
1  Radiation and Radioactivity

Although radiation and radioactive contamination of the environment are of great concern to society and cause
frustration for scientists, the fact is that the universe is and always has been permeated with radiation.  Some of our
most fascinating theories attempt to explain how we arrived at our present state and what lies in the future.  Because
radiation and radioactivity are offshoots of these investigations, an appropriate starting point should entail a review
of some of these more crucial discoveries.

1.1  Historical Review of the Nature of Matter
In the course of man's continuous wonder about the world, he asks "What is matter?"  While the answer is still
incomplete, much information about matter has evolved through the centuries.  The early Greeks had two schools of
thought regarding the nature of matter: (1) that matter is continuous and can be divided into small parts indefinitely,
and (2) that matter is made up of basic building blocks called atoms, which cannot be divided by ordinary means.
 We know that the second of these concepts is correct and that the atom is truly the basic building block of matter.
The term "atom" comes from the Greek words a (meaning "not") and tomos (meaning "to cut"); atom, then, means
an indivisible unit.  However, until the late 1600s most western scientists accepted the theory proposed by the Greek
philosopher Aristotle, which stated that all matter consisted of four basic materials or elements; earth, air, fire, and
water.  For example, they thought  wood was made of all four elements, because when it was burned, fire and air
(smoke) were emitted, water bubbled out (sap), and earth (ashes) remained; and they thought human beings were
made of all four elements because they breathed air, drank water, ate earth (contained in plants), and had fire (warm
bodies).  This concept was held through the Dark Ages until about 1700 when several chemists performed classical
experiments that finally led to the popular acceptance of the atomic concept of matter.

Investigations carried out by French chemist Antoine Lavoisier and others, showed that when tin is made to
react with air in a closed vessel, the weight of the vessel and its contents is the same after the reaction as it was
before.  This constancy of the weight before and after chemical reactions, which has been found to be true for all
chemical reactions, is expressed in the Law of Conservation of Mass, which states that the mass of a system is not
affected by any chemical changes within the system.

It was similarly found that when various metals were burned or oxidized in excess air, one part by weight of
oxygen always combined with: 1.52 parts by weight of magnesium, 2.50 parts of calcium, 1.12 parts of aluminum,
3.71 parts of tin, 3.97 parts of copper, etc.  Experiments of this type led to several laws of combination which
pointed out the fact that elements combine in definite proportions.

In 1803 the English chemist and physicist John Dalton proposed an atomic hypothesis to account for the facts
expressed by the laws of chemical combination and was based on these postulates:

The chemical elements consist of discrete particles of matter, called atoms, which cannot be subdivided by any
known chemical process and which preserve their individuality in chemical changes.
All atoms of the same element are identical in all respects, particularly in weight or mass; different elements
have atoms that differ in mass and weight.  Each element is characterized by the weight of its atom, and the
combining ratios of the elements represent the combining ratios of their respective atoms.
Chemical compounds (combinations of two or more atoms) are formed by the union of atoms of different
elements in simple numerical proportions, e.g., 1:1, 1:2, 2:3, etc.

In retrospect it is easy to see that the laws of chemical combination can be deduced from these postulates.  Since
atoms undergo no physical change during a chemical process, they preserve their masses; then the mass of a
compound is the sum of the masses of its elements; hence, the Law of Conservation of Mass.  Because all atoms of
the same element are identical in weight, and a compound is formed by the union of atoms of different elements in a
simple numerical proportion, the proportions by weight in which two elements are combined in a given compound
are always the same.

From his postulates, Dalton showed how the weights of different atoms could be determined relative to one
another.  More important, his theory encouraged others to experiment and investigate, thus enabling the atomic
theory to be put on a firm theoretical and experimental foundation.

Carrying Dalton’s work one step farther, Count Amandeo Avagadro, an Italian chemist and physicist, postulated
a theory (later proven by experiment) that determined the number of atoms or molecules in a given mass.  Avagadro
proved that the sum of the masses of 6.023 x 1023 atoms or molecules of any element or compound was numerically
equal to the atomic or molecular mass expressed in grams.  Thus, 1 gm of hydrogen would contain 6.023 x 10 23 
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hydrogen atoms, 12 grams of carbon would contain 6.023 x 1023 carbon atoms, 18 gm of water would contain 6.023
x 1023 water (H2O) molecules, etc.  This number was called Avagadro’s Number, NA.

In the latter half of the nineteenth century, experiments with electrical discharges in vacuum tubes (see Chapter
10), produced glowing rays (i.e., cathode rays) within the tube and fluorescence where they struck the glass
envelope.  The fluorescence was attributed by Sir John Thomson, in 1897, to the effects of negatively charged
particles, which he called electrons.  Experiments were conducted on the penetration of these rays through various
materials and, in 1895, Wilhelm Conrad Roentgen, experimenting with Crookes tubes, identified a new form of
penetrating radiation that also produced fluorescence.  This previously unknown radiation was called x-rays.
Further investigation into whether materials which produced a strong fluorescence might also produce these x-rays

2     Radiation Safety for Radiation Workers



Lawrencium

Lr103
(Rn)5f146d17s2

[260]

Nobelium

No102
(Rn)5f147s2

[259]

Mendelevium

Md101
(Rn)5f137s2

[258]

Fermium

Fm100
(Rn)5f127s2

[257]

Einsteinium

Es99
(Rn)5f117s2

[252]

Californium

Cf98
(Rn)5f107s2

[251]

Lutetium

Lu71
(Xe)4f145d16s2

174.967

Ytterbium

Yb70
(Xe)4f146s2

173.04

Thulium

Tm69
(Xe)4f136s2

168.93421

Erbium

Er68
(Xe)4f126s2

167.26

Holmium

Ho67
(Xe)4f116s2

164.93421

Dysprosium

Dy66
(Xe)4f106s2

162.50

Ununbium

Uub112
(Rn)5f146d107s2

[285]

Roentgenium

Rg111
(Rn)5f146d107s1

[272]

Radon

Rn86
(Xe)4f145d106s2p6

[222]

Astatine

As85
(Xe)4f145d106s2p5

[210]

Polonium

Po84
(Xe)4f145d106s2p4

[209]

Bismuth

Bi83
(Xe)4f145d106s2p3

208.98037

Lead

Pb82
(Xe)4f145d106s2p2

207.2

Thallium

Tl81
(Xe)4f145d106s2p1

204.3833

Mercury

Hg80
(Xe)4f145d106s2

200.59

Gold

Au79
(Xe)4f145d106s1

196.96654

Xenon

Xe54
(Kr)4d105s2p6

131.29

Iodine

I53
(Kr)4d105s2p5

126.90447

Tellurium

Te52
(Kr)4d105s2p4

127.60

Antimony

Sb51
(Kr)4d105s2p3

121.760

Tin

Sn50
(Kr)4d105s2p2

118.710

Indium

In49
(Kr)4d105s2p1

114.818

Cadmium

Cd48
(Kr)4d105s2

112.411

Silver

Ag47
(Kr)4d105s1

107.8682

Krypton

Kr36
(Ar)3d104s2p6

83.80

Bromine

Br35
(Ar)3d104s2p5

79.904

Selenium

Se34
(Ar)3d104s2p4

78.96

Arsenic

As33
(Ar)3d104s2p3

74.92159

Germanium

Ge32
(Ar)3d104s2p2

72.61

Gallium

Ga31
(Ar)3d104s2p1

69.723

Zinc

Zn30
(Ar)3d104s2

65.39

Copper

Cu29
(Ar)3d104s1

63.546

Argon

Ar18
(Ne)3s2p6

39.948

Chlorine

Cl17
(Ne)3s2p5

35.4527

Sulfur

S16
(Ne)3s2p4

32.066

Phosphorus

P15
(Ne)3s2p3

30.973762

Silicon

Si14
(Ne)3s2p2

28.0855

Aluminum

Al13
(Ne)3s2p1

26.981539IIBIB

Neon

Ne10
1s22s2p6

20.1797

Fluorine

F9
1s22s2p5

18.9984032

Oxygen

O8
1s22s2p4

15.9994

Nitrogen

N7
1s22s2p3

14.00674

Carbon

C6
1s22s2p2

12.011

Boron

B5
1s22s2p1

10.811

Helium

He2
1s2

4.002602VIIBVIBVBIVBIIIB

VIII

the Elements

were also conducted.  In 1896, Henri Becquerel discovered that some forms of penetrating radiation, later classified
as alpha, beta, and gamma rays, were also given off by materials (e.g., uranium) without being stimulated by
external radiation.  Thus, by 1900, scientists had begun to discover and experiment with high-energy radiation.

1.1.a  Atomic Structure
The discovery of electricity and radioactivity provided a starting point for theories of atomic structure. The
discovery of the new particles and rays led to intense experimentation on their properties and their interactions with
matter.  The fact that atoms of a radioactive element are transformed into atoms of another element by emitting
positively or negatively charged particles led to the view that atoms consist of positive and negative charges. The
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only thing known for certain about these charges was that the electron was the smallest negative charge and that
under certain conditions, electrons were emitted from inside atoms. From this meager information, scientists began
to suggest models of the atom.  Much as it had for the ancient Greeks, ultimately
the debate on atomic structure was reduced to two competing models.

