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INTRODUCTION

The earliest discussion of the atomic hypothesis is
attributed to the ancient Greek philosophers who
speculated about the myvsteties of nature. In the
fifth century B.LC. Democritus helieved that ele-
mentary substances (earth, water, fire, and air)
were formed by minute individual particles called
atoms. This vague philisaphical speculation was
given reality when John Iulton. between 1803 and
1808, showed how to determine the weights of dif-
ferent atoms relative i one another,

In 1816, Willism er)m ’nmrvm‘* (haxed on the
few atomic weights known) that all atomic we ights
were whole numbers and integral multiples of the
atomic weight of hydrogen. He thought that all
elements might he built up from hvdrogen, His
concept lost favor when elements such as chlorine
were definitely shown o bave noninteger atomic
weights,

PERIODIC PRQOPERTIES OF FLEMENTS

In 1860, Dnurrr Mend:dere sublished a short
note on the penwwdic reguiant, f chiemical ele-
ments. He urmn%w‘ the olernents i rows according
to the magnitude of their atomic weights, beginning
with the smallest w: ~'2} t. Eleme nts. that appeared
in the same vertica® ~cluren showed o remarkable
similarity 1 their chomical properties. Mendeleev
hypothesized that deviations {rony the expected
periodicity were due to chemisty failure to discover
some elements i nature. 4 cdicred the proper-
ties of galltura, scandwm, and gormaniam, which
were subsequently discovered Pairs of elements
(for example, teckel and cobaity that did not fit
the periodic properties of their columns were in-
terchanged so that ey would correspend. He
argued that the atornic weight measurements for
these clements must be in emvor. It s now known
that the atomic number (see page 23, rather than
the atormic weight, 1= the correct basis
periodicity i the chemiwsl properties of the ele-
ments. By coincidence, the list of elements ordered
by atomic weight usually agrees with the list
ordered by atomic nuwbu oxcept for the few
cases observed by Mendelcev

NEW PHENOMENA

Toward the end »f the nineteenth century, the
successes in chemistry, together with those of classi-
cal mechanics and electromagnetic theory, con-
vinced some indrviduals that rclassieal physics was

for the

“closed book™ and that workers in the field would
henceforth merely advance existing knowledge to
the next decimal place. This attitude changed in
1895 when Wilhelm Roentgen discovered X-rays
and in 1896 when A. Henri Becquerel discovered
natural radicactivity. Since such phenomena could
not be explained by existing theories of matter, they
created great interest,

In 1902, Ernest Rutherford and Frederick
Soddy, in their theory of radioactive disintegration,
proposed that radioactivity involves changes oc-
curring within the atom. Their view met strong op-
position because it was considered contrary to the
established view on the permanency of the atom.

EARLY MODELS OF ATOMIC STRUCTURE

Early experiments in the investigation of atomic
structure disclosed three different types of radio-
activity, called alpha, beta, and gamma radiation.
Alpha rays were found to be positively charged
helium ions; beta rays were found to be negatively
charged electrons: and gamma rays were high-
energy electromagnetic waves. In a magnetic
field. the alpha rays were deflected in one direction,
the Deta rays deflected in the opposite direction,
and the gamma rays not deflected at all.

The discovery of radioactivity and Sir Joseph
Thomson's proof of the independent existence of
the electron were the starting points for theories of
atomic structure. Thomson proposed one of the first
models of the atom. His “plum pudding” model of
internal structure depicted the atom as a homo-
geneous sphere of positive electric fluid (the pud-
ding} in which were imbedded the negatively
charged electrons (the plums). In this model the
negatively  charged electrons, which repel each
other and which are attracted to the positive
chuarge. assume certain stable positions inside the
atom. If the electron distribution is disturbed by
an external force, e.g., the violent collisions between
atoms in a hot gds. the electrons vibrate about
their equilibrium positions and emit electromag-
netic radiation.

The homogeneous-atom concept was proved in-
correct when Rutherford performed a series of
experiments with a beam of high-speed alpha par-
ticles fired at a very thin metal foil. Most of the
alpha particles passed straight through the foil
or were scattered or deflected only slightly from
their original paths. A small percentage of alpha
particles were significantly deflected, however, with
some alphas reversing their directions.
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The Thomson model, i winch the positive
charge was uniformly distributed throughout the
atom, would never permmt o sufficiently Inrge con-
centration of this charge in one region to affect the
alpha partictes sigmficantly. Rutherford thought
that “it (the experimental result) was about as
credible us if vou had fired a 15-inch shell at a
piece of tissue paper and it came back and hit you.”

To explain these results, Rutherford postulated
that the atom does not consist of a uniform sphere
of positive electrification, but that the positive
charge 1s concentrated in a small region called the
nucleus, at the center of the atom. In his dynamic
planetary model, the nucleus plays the role of the
sun and the electrons correspond to individual
planets of the solar system revolving about the
sun. This model. along with the classical physical
laws of electricity and mechanics, provided an
adequate explanation of the alpha particle’s scatter-
ing. Subsequent experiments performed on seven
different scattering materials and at different alpha
energies verified Rutherford’s theory.

