
9.90 x 1012 dpm/g "*C s

(1.468)

0.224 mg '*C per mCi

The calculated mass of P in | curie of activity is almost
a million fold less than the calculated mass of "*C in 1 curie
of activity. In general, research with radionuclides often
involves the applications and analysis of lower levels of
radioactivity in microcuries, and picocuries, and so on, The
masses of radioactive atoms in the micro-, and picocurie
levels of radioactivity are obviously much smaller than
encountered at the curie or millicurie level. It is important,
therefore, to be aware of the order of magnitude of
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radioactive atom masses involved, which leads us to the
concept of “carrier-free™ samples of radionuclides, discussed

subsequently.
C. Carrier-Free Radionuclides

A carrier-free radionuclide sample is, by definition, a sample in
which all of the atoms of a particular clement consist of the
radioactive isotope, that is, no stable isotope of that element is
present. A stable isotope of the particular element is referred to
as carrier. Carrier-free radioisotopes are commonly used in
research in the bio-, medical, and chemical sciences (Elmore,
2009, Lin and Chao, 2009, Li and Deutscher, 2008, Steinman
and Mulholland, 2007, Buchtela, 2005, and Hordnyi, 2004).
Often chemical compounds are labeled as carrier free. but are
not literally carrier free. Commercial suppliers of radionu-
clides and radioisotope-labeled compounds used in research
will specify the specific activity of the radionuclide, which is
the activity in disintegration rate per mass, ¢.g.. dpm/g. dps/g.
Cilg, Bg/g. or Bg/mol, etc. Organic compounds labeled with
'“C or *H are generally not carrier free, and such compound
labels with high specific-activity radioisotopes may con-
tain >80% "'C and > 50% tritium (Elmore, 2009). In the
previous section, Eqns (1.465) and (1.467) were used to
calculate the specific activities of carrier-free radioisotopes P
and "*C, respectively. It is important, therefore, to be aware of
the masses of radioactive isotope in a given sample and any
consequences that may be involved when very small quantities
(e.g.. 10710 10™"? g or smaller) of radioactive nuclide may be
involved.

For example, in Sccuon XVl B, we calculated that there
was only 3.51 x 10 ®g of P per curie of radioactivity. A
millicurie of carrier-free **P. which is a level of activity
commonly procured from a radioisotope supplier, would
contain only 3.51 x 10%g of P and possibly a small
percentage of stable phosphorus. It is a common procedure to
dilute the carrier-free **P to the microcurie level of activity
prior to working with the radionuclide, such as in tracer
studies. One microcurie of carrier-free **P would contain only
3.51 x 10 g of phosphorus. Obviously. therefore, we
should consider the consequences of working with such small
amounts of phosphorus in solution. Over the past 45 years of
working with carrier-free radioactive nuclides sources, the
author has experienced the absorption of significant quantities
of radionuclides onto the surface of glassware. If we consider
the ionic characteristics of the chemical forms of certain
radionuclide sources and the minute quantities these may
possess in the carrier-free form, significant quantities of
certain radionuclides could be lost from solution by absorp-
tion onto the surface of glassware, onto the surface of
precipitates, and so forth. The addition of carrier (i.e., stable
isotope or organic compound without the radioisotope label)
may be added to a high specific activity sample to facilitate
radioisotope tracer studies. For example, when working with
sources of high specific activity, if a particular experiment
calls for the addition of carrier, the author will add carrier to
the radionuclide source during the dilution procedure. If
carrier is not desired, the procedure recommended by Chase
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and Rabinowitz (1968) can be utilized. For exaunple. if it is
desired to dilute a carrier-free solution of NaH>"POy in
a volumetric flask, it is best to treat the flask first with a 1%
solution of NaH,POy prior to the addition of the carrier-free
solution. The volumetric flask and any other glassware used in
the dilution may be rinsed with the 1% NaH>POy. Alterna-
tively. the volumetric flask may be filled with the 1%
NaH»POy solution and allowed to sit for several hours, The
flask is then rinsed with deionized water to remove unab-
sorbed phosphorus, The flask can then be used to prepare
a dilution of carrier-free or high specific activity NaH3*PO;. It
is important, however, to rinse the flask with a solution of the
same chemical form as the radioisotope, if it is desirable to
prevent contamination of the radioisotope with another
chemical form.
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I. INTRODUCTION

In the measurement process, the object to be observed is always
affected by an undetermined interaction between the observer
and the observed. As a result, the measured magnitudes are
always reproduced with a certain inherent uncertainty caused by
the instrument. This uncertainty in the measurements makes the
use of error theory essential. When we measure radioactive
substances, the situation becomes even more complicated,
because the radioactivity decay is a random process. In radio-
activity, counting two types of fluctuations are basically
generated, one related to the activity of the sample, when the
half-life of the radionuclide is short, and another caused by
the random nature of radioactivity decay. which modifies the
disintegration rates with time. Since the measurement of
radioactivity involves values with different degrees of reliability

Handbeok of Radioactivity Analysis. DOI: Setpuidydelong/ U0 TNITE O | 2. 38387 140000 2-£
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and validity, the principles of counting statistics must be applied
(Larson, 1969, and Eadic et al. 1971).