In 1907 the English physicist, Sir John Thomson, proposed a uniformly
dense model of the atom.  As seen in Figure 1-1, he assumed that an atom
consisted of a sphere of positive electricity of uniform density.  Throughout this
sphere there was distributed an equal and opposite charge in the form of
electrons.  Thus, the net charge on the atom would be zero.  It was remarked that
the atom, under this assumption, was like a plum pudding, with the negative
electricity dispersed like currants in a dough of positive electricity.  The
diameter of the sphere was supposed to be of the order of 10-8 cm, the size of an
atom.  Using this model, Thomson was able to calculate theoretically how atoms
should behave under certain conditions, and the theoretical predictions could be
compared with the results of experiments.

A competing model proposed by Sir Ernest Rutherford had the positive charge and most of the atomic mass
concentrated in a small dense core with the electrons surrounding this nucleus in some sort of cloud, probably
moving in regular orbits about the nucleus much as the planets orbit the sun in the solar system.

Because the size of the atom prevented direct observation, scientists first investigated experimental situations
which might help resolve the debate.  Rutherford proposed an
alpha particle scattering experiment.  An alpha particle is a
positively charged particle that is emitted in the decay of
heavy radioactive atoms such as radium.  These alpha particles
could be focused into a beam and directed at certain thin
targets.  The deflection of these particles might indicate the
composition of the target.  Using this experimental suggestion,
Geiger used a beam of alpha particles directed at a target
consisting of a thin foil of gold. If Thomson's model had been
correct, the alpha particles would have been diffracted only
slightly (approximately 1/100,000 of one degree) and only in
predictable directions as shown in Figure 1-2.  However, just
as Rutherford had predicted for his nuclear model, Geiger
found that considerably more alpha particles were being diffracted through angles greater than 90° (i.e., diffracted
back toward the source) than could be predicted by Thomson's atomic model. The explanation of this result was that
the positive charge of the atom, instead of being distributed uniformly throughout a region the size of the atom, was
concentrated in a minute center, the nucleus, and that the
negative charge was distributed over a sphere of radius
comparable to the atomic radius.  This model explained the
alpha particles being diffracted through angles greater than 90°

by interactions with the positive gold nuclei as shown in Figure
1-3.

Although the Rutherford model of the atom was a start in
the right direction, it was still unsatisfactory in many respects.
By 1913, scientists had come to believe that the atom is the
basic building block of matter.  While it is true that in the
intervening years man has subdivided the atom into smaller
parts in atom smashing particle accelerators and in nuclear reactors, the atom remains the smallest particle into
which he can divide matter by ordinary chemical or mechanical means.  The air we breathe, the food we eat, and
everything else on earth is built from atoms.  Our present concept of the atom is a small "nucleus" surrounded by
electrons in orbit about the nucleus.  The diameter of the nucleus is approximately 10-12 cm.  The diameter of the
atom at the outermost electron orbit is approximately 10-8 cm.  The nucleus of the atom is composed of particles
called protons and neutrons.  But, scientists still wanted to know what the atom looked like.  To do this, they next
studied the atomic spectra.
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1.1.b  Electron Configuration
The work of Planck in 1900 and Einstein in 1905 showed that many kinds of radiation (e.g., heat, visible light,
ultraviolet light, radio waves, etc.) which had previously appeared to be transmitted as continuous waves of energy,
were actually emitted as discrete bundles of energy called photons.  Most of these arose from the vibrations of
electrons in matter. 

As investigated by experiments with Crookes tubes, atoms of an element can be made to emit light by passing
an electric current through a vapor of the material.  Similarly, burning a salt of the element in a flame can produce
colored light.  The light produced in these methods can be analyzed by passing it through a prism or spectrometer to
spread the light out so different wavelengths appear at different places on a photographic plate or in an eyepiece.
Atomic spectra thus produced consist of bright, individual lines which imply that there is radiation only at particular
or discrete wavelengths (Figure 1-4) or energies.

The difficulty posed by Rutherford’s nuclear model stems from the
conflict between classical theory and the reality of orbiting electrons.  In
electromagnetic theory, an accelerating electric charge radiates energy.  If
that is correct, how can there be atoms with orbiting electrons?  For
example, consider the hydrogen atom.  It has only a single proton and
electron.  The electron is attracted to the nucleus by coulombic attraction
and consequently the electron is being accelerated as it rotates.  Classical
theory states that accelerating, charged particles must radiate energy.  So
the electron must be continuously radiating energy, and consequently it
must lose energy resulting in the radius of the electron orbit decreasing
until it collapses into the nucleus.  However, in reality, the electron does not collapse and the line spectrum from the
atom (Figure 1-4) indicates that electron energy is emitted discretely, not uniformly.

In 1913, Niels Bohr, a Danish physicist, visited Rutherford’s laboratory during the climax of the scattering
experiments.  At the time he was working on the problem of accounting for the form of atomic spectra.  The crucial
results of Geiger’s experiment required a theory based upon a nuclear type of atom that explained the atomic
spectra.  Bohr’s first theory of the electronic configurations of the hydrogen atom was announced in 1913, and
afterwards modified by Bohr himself, as well as by Sommerfield and others.  In an attempt to account for the lines
in the hydrogen spectrum, Bohr made the following assumptions:

The electron and the atom can exist only in certain definite energy states.
In an "unexcited" atom, each electron revolves around the nucleus in a particular orbit, which may be called its
normal orbit.
When the atom absorbs (or radiates) energy, an electron is displaced to one of a relatively few definite orbits, at
greater (or nearer) distances from the nucleus than the present orbit.

By assuming that as long as the electron revolves in one of these allowed orbits it neither gains or loses energy,
Bohr was able to identify the orbits with the energy states of the atom.  Bohr included the factor (n) in the
complicated mathematical expression he used to calculate the energies that correspond to the "allowed" orbits of a
given electron.  The factor (n) has various values that correspond to the orbits in which the electron may revolve.
These orbits correspond to definite energy states of the atom.  The factor (n) is always an integer.  A given value of
(n) is called the quantum number for a particular state of energy of the atom.  For the orbit of lowest energy, i.e., the
one nearest the nucleus, (n) is 1.  The "allowed" orbits farther from the nucleus correspond to higher integral values
of (n), i.e., 2, 3, 4, ... n.  These orbits represent states of higher energy, because work must be done on an atom in
order to move an electron against the force of the electrostatic attraction of its nucleus.

Bohr identified the energy state of the atom at any given time by the quantum number of the orbit in which its
electrons were revolving.  He considered that each line in the emission spectrum (Figure 1-4) of an element
indicated that an electron had shifted from an orbit in which the energy was, for example, E2, to one in which the
energy had a lower value, E1.  He supposed that the difference in energy was emitted in the form of a photon of such
wavelength predicted by the energy relationship:

where h is Planck's constant (6.625 x 10-27 erg-sec), c is the velocity of light (2.99793 x 1010 cm/sec), and λ is the
photon wavelength in cm.
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The corresponding dark line in the absorption spectrum would result from the orbital electron taking up a
quantum of energy sufficiently large to raise it from the orbit of energy E1 to the orbit of energy E2.  The shift of an
electron between orbits in an atom may be likened to the progress of an elevator up and down the shaft.  The eleva-
tor is in almost continuous motion up and down the shaft, but if it is being properly operated, it stops only at one or
another of the various floors.  Similarly, according to Bohr's theory, the electron can jump from one orbit to another,
but cannot stop between two of these prescribed orbits.

On the basis of these assumptions, Bohr was able to account satisfactorily for all of the lines in the spectrum of
hydrogen (Figure 1-4).  However, Bohr's theory, even though modified and expanded, proved less effective in the
interpretation of spectra of elements whose atoms contain more than one electron.  Further, because it had been
demonstrated theoretically that it was impossible to determine exactly both the position of the particle and its
momentum at the same time (i.e., Heisenberg’s Uncertainty Principle), Bohr's postulation that electrons had definite
orbits could never be completely proven.

Later developments suggest that the nature of the electron, and indeed of all matter, not only is particle-like but
also, light-like, possessing wave properties.  Using this wave mechanics system and the Bohr theory, we can
visualize the electron structure as a system where the electrons
in an atom may be grouped into shells and subshells that have
certain energies and certain electron capacities.  The shells, in
the order of increasing energy, are usually denoted by the
numbers 1, 2, 3, 4, 5, etc., corresponding to the quantum
numbers of Bohr, or by the letters K, L, M, N, O, P, etc.  The
subshells within each shell are usually denoted by the letters s,
p, d and f (see Figure 1-5).  Electrons always fill in the orbits
closer to the nucleus before they begin filling in outer shells.
The shape of the periodic table of the elements (see pages 2-3)
is actually based upon the number of electrons on the atom.
Thus the elements in the first column, Group IA, all have only
a single electron in the outermost orbit while those in the last
column, Group VIII all have complete shells and are
essentially inert.  The lanthanide and actinide series exist as
the subshells of a lower shell are completed before the rest of
the outer shell is filled.