Electromagnetic theory demands that an os-
cillating or revolving electric charge emit electro-
magnetic waves. Such emission results in the loss
of energy by the emitting particle. Applied to
Rutherford’s electrons, this energy loss would cause
a steady contraction of the system since the
electrons would spiral into the central nucleus as
their rotational energy was dissipated. This process
would occur very rapidly and would directly con-
tradict the permanent existence of atoms. Also, if
the radiation pattern produced by the atom were
related to the energy radiated by its moving elec-
tron, this radiant energy would be changing with
the radius of curvature of the electron’s path. The
pattern would consist of a continuous vange  of
wavelengths instead of the well defined discrete
wavelengths that are characteristic of each element.

BOHR ATOM

Since the known stability of atomic systems
could not be reconciled with classical principles of
mechanics and electrodynamics, Niels Bohr in 1013
reasoned that classical physics laws must be wrong
when applied to the motion of the electron in the
atom. Max Planck revealed an essential limitation
in the theories of classical physics 1n 1901 when he
introduced the concept of discrete amounts of
energy  (the energy quantum) i his quantum
theory of heat radiation. Albert Einstemn had ap-
plied this concept to hight in 12050 when he dde-
scribed  the photoelectric otfect. The  quantum
theory states that electromagnetie radiation (of
which light 1s one form) must he enutted or ab-
sorbed in integral multiples of these energy quanta.
Bohr coupled Rutherford’s atom with the quantum
theory to produce his quantunt theory of atomrc
structure.

Since a body that spins about 1ts own axis or
revolves in an orbit about o central pomt possesses
angular momentum, Bohr assumed that the elec-
tron’s angular momentum was restricted to certam
values (he quantized the angular momentum).
Each of the restricted values, which was deseribed
by a principal quantum number, n. would specify
a particular circular orbit. An atomic system. whose
electrons were m given orbits, would not emit
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electronuignetie rachiation »ven though the particles
were accelerating, The whole atom was said to be
N o ostationary states Such an assumption 1s con-
trary to classical electrodvnamics as mentioned
carlier. Electromagnetic radiation would be emitted
or absorbed only when an electron changed from
one allowed orhit to another allowed orbit. The
energy difference between the two states would be
emitted or absorbed in the form of a single quan-
tum of radiant energy, producing a radiation pat-
tern of a definite frequency v, related to the energy
E by the refation E h. already postulated by
Planck and Einstein.

QUANTUM NUMBERS

The quantum theory was further refined in 1916
when Arnold Sommerfeld introduced an azimuthal
quantum number, /, where / =~ n — 1, which per-
mitted discrete elliptical orbits for electrons, 1n
addition to the circular orbits. This change per-
mitted the Bohr model to account for detailed
structure in the pattern of radiation emitted by
hydrogen and other atoms. To account for the
change in the emitted radiation pattern when an
atom is exposed to a magnetic field, a magnetic
quantum number m (with permitted integral
values from — [ to [ was added. This quantum
number designates different projections of the
possible circular or elliptical orbits along the mag-
netic field direction in space. Finally, a spin quan-
tum number for the electron was postulated by
Samuel Goudsmit and George Uhlenbeck to ac-
count for the close grouping of two or more spec-
tral lines. An electron was considered to have an
angular momentum about its own axis: in mechan-
ical terms, this motion can be thought of as spin.
In o magnetic tield. the spin axis can have two
directions relative to the field.

The orbits in which the electrons move can be
described by specifying a set of these four quantum
numbers. All electrons with principal quantum
number n 1 are in the innermost orbit, called the
K shelll All electrons with n . 2 fall into a second
aroup, called the L shell. The total number of elec-
trons 1 a shell s imited by the various possible
combmations of the other three quantum numbers.
When an electron shell 1s filled, the atom 1s in a
stable configuration (the nohle gas configuration)
and does not easily undergo chemical reactions. If
only one or two electrons are in the last unfilled
shell it s refatively easy for the atom to lose these
electrons to another atom whose last unfilled shell
has one or two vacancies. The first of these two
atoms becomes posttively charged (because of the
loss of electrons): the second becomes negatively
chirged (because of the gam of electrons). These
atoms can now attract each other and form a com-
pound (tonic bonding).

The periodicity or repetitive structure of the
Mendeleev chart is now understood to be due to
the number of electrons in the atom. In a neutral
atom the number of electrons is balanced by the
equal number of protons (hyvdrogen nucler with a
positive charge and a mass of about 1836 electron
masses ) In the nucleus of the atom. Note that the
atomic number of an element is equal to the num-
ber of umit positive charges carried by the nucleus
ard 1s not the same as the atomie weight. In 1913,



Henry G. J. Moseley determined the magnitude of
the nuclear charge by comparing the characteristic
X-ray wavelengths of elements. Identification of
the atomic number of an element from its high-
frequency spectrum provided a rule for fitting
newly discovered elements into vacant places on
the Mendeleev chart.

In 1923, Louis DeBroglie postulated that, in an-
alogy with light having both a wave and a particle
nature, matter should have a wave as well as a
particle nature. The wavelength that he predicted
for a particle was inversely proportional to the par-
ticles’ momentum. Clinton J. Davisson and Lester
H. Germer experimented with the scattering of elec-
trons from a crystal. They showed that electrons
definttely had wave properties with a wavelength
corresponding to the value predicted by DeBroglie.

The mechanical picture offered for the classifi-
cation of stationary states of atoms by the Bohr
theory, and its subsequent modification, was handi-
capped by its reliance on many ad hoc postulates
and by an inability to explain the intensities of
radiation patterns emitted by atoms. A new de-
parture was provided 10 1926 by Erwin Schro-
dinger's establishment of wave-mechanics,* in
which stationary states are conceived as proper
solutions of a fundamenial wave equation. In ad-
vanced theories, the mechanical models are no
longer used.

