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FOREWORD
For many years the Radiation Safety Technician Training Manual, ANL=7291
(affectionately referred to as the "Moe Handbook"), has provided the basis for
technician training throughout the nuclear industry. Though a sound document,
changes in radiation protection standards and measurement technology since its
publication in the early 1970's suggested that a revision would be timely.
Due to our keen interest in radiation protection training, the Office of
Nuclear Safety, U.S. Department of Energy, was pleased to provide support for
such a revision. The end result, Operational Health Physics Training, should
provide a useful reference for applied health physicists and technician

training courses for years to come.

We want to express our sincere appreciation to Harold Moe for his dedicated

efforts in the revision to this document. It is truly a contribution to the

nuclear industry.
(ij/

Edward J. Vallario

Acting Director
Radiological Controls Division
Office of Nuclear Safety
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xxviii
OPERATIONAL HEALTH PHYSICS TRAINING
H. J. Moe
ABSTRACT

This revised publication updates a previous report (ANL - 7291),
initially published in 1965, entitled " Radiation Safety Technician Training
Course” which was intended to complement on-the-job monitoring training for
Health Physics technicians. In addition to updated information in all the
sections, additional topics and/or new or expanded sections have been
incorporated. Reference sections have been extensively revised, expanded and
updated. Questions and problems following the sections have been reviewed
and rewritten.

The initial four sections treat basic information concerning
atomic structure and other useful ©physical quantities, natural
radioactivity, the properties of «, B8 , v, X rays and neutrons, and the
concepts and units of radiation dosimetry (including SI units).

Section 5 deals with biological effects and the risks associated
with radiation exposure. Background radiation and man-made sources are
discussed next. The basic recommendations of the ICRP concerning dose
limitations: justification, optimization (ALARA concepts and applications)
and dose limits are covered in Section seven.

Section eight 1s an expanded version of shielding, and the
internal dosimetry discussion has been extensively revised to reflect the
concepts contained in the MIRD methodology and ICRP 30.

The remaining sections discuss the operational health physics
approach to monitoring radiation. Individual sections include radiation
detection principles, instrument operation and counting statistics, health
physics instruments and personnel monitoring devices.

The last five sections deal with the nature of, operation
principles of, health physics aspects of, and monitoring approaches to air
sampling, reactors, mnuclear safety, gloveboxes and hot cells, accelerators
and x ray sources. Decontamination, waste disposal and transportation of
radionuclides are added topics.

Several appendices containing constants, symbols, selected

mathematical topics, and the Chart of the Nuclides, and an index have been
included.



SECTION 1 - BASIC INFORMATION

A. Atomic Structure

Beginning in the decade before 1900, a series of discoveries led to
a profound change in the manner in which the structure of matter was
viewed. Up to that time, the general view was that all matter consisted of
a combination of one or more units. This view, proposed by John Dalton,
assumed that each of the constituents was a small indivisible unit, called
an atom (Greek: atomos-indivisible). A compound material consisted of
chemical combinations of atoms, always in the same proportion of different
fundamental substances. These fundamental substances were called elements,
and elements formed, or were the constituents of, all matter. The term
molecule was wused to designate a combination of atoms, of one or more of
the elements, to form compounds.

The discovery of the electron and measurement of its properties by
J. J. Thomson and others, began to reveal a structure within the atom.
The electron was determined to be a very small, light particle with a
basic negative charge. The presence of electrons in atoms implied that the
atom must also contain an equal number of positive charges-to balance the
negative charges. Moreover, because the electron was so light, a large
fraction of the mass of the atom must be associated with the positive
charges. Thomson proposed a mnew concept of the atom-enough electrons
embedded in a sea of positive charge to balance the charge on the atom.
However, Ernest Rutherford showed from scattering experiments that all of
the positive charge on the atom (and most of the mass) was concentrated at
the center of the atom in a core-later called the nucleus. Furthermore, it
was soon recognized that the charge of the hydrogen nucleus represented
the basic unit of positive charge. That is, the positive charge of the
nucleus of any other element was some integral multiple of the charge of
the hydrogen nucleus. Because of the significance of the hydrogen nucleus,
it was given the name proton (Greek: protos-first).

The discovery of the electron, and the subsequent recognition of the
proton, showed that "sub-atomic" particles existed. The atom was not an
indivisible entity. An additional sub-atomic particle was discovered by

James Chadwick in 1932. His experiments showed the existence of a neutral
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particle (no electrical charge) with a mass about the same as a proton.
He called this particle a neutron. In addition, his experiments showed
that this particle was contained in the nucleus. With the discovery of the
neutron, proton and electron, the classical picture of indivisible atomic
structure was abandoned.

With the advent of high energy accelerators, extending the ability
to observe ‘"sub-nuclear" reactions, investigation of the mnucleus has
revealed 1levels of structure within the nucleus itself. So that, even the
particles in the nucleus (neutrons and protons) have revealed certain sub-
nuclear structures. Neutrons and protons have been found to be composite
particles, made up of different combinations of fundamental units which
are called quarks.

Our present state of understanding with respect to atomic structure
has experienced a number of changes during the past century, brought on by
.increased technology. It 1is reasonable to expect that as the ability to
probe deeper into the recesses of nuclear structure increases, our future
understanding of nuclear structure will also improve.

For our purposes, we make use of the following features of atomic
structure. An atom 1is the smallest unit of an element. A listing of the
different elements by chemical symbol is shown in Figure 1.1. There are 90
naturally occurring elements. In addition to these, modern science has
increased the number to more than 100 by artificially producing elements.

The elements are usually designated by their chemical symbols, shown
in the periodic chart (Figure 1.1). Hydrogen, for example, has the symbol
H; oxygen has the symbol O0; etc. A listing of the elements by name, as
well as their chemical symbols can be found in Appendix G.

An atom consists of a nucleus surrounded by a sufficient number of
electrons to provide electrical neutrality. The nucleus is the massive,
central, positively charged portion of the atom, composed of neutrons and
protons. The mneutron and the proton ake particles of about the same mass,
but the proton has a positive charge and the neutron is electrically
neutral. A method of denoting atomic structure which is often used is

AX, where X 1is the chemical symbol of the element. The quantity A is the

Z
mass number which gives the number of protons and neutrons in a
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nucleus, and Z is the atomic number of the element, which gives the number
of protons (or positive charges) in the nucleus, and the number of
surrounding electrons. The number of neutrons in the nucleus is then given
by A-Z. Inasmuch as the proton and the neutron each have approximately
unit mass on the scale of atomic weights, the mass number is also that
integer closest to the atomic weight. See Appendix A for the mass of the
neutron, proton and electron, as well as for other useful constants.