Thus, we picture the atom as consisting of a very small
nucleus surrounded by orbital electrons.  These orbital
electrons are the source of chemical energy.  When an atom stands alone, its electrons move in certain orbital shells
depending upon the energy state of the atom.  If this atom combines in a chemical reaction with another atom to
form a molecule, the electrons change their orbits.  Whenever an electron changes an orbit, the energy of its atom
will change.  Thus, whenever atoms combine to form molecules, they
will either give up energy or absorb energy depending on the way in
which the electron orbits are changed. Consider the compound of
lithium hydride.  A lithium atom and a hydrogen atom combine
(Figure 1-6).  Notice that the outermost orbits of both atoms have
changed into a figure 8 orbit with the two outer electrons traveling in
this orbit around both nuclei.  By changing its orbits in this way, the
energy of each atom has been changed.  It is this type of change in the
electron orbits that is the source of chemical energy.  In the
combustion of coal, the carbon and oxygen atoms combine to form a
molecule of carbon dioxide, and the electrons are rearranged in such a
manner that energy is released:  C + O2  t  CO2 + Q(heat).

When electrons move from a higher shell to a lower one in energy, the energy difference between the upper and
lower shells is released as an x-ray or other electromagnetic ray.  Since each shell in an atom has a well defined,
characteristic energy, these energy differences will all have the same value for atoms of the same element.
Measurement of the energy of these characteristic x-rays can be used to determine the elements in a sample by
x-ray fluorescence.
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1.1.c  Atoms and Compounds
The universe is filled with matter composed of elements and compounds. Elements are substances that cannot be
broken down into simpler substances by ordinary chemical processes (e.g., oxygen, sodium, etc.) while compounds
consist of two or more elements chemically linked in definite proportions (e.g., water, H2O, combines two hydrogen
and one oxygen atom).  While it may appear that the atom is the basic building block of nature, the atom itself is
composed of three smaller, more fundamental particles, protons, neutrons, and electrons.

The proton (p) is a positively charged particle of magnitude one charge unit (1.602 x 10-19 coulomb) and a mass
of approximately one atomic mass unit (1 amu  1.66 x 10-24 gm).l

The electron (-e) is a negatively charged particle and has the same magnitude charge (1.602 x 10-19 coulomb) as
the proton.  The electron has a negligible mass, only about 1/1840 atomic mass units (i.e., 1840 times smaller than a
proton).

The neutron (n) is an uncharged particle that is often thought of as a combination of a proton and an electron
because it is electrically neutral and has a mass of approximately one atomic mass unit (slightly more massive than
a proton).  Neutrons are thought to be the “glue” which binds the nucleus together.

Combinations of the fundamental particles following certain strict natural laws result in the formation of atoms.
 In concept, the neutrons and protons form a dense, central core or nucleus around which the electrons revolve in
various orbits or energy levels.  Nearly all of an atom’s mass is
located in the nucleus.  The natural law specifies that each atom
has the same number of protons as it has electrons (Figure 1-7).
 This means that the total positive charge in the nucleus is equal
to the total negative charge of the orbiting electrons and this
produces an electrically neutral atom.

Each element has a unique number of protons (and corre-
sponding electrons) that determine its chemical properties.  The
number of protons in an atom is its atomic number, represented
by the symbol Z.  Thus, for Carbon, which has 6 protons, Z = 6.
 When the chemical symbol for an element is used with its
atomic number, the atomic number is subscripted, e.g., 6C.  Thus, all atoms
with an atomic number

 1 are hydrogen atoms, 1H
 2 are helium atoms, 2He
 3 are lithium atoms, 3Li
 4 are beryllium atoms, 4Be
 etc.

Except for the very light elements (Z < 14), the number of neutrons ex-
ceeds the number of protons in an atom.  As seen in Table 1-1, the ratio of
neutrons to protons becomes greater as the atomic (Z) number increases.

Although all the atoms of a particular element have the same number of protons, they may have different
numbers of neutrons.  The sum of the number of neutrons and protons in an atom is its mass number, represented
by the symbol A.  When the chemical symbol for an element is used with its mass number, the mass number is
superscripted, e.g., 12C.  Because the
Z-number is characteristic of the element, it is
sometimes dropped in the nomenclature (e.g.,
11C, 12C, 13C, 14C, all written without the
subscripted 6).

Thus, it is possible for an element to have
several different nuclear configurations, but
all of these different atoms exhibit the same
chemical properties.  Figure 1-8 shows four
nuclear forms of the element Carbon.  Differ-
ent nuclear forms are called isotopes of the
element. Carbon has about 13 different
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Figure 1-7.  Atomic Structure
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Table 1-1.  Neutron : Proton Ratios

Figure 1-8.  Isotopes of Carbon
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isotopes.  As seen in Figure 1-8, each of the carbon isotopes has 6 protons but the number of neutrons varies from 5
to 8.  Because an element’s chemical properties are dictated by the atomic (i.e., proton) number of the element, all
isotopes of carbon are chemically identical.  The term nuclide means any isotope of any element.

1.1.d  Structure of the Nucleus 
Rutherford bombarded many elements with energetic particles from various radioactive materials.  In 1919 he found
that when alpha particles bombarded nitrogen nuclei, energetic protons were released.  He had produced the first
man-made nuclear transformation:  forcing an alpha particle into the nitrogen nucleus resulted in the emission of a
proton and the residual atom was transformed to oxygen.  In 1932 Chadwick identified the other basic particle in the
nucleus, the neutron.  He had ejected it from the nucleus of a beryllium atom by bombarding it with alpha particles.
The discovery of the neutron added support to the concept of the atomic nucleus consisting solely of neutrons and
protons, packed very close together (Figure 1-5).

It is only recently that sufficiently energetic accelerators (see Chapter 12) have been constructed which enable
scientists to investigate the structure of the nucleus.  The reason high energy is needed can be explained by
wavelengths.  The electrons used by Thomson in his work on atoms had energies of a few tens of thousands of
electron volts and their corresponding wavelengths were on the order of 10-8 centimeters.  Such waves cannot see
the nucleus because they are about the same size as the atoms entire electron cloud, so the nucleus within the
cloud’s interior is entirely shielded from them.  To get within the nucleus, energies in the billion electron volt range
(wavelengths approximately 10-13 cm) are needed.  Previously, scientists theorized the nuclear structure based upon
emanations in nuclear decay or from low-energy bombardment.  To explain results, two models of the nucleus were
suggested, the liquid drop and the shell models. 

When investigating the nucleus, the radius of a nucleus appeared to be proportional to the atomic number (i.e.,
A1/3) and one can easily imagine the nucleus as a mass of small (neutron and proton) particles closely packed as in a
“handful of marbles.”  This mass of nucleons would assume a relatively spherical shape because the energy required
to maintain a spherical shape is minimal and it requires more energy to distort this spherical, drop-like shape.  For
radiation to escape from such a spherical nucleus excess energy is required.  This energy can be added by
bombarding the nucleus with charged particles (e.g., protons, alpha).  In this bombardment, a nucleus absorbs the
particle whose energy causes it to oscillate so vigorously that pieces (e.g., neutrons, protons, etc.) may fall off or the
nucleus may actually break apart forming two, smaller nuclei (i.e., fission).

The shell model of the nucleus pictures the nucleus as a well with various energy levels similar to the electron
shell energy levels of an atom (Figure 1-9).  Each orbit or shell would correspond to a specific level of energy and a
nuclear particle can pass from one level to another only by an abrupt, quantum, jump.  A stable nucleus would have
all of the nucleons at their lowest energy level.
Energy would need to be added to a nucleon to
push it free of the other nucleon’s force fields and
raise it to a point where it could spring free
(analogous to the water in a well where work must
be done to raise water to the top).  Thus, when a
nucleus is bombarded with energy, there is a
better chance of the nucleus absorbing the energy
if it is a particle with energies comparable to one
of the nucleon energy states.  This model also
explains the fact that to eject neutrons out of the
nucleus using high-energy photons requires
photon energies exceeding 8 MeV.  Additionally,
such a model can help explain the concept of
“tunneling” for alpha-particle emission and the
rise of various discrete energies of alpha-particle
emission.

1.2  Radioactivity
As noted above, naturally occurring elements often have several different isotopes.  While most of these naturally
occurring isotopes are stable, some are unstable (see Section 3.2).  Usually an atom is unstable because the ratio of
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neutrons to protons produces a nuclear imbalance (i.e., too many protons or too many neutrons in the nucleus).
These unstable atoms attempt to become stable by rearranging the number of protons and neutrons in the nucleus to
achieve a more stable ratio.  The excess energy from this rearrangement is ejected from the nucleus as kinetic
energy.  In this rearrangement, the isotope usually changes atomic number (e.g., neutron changes into proton and
electron, proton captures an electron becoming a neutron, etc.) and sheds any excess energy by emitting secondary
particles and/or electromagnetic rays/photons.  This change in the nucleus is called nuclear disintegration.  The
entire process of unstable isotopes disintegrating and emitting energy is called radioactive decay or decay.  An
isotope capable of undergoing radioactive decay is called a radioisotope and is said to be radioactive.