ISOTOPES

Experimental investigations n nuclear physics
began to require specialized nstruments. One of
the first of these mstruments was the mass spectro-
graph developed by Francis W, Axten to measure
the relative mass of the ators of an element. This
device directed positive ions of an ionized (elec-
trically charged) vas at a photegraphie plate. The
ions were deflected by electric and magnetic fields,
working at right angles, so that all particles having
the same mass were brought to a focus at a fine
line. Heavier ions, having imore inertia. were de-
flected less thar were the hghter 1ons

With the use of the mass spectrograph, it was
discovered that some chemical elements have two
or more components, each with 1ts own mass.
Natural chlorine, whose atomic weight is fractional
(about 35.5; produced two hines on the photo-
graphic plate corresponding to masses very close
to 35 and 37. No particle was found with a frac-
tional mass (within the experimental error). Com-
ponents of the same - hemical efement with dif-
ferent mass numbers are called isotopes. Most ele-
ments in their natural state consist of two or more
isotopes, although 20 elements have only one iso-
tope: for example, alumimum, cobalt, and gold.
Modifying Prout's hypothests, Aston proposed the
whole-number rule which states that all atomic
masses are close to integers and that fractional
atomic weights are due to the presence of two or
more isotopes, each of which has an approxamately
integral value. On the carbon-12 scale now used.
where the atomic weight of carbon-12 15 exactly 12
units, all other 1sotopes have atomic welghts close
to integers.

¥ Wave-mechanics s equivalent ¢ the oatnx mechanmes
05
voERAs

developed by Werner Hersenberg
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With the problem of fractional atomic weights
solved. physicists at first believed that nuclet con-
sisted of electrons and protons. A nucleus with an
atomic number Z and an atomic mass A would con-
sist of A protons, to account for the total mass, and
A minus Z electrons to balance the excess positive
charge of the protons. This view of the structure of
the nucleus was altered in 1932 when James Chad-
wick discovered the neutron. This particle has no
electric charge and has approximately the same
mass as the proton.

It is now believed that neutral atoms consist of
N neutrons, Z protons, and Z orbital electrons, with
A N + Z. Isotopes are nuclides with the same
Z but different N. For example, natural hydrogen
consists almost entirely of atoms that contain one
proton and one electron. However, a small amount
(about 0.015 percent) of deuterium (heavy hydro-
gen) 1s present in nature; deuterium consists of one
proton, one neutron, and one electron. In general,
the situation becomes more complex as the heavier
elements are encountered. Natural tin, which has
atomic number 50. consists of 10 isotopes of
masses 112, 114, 115, 116, 117, 118, 119, 120,
122, and 124. These 1sotopes differ from one an-
other because, although each has 50 protons and
50 electrons. cach contains a different number of
neutrons {ranging from 62 to 74).

The nucleus is held together by attractive forces
between the neutrons and protons. These attractive
forces are not completely understood, but it is
known that they must be strong enough to over-
come the electrostatic repulsion between the pro-
tons. Because of this repulsion, however, the ratio
of neutrons to protons increases for stable isotopes
as the atomic number increases. Among light ele-
ments in nature, there is approximately one proton
for every neutron. Among heavy stable isotopes, for
every two protons there are approximately three
neutrons.

As previously mentioned, Aston found that the
atomic masses were approximately integers. More
accurate measurements indicate that the total
mass of a nucleus is always less than the sum of
the proton and neutron masses of which the nu-
cleus 1s composed. In 1905, Einstein had shown
that mass, m, was another form of energy, E, ex-
pressed hy his relationship E mc*, where ¢ is
the velocity of light. The mass deficiency of the
nucteus 1s expressed as the nuclear binding energy.
The binding energy represents the amount of
energy required to hreak the nucleus into its con-
stituent nucleons, The ratio of the binding energy
to the number of particles in the nucleus varies
among the stable elements. It 1s greater for ele-
ments with mass numbers between 30 and 120 than
it 1s for very light or very heavy stable elements.

ARTIFICIAL RADIOACTIVITY

In 1919, Rutherford’s discovery of artificial
radioactivity achieved the feat vamly sought by
the ancient alchemists, that is. changing one ele-
ment into another. Rutherford hombarded nitrogen
vas with a stream of alpha particles. Some of the
alpha particles were absorbed by the nitrogen, pro-
tons were emitted, and a different element, oxygen,
was formed. The physicist uses symbolic language
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to represent the transformation as follows:
11

4 [ B
N - He—» O — H.
T 2 hi 1
The superscripts denote the total number of nu-
cleons (number of protons plus neutrons), and
the subseripts denote the atomic number (number
of protons) in each element. Note that the super-
scripts on one side of the arrow halance those on
the other side. The same 1s true for the subscripts.
The balance represents the conservation of the
number of protons and neutrons separately.

This initial discovery has been followed by the
construction of large machines designed to ac-
celerate charged particles such as protons and
alpha particles to higher energies so that they may
be used to bombard nuclei. Among these machines
are the Van de Graaff generator, the cyclotron,
the betatron, the linear accelerator (hinac), and
others. Beams of high-energy neutrons can also be
produced. Since the neutron is electrically neutral,
however, there i1s no electrostatic repulsion be-
tween bombarding neutrons and the positively
charged target nuclei. Even thermal neutrons could
be used for nuclear reaction studies (thermal neu-
trons have energies that correspond to the most
probable energy for a group of neutrons at 68°F,
that is, energies in the neighborhood of 0.025 eV).