The radius of the nucleus, in meters, is given approximately by
r = 1.3 x 107154173, 1.1

The diameter of the nucleus is less than 1/10,000 that of the atom itself.
Almost the entire mass of the atom is concentrated in the nucleus. The
nuclear density is about 107 kg/m3.

The atomic mass of an element may be expressed in unified atomic
mass units (u). One u, on the physical scale, is 1/12 of the mass of a
carbon-12 atom. The mass of any atom, in grams, is equal to its atomic
mass divided by Avogadro's number N, (6.022 x 1023 molecules/mole).
The reciprocal of Avogadro's number (1/N,) 1is equal to the mass, in
grams, of 1 wu, i.e., 1 u = 1.6606 x 1072¢ g = 1.6606 x 10727
kg.

The number of atoms in a certain mass of an element is given by the

expression:
N =3y 1.2
A

where m is the mass of the element in grams. For example, the number of
atoms in one gram of 238U is calculated to be:

oy, = 5%5(6.022 x 1023) = 2.53 x 1021 atoms.

=z
N
IS
]
I

The gram-atomic weight or gram-molecular weight is often used in
chemistry. These quantities simply mean a weight in grams of an element
which 1is equal to its atomic or molecular weight. A gram-atomic weight of

238y is 238 g of 238U; a gram-molecular weight (often called a



1-5

mole) of H,0 is 18 g. A gram-atomic weight of an element contains
6.022 x 1023 atoms; a gram-molecular weight contains 6.022 x 1023
molecules.

Note, that in SI units, the mole is equal to the number of molecules
in a kg-molecular weight. A mole of 238U would then be 0.238 kg of
288y, 1In equation 1.2, if we express m in kg, then A must be divided
by 1000 to express the gram-molecular weight as kg-molecular weight.

With respect to the arrangement of electrons within the atom, Niels
Bohr provided a theory which was based upon the observed light from
hydrogen atoms. He assumed that electrons revolved around the central
nucleus in circular orbits. However, only certain fixed, or quantized,
orbits were possible. These stationary orbits were described by a quantum
number n, which could have integral values from 1 to 7. While an electron
remained in a stationary orbit, it existed in a definite energy state and
no light would be emitted. However, if an electron moved from one
stationary orbit to another, light would be emitted. Moreover, the amount
of 1light emitted was related to the difference in the energy states of the
two orbits.

The Bohr theory explained spectra from hydrogen, but was inadequate
when applied to other elements. Arnold Sommerfeld showed that elliptical
orbits were also possible, and this introduced another quantum number, now
called 1. Two more quantum numbers, m and s, were needed to completely
describe the energy state of an electron. In addition, the application of
mathematical theory, by use of quantum mechanics, led to successful
interpretation of many other atomic properties. From the quantum mechanics
standpoint, the atom may be viewed as consisting of a nucleus surrounded
by a cloud of electrons. Nevertheless, the simple physical picture of the
atom provided by Bohr still serves as a useful representation.

The atom may be pictured as a planetary system of electrons in
motion about the nucleus. An example, in this case of the fluorine atom,
is shown in Figure 1.2. The electrons rotate in elliptical and circular
orbits about the nucleus. These well-defined orbits comprise a series of
shells which are called energy or quantum levels. The diameters of the

orbits, and consequently of the shells, are large in comparison with the




and 10 neutrons.

@ @ @ Figure 1.2 10
The stable fluorine atom (¢ F).
/ The nucleus contains 9 protons

nuclear diameter. The shells are denoted by either a letter (K, L, M, N,
0, P, Q) or quantum number (1, 2, 3, 4, 5, 6, 7). The energy state of each
electron in a shell is completely described by four independent quantum
numbers (n, 1, m, and s). The Pauli Exclusion Principle states that no two
electrons in any one atom can be identical, that is, have all four quantum
numbers the same. This principle sets an upper limit to the number of
possible electrons in each 1level. This 1limit is given by N, = 2n?,
where n is the principal quantum number of the shell, which may take on
integral wvalues 1, 2, 3, 4, 5, 6, 7 for the corresponding shell of the
atom.

The electrons in an atom influence the chemical, mechanical and
electrical properties of the atom. The outer electrons exert the forces
which hold atoms together in chemical compounds. In metals, loosely bound

outer electrons aid in the conduction of electricity.
B. Ionization

An electron can be removed fairly easily from an atom or molecule.
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One or more electrons may also be added to such entities. The resulting
component has an electric charge because the number of protons exceed the
number of electrons. The term 3ion is used to define atoms or groups of
atoms carrying an electric charge. The charge each ion carries depends
upon the number of electrons which have been added (negative) or removed
(positive). Ionization is a process whereby electrons may be removed from,
or added to, a neutral atom or molecule. The removal of an electron from
an atom or molecule (see Figure 1.3 for the process of electron removal
from an atom) results in an ion pair: the free electron and the positively
charged residue.

The normal state of an atom, in which it is stable, is the ground
state. If energy is supplied to the atom, the atom is said to be in an
excited state. If enough energy is added to remove electrons, the atom
will be ionized. The electron binding energy, or work function, is the

amount of energy needed to remove an electron from the atom. Ionization

(:) IONIZING
PARTICLE

~_ o
/ NEGATIVE ION

POSITIVE ION
SR

Figure 1.3 The ionization of an atom.
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and excitation of atoms can be produced directly or indirectly by
radiation interacting with matter. Excited atoms lose energy through

emission of light and return to the ground state.

C. Isotopes, Nuclides., Isobars

It was mentioned that over 100 elements are known to man. Each
element is characterized by its atomic number. However, an element may
have atoms possessing different masses. The term isotope (Greek: is
topos-same place) 1is wused to denote elements with the same atomic number
but different atomic masses. Since the atomic number is the same, isotopes
have the same number of protons within the nucleus, but the number of
neutrons vary. An element may have one or more isotopes. Isotopes exhibit
similar chemical properties.

The term nuclide is wused to generally designate an atomic species
containing neutrons and protons. The neutrons and protons are often
referred to as nucleons. The Chart of the Nuclides can be found in
Appendix G.

There are nuclides which have the same atomic mass number, but
possess different atomic numbers. These nuclides are referred to as
isobars (Greek: 1is baros-same weight). Isobars have similar nuclear
properties.

Some nuclides are unstable, releasing energy in the form of
particles and/or electromagnetic radiation by a process of decay or dis-
integration called radioactivity.

Within the mnucleus, a repulsive force, the Coulomb force, exists
between the protons, which tends to push the nucleus apart. Such forces
are relatively Ilong-range forces. In addition, there are very short-range
attractive forces between the nucleons which tend to hold the nucleus
together. Similar to the atomic binding energy for electrons, there is a
nuclear binding energy which holds the nucleons. As the number of nucleons
changes, the relative effectiveness of each type of force varies. The net
effect of these forces will determine whether a certain combination or

ratio of neutrons and protons is stable.
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The neutron to proton ratio (n/p) varies from about 0.5 - 1.6 for
most mnuclides, except for 'H. In the lighter nuclides, for even mass
number A, when n = p, the nuclide is generally stable. For odd A,
stability is found for omne excess n and instability for one excess p.
When Z>20, an excess of neutrons are needed for stability. Above Z=84,
all nuclides exhibit instability, generally attributed to the effect of

the very large nuclear mass.