In many types of measurement, such as mass, volume, time,
length, etc., the measured quantity has a given value and only
the measurement conditions introduce statistical variations, The
situation is different, however, in radioactivity measurements.
The radioactive decay process follows Poison statistics, so
a sample’s activity value is not a specific value but a mean value
that varies with time. If we measure the emission of a radioac-
tive source, as shown in Table 2.1, repeated measures are not
equal. But there is a clear condition: if the measuring equipment
does not introduce a perturbation, the emission and measure-
ment rates must follow the same statistical law, so their mean
and variance rates are equal from a statistical perspective.

Example 2.8 represents a detailed analysis of the set of
measurements shown in Table 2.1. We see that they are not

163
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(I'ABLE 2.1 Counting Rates of a Radioadive\

Sample

Measure Counts

1 214

2 222

3 217

4 210

5 243

6 238

\C ~/

affected by the counter. Example 2.9 presents another case in
which the counting rates are affected by the counter even though
the differences between measurements are smaller.

1. STATISTICAL DISTRIBUTIONS

In this section, we shall study all basic characteristics of both the
Poisson and the normal (or Gaussian) distributions, and their
relation to radioactivity counting statistics. Although the Poisson
distribution involves all processes of radioactivity decay, and
therefore the detection of particles and radiation, the normal
distribution is applied more often by far and is better known in the
majority of cases. Since the application of the Poisson distribution
10 counting statistics may be tedious and time consuming, and
considering that both distributions give identical results, when the
total number of counts becomes large, our final objective will be
the determination of some characteristic parameters, which will
allow one to exchange the Poisson distribution by the normal one.

A. The Poisson Distribution

The Poisson distribution describes a random process for which
the occurrence probability of a certain event is constant and
small. This distribution not only concems radioactivity counting
statistics (Helstrom, 1968) or nuclear decay, but is also applied
to evaluate, in a more or less approximate way, many other
processes Garwood (1936), Grau Malonda (1999). Some
examples of daily life that verify Poisson statistics are, for
example, the number of phone calls received at a phone
switchboard several minutes before noon, the number of annual
strikes in a factory, the number of misprints on a book page, the
number of times a piece of a machine fails in a given period of
time, and the number of fatal traffic accidents each week in
a city. Przyborowski and Wilenski (1935) present an application
of Poisson law and construct rules to minimize the chance of
errors in tests and samples.

In radioactivity decay four aspects are fulfilled: all radioactive
nuclei have the same decay probability for a given time period. the
decay process of one nucleus is not affected by the decay of other
nuclei, the total number of nuclei and measurement time intervals
are sufficiently large. and the nuclei half-life is long compared
with the detection pulse. Therefore, the radioactivity decay is
a random process, in which a discontinuous random variable is
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defined as the number of times a decay evemt takes place in
a continuous period of time . Additionally, the probability of one
decay event occurring in a time increment A7 must be asymptot-
ically proportional to Az, independently of the time value in the
interval Ar and all previous decay events, Under these conditions,
the Poisson distribution takes the form

e (ar)*
x

Pylr) = x=012,... (2.1)
where P,(1) is the probability that a number of x decay processes
take place in time 1 and a is a constant to be determined. The
expression (2.1) may be derived in three different ways: by
approximation from the binomial distribution (Hoel. 1984 and
Eadie et al. (1971)), considering first principles (Evans, 1972),
or basing all calculations on a Markov process (Feller, 1968;
Rozanov, 1977).

Three important properties derived from Eqn (2.1) are the
following:

x=0
Z.\'P, = at (2.3)
=0

s >

S (x—an)P = a (2.4)

x=0

The normalization condition (2.2) states that the summation of all
possible probabilities P, of the Poisson distribution is one, The
expression (2.3) defines the parameter a as the average value of the
distribution divided by 1, i.c.. the number of decay processes per
unit of time. The third expression (2.4) refers to the identity
relation between the variance and the mean, when the Poisson
distribution is applied. The most important consequence derived
from the three properties (2.2) to (2.4) is that the single parameter
a enables one to determine the first- and second-order moments
(i.e. 37 yxP,and S5 x*P,) of the Poisson distribution. By
defining the average number of decay processes in time 7 as the
product u = at, the Poisson distribution can be expressed as

e Fut
x!

Py = (2.5)
The Poisson distribution is asymmetric, and its shape depends
on the parameter g, which is a real value greater than zero.