NEUTRON FISSION

During the investigation of neutron-produced
reactions in various target elements, Enrico Fermi
and his associates discovered different beta activ-
ities (distinguished by half-life} when uranium was
used as a target. They assumed that a transuranium
element had been produced (that is, an element
whose atomic number was greater than 92). In
1938, Otto Hahn and Fritz Strassman, repeating
the experiments, discovered part of the activity to
be due to barium (atomic number 56). Lise Meit-
ner and Otto Frisch suggested that the uranium
nucleus had sphit into two roughly equal parts,
barium and krypton (the latter, atomic number
36). when the uranium captured the incident neu-
tron. This reaction Frisch termed “fission,” after the
term used to describe the division of cells in a
living organism. Since the mass defect (or binding
energy) per particle 1s greater for the residual
nuclei, barium and krypton, than for the uranium,
neutron fission is accompanied by a large energy
release.

For nuclear reactions other than fission, Fig.
1 illustrates the many combinations of incident (or
bombarding) and emitted particles, and how each
combination changes the original nucleus. This
figure is copied from the lower right corner of the
chart. A special type of shorthand i1s used on this
diagram to identify the data represented. An ex-
ample is (p,n) which denotes a reaction in which
the nucleus absorbs a proton and emits a neutron.
The symbols used are:

n neutron t triton (hydrogen-3
d deuteron nucleus)
P proton w alpha particle

‘He helium-3 nucleus

Using these reactions. nuclear physicists have
produced far more artificially radiocactive isotopes
than the stable or radioactive isotopes that occur
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gamma ray

in nature. The term “nuchide” was proposed by
Truman P. Kohman for a species of atom charac-
terized by the number of neutrons and protons that
the atom contains. The term is used in this booklet
in this general sense to encompass both stable and
radioactive species. At present, there are 1675
nuchides known, of which 264 are stable forms of
the natural elements. In addition, 65 of the un-
stable nuclides are found in nature, mainly among
the heaviest elements. Active nuclear research,
which 1s conducted in many laboratories through-
out the world, causes additions and changes in
the list of nuchides. Since the last edition of the
chart was published (1966), 8 nuclides, which had
been misassigned, have been removed, and 180
new nuclides have been added.

CHART OF THE NUCLIDES

(Data revised to December 1968;
occasional data to June 1969)

The general arrangement of the Chart is similar
to that suggested by Emilio Segré and followed in
previous editions. Because of its size, the Chart
is presented in three overlapping sections. The
numbers along the left-hand side, marking the
horizontal rows, represent the atomic number Z
(the number of protons in each nucleus of that
row). Each horizontal row represents one ele-
ment; the filled spaces indicate the known isotopes
of that element. The numbers at the bottom of
the vertical columns represent the number of neu-
trons in each nucleus of that column; the number
1s designated by N.

Heavy lines on the Chart occur for Z or N equal
to 2, 8, 20, 28, 50, 82, and 126. These are the so-
called “magic numbers™. re., the numbers of neu-
trons (protons) present when a neutron (proton)
shell is closed. In analogy with the electron shell
model of the atom. a nuclear shell model has been
developed for the neutrons and protons within a
nucleus. Filled shells represent the most stable
configurations. Nuclides having either a closed
neutron shell, or a closed proton shell, or both,
are most stable.

Spaces shaded in gray represent isotopes that
occur in nature and that are generally considered
stable. A black rectangular area at the top of a
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Fig. 1. Changes Produced by Various
Nuclear Reactions




white square indicates a radioactive isotope that is
found in nature. Examples of such 1sotopes are (1)
an unstable nuclide having a lifetime sufficiently
long to have prevented the loss by disintegration
of all atoms of that particular nuclide that were
available at the time the elements were formed,
and (2) a short-lived nuclide that i1s a disintegra-
tion product of such a long-lived nuchde. Occasion-
ally one nuclide has both the gray shading and
the black top. This indicates an isotope found in
nature, such as rubidium-87. tiat is radioactive
with a very long half-life. Sguares with smaller
black rectangular areas near ‘he top represent
members of one of the naturallw radiocactive decay
chains (see page 8). The old symbolic name is
inserted in this smaller black area. White squares
represent artificially produced sz dioactive nuclides.

The heavily bordered space it the left side of
:ach horizontal row gives properties of the element
as found in nature, including the chemical atornic
weight (on a mass scale where the neutral atom
of carbon-12 . 12.00000) and +he thermal neutron
ahsorption cross section (see pare 6).

Each of the other cecupiesdd spaces carries the
chemical symbol (a list of thes: symbols is given
on page 7 along with the atomu weights) and
the mass number of the nuchide indicated. The
mass number, designated by A, is the sum of the
number of rneutrons and protens o the nucleus.
The number of neutrons N is equal to the differ-
ence between the mass number and the atomic
number. that is, A mirus Z.

STABLE NUCLIDES

Classifying the 264 stable nu-lides by the even-
or oddness of Z and N gives four possible cate-
gories. The first category contains an even number
of protons and an cven number of peutrons (so
called even-even nuclet). The cther categories are
even-odd, odd-even, and odd-odd. Table 1 shows
the number of stable nuchde« that fall in each
category.