D. Particle Dynamics

A particle has the property of inertia, that is, a resistance to
change in its velocity. The mass of a particle is a measure of this
inertia. The greater the resistance to a change in velocity, the greater
will be the inertia, and thus the mass of the particle. The unit of mass
in the SI system is the kilogram (kg). There are about 0.454 kg to a
pound.

The velocity of a particle is a vector quantity in which both speed
and direction must be specified. The magnitude of the velocity (that is,
the speed) is given in m/s in the SI system. The acceleration of a parti-
cle is defined as the time rate of change of velocity.

The force F which acts on a particle is defined in terms of the

product of the acceleration a and the mass m of the object:
F = ma. 1.3

If the acceleration is constant,

m(v - vy) _ mv - mv,

t t

This equation 1is known as the impulse equation. The quantity mv is called
the momentum of the particle, so that one can measure the magnitude of a
force from the time rate of change of the momentum. The unit of force in

the SI system is the newton (N): a newton is the force which will give to
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one kg an acceleration of 1 m/s?, that is 1N

1 kgm/s2. The
quantity mv 1is often called the linear momentum (p). When a particle is
rotating at a radial distance r from a central point, it will possess an

angular momentum (L),
L = mvr. 1.5
An important concept in physics is Conservation of Momentum. When no
external force acts on a system, the total momentum of the system remains

constant.

E. Work and Energy

Work W 1is wusually defined as the product of a force F and the

distance d through which an object moves under the action of the force:
W=Fd. 1.6

The term energy is defined as the capacity for doing work. An object has
energy by wvirtue of its position and by virtue of its motion. Potential
energy is energy of position; e.g., a book resting on the floor has
potential energy equal to =zero if we consider the floor as a reference
level. 1In order to give the book potential energy we must do work om it to
change 1its position. For example, we might pick it up and put it on a
table. In raising the book to the table, the potential energy of the book
will now be equal to the work we have done in raising it to that height.
This work can be recovered if the book falls off the table and returns to
its original position on the floor.

Kinetic energy is energy of motion. It is given by the equation
Ep = 1/2mv2, 1.7

The unit of work or energy in the SI system is the joule (J). The joule=

newton meters = kgm?/s?. When we have the book on the floor or
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table, its kinetic energy will be zero. If the book falls, it will gain
kinetic energy as it approaches the floor. During its flight, it will lose
potential energy. However, at any point in its flight, the sum of the two
energies will be constant and equal to the work donme in raising the book
to the table.

Another important concept in physics is Conservation of Energy. If
no work is done on the system or by the system, the sum of the potential
and kinetic energies of the system of objects in motion remains constant.
In the case of nuclear reactions, the sum of the mass and energy of the
particles before, and after, the reaction must remain constant. This is a
consequence of the interchangeability of mass and energy as shown by

Albert Einstein.

F. Charged Particles

If one 1looks at the forces exerted by charged particles, two types
of forces may be noted, depending upon whether the charges are at rest or
in motion. The electrostatic force is the force of attraction or repulsion
between charges at rest. The electromagnetic force is produced by charges
in motion. The moving charges, which we refer to as an electric current,
produce a changing electric field which gives rise to a magnetic field
which can exert magnetic forces on other charges.

The expression which gives the force of attraction or repulsion
between two electric charges of magnitudes g1 and qg2,

separated by a distance r, is called Coulomb’s law and is expressed as:

Kq q
F = ._1_?_, 1.8
r2

where K is a constant.
Charges which are alike, repel; charges which are unlike, attract.

The constant K depends upon the units in which F, qi1, qz and r

are expressed.
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The wunit of charge in the SI system is the coulomb (C). Stated in
terms of Coulomb’s 1law: one coulomb is that charge which will repel an
exactly equal charge with a force of 9 x 10° newtons when the two are
one meter apart in a vacuum. The magnitude of the fundamental charge on
the proton and electron is 1.602 x 10719 (C. The coulomb is a large
unit; it takes 6.24 x 108 electrons or protons to equal a charge of
one coulomb.

When two parallel plates are connected to a battery (see Figure
1.4), a negative charge appears on one plate and an equal positive charge
on the other plate. In the region between the plates, an electric field
exists which will exert a force on a charge placed in the field. The field

strength E is defined by the force exerted on a unit charge in the field:

E =F/q, and F = Eq 1.9

+4++++b b+

Figure 1.4 The electric field E is perpendicular to the plates.
(R.E.Lapp / H.L.Andrews, NUCLEAR RADIATION PHYSICS,
2/e 1954, pl8. Reprinted by permission of Prentice-Hall,
Inc.,Inglewood Clitfs,NJ)
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The term potential difference, symbolized by V, is defined as the work per

unit charge done in moving a charge from one plate to the other:

W
V=9 1.10a
and W= Fd = Eqd 1.10b
S0 V = Ed 1.11

If W is in joules and q in coulombs, then V will be in volts. Note that
the electron field strength E may also be expressed by V/d (volts/m). This
is a more commonly used designation.

In the parallel-plate example, the electric field E is uniform, that
is, the force on a charge in the field is constant, both in direction and
magnitude. In the case of cylindrical electrodes, the field 1is not
uniform, but varies with radius r from the central wire. In this type of
arrangement, omne will usually have a central wire of radius ri, and

an inner radius of the cylinder rz. The expression for the field is

then:

\'/
rln(rz/rl) 1.12

where V is the voltage across the electrodes. The field gets stronger as
one approaches the central wire, so that the force on a charge increases
as the charge nears the wire.

Devices used to detect radiation have utilized both parallel plate
and cylindrical electrode designs. Parallel plate chambers require very
high field strengths in order to achieve gas amplification. The latter
occurs when the ions formed by interacting radiation acquire enough energy
to create more ions before collection occurs. In cylindrical designs, high
field strengths can be reached without the use of very high voltages.

The wvelocity of an electron is related to the potential difference V

by the expression:

Ve = lmv2 1.13

2
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where Ve 1is expressed in joules. This relationship is +valid if the
velocity of the electron is much less than that of light and the
scattering of electrons is negligible (high vacuum). When the speed of the
electron becomes greater than 1/10 that of light, the mass of the electron
will increase and the above relationship will not hold.