Most of the isotopes encountered in nature are stable, not radioactive.  However, there are ways in which
researchers can inject energy into an isotope’s nucleus to make it unstable, or radioactive.  In the activation process,
the nucleus it is made radioactive.  This activation can be accomplished in a nuclear reactor (see Chapter 11) where
the nucleus is bombarded by neutrons or in an accelerator (see Chapter 12) where high speed electrons, protons, or
larger particles acquire enough energy to penetrate the nucleus.  The nuclei of some very massive atoms (i.e., Z >
90), with no outside energy, can spontaneously fission and split into two fragments, both of which are normally
radioactive.  Similarly, under certain conditions, nuclei of these and other heavy elements (i.e., Z > 90) can absorb
energy and undergo fission.  Radioactive materials produced either by nuclear bombardment in a reactor or as a
byproduct of the fission of massive nuclides within a reactor are called byproduct radioactive materials.

Unstable nuclei are radioactive.  Unlike chemical processes which occur at the electron level and can be affected
by external forces (e.g., temperature, pressure, etc.), there is no known way to alter the rate of radioactive decay
causing it to accelerate or slow down.  That is because radioactive decay involves extremely strong nuclear forces.
 The atoms of each radioisotope decay at a rate that is unique among all the other radionuclides.  Additionally, the
type and magnitude of the radioactive energy emitted depends upon the nature of isotope.  Thus, there are three
parameters that uniquely identify any radionuclide:  the type(s) of radiation energy emitted, the magnitude of the
energy, and the rate at which the isotope decays.

1.2.a  Radiation
When a radioisotope decays, it
normally emits one (or more) of the
four basic types of radiation:  alpha
particles, beta particles, x- or gamma
rays, and neutrons.  These types of
radiation interact with atoms and
molecules in the environment and
deposit their kinetic energy along the
path they travel.  Table 1-2 (see also Figures 1-17 and 1-19) summarizes some properties of each of these basic
types of radiation.

Alpha Particle
An alpha ( ) particle is a massive particle on the atomic scale. It consists
of 2 neutrons and 2 protons and carries an electrical charge of +2. It is
identical to the helium nucleus.  Because of energy constraints, decay by
alpha particle emission is normally restricted to very massive (Z > 82)
nuclei (exceptions include 144Nd, 147Sm, 148Sm, 174Hf and 190Pt).  The alpha
particles are usually emitted at a single energy (Figure 1-10) or at a major
energy and one or two less abundant discrete energies.  The alpha parti-
cles emitted by heavy nuclides possess kinetic energies ranging between
4 - 6 MeV. 

Alpha emission occurs in atoms which have a neutron:proton ratio that is too low.  For example, an isotope of
Radium-226 has 88 protons, 138 neutrons and a conse-
quent neutron:proton ratio of 1.568. To achieve greater
stability, the nucleus emits an alpha particle reducing the
number of protons and neutrons to 86 and 136, respec-
tively (Radon-222). This increases the neutron:proton ratio to 1.581.
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Shielding RequirementsRange       Name        Symbol

Table 1-2. Properties of Basic Forms of Radiation

Figure 1-10.  Alpha Decay Energy
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Because an alpha particle is massive and highly charged, it has a very short range (Figure 1-10).  It travels less
than 5 cm in air and penetrates only 0.044 mm in tissue before expending its energy, stopping, and picking up two
electrons to become a Helium-4 atom.  Alpha particles are generally not a hazard to workers unless they get inside
the body where they may cause much greater cellular damage (cf., Table 1-5)
than beta or gamma radiation.

Beta Particle
A beta ( ) particle is 7360-times less massive than an alpha particle. It is
essentially an electron and carries an electrical charge of magnitude 1. The
maximum energy of the decay, Emax, is a characteristic of the nuclide it is
emitted from.  To satisfy energy-mass conservation laws, the emission of a
beta particle is accompanied by another particle, a neutrino,  (neutrinos and
antineutrinos are massless, chargeless particles that are difficult to detect)
which has an energy equal to the difference between the actual kinetic energy
of the emitted beta particle and the characteristic energy of the decay.  Thus,
beta particles are emitted in a spectrum of energies (Figure 1-11) up to the
maximum possible decay energy, Emax. Depending on the isotope and mecha-
nism of decay, the beta particle can be emitted with either a negative or
positive charge.

A positively charged beta particle is called a positron (+ ).  It
usually results when the neutron:proton ratio is too low and alpha
emission is not energetically possible.  Positron emission
produces a daughter nucleus which has the same atomic mass but
is one less atomic number.
Although the negatively charged beta particle is properly called an
electron (-e), in everyday usage the term beta radiation usually
refers to the negative type, - .  Beta emission occurs when the
neutron:proton ratio is too high. Conceptually, a neutron transforms into a proton and an electron.  The electron
is ejected from the nucleus and the number of protons in the nucleus is increased by one.

Because a beta is a small particle with only a single charge, a beta particle has a much greater range than an
alpha particle with the same energy.  Low energy beta particles (i.e., those with energies less than 300 keV) are
easily shielded and only pose a potential hazard if they get inside the body.  Thus, the beta particle emitted from 3H
with a maximum energy of 18 keV (less than the energies of most TV / CRT tube electrons) only travels about 6
mm in air and less than 0.00052 cm in tissue (Table 1-3).  Beta particles with energy less than 70 keV will not
penetrate the protective layer of the skin. Of the beta particles emitted from 14C or 35S (Emax { 160 keV), only 11%
are capable of penetrating the dead layer of the skin (0.007 cm thick).  High energy beta particles have longer
ranges (Figure 1-17).  The range of beta particles in air is approximately 12 feet per MeV.  Thus, the beta from 32P
ejected with a maximum energy of 1.7 MeV could travel up to 20 feet (7 meters) in air and 95% of the beta particles
can penetrate the dead layer of the skin, so it may pose a potential radiation hazard even from outside the body.

Shielding large quantities of high energy beta particle emitters is usually done with plastic or Plexiglas (see also
Chapter 4).  This is because when beta particles are shielded with dense materials like lead, bremsstrahlung x-rays
(see 1.2.a.3) are produced.  Additionally, positron emitters are also x-ray hazards because, when a positron has
expended all of its kinetic energy and stops, it combines with a free electron and the two particles are annihilated
producing two, very penetrating, 0.511 MeV photons.

Gamma / X - Ray
A gamma ( ) ray is an electromagnetic ray emitted from the
nucleus of an excited atom following radioactive decay.
 Unlike beta particles which are emitted in a spectrum of
energies up to Emax, gamma rays are emitted at discrete energies and provide a mechanism for the excited nucleus to
rid itself of the residual decay energy that was not carried off by the particle emitted in decay.  Thus, many isotopes
which decay by beta emission also have gamma rays (or photons) associated with the disintegration.
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Figure 1-11.  Beta Decay Spectrum
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Gamma rays are similar to light but of shorter wavelength and higher energy (i.e., E = hν = hc/λ).  They are
highly penetrating.  Always consider gamma emitters in activities greater than 37 MBq (1 mCi) to be a possible
radiation hazard and shield with thick, dense material (e.g., lead).

An x-ray is an electromagnetic ray, identical to a gamma ray except for point of origin.  Gamma rays are emitted
from the nucleus as part of a nuclear decay.  X-rays originate from outside the nucleus, usually the result of electron
orbital changes.  X-rays may also be produced by bremsstrahlung.  When a
charged particle is either accelerated or decelerated in an electric field, electro-
magnetic radiation may be given off.  If an electron or beta particle passes close
to an atom while penetrating a material, the positive charge of the nucleus will
exert an attractive force on the particle causing its path to bend (Figure 1-12)
and the beta to accelerate.  During this acceleration, the electron may radiate a
quantity of energy ranging from zero up to its total kinetic energy.  If Emax is the
maximum energy of the ß particle (Figure 1-11), the fraction of ß energy
converted to x-rays is approximately:  F = 3.5 x 10-4 Z Emax (where Z is the
atomic number of the absorbing material).  Thus, the bremsstrahlung spectral
x-ray distribution contains x-ray energies from zero to Emax. For shielding
bremsstrahlung, it is assumed that the x-rays emitted correspond to the
maximum energy of the beta particle. Because electron beams (e.g., electron microscope, analytical x-rays, etc.) are
usually monoenergetic (versus β particles), the fraction of an electron beam’s initial energy converted to x-rays is
approximately 7 x 10-4 Z E.

As seen from the equation, bremsstrahlung production is proportional to the Z-number of the absorber.  A dense
material like lead produces more bremsstrahlung from beta than does a light material like plastic.  A lab which uses
32P is likely to experience some x-ray production even using Plexiglas.  Even if a lab only uses low energy beta
emitters like 14C or 35S, vials containing 18.5 MBq (0.5 mCi) may produce some measurable bremsstrahlung.