Table 1. Distribution of Stable Nuclides

A VA N Number of S'alzin Nuclides
Even Even Even 157
Odd Even ddd 53
Odd Odd Even 50
Even Odd Odd 4

264

Table 1 shows that for the ocld A nuciides there
are approximately as many nuclides with an even
number of protons (even Z) as with an even num-
ber of neutrons (even N ). This s evidence that the
nuclear force between two nucleons s independent
of whether the nucleons are protons or neutrons.
Odd-odd stable nuclides are scarce, and they are
found only among the lightest nuclides, Their
scarcity is due to a ‘“pairing energy’ between
particles in the same shell. The condition of being
in the same shell increases the binding energy of
these particles, making themr more stable than
particles in different shells. An odd-odd nuchde
contains at least one unpairid proton and one
unpaired neutron which are usually in different
shells and hence contribute weakly to the binding.
For the lightest nuclei, howeve s, the unpaired neu-
tron and proton are in the sarce shell
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Diagonals running from upper left to lower right
connect nuclides of different elements, which have
the same mass numbers. For example, one line
could connect calcium-40, which has 20 protons
and 20 neutrons, with argon-40, which has 18
protons and 22 neutrons. Nuclides of the same
mass number are called isobars; nuclides with the
same number of neutrons are called isotones.

DATA DISPLAY

The manner of displaying data is explained in
the lower right corner of the chart. For stable
nuclides, the first line contains the chemical symbol
and mass number; the second line presents the
atom percent of the natural element that this iso-
tope represents (known as the absolute isotopic
abundance); the third line contains the thermal
neutron cross section (see page 6); and the
fourth line presents the isotopic mass of the neutral
atom (the mass of the nucleus and its surrounding
electrons). This mass is given in atomic mass units
where carbon-12 is assigned a mass of 12.00000.

For long-lived, naturally occurring radioactive
nuclides, the first line contains the chemical symbol
and mass number, the second line presents the
absolute isotopic abundance, and the third line
contains the half-life. The half-life is the period of
time in which half of the nuclei initially present in
a given sample disintegrate. Additional lines
present the decay modes (or types) and energies
ot decay. and the isotopic mass of the nuclide.
Energies are given in millions of electron volts
(MeV). When more than one mode of decay
occurs, the most prominent mode appears first
(above, or to the left of, the other mades). When
gamma radiation is emitted in more than one decay
mode, or if several gamma rays are emitted in one
mode, the gamma rays are separated and presented
below (or to the right of ) their associated decay
mode(s).

For radioactive nuclides that are not of the long-
lived, naturally occurring type, the same informa-
tion 1s presented except that the isotopic abun-
dance is omitted and the last line of the pertinent
square contains the beta-decay energy instead of
the isotopic mass. For the heavy elements, where
the major mode of decay is alpha-particle emission,
the isotopic mass is retained in the last line. In
many squares, a small black triangle appears in
the lower right corner to indicate that the nuclide
has been formed as a product in the thermal-
neutron fission of uranium-235.

METASTABLE STATES

Note that certain squares are divided, for exam-
ple, the square for aluminum-26. Such divisions
occur when a nuclide has one or more isomeric
states, that is, when a nuclide has the same mass
number and atomic number, but possesses different
radioactive properties in different long-lived energy
states. On the chart, a long-lived state 1s arbitrarily
defined as a state whose half-life is one microsecond
(one-millionth of a second) or longer. The lower
energy state is generally referred to as the ground
state, the higher state as the isomeric state. Fre-
quently, the ground state is a stable nuclide. If one
metastable state exists, it is shown on the left. If
two exist, the higher energy state is shown on the

-5
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left. the lower below 1t or to the nght of 1it. and the
ground state to the night of both,

A mode of decav and the decay enerpy shown
in parentheses imdicate that the decay results from
a short-hived daughter that accompantes 1ts parent,
(In o radiwactive decay. the onginal nuchde is
called the parent or precursor: the resultant nuclide
15 called the daughter.) For example, nitrogen-17.
with a half-hite of 4,14 sceonds, decays by negative
beta emission (symbol ) ) mto an exceedingly
short-lived state of oxygen-17, which in turn emits
a neutron. Thus nitrogen-17 emits “delayed neu-
trons” with a half-life of 4.14 seconds.

Another example 1s 17-day palladiuni-103, which
decays by K-electron capture mainly to the 57-
minute rhodium-103 and, statistically less often,
to stable rhodium-103 (K-electron capture occurs
when the nucleus captures an electron from the K
shell; the symbol is ..) The 57-minute rhodium
emits a gamma ray or an internal-conversion elec-
tron that corresponds to an isomeric transition of
0.040 MeV. (An internal-conversion process in-
volves the direct transfer of energy from the nu-
cleus to one of the orbital electrons, and the elec-
tron 1s ejected from the atom: the symbol used is
e .) On the chart, the delayed gamma ray is as-
signed to the parent; inclusion of the energy in
parentheses indicates that the gamma ray comes
from the daughter, but continues to last as long as
the disintegrating parent is still present.

A further example 1s provided by a standard
laboratory radionuchde, 30.2-year cesium-137. This
long-ived parent decays directly to a short-lived
daughter, 2.551-minute barium-137. by negative
beta emission. The 6.616-MeV gamma ray which
is emitted by the barnium is included in parentheses
on the cesium square.