The wusual SI unit of energy is the joule. In nuclear physics, how-
ever, the electron volt (eV) is used as the energy unit. By definition,
the electron volt is the amount of work done in accelerating an electron
by a potential difference of one wvolt. It is related to the joule by:
1 eV = 1.6 x 1071'°® J. Common multiples are: 1 keV = 103 eV, 1
MeV = 10% eV and 1 GevV = 10° ev.

As was pointed out earlier, the movement of a charged particle pro-
duces a current. One may say that a current is simply a flow of charge.
This flow can occur between parallel plates comnected to a battery (see
Figure 1.4) or be induced by some other voltage source (such as a
generator - a device which converts mechanical energy into electrical
energy). This flow may also take place in a wire. In metals, some outer
electrons are loosely bound and can be easily removed. When an electric
field is applied, these electrons move under the influence of the applied
force. One may say that electrons can be pumped, very much like water is
pumped. The voltage, which is applied, produces a pressure of electrons at
one end, and the electrons tend to flow towards the other end to equalize
the pressure. Generally, the flow of electrons begins from the source of
voltage, moves through various components to perform work and returns to
the source. For this reason, the route taken by the flow of electrons is
referred to as a circuit.

The current (I) in the wire is a measure of the flow of electrons.
It may be expressed as the charge (Q) per unit time which passes a fixed
point:

1-3 1.14

The unit of current is the ampere (A), which is one coulomb per second,

lA = 1 C/s. The direction of the current is defined as the direction in
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which a positive charge would move. Note that the flow of electrons will
actually be in the opposite direction.

Another factor which affects electron flow in a circuit is called
resistance. The resistance in the circuit influences how much current will
flow. George Ohm found that in many materials, the current was directly

proportional to the applied voltage. This is expressed as Ohm's Law:

1.15

=
)
<
o]
=
=
1

i<

in which 1 is the constant of proportionality, and R is called the re-

R
sistance and is measured in units called Ohms (@): 1 Q = 1 V/A.
As is seen from Ohm’s Law, resistance impedes current.

Going back to Figure 1.4, the plates, on which buildup of the
charges occur, represent two conducting surfaces separated by a non-
conducting surface (the gap). This arrangement defines a capacitor, which
has the ability to store charge. The amount of charge (Q) which builds up
on the plates 1is directly proportional to the applied voltage (V). This

may be written
Q = QV, 1.16

in which €, called the capacitance, is the constant of proportionality.
Capacitance 1is measured in units of farad (F), which is the coulombs per
volt of stored electricity.

Complex circuits consist of combinations of resistors, capacitors
and transistors (semiconductor devices - made from silicon or germanium-
used to control and amplify current). These circuits can now be put
together on one small piece of silicon. An integrated circuit (IC) is a
complete electronic circuit. These circuits may contain transistors,
resistors and capacitors, along with the intercomnecting conductors,

contained in a silicon chip as small as 1/16 of an inch square.
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G. Relativistic Corrections

Among the new concepts which Einstein contributed to modern physics

in his special theory of relativity are:

1) No measured velocity can exceed the speed of light ¢ in a

vacuum.

2) A body does mnot have a constant mass m. The mass of an object

depends upon its speed v:

m
-_9o°
m==\/ 1.17
1

- ﬂ2

where B8 = v/c, and m, is the rest mass.

3) Mass and energy are interchangeable: E = (Am)c2?, or,

for our purposes,
E = meZ2, 1.18

The relativity theory considers a rest mass m, and a mass m which

an object has by virtue of its speed v. From statements 2) and 3), we get

E = me? = mc2/ \/1 - B2, 1.19

where E represents the total energy content of an object of rest mass m,

moving with a speed v. The energy content of the rest mass is found by
setting v = 0, namely, E, = mocz. The kinetic energy of the object
is then:

E, = E - E, = mc? [—L—n - 1] 1.20

and the momentum is
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p = _ MoV

1.21.

The concept that mass is another form of energy, and that each may
be converted into the other, means that even a small amount of mass
contains a very large amount of energy. The correctness of this concept
has been amply demonstrated in the release of energy in fission (splitting
a nuclide) and fusion (forming one nuclide from two smaller nuclides). If
one adds up the masses of the neutrons and protons in a given nucleus, all
nuclei (except hydrogen) have masses less than the sum of the nucleon
masses. The difference in mass can be related to the nuclear binding
energy which is about 8 MeV/nucleon for most nuclides. However, for the
very light mnuclides, the binding energy is much smaller than this. The
value peaks at about 8.5 MeV/nucleon for mass numbers 40-120 and decreases
to about 7.6 MeV/nucleon for uranium. This indicates that combining two
light nuclei (fusion) will result in a new heavier nucleus which has a
lighter mass than the sum of the original masses. The mass difference
would appear as released energy. Combining the mass of two nuclides
heavier than iron to form uranium results in a heavier mass than the sum
of the masses of the two nuclides. This indicates that energy would be
released if the heavy nucleus could be split up (fission) into two smaller

nuclei.

H. Charged Particle in a Magnetic Field

A charged particle which moves through a magnetic field will ex-
perience a force acting upon it if the magnetic field has a component at
right angles to the direction of motion of the particle. In particular, if
the entire field is perpendicular to the direction of motion of the

particle, the force acting on the particle will be:

F = Bev, 1.22
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where B is the magnetic field strength, e is the charge on the particle,
and v its velocity. The force will be perpendicular to B and to the
direction of v, and the particle will tend to move in a circle of radius r

(see Figure 1.5).

In considering circular motion, the centrifugal force exerted on the
particle of mass m is given by

F = mv?/r. 1.23

Accordingly, for a magnetic field acting on a charged particle moving at

right angles to the field, the radius r may be found from

Bev = mv?/r 1.24

mv.
I = Be 1.25

+ +
+ +
+ +
r
+ + + +
7y
+ + + + + + +

Figure 1.5 A charged particle traveling perpendicular to a magnetic

Hield which is directed into the plane of the paper.
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For B in tesla (T), e in coulombs, m in kg and v in m/s, r will be given

in m. The tesla is the SI unit for magnetic field strength, 1T = 10¢

Gauss.
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QUESTIONS

1.1 Where does the nucleus reside in an atom?

1.2 In the method Ay, used to denote an atom, what are A, Z and X?
Z

1.3 What does (A-Z) indicate?

1.4 How many times larger is the atom than its nucleus?

1.5 Upon what atom is the unified mass unit u based?

1.6 What is gram atomic weight? Gram molecular weight?

1.7 How is Avogadro'’s number related to gram atomic weight?
1.8 What are the two methods to designate the electron shells?

1.9 State Pauli’s exclusion principle.

- e
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What is an ion?
What is an isotope? Isobar?

What force, due to electrical charge on the protons, tends to push
the nucleus apart?

What are the units of work, energy, and force? Which two units are
the same and why?