Characteristic x-rays are x-rays which result from the transition of electrons in the inner orbits of atoms.  Each
atomic electron has a certain energy state.  The nearer an electron is
to the nucleus, the more tightly bound that electron is to the atom.
Figure 1-13 illustrates the transition process.  When a vacancy (1)
appears in an inner electron shell (e.g., the K- or L-shell), outer
shell electrons or perhaps even “free” electrons move to fill the
vacancy (2).  The orbital transitions produce x-ray photons of
discrete energies determined by the differences in energy states at
the beginning and end of the transition (3).  Because the inner shell
electrons of high Z-number atoms are more tightly bound than the
inner shell electrons of low Z-number atoms, the K- and L-shell
characteristic x-ray energy increases with increasing atomic
number.  For example, the (K-shell) characteristic x-ray for a iron
atom is  7.11 keV while the (K-shell) characteristic x-ray from a
tungsten atom is  69.5 keV.

Other Decay Modes
We have discussed the emission of alpha, beta, and gamma radiation because of nuclear decay.  There are three
other decay modes resulting in radiation emissions commonly encountered by researchers at the University.

When the neutron:proton ratio is too low and the atom is not able to
decay by positron (+β) emission, the nucleus may decay by orbital
electron capture or K-capture.  In this decay mode, one of the orbital
electrons is captured by the nucleus, and unites with a proton to form
a neutron.  Since the electrons in the K-shell are much closer to the
nucleus than those in any other shell, the probability that the captured
orbital electron will be from the K-shell is much greater than for any
other shell.  Whenever a nucleus decays by orbital electron capture, characteristic x-rays of the daughter element are
emitted as an electron from an outer orbit falls into the energy level vacated by the electron which had been
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Figure 1-12.  Bremsstrahlung
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captured.  These characteristic x-rays may produce a measurable radiation exposure if large quantities (e.g., > 37
MBq or 1 mCi) are used.

Internal conversion is an alternative decay mechanism in which an excited nucleus of a gamma-emitting
nuclide may rid itself of the excitation energy.  Essentially, a tightly bound electron (e.g., K- or L-shell) interacts
with its nucleus, absorbs the excitation energy from the nucleus, and is ejected from the atom.  The kinetic energy
of the “converted” electron is always equal to the difference in energy between the gamma-ray photon emitted by
the radionuclide and the binding energy of the converted electron of the daughter element.  Because conversion
electrons are monoenergetic, they appear as a line spectrum superimposed on the continuous beta-ray spectra of the
isotope.  After internal conversion, characteristic x-rays are emitted as outer orbital electrons fill the vacancies left
in the deeper energy levels.

Lastly, the characteristic x-rays emitted may be absorbed in an internal photoelectric interaction within the atom
from which they were emitted.  This process is similar to internal conversion but occurs within the electron shells
rather than the nucleus and the electron shell.  The ejected electrons from this process are called Auger electrons.
They are emitted monoenergetically but have very little kinetic energy, usually < 10 keV.  For example, the L-shell
Auger electron from 125I is emitted with an energy of 3.19 keV.  Auger electrons emitted with energies greater than
4 keV (e.g., 51Cr, 125I) may be detected using a liquid scintillation counter.  System efficiencies for Auger electrons
will be similar to tritium efficiencies.

Neutron
A neutron (n) is an elementary nuclear particle with a mass approximately the same as that of a proton and is
electrically neutral.  Normally the neutron remains in the nucleus with the protons.  Except when bound in the
nucleus, the neutron is not a stable particle.  A free neutron decays to a proton with the emission of a -ß and an
antineutrino.  This decay process takes on the average about 12 minutes.  There are few naturally occurring isotopes
which emit neutrons and the emissions are all the result of spontaneous fission (e.g., 248Cm, 252Cf, etc.).  Aside from
nuclear-fission reactions, the only way to produce neutrons is by bombarding the nuclei with high energy radiation
(both particles and rays).  Because a neutron is uncharged, it easily passes through the atom’s electron cloud and
can interact with the nucleus of the atom, often making the atom radioactive.

1.2.b  Energy
The energy emitted during radioactive decay is expressed in units of electron volts (eV).  The electron volt is a very
small quantity of energy (1.6 x 10-19 joule).  Most decay radiations are ejected with energies of many thousands or
millions of electron volts, written as either keV (kiloelectron volts - 1000 eV) or MeV (megaelectron volts -
1,000,000 eV).  The amount of energy involved and the type of radiation emitted determines the penetrability or
range (see Figure 1-17 and 1-19) of the radiation and consequently the shielding thickness and type required to
protect workers from the radiation.  All things being equal, the higher the energy, the more penetrating the radiation.
Additionally, gamma rays are more penetrating than alpha and beta particles.

1.2.c  Decay Rate
The process of radioactive decay changes a radioactive isotope into a
different (often stable) isotope(s), and over time the amount of a particu-
lar radioisotope in a sample or stock vial constantly decreases.  Each
radioisotope has a unique decay rate.  This rate of decay is expressed by
the isotope’s physical half-life (T½) or half-life, the time required for an
amount of a radioisotope to decrease to one-half of its original amount.
This ddecay rate is not linear. After each half-life, one-half of the radio-
active atoms in the sample will have decayed.  Thus, if you start with
100 radioactive atoms, after one half-life, 50 remain radioactive; after
two half-lives, 25 remain radioactive, etc.  Figure 1-14 illustrates the
relationship between activity remaining and the radioactive half-life.

1.2.d  Activity
The decay of a radioactive sample is statistical.  Just as it is not possible to change a specific isotope’s rate of decay,
it is impossible to predict when a particular atom will disintegrate.  Rather, one measures activity as the number of
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radioactive nuclei that change (or disintegrate) per unit time (e.g., per second).  The special unit of activity currently
used is the curie (Ci); 1 curie represents 37 billion (37,000,000,000 or 3.7 x 1010) nuclear disintegrations (i.e.,
nuclear transformations or decays) per second (dps) or, alternately, 2.22 x 1012 disintegrations per minute (dpm).
 Sub-multiples of the curie are the millicurie (mCi) and the microcurie (µCi) which are one-thousandth (i.e., 3.7 x
107 dps) and one-millionth of a curie (i.e., 3.7 x 104 dps) of a curie, respectively (see Table 1-7 for a list of common
metric prefixes).  As will be seen, throughout the international scientific community (except in the US), the curie
unit has been replaced by the becquerel (Bq) unit, where 1 Bq is 1 nuclear transformation (or decay) per second.
You can use the table on the inside front cover to convert between curies and becquerels.  For example, a vial with
an activity of 0.5 millicurie (mCi) is equivalent to 18.5 MBq (18,500,000 Bq).  Literature discussing activities used
will normally first list the activity in becquerel and then, in parenthesis, the activity in curie units, e.g., 18.5 MBq
(0.5 mCi).

Although the number of nuclear transformations (or decays) per second
defines the activity of a sample, radionuclides may have more than one
mechanism of decay and may emit more than one type of radiation to
become stable.  A special line diagram is used to represent decay schemes
of radionuclides and the number and type of radiations emitted per decay.
As seen in Figure 1-15, decay is represented as a transformation from
unstable states (top line, the parent nuclide) to more stable states (lower
line, daughter nuclide).  If the number of protons (i.e., Z) in the daughter
nuclide increases, the arrow points down and to the right.  If the Z number
of the daughter nuclide decreases, the arrow points down and to the left.
Most radionuclides used at the UW are pure beta emitters (e.g., 3H, 14C, 32P, 35S, etc.).  A few radionuclides are
either beta-gamma emitters or electron capture (e.g., 51Cr, 125I).  Thus, in the decay of 51Cr, 91% of the time an
orbital electron is captured by the nucleus and no radiation is emitted while 9% of the time a different orbital
electron is captured and, because this electron contributes too much energy to the nucleus, a 320 keV gamma-ray is
emitted.

Figure 1-14 graphically demonstrates that the greater the number of radioactive atoms initially present, the
greater the number of nuclei that will decay during a half-life.  For example, if 100 radioactive atoms are present, 50
will decay in one half-life, if 1000 radioactive atoms are present, on average 500 will decay in one half-life.  The
decay rate (or activity) of a radioactive sample is proportional to the number of unstable nuclei that are initially
present.  This relationship is expressed by the universal decay equation in which A0 is the original radioactivity of
the sample at time t = 0, At is the amount of radioactivity
remaining after an elapsed time of Δt, and T½ is the (physi-
cal) half-life of the radioisotope.  The decay constant, λ,
expresses the rate of decay as a factor of the radioactive
half-life (T½), i.e., λ = ln2 / T½.

The equation for activity is used to determine the number of decays at any time, t, given an initial activity.  For
example, if your lab received a 37 MBq (1 mCi) stock vial of 32P on 5 March and you use the material on 9 March,
the stock vial only contains 30.4 MBq (0.823 mCi).