Example 2.1 The measurement of a radioactive sample of
U (T =447 x 10 years) during three days gives a total
number of counts 133.747. (a) Evaluate the average counting
rate, and compute the probability of counting: (b) less than one
count in one second, (¢) exactly one count, (d) less than 3
counts, (¢) a number of counts between | and 4, and (f) more
than 3 counts,

a. The average counting rate is

133,747

- ™ 0.516 counts/s

K
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b. The probability of counting less than one count is computed
as follows:

P(X <) = Py = ¢ %516 = 0,597

¢. The probability of counting exactly one count:

ple
1!

PX =1) = = 0516 x e 316 — 03

d. The probability of counting less than 3 counts is the addition

of the probabilities of counting none, one and 2 counts
PX<3) =Y Pi=Py+P +Py=e"+pe™ J’“?“"
x=0
s
(I +0516+0 162 ) = 0.984

¢. The probability of counting a number of counts between |
and 4 is the addition of the probabilities of counting exactly
2 and 3 counts

2.~ 3 . -p
Py+P; = ‘%«»“;

—¥ .“_2+“_‘
S TR T

0.516° 0516
. 0516
=% (T* 6

P(l<X<4)

I

) = 009

f. The probability of counting more than 3 counts is

* 3
Sr=i-3n
x=4 x=0

1 = (Po+Py+ P+ P3)

W
I—c““(l+p+ ”)
3

0.516°

P(X > 3)

516°
B |—.-'°—“"(|+0056+ +2 (:6)

0.00196

It should be remarked that a lincar combination of the two
random variables X and Y. which both follow the Poisson
distribution, gives a third random variable, which does not
necessarily follow the Poisson distribution. For the following
three random variables ¥ =aX, Z=Z+ Y. and W= X — Y. only
Z follows the Poisson distribution,

B. The Gaussian Distribution

In general, it is assumed that the random variable X follows
a normal distribution of mean m and variance o”, when the
probability density function of a set of measured values x yields
the function

https://www.dawsonera.com/reader/sessionid 15...

B (—:i‘-)- (2.6)
032 20°

where (=% <x < ®), (=% <pu< ®)and (0 <o < =).

Frequently, in the course of a number of measurements, we
arc interested in cvaluating the probability that a new
measurement of the random variable X verifies a certain
condition relative to the value x. This probability is computed in
terms of the accumulated distribution function, which is defined
as follows:

PX<x) = \/_./ [ ""]: Q@n

Geometrically, the integral (2.7) is interpreted as the area under
the curve between the limits of the interval — = < X < x. Since
cach pair of values (g, o°) defines a different distribution, there
is no simple way to tabulate the accumulated distribution
function. This inconvenience is partially resolved by defining
the normalized random variable Z

X—u

Z= . (2.8)
a

for which the probability density and the accumulated distri-
bution functions can be defined as follows:

I 2
E cxp(——z—) (2.9)

e ] (e

Although the tabulated values of the accumulated distribution
function (2.10) are found in the majority of statistics manuals, the
symmetric character of the distribution makes two different
criteria of tabulation possible, which may cause confusion. For
instance, Triola (2010) assumes the integration interval 0 < Z < z,
while Newbold (2009) and Abramowitz and Stegun (1972)
consider — @ < Z < z. These intervals are shown in Fig. 2.1. Since
the normal distribution is normalized to one, both criteria of
tabulation make the values simply differ in 0.5, Bevington (1969)
defines the normalized random variable Z as the absolute value of
the difference between the means [X — u| divided by the standard
deviation

]

p(z)

P(Z < 2)=(2) (2.10)

[X — ul

a
The integration interval is — @ < Z < @ and the values of ®(Z)
are two times the values for the interval 0 < Z < .,

Example 2.2 By searching in Table 2.2, calculate the accu-
mulated distribution function @ for the following limits of the
standard random variable Z: () 0 < Z < 1.75,(b) ~1.75 < Z <
0,(c)Z>185(d) Z < 1.10, and (e) Z < —1.45.

Z=

a. The second column in Table 2.2 shows the accumulated
distribution function & for the values of z listed in the first
column. The remaining columns, from third to eleventh, list
the intermediate values of @ when z is incremented in 001,
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FIGURE 2.1 Integration intervals corresponding to
two different eriteria for tabulation.