What term indicates (a) the energy due to position? and (b) the
energy due to motion?

Consider the formula F = K

what does K represent? What are its units?
What is the unit of potential?

At what point between oppositely charged, concentric, cylindrical
electrodes is the electric field greatest?

What is rest mass?

Assume that an observer is looking into a horizontal magnetic field
directed toward him.

a) In what direction will a proton curve if it enters the field in
front of the observer in a vertically downward direction?

b) In what direction will an electron curve if it enters the field
in front of the observer moving from right to left?

A person pushes a stalled truck. The truck does not move. Is work
done on the truck? Why not?

PROBLEMS

Compute the nuclear radii of

1 3 131 238
H b H I d U
a) ] ) g ©) 53 ) g9

Answers: a) 1.30x10718
b) 1.87x10715
c) 6.60x10718
d) 8.06x10715

= ===
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Find the number of atoms in 0.006 kg of lead, atomic weight 207.
Answer: 1.746x1022 atoms

Find the gram molecular weight (mole) of sulphuric acid,
H2S04. The atomic weights are: H 1.00, S 32.06, O 16.00.

Answer: 98.06 g.

Find the mass in kilograms of a single atom of thorium, atomic
weight 232,

Answer: 3.85x1072% kg

Find the maximum number of electrons that an N shell can accommo-
date without violating the Pauli Exclusion Principle.

Answer: 32

The mass of a 12C atom is experimentally found to be 19.92637x
10727 kg. Assuming the carbon nucleus to be spherical, compute

the nuclear density of 12C.
6

Answer: 1.8x10'7 kg/m3
Find the wvalue of Avogadro’'s number using the mass of 12C given
above and the definition of unified mass unit. 6
Answer: 6.022 x 1023 mol/mole

What force must be applied to a helium ion, atomic mass, 4.00u, to
cause it to accelerate 100 m/s?. Ignore Einstein correction.

Answer: 6.64x10725 N,

Assuming a constant force of 107!'% N, how long would it take
to accelerate a lithium ion of 6.0150 u, from rest to 10% m/s.

Answer: 9.99x1078 s.

A neutron (m = 1.675 x 10727 kg) passes two points 10 m apart
in a time interval of 2x10°% s. Assuming its speed 1is cons-
tant, what is its kinetic energy in joules?

Answer: 2.1x10718 7T,
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9.9
In the formula F = K L 2, it is a standard practice to write
r2
the constant K in the form K = ————l————, where €, is called
4ﬂ€o

the permitivity of space. Compute the value of the permitivity of
space,

Answer: €, = 8.84x10712 C2/N.m?
Find the magnitude of the electrostatic force of attraction between

the proton and electron in the hydrogen atom. Assume the charge on
proton to be 1.6x107!°® G and the charge on electron to be

-1.6x1071® C and the distance of separation, is 5.3 x
10711 p,
Answer: -8.2x1078% N.

A potential difference of 1000 V exists between two parallel plates
separated by 0.004 m. What is the electric field between the plates?

Answer: 2.5x105 V/m.

The inside diameter of a cylindrical Geiger-Mieller tube is 0.02 m
and the diameter of the center electrode is 5x107¢ m. Find the
electric field at a distance of 0.001 m from the centerline of the
tube when the applied potential is 900 V.

Answer: 2.44%10% V/m.

Find the wvelocity gained by an electron upon passing from one plate
to another between which the potential difference is 100 V. Assume
the charge on the electron to be 1.6x107!° C and the mass to
be 9.11x10731 kg.

Answer: 5.93x106 m/s

The rest mass of an electron is 9.1095x1073! kg. What is its
rest energy in MeV? (Use 2.9979x10® m/s as the speed of light.)

Answer: 0.511 MeV

The rest mass of a proton is 1.6726x10727 kg. What is its rest
energy in MeV?

Answer: 938.3 MeV
Express 1 u (unified mass unit) in MeV,

Answer: 931.6 MeV
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Using the relativistic correction due to Einstein, find the mass of
a proton when it gains a velocity of 2x10% m/s from rest. Use
3x108 m/s as the speed of light and 1.6726x10727 kg as

proton rest mass.

Answer: 2.244x10727 kg

An electron is moving at 1/10 of the speed of light.

a) What is the difference in kinetic energy calculated with

Einstein’s relativistic formula and the non-relativistic
formula?

b) What is the percent difference?

Answers: a) 19 eV
b) < 1%

Show that the binding energy of a deuteron is approximately 2.2 MeV.
Assume the following:

deuteron mass: 2.014102 u

proton mass: 1.672649x10727 kg
neutron mass: 1.674954x10727 kg
electron mass: 9.109534x10731 kg

An electron moving perpendicularly through a magnetic £field of
0.05 T has a velocity of 6x10® m/s. What is the radius of the
circular path of the electron?

Answer: 6.83x1074 m




1-.24



SECTION 2 - RADIOACTIVITY AND ITS PROPERTIES

A. Early History

Henri Becquerel 1is credited with the discovery of mnatural radioac-
tivity. While working with uranium salts and photographic plates in 1896,
he found that the wuranium emitted a penetrating radiation which seemed
similar to that which Roentgen had produced a year earlier in experiments
with a gas discharge tube. Madame Curie called this phenomenon radioac-
tivity. Further 1investigation by her and others showed that this property
of emitting radiation is a specific property of the given element and that
certain quantitative relationships exist. They also found that the
radiations are continually emitted so that energy is constantly lost.
These radiations, and therefore the energy, come from the nucleus of the
atom. Also, the energy released by radioactive materials 1is about a
million times more intense than the energy released in standard chemical
reactions. Moreover, the atoms producing these radiations are unstable and
emit radiation at characteristic rates to form new atoms. These, in turn,
may transform to other substances, but the end product will be more
stable.

By the use of magnetic fields, it was shown that there are three
distinct types of radiation (see Figure 2.1). These were given the
designations: alpha (a), beta B, and gamma (©D) radiation.
The first two types can be deflected in magnetic fields, indicating that
they are charged particles. Gamma radiation cannot be deflected in
magnetic fields. It is not a charged particle but a form of electro-
magnetic radiation, similar to light.

Since a particles were deflected in a different direction in the
magnetic field than were J particles, the two were oppositely charged.
From the direction in which the a particle was deflected, it was shown
to be positively charged, whereas the B particle is mnegatively
charged. Further investigation revealed that the a particle is

actually a helium nucleus (;He - two positive charges, mass number 4)

and the B particle is actually an electron (e - one mnegative

charge, mass of 0.000549 u).
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Figure 2.1 Radiation deflection in a magnetic field. The tield is
perpendicular to and directed into the plane of the

paper. (R.E.Lapp / H.L.Andrews, NUCLEAR RADIATION
PHYSICS, 2/e 1954, p.73. Reprinted by permission of

Prentice-Hall, Inc., Englewood Cliffs, NJ).