Some radioactive stock vials are received with a reference or calibration date that is still in the future.  The
activity equation is still used to calculate the vial’s activity, except now the elapsed time is negative (i.e., t - t0 < 0).
From our example, suppose you received the stock vial on 5 March and the reference date for the vial to contain 37
MBq (1 mCi) was listed as 9 March.  Then the stock vial contains 44.9 MBq (1.214 mCi) on 5 March.

You could also use the universal decay table located on the inside cover to calculate the activity.  To use this
table, simply calculate the fraction of elapsed half-lives (i.e., Δt / T1/2), then use this value to determine the fraction
of activity remaining.  Thus, if you received a 37 MBq (1 mCi) stock vial of 32P on 5 March and use it on 9 March,
4 days have elapsed.  The fraction of half-lives is 0.28.  You can either use linear interpolation with the table (i.e.,
fraction remaining for 0.28 is 0.82391) or the closest value (i.e., 0.3 is 0.812252) providing an activity of approxi-
mately 30.5 MBq (0.82391 mCi) by interpolation or 30.05 MBq (0.81 mCi) by using closest table value.
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Figure 1-15.  Radionuclide Decay
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The activity only indicates the number of atoms which are decaying per second, not the total number of radioac-
tive atoms present in a sample.  However, you can use the activity to calculate the total number of radioactive atoms
and their mass by applying Avagadro’s Number (NA = 6.023 x 1023 atom/mole) to the equation, A =  λΝ.  For
example, in that same 1 mCi stock vial of 32P, the total number of 32P atoms is 6.595 x 1013 and the mass of 32P
present is only 3.5 x 10-9 gm (i.e., 3.5 nanogram). 

The specific activity of a labeled compound is a measure of the radioactivity per unit mass, commonly expressed
in terms of Bq/mmol; Ci/mmol, Bq/mg, mCi/mg, etc.  When there is sufficient mass of a compound for a small
sample to be accurately weighed and counted, the specific activity is expressed as Bq/mg (mCi/mg).  When the
specific activity is greater than 37 GBq/mmol (1 Ci/mmol), there is often insufficient material to be weighed and
specific activity is usually calculated by relating radioactive concentration to the chemical concentration.  Typical
values of specific activities are listed in Table 5-7.

The radioactive concentration of a solution is the activity per unit volume of solvent in which the radiochemical
is dissolved and is expressed as MBq/ml (mCi/ml).  This concentration should not be confused with the molar
specific activity which indicates the maximum amount of radioactive solute in the solution.

  The specific activity of a labeled compound required for a tracer experiment is normally determined by the
application.  Some applications may require a lower specific activity than that of the commercially available
compound.  Reduction of the specific activity is done by the addition of a calculated weight (normally in solution)
of the unlabeled (carrier) compound.  The amount of carrier is calculated from the expression  ,W = M $ a [ 1

A∏ − 1
A ]

where M is the molecular weight of the compound, a is the total activity (GBq or mCi) in the sample, A is the molar
specific activity of the compound, and A' the desired molar specific activity.  Thus, to reduce the specific activity of
185 MBq (5 mCi) of tritiated thymidine from 1.11 TBq/mmol (30 Ci/mmol) to 37 GBq/mmol (1 Ci/mmol) you
need to add 1.17 mg of unlabeled thymidine:

W = M $ a [ 1
A∏ − 1

A ] = 242 mg
mmol % 5 mCi [ 1

1000 − 1
30000 ] = 1.17mg

1.2.e  Interactions with Matter
As radiation passes through matter it interacts with atoms and
molecules, depositing some of its energy until it has spent its kinetic
energy and comes to rest (i.e., is absorbed). When electromagnetic
energy is deposited in an atom it can excite the atom, raising one or
several orbital electrons from their normal ground state to a lower
energy orbit (i.e., farther out from the nucleus).  When a sufficient
amount of energy is deposited to raise the electron to an infinitely
great orbit, the electron is removed from the nucleus's electric field
and the atom is said to be ionized.  The negative electron, together
with the remaining positively charged atom, is called an ion pair,
and the process of removing an electron by deposition of energy in
an atom is called ionization (Figure 1-16).

Ionization is the primary mechanism by which energy is transferred from radiation to matter.  The ionization
potential of an atom is the amount of energy necessary to ionize its least tightly bound electron.  Because of the
resulting increased electrostatic attraction, it requires considerably more energy to remove a second electron than to
remove the first electron.  For most elements, the first ionization potential is on the order of several electron volts.
For hydrogen it is 13.6 eV.  Not all radiation interactions lead to ionization.  Empirically, the average energy
expended in the production of an ion pair in a material is about two to three times greater than the ionization poten-
tial of that material.  Thus, depending upon the molecules in the gas and the type and energy of the ionizing radia-
tion, the energy required to produce one ion pair is approximately 30 - 35 eV in a gas.  In air this averages to about
33.7 eV.  Radiation decay can produce a large number of ionizations.  For example, the passage of a 1.71 MeV beta
particle from 32P would produce about 50,000 ion pairs.  If insufficient energy is deposited, instead of ionization, an
electron may be excited and, on returning to ground state, the atom emits low-energy (UV [~103 eV], visible [~10
eV], infrared [~10-1 eV], or (RF/microwave [~10-8 eV]) electromagnetic radiation.
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N = A = 3.7 x 107 dps
ln2 / (14.3 day x 24 hr

day x 3600 sec
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mass = N
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mole ) = 3.5 x 10−9 gm

Figure 1-16.  Ionization
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As will be seen in Chapter 2, ionizing particles produce damage in cells by ionizing the atoms and molecules of
the cell they penetrate.  The particles which can produce ionization are divided into two classes; directly ionizing
and indirectly ionizing particles.  Directly ionizing particles are electrically charged (alpha, beta) particles having
sufficient kinetic energy to produce ionization by collision.  Indirectly ionizing radiation consists of uncharged
(neutron, x-/gamma) particles/rays which can liberate directly ionizing particles or can initiate a nuclear transforma-
tion.

1.2.f  Range
The four basic types of radiation
we have discussed fall into these
two ionization classes, directly and
indirectly ionizing radiation.
There are some basic differences
between the way directly and
indirectly ionizing particles inter-
act with matter (Figure 1-17).

Directly Ionizing Radiation
Directly ionizing particles are
charged (e.g., α, ß) decay (e.g.,
210Po, 32P) particles that produce
ion pairs at small intervals along
their path as a result of impulses
imparted to orbital electrons.  The
impulses are exerted at a distance
through electrical forces between the charged particles and the orbital electrons.  An electron is held in the atom by
electrical forces, and energy is lost by the beta/alpha particle in overcoming these forces.  Because electrical forces
act over long distances, the collision between a charged particle and an electron usually occurs without the two
particles coming into actual contact (e.g., collision between poles of two magnets).  The amount of energy lost by
the charged particle depends upon its distance of approach to the electron and on its kinetic energy.  In a very few
instances, head-on collisions between the electron and the charged particle may occur resulting in a greater energy
transfer than is normally seen.

In many ionizing collisions, only one ion pair is produced.  In other cases, the ejected electron may have suffi-
cient energy to produce a small cluster of several ionizations.  In a small percentage of the interactions, the ejected
electron may receive a significant amount of energy, enough to allow it to travel a long distance and to leave a trail
of ion pairs.  Such an electron, called a delta ray, may have kinetic energy on the order of 1000 eV (1 keV).

Because beta particles have the same mass as orbital electrons, they are easily deflected during collisions and
thus beta particles follow a tortuous path as they pass through matter.  Alpha particles interact in much the same
manner, however because of their high electrical charge and relatively low velocity, they have a very high specific
ionization, often on the order of tens of thousands of ion pairs per centimeter of air.

Indirectly Ionizing Radiation
Indirectly ionizing rays / particles are uncharged (e.g., γ from 125I) and consequently penetrate through a medium
without interacting with electrons, until, by chance, they collide with electrons, atoms, or nuclei,  resulting in the
liberation of energetic charged particles (e.g., -e).  The charged particles that are thus liberated are directly ionizing,
and it is through these that ionization in the medium occur.

X-/γ-rays interact with the electrons of a material in a variety of alternative mechanisms, the three most impor-
tant are photoelectric effect, Compton scattering and pair-production.  In the photoelectric effect, all of an x-/γ-ray
photon’s energy is transferred to an atomic electron which is ejected from its parent atom.  The photon in this case
is completely absorbed.  Compton scattering is an interaction between a photon and an essentially free electron
whose binding energy is much less than the photon energy.  Only part of the energy of the photon is transferred to
an atomic electron and the photon is thereafter scattered with a reduced energy.  Pair-production occurs in the
intense electric field close to a charged particle, usually a nucleus.  An energetic (E > 1.02 MeV) γ-ray photon is
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Figure 1-17.  Ionization Patterns in Tissue



converted into a positron-electron pair and the two particles
share the available energy in excess of the 1.02 MeV required
to produce the pair.  The probability of each of these interac-
tions (Figure 1-18) depends upon the photon energy and the
atomic number (Z) of the material.  The photoelectric effect
predominates at low energies and is proportional to the atomic
number and the wavelength (Z4λ3).  Compton interactions
decrease with increasing energy and increasing atomic number
(Z) of the material (Zλ).  Pair production is related to the
atomic number (Z) of the material (Z2).