THERMAL NEUTRON CROSS SECTIONS

The Greek letter o with various subscripts is
used to 1dentify the thermal neutron cross sections.
The neutron cross section measures the probability
of interaction of a neutron with matter. The cross
section can be most easily visualized as a cross-
sectional target area presented to the neutron by
the nucleus. The cross section depends upon the
type of interaction involved and the energy of the
neutron. At thermal energies, a number of reaction
types are possible. The thermal neutron absorp-
tion cross section (symbol o.) is the sum of the
cross sections for all reactions except scattering of
the neutron. Cross sections are usually measured
n units of barns per atom. A barn is the area of a
square a millionth of a millionth of a centimeter
on each side (10 -' square centimeters). The most
probuable reaction (that is. the reaction with the
fargest cross section) is generally the neutron cap-
ture reaction (symbol » ) in which the absorption
of the neutron by the nucleus is accompanied by
high-energy gamma-ray emission. Occasionally, a
proton or an alpha particle may be emitted, or the
nucleus may fission upon neutron absorption (sym-
bols o, a4, and o). Examples of these cross sec-
tions are found on the squares of beryllium-7,
boron-10, and thorium-227, respectively.

A given nuclide might undergo two or more
interactions, and its square would then contain

two or more of these cross section values, Whea
neutron capture can lead to o metastable state as
well as to the ground state, more than one value
will appear beside the capture cross section for
that nuclide. The cross-section value for metastable
state formation s histed on the lett and that for
direct ground state tormation on the neht. For two
metastable states, the higher of the two states s
on the feft. For example. mdium-113 has an indi-
cated capture cross section o, of (2.8 5.0 - 3),
which means that the cross section for formation
of 44-millisecond indwum-114 1s 2.8 barns. the
cross section for the direct formation of 50.0-day
mdmum-114 s 5.0 barns, and the cross section for
formation of 71.9-second indium-114 is 3 barns.

The designation mb or b following the cross-
section value indicates that the units of the cross
section are millibarns per atom (10 “cm? atom)
or mircobarns per atom (10 "em® ‘atom), respec-
tively. When no mb or »b appears on the chart
square, the units of the cross section are barns per
atom,

SPINS AND PARITIES

In the upper nght corner of the square for the
ground state of a nuclide, and i the upper left
corner of the 1saimeric state, are shown the spin and
parity of the corresponding energy level. Each
neutron and proton has an intrinsic angular mo-
mentum of '3 (in units of h 2= where h is Planck's
constant j, similar to that of the electron, which
combines with their orbital anpular momentum to
produce a resultant angular momentum called the
nuclear spin. Since the orbital angular momentum
1s always zero or an integral multiple of h/2=, the
nuclear spin (in units or h 2-) is always integer
or half-odd-integer, depending upon whether the
nucleus has an even or an odd number of nucleons.
The concept of parity was introduced by the
mathematical formalism of quantum theory and
has no classical analogue. A system in a given state
may have even parity (symbol - ) or odd parity
(symbol ). For aluminum-27 the spin and parity
are shown as 5 -, where the 2 in the deneminator
of 5 2 has been removed to improve the read-
ability of the chart. The ground states of all even-
even nuchides are known to have spin and parity
0 - ;500 + has been omitted.

The arguments for the assignment of spin
and parity to nuclear states can be divided
into two classes: strong arguments such as mea-
suring, values directly. and weak arguments such
as inferring values indirectly. On the chart. the
absence of parentheses indicates spins and or
parities based on strong arguments; the presence of
parentheses indicates spins and ‘or parities based
on weak arguments. When the spins of both the
ground state und an 1someric state are given for a
particular nuclide. 1t 15 interesting to observe that
these spins usually differ by two or more units of
h "2- The large angular momentum (spin) change
15 required for the gamma-ray transition between
the states. Combining this spin change with the
small energy  differences (a few hundred keV)
leads to a relatively long lifetime (rmetastable
state).



RADIOACTIVE DECAY CHAINS

As nuclear processes occur, whether in natural
radioactivity or under artificially induced condi-
tions, the nuclides change in accordance with the
scheme shown 1n Fig. 2. To understand the use
of this scheme more fully, consider the uranium-
238 decay chain (one of three such chains found
in nature). On the chart we start with the parent
uranium-238 which emits an alpha particle. The
daughter nucleus is in the second space diagonally
down to the left (see Fig. 2). This square repre-
sents the isotope thorium-234. (‘This nuclide 1s also
identified by the old symbol uranium X, which is
the historic name given it before it was i1dentified
as thorum.)

Thorium-234 in turn emits a negative electron;
so the loss of mass is not appreciable. However,
there 1s a loss of one negative charge, which means
that the atomic number Z increases by one. In
effect, one neutron has changed into a proton. The
move one space up and one space to the left (see
Fig. 2) leads to protactinium-234 which has iso-
meric states. Each of these states undergoes neg-
ative beta emission; so another move diagonally
upward to the left leads to uranium-234.

Uranium-234 emits an alp.ha particle ending at
thorium-230. Another alpha decay yields radium-
226. Three further alpha decays result first in
radon-222, then in polonium-218, and finally in
lead-214. However, this 1sotope of lead s unstable
and emits a negative electron producing bismuth-
214. A beta decay to polonium-214 is followed by
an alpha decay to lead-210. An alternate route
from bismuth-214 to lead-210 1s taken in a small
fraction of the disintegrations since bismuth-214
can also emit an alpha particle and the resulting
thallium-210 beta-decays to lead-210.