Following Becquerel’s discovery, further studies revealed that three
naturally occurring radioactive series existed. The parent, or first
member, of these series, or chains, are 232Th, 2387 and 23507
and the series are called the thorium, wuranium and actinium series,
respectively. These chains have certain common properties: each parent has
a very long half 1life (time for half the initial nuclei to decay - see
2.D); each has a gaseous member which is a radon (Rn) isotope; and each
ends up as a stable lead (Pb) isotope. An artificially occurring series,
called the neptunium series, beginning with 241Pu but named after the
longest-lived radionuclide in the series, 237Np, was later produced by
neutron bombardment of 238u.1

With the discovery in 1934, that radioactivity can be induced in a
stable atom, a number of additional decay modes, have emerged (such as
electron capture and isomeric transitions). In addition, a number of mnew
particles, associated with radiocactive decay, have also been uncovered.
These are the mneutrino and the anti-neutrino. These particles have been

useful in the explanation of B decay. The neutrino and anti-neutrino
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are almost massless particles (< 103 of the electron mass) which
carry away energy in decays. Also, the anti-particle to the electron, the
positron, was discovered, as well as radioactive decay in which positrons
are emitted. In addition, the advent of high energy accelerators has
increased the complexity of the number of known particles and their decay
mechanisms.

Other naturally occurring radionuclides, such as *°K, 147gm
and 187Re, etc., which are not members of 1long series, or decay

chains, have also been found.

B. Radioactive Transformations

When an atom undergoes a transition, or decays, by the emission of
an alpha particle, the atomic number Z decreases by 2 and the mass number

A decreases by 4, so that

This can be shown by a diagram called a decay scheme (see Figure
2.2.a). In this diagram, different energy states are indicated by a
vertical scale. In the figure, the ground state of the parent atom is
shown at a higher vertical position (or higher energy level) than the
ground state of the decay product (called the daughter product). In the
decay scheme layout, the emission of positively charged radiation is shown
by an arrow to the left; negatively charged radiation by an arrow to the
right. An example of the a decay is 238U»234Th + “He, in
which 238U is the parent, 23%34Th is the daughter and He 1is the
a particle. In the diagram shown, the a is emitted with a discrete
energy which equals the net energy difference between the energy level of
Ay and that of A-4y (accounting for the masses of the parent, daughter
Z Z-2
and the o« particle as well as the recoil energy of the daughter). In

some cases, the emission of the a will not bring the decaying nuclide

to the ground state of the daughter, so that emission of a vy ray may
follow.
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Figure 2.2 Decay schemes for various modes ot decay: a. B B’ v:EC and IT.
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When the transformation is by mnegative S emission, the atomic
number Z increases by 1, but the mass number A remains the same. The anti-
neutrino V¥ carries off excess energy. Often, a vy ray 1is emitted
following a B~ decay (see Figure 2.2.b). Negative S emission 1is

likely to occur if the n/p ratio is too high. The decay is given by

Ax & Ay

+ 8 +v
z zatB tv

in which B~ represents the electron, %¢. The emission of a gamma
ray (as shown in Figure 2.2b) does "1 not affect either the atomic
number or the mass number. It is indicated by a vertical straight line in
the figure.

Positron (ﬂ+ or ;e) emission is shown in Figure 2.2c. The

reaction is
A
X A +
+ + v
A Z-¥ 2

in which » is the neutrino that carries away excess energy. As in the
case of B~  decay, a v ray may be emitted after positron
emission. For positron emission to occur, the parent mass must exceed the
daughter mass by more than two electron masses (2 moc2). An
alternate mode, which often competes with positron decay is electron
capture (EC), pictured in Figure 2.2d. It should be noted that some
diagrams picture ﬂ+ decay in the same manner as electron capture. Of
course, if the condition for positron emission stated above is not met,

then only electron capture may occur. For this reaction,

o
A 4+ oo A¥ + v.
Z-

z -1
The electron which is captured is most often a K shell electron, although
L and M capture are also possible. X rays which are emitted following
electron capture will be those from element Y. Positron decay and/oxr

electron capture are likely to occur if the n/p ratio is too low.
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Sometimes a nucleus in an excited state will emit energy as a v
ray, rather than emit a particle. This is called an isomeric transition.
As stated before, this emission does not affect the atomic number or the

mass number, so

*

Ay o By 4 4.
AR

The asterisk indicates that the nucleus is in an excited state. In Figure
2.2e, the excited state is indicated by AmX, where the m stands for
metastable. In this decay scheme, two paths are available. A photon may be
emitted from the excited level to the ground state of AX, followed by
B~ emission. The alternate mode involves emission of a higher energy
B~ in the transition to Y. The branching ratio gives the fraction
Z+1
of the total transitions which proceed by each given mode.

An alternate mode of decay for an excited nucleus is called internal
conversion. Instead of the emission of the v, the nucleus transfers
this energy to one of the orbital electrons, which is then ejected with a
discrete energy (see 3.2).

Another mode of decay observed in high mass number substances

(A>230) 1is spontaneous fission. This process often competes with o

decay. The reaction is

A ,
Xoh'y L A-AT SRy o 1)
z z z-2" %o

In the above, the original nuclide Ay splits into two fragments Y and W,
and a number, k, of neutrons are emitted. The same number of neutrons will
not be released in each fission, so k is an average value. The total
number of n released in spontaneous fission varies with the mass and the
atomic number. Nuclides with even Z and A seem to have the shorter spon-
taneous fission half 1lives.? Since fission releases neutrons, fragments,
prompt and delayed <y rays and B particles, this complex mode is
some times indicated by simply a vertical arrow marked sF.3

If a nuclide has enough energy in an excited state, it may also

decay by neutron emission.* Since the process itself is rare, and the
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emission time very short, practical neutron sources, such as those for
a, B or vy, are not readily found.

Included with the diagram of the decay scheme is other useful
information about the nature of the process. Sometimes, the complex nature
of the process does mnot allow all of the information to be displayed.
Shown in Figure 2.3, is the decay scheme for 24Na, adapted from
Reference 5, to point out some of the data which is supplied for simple
decay schemes.