Neutrons are uncharged and cannot cause ionization
directly.  As with γ-rays, neutrons ultimately transfer their
energy to charged particles.  Additionally, a neutron may be
captured by a nucleus usually resulting in γ-ray emission (see Chapter 11).

Range Approximation
Even when the incident radiation is indirectly ionizing, the energy imparted to a medium is by charged, directly
ionizing particles.  A charged particle possesses the energy required to produce ionization by virtue of its mass and
motion (i.e., E = ½mv2).  As the radiation particles impart energy to the matter while penetrating, they lose kinetic
energy and velocity decreases until they are finally stopped or absorbed (i.e., v = 0).  The more energy they have to
start with, the deeper they penetrate before they stop.  The distance a particle travels until it comes to rest is called
the range.  The farthest depth of the particle’s penetration in its initial direction of travel is the minimum amount of
shielding thickness needed to stop the particle. The charged particles emitted from radionuclides have a limited
energy range and are stopped in a relatively short distance, usually less than a few millimeters in tissue.  Two
general rules of thumb regarding the range of beta particles are:

The range of a beta particle in air is 12 feet per MeV.  Thus, the range of a 32P beta particle (Emax = 1.71 MeV) is
approximately 20 feet (e.g., 12 ft/MeV x 1.71 MeV = 20.4 ft).
The range of beta in gm/cm2 (density thickness, calculated by multiplying the substance’s density by its thick-
ness) is approximately equal to Emax/2 (in MeV).  For example, range of a 32P beta particles in tissue (density, ρ =
1 gm/cm3) is approximately 0.8 cm. 

1.2.g  Hazard Classification
A major goal of radiation safety is to insure that most of the
ionization which occurs from the deposition of  ionizing radia-
tion energy, does not occur in either radiation workers or in
the general public.  However, this goal can only be achieved
by carefully considering the range or penetrating power of
each type of radiation and implementing a radiation-specific
safety program.  Radiation which is sufficiently penetrating
that it can deposit ionizing energy within healthy tissues deep
in the body may damage these tissues and thus may carry
more risk than radiation which can not penetrate (see Chapter 2).  In assessing radia-
tion work and a radiation lab, it is important to consider the two types of radiation
hazards, external and internal.

An external radiation hazard is a type of radiation which has sufficient energy
that, from outside of the body, it is capable of penetrating through the protective layer
of the skin and deposit its energy deep (> 0.07 cm) inside the body.  External hazards
are type and energy dependent.  There are three major types of external hazards:  (1)
x- and γ-rays, (2) neutrons and (3) high energy (Emax > 300 keV or > 0.3 MeV) ß parti-
cles. Each of these types of radiation is considered penetrating (Figure 1-19).  These
uncharged particles and rays can interact with tissues deep in the body.  Although high
energy ß particles are capable of penetrating the skin, low energy beta particles (i.e.,
Emax < 300 keV) like 3H, 14C, 33P, 35S, 45Ca, 63Ni do not have a long range in air and do
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Figure 1-18.  X-/γ- Photon Interaction Probability

0.015
0.05
0.08
0.12
0.16
0.24
0.40
0.96

0.1
0.2
0.3
0.4
0.5
0.7
1.0
2.0

Tissue
(cm)

Energy
(MeV)

Table 1-3. Beta Range

Figure 1-19.  Radiation Penetrating Power
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not have enough energy to penetrate the skin.  Table 1-3 relates range in tissue to maximum beta energy in MeV.
However, remember that bremsstrahlung from stock vials containing 18.5 MBq (> 0.5 mCi) can produce measur-
able penetrating radiation.

An internal radiation hazard arises from radioactive material taken into the body by either inhalation, ingestion,
or absorption through the skin, which is then metabolized and stored in body compartments that need the particular
chemical or elemental form.  For example, radioiodine in the form of NaI, is capable of volatilizing. If inhaled,
approximately 20% to 30% will be metabolized and stored in the thyroid gland. Radioactive material stored inside
the body is capable of irradiating surrounding healthy tissues.  While all radiation would thus pose a potential
hazard, it has been found that some types of radiation which are not penetrating (e.g., α- and low energy ß-particles)
have the greatest potential to damage those tissues.

A thorough radiation survey (see 5.4 and Lab 2) is a check to identify sources of external and potential internal
radiation hazards in the lab.  Sources of external radiation can be identified using a portable survey meter.  Likely
sources include solid and liquid waste containers, stock vials and solutions, work areas and equipment, etc.  A wipe
survey is then conducted as a check to determine whether the radioactive contamination identified by the portable
meter survey is removable and thus a potential source of internal exposure. In addition, other areas in the lab should
be selected periodically and checked to identify radiation and removable contamination.  Labs which only use 3H
and RIA kits do not normally perform a meter survey (see Chapter 5).  For these labs a thorough wipe survey is
essential to identify contamination.

1.3   Characteristics of Commonly Used Radionuclides
Although some authorized users of radioactivity have laboratories in which relatively large
quantities of radioactive material are used, in general, radioisotope use at the University
consists of small quantities of liquid radiocompounds.  To insure worker safety and to prevent
accidental exposure, all labs where radioactive materials may be used or stored are conspicu-
ously posted with “Caution - Radioactive Materials” signs.  To reduce their radiation
exposure, workers in these posted areas must understand the characteristics of the radioiso-
topes being used.  Characteristics of commonly used radioisotopes are listed in Table 1-4.
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     *Because ß particles are emitted in a spectrum of energies, the energy listed is the maximum energy that the beta
particle can possess, the average energy will be approximately a of the maximum energy

13.5 mCi500 MBq0.514
0.6617 (85%)

ß-

γ30.17 yr137CsCesium-137

1.35 mCi50 MBq0.606
0.3645

ß-

γ8.04 day131IIodine-131

1.35 mCi50 MBq0.0355γ60.1 day125IIodine-125
135 mCi5,000 MBq0.1427γ6.01 hr99mTcTechnetium-99m

13.5 mCi500 MBq1.774
1.076 (8.8%)

ß-

γ18.66 day86RuRubidium-86

13.5 mCi500 MBq1.115γ243.8 day65ZnZinc-65
13.5 mCi500 MBq0.0669ß-100 yr63NiNickel-63
13.5 mCi500 MBq0.122γ271.8 day57CoCobalt-57
13.5 mCi500 MBq0.32 (9.8%)γ27.7 day51CrChromium-51
1.35 mCi50 MBq0.258ß-162.7 day45CaCalcium-45
13.5 mCi500 MBq0.1674ß-87.2 day35SSulfur-35
13.5 mCi500 MBq0.249ß-25.3 day33PPhosphorus-33
13.5 mCi500 MBq1.709ß-14.28 day32PPhosphorus-32

1.35 mCi50 MBq0.546
1.274

ß+

γ2.605 yr22NaSodium-22

13.5 mCi500 MBq0.157ß-5730 yr14CCarbon-14
135 mCi5,000 MBq0.0186ß-12.3 yr3HTritium (Hydrogen-3)

Type 1 ActivityEnergy, MeVRadiation*Half-LifeSymbolIsotope

Table 1-4. Characteristics of Commonly Used Radioisotopes

Figure 1-20.  Sign



 The table includes: isotope and chemical symbol (e.g., 3H, 32P); half-life (T½); energy of the major radiation(s)
emitted; and maximum stock vial activity (Type 1) allowed in a lab performing routine, simple wet procedures.

Type 1 activity refers to the maximum amount that can be used in a normal lab without performing a required
survey on the day of use.  This activity is based upon both the type of radiation emitted and the target body organ
(or radiotoxicity).  Bone seeking radionuclides like Radium-226, Strontium-90 and Calcium-45 are taken into the
bones where they are stored for a long period of time and where they can expose blood forming tissues and damage
bones.  Others like Iodine-125 are often stored in the organ systems crucial to body metabolism.  It is important to
limit exposures to these types of radionuclides by limiting possession and performing frequent surveys to insure the
risk of internal and external exposure is kept as low as reasonably achievable. Thus, a lab that uses more than 500
MBq (13.5 mCi) of Sulfur-35 or 50 MBq (1.35 mCi) of Calcium-45 must do a survey each day that they handle
those quantities.

1.4  Radiation Quantities and Units
A quantity is some physically measurable entity (e.g., length, mass, time, electric current, etc.) that needs to be
measured.  A unit is the amount of a quantity to be measured.  Units for various quantities are formulated when
needed by national or international organizations such as by the National Institute of Science and Technology
(NIST), formally the National Bureau of Standards (NBS) or the international General Conference on Weights and
Measures (CGPM).  In 1960, the 11th General Conference on Weights and Measures (CGPM) adopted the name
International System of Units (i.e., Le Système International d’Unités) or SI for a practical international system of
units of measurements and laid down rules for the prefixes, the derived and supplementary units, and other matters
to establish a comprehensive specification for units of measurements.