(I'ABLE 2.2 The Standard Normal Distribution

z 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

0.0 0.0000 0.0040 0.0080 0.0120 0.0160 0.0199 0.0239 0.0279 0.0319 0.0359
01 0.0398 0.0438 0.0478 0.0517 0.0557 0.0596 0.0636 0.0675 0.0714 0.0753
0.2 0.0793 0.0832 0.0871 0.0910 0.0948 0.0987 0.1026 0.1064 0.1103 0.1141
0.3 0.1179 0.1217 0.1255 0.1293 0.133 0.1368 0,1406 01443 0.1480 01517
0.4 0.1554 0.1591 0.1628 0.1664 01700 01736 0.1772 0.1808 0.1844 0.1879
0.5 0.1915 0.1950 0.1985 0.2019 0.2054 0.2088 0.2123 0.2157 0.2190 0.2224
0.6 0.2257 0.229 0.2324 0.2357 0.2389 0.2422 0.2454 0.2486 0.2517 0.2549
0.7 0,2580 0.2611 0.2642 0.2673 0.2704 0.2734 0.2764 0,2794 0.2823 0.2852
08 0.2881 0.2910 0.2939 0.2967 0.2995 0.3023 0.3051 0.3078 0.3106 0.3133
0.9 0.3159 0.3186 0.3212 0.3238 0.3264 0.3289 0.3315 0.3340 0.3365 0.3389
1.0 0.3413 0.3438 0.3461 0.3485 0.5308 0.3531 0.3554 0.3577 0.3599 0.3621
11 0.3643 0.3665 0.3686 0.3708 0.3729 0.3749 0.3770 0.3790 0.3810 0.3830
1.2 0.3849 0.3669 0.3888 0.3907 0.3925 0.3944 0.3962 0.3980 0.3997 04015
1.3 0.4032 0.4049 0.40606 0.4082 0.4099 04115 0413 0.4147 04162 04177
1.4 0.4192 0.4207 0.4222 0.4236 0.4251 0.4265 0.4279 0.4292 0.4306 0.4319
1.5 04332 0.4345 0.4357 0.4370 0.4382 0.4394 0.4406 04418 0.4429 04441
1.6 0.4452 0.4463 0.4474 0,4484 0.4495 0.4505 04515 0.4525 0.4535 0.4545
.7 0.4554 0.4564 0.4573 0.4582 0.459 0.4599 0.4608 04616 0.4625 0.4633
1.8 0.4641 0.4649 0.4656 0.4664 0.4671 0.4678 0.4686 0.4693 0.4699 0.4706
1.9 04713 0.4719 04726 0.4732 0.4738 04744 0.4750 0.4756 0.4761 04767
2.0 04772 04778 0.4783 0,4788 0.4793 0.4798 0,4803 0.,4808 0.4812 04817

o
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Therefore, the sought value of ®(1.75) = 0.4599 is given
in column seven.

b. Taking into account the symmetry of the curve with respect
to the origin, we have

P(-175<Z2<0) = P0<Z <175 = 04599

¢. Since the total area under the curve is 1, we obtain
P(Z>185) = 05-P0<Z<185) = 0.5-04678
0.0322

d. Since the area under the curve for the interval —® < Z <0
is 0.5, we have

P(Z<110) = 05+ PO <Z<110) = 0.5+03643
0.8643

€. By applying both the normalization and symmetry proper-
ties of the curve, we obtain

P(Z<<145) =05~P(-145<Z<0)
05~P0<Z<145)

]

0.5 - 0.4265 = 0.0735

In practice, the random variable Z has no physical meaning. For
this reason, the notation N (g, a°) is adopted preferably in those
statistical problems that apply the normal distribution. However,
to perform calculations, the tabulated values of the standard
normal distribution are still valid. The following examples make
it clear how to manage Table 2.2, when the notation V(. a*)is
adopted.

Example 2.3 Consider the random variable X that follows
the normal distribution N(16.16). Compute the accumulated
distribution probability P(X > 17) from Table 2.2

The average and the standard deviation are g =16 and
o =4, respectively. The limits of the interval for the standard
random variable Z are obtained from equation (2.8):

 X-p  17-16 _

= = 0.2
Z = 3 0.25

Hence,

PX>17) = P(Z>025) = 05~ P(0<Z<0.25)
= 0.5 - 0.0987 = 0.4013

Example 2.4 The normal distribution N(20, 4) has the accu-
mulated distribution probability 0.30 for X < x,. Compute xp.

Since P(Z < z») = 0.30 < 0.5, zg must be negative. By
making use of Table 2.2, we find 25 = —0.84. Now, from equation
(2.8), ~0.84 = (xg ~20)/2. Thus, xp = 20~ 1.68 = 18.32.

In contrast to the Poisson distribution, the linear combination
of the two random variables X and ¥, which are characterized by
the normal distribution, generates a new random variable
W =aX + bY. which always follows the normal distribution.
This important property clearly indicates how advantageous the
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['I'ABLE 2.3 Probability for Different Intervals\
Interval Probability
ux0670 0.50
utao 0.68
pt 1L6do 0.9
ut2e 0.95
e T 0.997

S 7/

application of the normal distr