In the figure, 24Na is indicated as a B emitter with a
half 1ife of 15 h. For the two B~ groups which are emitted, the
fraction of transitions in which that B~ 1is emitted (often called
the intensity), as well as the maximum energy (in MeV) of the emitted
B is shown. That is, B~, is emitted in 99.9% of the transitions

1

and the maximum energy of this B is 1.39 MeV. The emission of the

24
Na(15h)
11 Nal1s 0.0 g 0:999
1

1.39 MeVv
4.123

Bz

.001 Y, 2.754 MeV
4.144 MeV

, 1.369

¥, 1.369 MeV 0.0

24
1o Mg (STABLE)

24

Figure 2.3 Decay scheme for “ "Na.
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B  produces 24Mg but in an excited state, either 4.123 MeV above
the stable 24Mg ground state, or 1.369 MeV, if ﬂé is emitted.
The excited nucleus returns to the ground state by emission of «v
radiation. For the majority of decays (99.9%), two +v rays, one of
2.754 MeV immediately followed by one of 1.369 MeV, are emitted. For the
small number of transitions involving g~ (0.1%), only one 1.369 MeV
v is emitted. 2

Transformation or decay schemes can be found in diagram form in
References 3,5-7, along with additional information concerning the
transition and other nuclear properties. Reference 3, which has been
prepared specifically for wuse in internal dosimetry calculations, gives
the average p transition energy, rather than the maximum energy. Other
sources of useful decay scheme data, in tabular form rather than diagrams,
can be found in References 8-10.

Another wuseful source of information about unstable (or radioactive)
nuclides 1is the Chart of the Nuclides (Appendix G). This chart lists well
over 2,000 nuclides, of which only about 300 are stable. The general
features of the chart, of interest at this point, are shown in the
excerpt, Figure 2.4. Each horizontal row represents an element, i.e.,
H = hydrogen, He = helium, and the individual filled spaces in a row are
the known 1isotopes of that element. Note that hydrogen has three known
isotopes. The atomic number Z increases vertically with each row. The
neutron number N = A-Z increases horizontally. The number of each column
is the total number of neutrons (n) for each nucleus in that column.

The heavily bordered space at the far left side of each row gives the
chemical atomic weight (in atomic mass units) of the element as found in
nature (a combination of 'H and 2H). Shaded spaces in the row are
stable 1isotopes. A black rectangle at the top of the space indicates a
radioactive 1isotope that is found in nature. White spaces represent radio-
nuclides which are artificially produced.

For stable nuclides, such as 1H, the first line of the square gives
the symbol and the mass number. The second 1line gives the isotopic

abundance. This is the percent of Iy which is present in the element
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Figure 2.4 Excerpt from Chart of Nuclides. (Knolls Atomic Power
Laboratory. Schenectady, New York. Operated by the
General Electric Co. tor Naval Reactors, The U. S.

Department of Energy).

hydrogen as it is found in nature. The number at the bottom of the space
is the atomic mass of the neutral atom !H.

For the unstable nuclides, such as 38H, the first line gives the
symbol and mass number. The second line gives the half life. Additional

lines present decay modes and energies (in MeV). For 3

H, the listing
indicates a B~ emitter of maximum energy 0.0186 MeV which is mnot
followed by any <« emission. In the case of very long-lived, naturally
occurring radionuclides, the second line gives the abundance. Subsequent
lines give the data for the decay modes.

For certain radionuclides, a long-lived excited mnuclear state is
possible. These are called 3isomeric states. Each state has its own half
life, decay mode, and energy of emissions. Isomers are shown on the chart
by a divided square for the given radionuclide.

To trace the product of a radioactive decay, or to find a product
nucleus when a target is bombarded, the scheme in Figure 2.5 may be used.
It is designed to allow easy location on the Chart of the Nuclides. For

example, let the original nucleus have an atomic number Z and neutron

number N, and decay by a emission. The product nucleus will be found
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3
Z+2 He a
in in
- 2
Z+1 B P H 3H
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7 n ORIGINAL n
out |NUCLEUS in
3y 2H B8*
Z-1 P EC
out out out out
a 3
z-5 He
out out
N-2 N-1 N N+1 N+2

Figure 2.5 Location chart for nuclear products. (Knolls Atomic Power
Laboratory, Schnectady, New York. Operated by the
General Electric Co. for Naval Reactors, the U.S.Department
of Energy.)

on the chart at the location Z-2 and N-2. In the case of 238U which is
an o emitter, Z=92 and N=146, so the daughter product will be found at
Z=90 and N=144. From the Chart in Appendix G, this location corresponds to
234Th, For tracing a radioactive chain, the first daughter can then be

considered the original nucleus to find the second daughter, and so on.

C. Decay law

When one deals with large numbers of atoms, it is found that all
radioactive substances follow the same general decay pattern. For example,
assume one has a radioactive source and some means of counting the number
of atoms which decay in a given time interval. The number of atoms
decaying in a given time interval is called the activity of the sample. If
one plots the percentage ratio of the activity at some later time (t) to
the activity at time t=0, on linear graph paper (Figure 2.6) versus the
time t, the curve obtained indicates an exponential or logarithmic rela-
tionship. If the same ratio is plotted on semilog paper (Figure 2.7), a

straight 1line 1is obtained. This indicates that radioactive decay is an
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Figure 2.6 Radioactive Decay, linear plot.
100

10 ™~

ACTIVITY (%)

0 1 2 3 4 5 6

TIME UNITS

Figure 2.7 Radioactive decay, semilog plot.
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exponential (logarithmic) process, that is, there is a constant fractional
decrease in the decay rate during equal units of time. Although the same
number of atoms do not disintegrate during each unit of time, the same
fraction of the atoms present decay during a unit of time. The disinte-

gration rate is proportional to the number of atoms present:

« N, 2.1

where N 1is the number of atoms present at any time t. By including a con-

stant of proportionality, the expression becomes

AN _ Ly 2.2

At

where X, called the transformation constant (also the decay constant),
is the constant of proportionality and the minus sign indicates a decrease
in the decay rate as time increases. When the expression is integrated, we
get the general exponential relationship for radioactive decay:

N = Ne At 2.3
where N is the number of atoms left at time t from a sample of N,
radioactive atoms initially present.

If we take the logarithm of each side of this equation, we get

In N = 1In N, -At. 2.4
This 1is similar to the slope-intercept form of a straight line, i.e.,
Yy = a + bx. Thus, if one uses semilog paper and plots the values of N on
the logarithmic scale versus the time on the linear scale, the slope of
the resulting straight 1line will be -) and the intercept (the value of
N at t = 0) will be N, .

An an example, consider the data:

Number of Atoms Time (s
80,000 0
29,432 60
10,824 120

3,984 180
1,464 240
536 300

200 360

TR, T T T T - - P
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Plot a curve on semilog and on linear paper, and determine the decay
constant for the radioactive element.

To plot on semilog paper: Take three-cycle semilog paper (this will
cover the ranges 100-1000, 1000-10,000 and 10,000-100,000) and plot the
number of atoms on the logarithmic scale and the corresponding value of
the time on the linear scale. The plot will be a straight line.