These internationally agreed upon units are divided into base, derived, and supplementary units.  The SI “base”
units are the meter, kilogram, second, ampere, kelvin, mole, and candela corresponding to the quantities of length,
mass, time, electric current, temperature, amount of substance, and luminous intensity, respectively. “Derived” units
are disguised amalgams of “base” units generated by combining “base” units according to some algebraic relation-
ship.  All “derived” units can be expressed in terms of “basic” units.  For example, the SI quantity of “energy” is ex-
pressed by the “derived” unit “joule."  A “joule,” however, can also be equivalently expressed in terms of “basic” SI
units as a kilogram-meter2 per second2 (kg-m2-s-2).  Currently, there are only two supplementary units, the radian
and steradian, corresponding to the quantities of plane angle and solid angle, respectively.

The number of ion pairs produced in a material is related to the amount of radiation energy deposited (see
Section 1.2.e).  The oldest radiation unit still in use, the roentgen, R  is based on the number of ion pairs produced
in a volume of air traversed by x- or gamma rays.  This unit of x-/γ- radiation exposure in air, is defined to be the
collection of enough ions to produce a charge of 2.58 x 10-4 coulombs per kilogram of air.  Since each electron
carries a charge of 1.6 x 10-19 coulomb, one roentgen is the collection of 1,610,000,000,000,000 (1.61 x 1015) ion
pairs within a kilogram of air.  Submultiples, the milliroentgen (mR) and microroentgen (µR), are frequently used.

Early radiation researchers investigated (see Chapter 2) the effects of radiation energy on matter. Initially the
roentgen was widely used in this work.  However,
because by definition the roentgen is limited to x-/γ-
radiation in air, it often proved difficult to extrapolate to
the effects of beta particles in cell cultures, etc.  There-
fore, a second, all-encompassing unit, the rad, was de-
fined to be the unit of radiation absorbed dose in any
matter.  The rad equals 100 ergs of energy deposited per
gram of matter.  Upon comparing the two units,
researchers found that 1 roentgen of x-/γ-ray exposure
in air was equivalent to 0.96 rad of absorbed dose in
tissue.  As a practical matter, because there is only a 4%
difference between the two quantities, the units rad and
roentgen are often (erroneously) used interchangeably.
The interchange is valid only for x-/γ-rays.

Investigating the effects of radiation at the cellular
level, researchers found that for the same quantity of
radiation absorbed dose, some types of radiation produced greater amounts of cellular damage than other types.  For
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Figure 1-21.  Relationship of Units
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example, the cellular damage from an absorbed dose of 100 rad from alpha particles is significantly more severe
than the damage caused by 100 rad from gamma rays.  The “quality” of the alpha particle’s deposited energy to
produce cellular damage, is greater than the “quality” of the gamma ray’s deposited energy.  This quality is often
the result of the ionization pattern in tissue as seen in Figures 1-17 and 2-1.  Therefore, for radiation safety, the rem
was defined to be the unit of radiation dose equivalence which would
be used to normalize the biological effectiveness of the various types
of radiation. The rem is a derived unit.  To calculate an individual’s
dose equivalent radiation exposure in rem, the radiation absorbed dose
in rad is multiplied by the quality factor, Q, for that particular radia-
tion (i.e., rem = rad · Q).  Values for the quality factor vary from 1 to
20 (Table 1-5) and are related to the ionization density of the radiation
(see Chapter 2).  Thus, an absorbed dose of 1 rad to a tissue from a
radionuclide deposition produces a dose equivalence of 1 rem if the
radionuclide is a ß/γ emitter and a dose equivalence of 20 rem if the
radionuclide is an  emitter.  The use of quality factor in radiation
protection is similar to the use of relative biological effectiveness
(RBE) in radiobiology.  The quality factor is a somewhat arbitrarily chosen, conservative value based on a range of
RBEs related to the linear energy transfer (LET) of the radiation.  When using RBE, a researcher determines the
biological effectiveness of a given type of experimental radiation and compares the effects to those from 250
kilovolt (peak) x-rays.

The adoption and use of SI facili-
tates communication because each
physical quantity has only one SI unit
and all derived quantities are derived
from the base and supplementary
units in a coherent manner and can
be expressed as products and
quotients of the nine base and supple-
mentary units with numerical factors.
The SI units are based on the MKS
(meters, kilogram, second) system.  Thus, the historic special unit of radioactivity, the curie (Ci), was changed
because it has a numerical factor of 3.7 x 1010 (dps).  The SI special unit of activity is the becquerel (Bq) which is 1
dps.  The units of absorbed dose (i.e., erg/gm), the rad, are not MKS system units and converting them to MKS
creates a numerical factor of 0.0001 (J/kg).  The SI unit of absorbed dose, the gray (Gy), is defined as 1 joule per
kilogram (J/kg) which is therefore equal to 100 rad.  Similarly, the derived unit of dose equivalent is replaced by the
sievert (Sv). Table 1-6 gives the relationship between traditional and SI units.

Dose equivalent units (e.g., Sv, rem) are normally used to record occupational and population exposures to low
levels of radiation.  Absorbed dose units (e.g., Gy, rad) are usually used to record acute exposures.  For acute
exposures, the effects of radiation quality are very truncated and the cell killing effects predominate over the long-
term cancer risks seen from protracted exposures.  Chronic exposures exhibit considerable repair.  Thus, if one
received a 20 Gy exposure to the skin surface over a two year period, there would be no observable effect.
However, if one received the same 20 Gy exposure in one day, there may be an observable effect because repair
may not have taken place (see Chapter 2).

1.5  Review Questions - Fill-in or select the correct response
1. The three components of practically every atom are:                        ,                        , and                         .
2. An atom of Carbon-14 (14C) has:             protons,            neutrons, and            electrons.
3.                       have equal numbers of protons but different numbers of neutrons in the nucleus.
4.                                      is the process by which unstable isotopes disintegrate and emit energy.
5. A                                 is an electron-like particle emitted from the nucleus of a radioactive atom.
6. The most penetrating form of directly ionizing radiation is                                    while                                     

and                                  are penetrating forms of indirectly ionizing radiation. 
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20Alpha particles, fission fragments

10Neutrons (100 keV - 2 MeV)

5Protons (> 5 MeV)

5Neutrons (< 10 keV, > 20 MeV)

1Beta particles, electrons

1x- / gamma rays

QType of Radiation

Table 1-5.  Quality Factors

1 Sv = 100 remGy x Qsievertrad x Qrem
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1 Bq = 2.7 x 10-11 Ci1 dpsbecquerel3.7 x 1010 dpscurie
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Conversion
Factor
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Table 1-6. Radiation Quantities and Units



7. The                            is the amount of time required for a quantity of radioisotope to decrease to one-half of its
original amount.

8. One curie (Ci) of activity represents                                disintegrations per second.
9. An                              is created when radiation interacts with matter and ejects an electron out of its orbit.

10. The                              is a special unit of x-/  radiation exposure in air.
11. One Becquerel (1 Bq) is equivalent to                  disintegrations per second (dps).
12. One rem is equivalent to                 millirem.
13. An alpha particle has a very short range and travels less than                  centimeters in air.
14. Low-energy beta particles (3H, 14C, 35S, 63Ni)    (are)    (are not)  external hazards.
15. Bremsstrahlung is possible from stock vials containing beta activities as low as                              .
16. The energy of the characteristic x-rays from 125I will be   (greater than)    (less than)  the energy of the charac-

teristic x-rays from 22Na.
17. You receive 74 MBq (2 mCi) of 32P.  Using the universal decay table, calculate the fraction and activity remain-

ing after an elapsed time of 10 days (Δt = 10 days). fraction:                          , activity:                          
18. A gamma ray is a type of   (directly)    (indirectly)    ionizing radiation.
19. If the range of a beta particle in air is approximately 12 feet per MeV, the range of a 45Ca beta (Emax = 0.25 MeV)

in air is                          feet.
20. All labs using radioactive materials must have a                                                              sign on the lab door.
21. A worker receives a whole body absorbed dose of 0.25 Gy (25 rad) from thermal neutrons, what is the worker’s

dose equivalence in Sv and rem:                         Sv or                     rem.  If the dose had been from x-rays, what
would be the worker’s dose equivalence in Sv and rem:                       Sv or                   rem.

22. A dose equivalence of 200 mrem is                         Sv  or                          mSv.
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0.000 000 000 000 000 000 00110-21zeptoz1,000,000,000,000,000,000,00010 21zettaZ

0.000 000 000 000 000 00110-18attoa1,000,000,000,000,000,00010 18exaE

0.000 000 000 000 00110-15femtof1,000,000,000,000,00010 15petaP

0.000 000 000 00110-12picop1,000,000,000,00010 12teraT

0.000 000 00110-9nanon1,000,000,000109gigaG

0.000 00110-6microµ1,000,000106megaM

0.00110-3millim1,000103kilok

0.0110-2centic100102hectoh

0.110-1decid10101dekada

QuantityPrefixQuantityPrefix

Table 1-7. Metric Prefixes
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