In either case, lead-210 beta-decays to bismuth-
210. Another beta decay produces polonium-210
which alpha-decays to the stable isctope lead-206.
At this point the chain ends. Incidentally, in many
of the above steps, gamma rays and conversion
electrons are also emitted.

3
He n a in
BT out p in d in 1 in
n o= neutron
Originol
o out n in
Nucleus p = proton
d - deuteron
Bt out N
too teatop {TH)
' out d out o out .
a - alpha particle
B - neqatie electron
+
a out BHP out B = positran
<« = electron capture

Fig. 2. Relative Locations of the Products of Various
Nuclear Processes
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Similarly, the two other natural radioactive
sequences may be traced. One is the actinium series
which starts with uranium-235 and ends with lead-
207. The other is the thortum series, which goes
from thorium-232 to lead-208. A fourth, or nep-
tunium, series 1s also known. However, the half-life
of the parent, neptunium-237, is only about two
million years. Since the age of the earth is five or
ten billion years, most of the neptunium-237 pres-
ent when the earth was younger has already de-
cayed, and the series 1s not found in nature.

Since the naturally radioactive decay chains end
at stable isotopes of lead, the isotopic composition
of lead ore will be variable depending upon its
source and its past history. Elements such as
lithium and boron also have variable compositions
that are affected by reactions that their samples
have previously undergone. In a similar manner,
scientists examining the isotopic compositions of
samples recently brought back from the moon
have already obtained an estimate of the age of the
samples from the relative amounts of potassium
and argon-40 present. A comparison of the isotopic
composition of elements on the moon with those
on earth might provide scientists with some solu-
tions to the problem of the origin of the universe.

Errata
(Chart of the Nuclides, Tenth Edition)

The absorption cross sections for oxygen and
sodium should read as follows:

Oxygen o, .27 mb
Sodium ¢, .534

The atomic weight for praseodymium should read
140.908.
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LIST OF ELEMENTS

ATOMIC

Numpgr  STMPOL  Name  Lgdin | DUGRER  SYMBOL  NaME  \ugdl;
0 n neutron ... ... 52 Te tellurium 127.60
1 H hydrogen 1.00797 53 I 1odine 126.9044
2 He hetium 4.0026 54 Xe xenon 131.30
3 L: lithium 6.940 55 Cs cesium 132.905
4 Be beryllium 9.0122 56 Ba bartum 137.34
5 B boron 10.811 57 La lanthanum 13891
6 C carbon 12.01115 58 Ce cerium 140.12
7 N nitrogen 14.0067 59 Pr praseodymium  140.908
8 O oxygen 15.9994 60 Nd neodymium 144.24
9 F fluorine 18.9984 61 Pm promethium  ......
10 Ne neon 20.179 62 Sm samarium 150.35
11 Na sodium 22.9898 63 Eu europium 151.96
12 Mg magnesium 24.305 64 Gd gadolinium 157.25
13 Al aluminum 26,9815 65 Tb terbium 158.924
14 Si silicon 28.086 66 Dy dysprosium 162.50
15 P phosphorus 30.9738 67 Ho holmium 164.930
16 S sulfur 32.064 68 Er erbium 167.26
17 Cl chlorine 35.453 69 Tm thulium 168.934
18 Ar argon 39.048 70 Yh ytterbium 173.04
19 K potassium 39.102 71 Lu lutetium 17497
20 Ca calcium 40.08 72 Hf hafnium 178.49
21 Sc scandium 44,956 73 Ta tantalum 180.948
22 Ti titanium 47.90 74 w tungsten 183.85
23 v vanadium 50.942 75 Re rhenium 186.2
24 Cr chromium 51.996 76 Os osmium 190.2
25 Mn manganese 54.9380 77 Ir iridium 192.2
26 Fe iron 55.847 78 Pt platinum 195.09
27 Co cobalt 58.9332 79 Au gold 196.967
28 Ni nickel 58.71 80 Hg mercury 200.59
29 Cu copper 63.546 81 Tl thallium 204.37
30 Zn zine 65.37 82 Pb lead 207.19
31 Ga gallium 69.72 83 Bi bismuth 208.980
32 Ge germanium 72.59 84 Po polonium  ......
33 As arsenic 749216 85 At astatine . ..,...
34 Se selenium 78.96 86 Rn radon ...,
35 Br bromine 79.904 87 Fr francium  ......
36 Kr krypton 83.80 88 Ra radium . .....
37 Rb rubidium 85.47 89 Ac actinlum . .....
38 Sr strontium 87.62 90 Th thorium 232.038
39 Y yttrium 88.905 91 Pa protactinium  ......
40 Zr zirconium 91.22 92 u uranium 238.03
41 Nb niobium 92.906 93 Np neptunium ... ...
42 Mo molybdenum 95.94 94 Pu plutonium . .....
43 Tc technetium, e a5 Am americium ... ...
44 Ru ruthenium 101.07 96 Cm curtum ...
45 Rh rhodium 102.905 97 Bk berkelium .. ....
46 Pd palladium 106.4 98 Cf californium ... ...
47 Ag silver 107.868 99 Es einsteinium ... ...
48 Cd cadmium 112,40 100 Fm fermium ., ...
49 In indium 114.82 101 Md mendelevium ... ...
50 Sn tin 118.69 102 No nobelium ... ...
51 Sh antimony 121.75 103 Lr lawrencium ... ..




Relotive Locations of ths Products

of Various Nuclear Processes

Original
Nucleus

Bt out
out d out ] out

p = proton

d = deuteron

triton (M%)

alpha particle

2
a

B = negative electron
ﬂ*‘ positron

€ = electron capture

SYMBO.S

RADIATIONS AND DECARY

a olpha particle
B~  negafive electron
Bt  positron

y gamma ray

n neutron
] proton
€ electron capture

1T isomeric tronsition
D rodiation delayed

SF  spontaneous flission

E disintegration energy
e~ conversion electron

ms  miltiseconds  {(10"3s)

4s  microseconds (10-8s)

[ seconds
m minutes
h hours

d days

y years

Displacements Caoused by Nuciear
Bombardment Reactions
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a, 2n
a, 3n a,n
He ,n
P.Y a,np
p.n d,n t,n
3 3
He , np He ,p
d,p
yon Origingl an.y ",p
n,2n Nucleus t,np
Yy » P y.P n,p
3
f.,a n, He Chemical
Element
H ~— Symbol
1.0Q 797 § — Atomic Weight (Carbon-12 Scale)
99,0332 ¥ Thermal Neutron Absorption Cross
Section in Borns

Percent Abundance — I

Moss (Corbon ~ 12 Scoie)

Artitficially
Radioactive

WModes of Decay, 21.3h
Radiation ond Energy { 845 (2.85)

’ 032,1.35,.40,
in Mev, { } Indicate 795‘“]8’
Rodiations from Short— £1.84

/Em Z,Even N Nuclides Hove Spin and Pority O+

——- Symbol, Moss Number

—__ Thermal Neutron Activation Cross Sectlon in Borns
Leoding to {(Isomeric + Ground Stote)

dl __ Fission Product, Siow Neutron Fission of U235

~——Symbol, Mass Number
~— Half — Life

— Energy in Mev

Lived Doughter

Noturally Occurring or Otherwise
Availobie but Rodlooctive

Symbol, Mass Number ~— R PO
Peorcent  Abundance — m
Hait —Life ~— B

Thermal Neutron Capture . [
Cross Sectlon in Barns

~— Spin ond Pority

}  Modes of Decay ond Energy
—— Mass

Member of Naturally
Radioactive Decay Chain

| —— Symbot, Moss Number

—— Half- Lite
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Mev in Order of Intensity

T Moss

Two Isomeric States
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Half - Life —
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Rodations ond {
Energles in Mev

Spin ond Parity of Ground State, 172+

N Symbal, Moss Number

~— Percent Abundance

—— Moss
" Flssion Product, Slow Neutron Fission of U235
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Two Isomeric States

Both Rodiooctive

Mol03
P53 | 66s

B
- 54.1.26(
T3

Rodioactive Upper Isomer
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—— Holf Lives, ? Indicates Uncertainty
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227-App-C

LIST OF ATOMIC ELEMENTS

Actinium Ac 39 Marcury Hg 80
Aluminum Al 13 Molybdenum Mo 42
Americium Am 95 keodymium Nd 60
Antimony Sb 31 Neon Ne 10
Argon Ar i3 Meptunium Np 93
Arsenic As 33 Mickel Ni 28
Astatine At 85 Niobium Nb 41
Barium 8a 56 Nitraegen N 7
Berkelium Bk 97 Mobelium No 102
Beryllium Be 4 Csmium Os 76
Bismuth Bi 83 Oxygen o 8
Boron B 5 Palladium Pd 46
Bromine Br 35 fhosphorus P 15
Cadmium Cd 48 Plajinum Pt 78
Calcium ' Ca 20 Plutonium Pu 94
Californium Ccf 98 Pzionium Po 84
Carbon C é Potassium K 19
Cerium Ce 58 Praseodymium Pr 59
Cesium Cs 55 Promethium Pm 61
Chlorine Ci 17 Protactinium Pa 9
Chromium Cr 24 Radium Ra 88
Cobalt Co 27 Radon Rn 86
Copper Cu 29 Rhenium Re 75
Curium Cm 96 Rhodium Rh 45
Dysprosium Dy 66 Rubidium - Rb 37
Einsteinium ts o9 ituthenium Ry 44
Erbium B 68 Seremsrium 5m 62
Europium Eu 63 Seandium S¢ 21
Fermium Fm 100 selenium Se 34
Fluorine ¢ 9 Silizon 5 14
Francium Fr 87 Silver Ag 47
Gadolinium Gd 64 Sodium Na 11
Gallium Ga 31 Strontium Sr 38
-Germanium Ge 32 Sulfur S 16
Gold Av 79 Tantalum Ta 73
Hafnium Hf 72 Technetium Te 43
Helium He 2 Tellurium Te 52
Holmium Ho 67 Terbium Tb 65
Hydrogen H i Thallium i 81
Indium In 49 Thorium Th 90
lodine i 53 Thulium Tm 69
Iridium ir 77 Tin Sn 50
lron Fe 26 Titoanium Ti 22
Krypton Kr 26 Tungsten w 74
Lanthanum ba 57 Uranium U 92
Lawrencium Llw 103 Vanodium \Y 23
Lead Pb 82 Xenon Xe 54
Lithium Li 3 Ytterbium Yb 70
Lutetium Lu 71 Yitrium Y 39
Magnesium Mg i2 Zinc Zn 30
Manganese Mn 25 Zirconium Zr 40

Mendelevium fMd 101
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