To find the slope of the line (-)): Take the ratio of the number
of atoms for two times; find the natural log of this ratio, and divide
this log by the difference in time for the values chosen. For example,
choose the readings for t = 0 and t = 120 s. Take the ratio of the number
of atoms at the 1later time to the number of atoms at the earlier time.
This ratio is 0.1353. The mnatural 1log of this ratio is In 0.1353 = 1n
(1.353 x 107! = 1n 1.353 + 1n 1071 in 1.353

- In 10 =
0.3026 - 2.3026 = -2. The time difference for the two values is 120 s. We

now obtain

In N = 1In N, - At;
InN - 1In N, = -At;
In N/N_ = -At;

-2 = -2(120 s);

1.67 x 1072 s71 _ 4

To plot on linear paper: Plot number of atoms as ordinate (y axis)
and the time as abscissa (X axis).

The decay constant X expresses the probability that a single
atom will decay in a unit of time. The larger the value of X, the more
rapidly a radioelement decays.

One 1is wusually more interested in the decay rate of a given sample
rather than the number of atoms present. The activity of a sample is

expressed as:

dN = A = AN. 2.5
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In other words, the activity A_ of the sample can be found by
multiplying N, the number of atoms present at any time, by the decay

constant A of the element. Accordingly:

- -At;
N = Noe
AN = ANje AE;
. At
AL = Age , 2.6

where A, is the activity (decay rate) of the sample at t = 0. Combining
equation 1.2 and 2.5 above, the expression for the activity of a known
mass m of a radionuclide is given by:
_ _m
Ag = AN = N

A a
A 2.7

D. Half Life and Mean Life

The decay constant X is closely related to the concept of the
half life of a radionuclide. The half life T, is defined as the time
required for the activity of a given nuclide to decay to one-half of its
initial wvalue. Consider an initial activity A,. At some time t = Ty,

the activity will be equal to A /2. From our general relationship, then,

-t
At = Aoe ;
-AT
Ly —pae’n
20 o]
1_ e'ATk
2

2.8
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substituting for X in equation 2.7 gives an alternate expression for

the activity in terms of the half life,

A, —AmNa _0.693 m Na

2.9
t A ATy,

Example: Find the activity (dis/s) of a 10°® kg (1 g) sample of
60Co (Tl’i = 5.27 }’).

In SI units, a mole of ¢%Co = 0.06 kg, and

3 molecules

-3

0.06 _kg 5.27 y 3.1536x10s
mole

The actual length of time any one atom survives may be anything from 0 to
infinite time, theoretically. Suppose we were able to sum up all the
lifetimes for the entire sample of atoms. Now, divide by the total number
of atoms, and we arrive at the average lifetime of an atom. The average,

or mean life, T is given by:
T-l-—2-1.4437 2.10
A

Given the activity A, of a sample, the total number of transitions which

will occur in the sample may be obtained from:
Trans. = AT = 1.443 T, A, 2.11

in which the time units must be consistent. For the 6°Co example

above, the total number of transitions would be:

[}

Trans. 1.433(4.19x10139§§)(5.27 ) (3.1536x107 ?)

1.005x1022,
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Each radioactive atom has its own unique pattern of decay. Three

aspects which characterize the radioactive decay of a given nuclide are:

1 half life of emission,
2) energy of the emission, and

3) type of emission

The identification of a particular radionuclide will normally depend
upon how well one can determine these three factors. Many radionuclides
have half 1lives which are nearly the same, but the energy of their
emissions differs greatly. On the other hand, many radionuclides have
similar energy of emission, but their half lives differ greatly.

Oftentimes, a number of techniques or combination of techniques will
be required for the identification of an unknown radionuclide. Sometimes,
when one knows the types of radioactive material being used in an area, it
is possible to pinpoint the identity of the radionuclide by the half life
alone. For 1long-lived radionuclides, however, this approach may not be
feasible. Also, for faster identification, it may be easier to analyze for

the energy of the emissions or to search for the type of emission.

E. Activity Units

The SI wunit for the activity of a radioactive substance is the
becquerel (Bq). A becquerel is the activity of a radionuclide whose trans-
formation rate is 1 dis/s. This unit replaces the curie (Ci), the
historical activity wunit originally taken as the decay rate of 1 g of
226Ra, but later defined as a transformation rate of 3.7x1010°

dis/s.4 The two units are related by
1 Bq = 2.703x10711 (i, (1 ¢i = 3.7x101° Bq)

The becquerel is a rather small unit, whereas the curie is a rather large
unit. To aid in designating the 1large range of wvalues that may be

experienced, SI prefixes are shown in Table 2.1 (adapted from Reference
11).
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Table 2.1 - SI Prefixes

Prefix Symbol Factor Prefix Symbol Factor
deka da 101 deci d 1071
hecto h 102 centi c 1072
kilo k 108 milli m 1073
mega M 106 micro L 1076
giga G 10° nano n 107°
tera T 1012 pico ) 10712
peta P 1018 femto £ 10715
exa E 1018 atto a 10718

Common smaller units of the curie encountered in health physics work

are the pCi, nCi and pCi. In terms of SI units, these become

1 pCi = 10712 C¢i = 3.7x1072 Bq = 37 mBq
1 nCi = 107° Ci = 3.7x10! Bq = 37 Bq
1 pCi = 1076 Ci = 3.7x10% Bq = 37 kBq

Some laboratory sources in use will be more conveniently expressed in MBq.

The definition of activity refers to the transformations (disinte-
grations) per unit time. Oftentimes, the number of transformations will
differ greatly from the number of radiations emitted, as for example, in
the case of ©69Co. For each ©°Co atom which decays, a beta particle
and two <y rays are emitted. In this case, then 1 MBq of ¢°Co would
emit 1.0x10® pB/s and 2.0x10® +/s. If the activity of a sample
is to be accurately calculated from experimental data, the decay scheme of
the radionuclide must be taken into account.

If counting a B~ emitter, some of the v rays may also be
counted. If one merely takes the counting rate and comverts this to a
transformation rate, without considering the decay scheme, one will
usually overestimate the activity of the source. For example, consider a
counter which counts all the B (1 count/dis) and 2% of the gammas. In
counting a 1 MBq ©°Co source, the observed counting rate would be
1.0x106 counts/s B + 0.02 (2.0x108) counts/s vy = 1.04x

106 counts/s. If one converts this activity to MBq without regard to
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the decay scheme, the activity would come out as 1.04 MBq, a slight
overestimate. However, if one counted this same source in a counter, which
did not count the B, a serious overestimate would occur. Suppose such
a counter counted all of the vy rays (1 count/dis). Then, the result
would be 2x 10® cts/s, which converted to activity would be 2 MBq,
double the true source activity.

In the case of electron capture decay, a serious underestimate could
occur when counting, say 7Be, in such a counter. 7Be emits about
0.1 v per transformation. This means a 1 MBq source will only give
about  1x10% cts/s, which for this counter could be erroneously
interpreted as 0.1 MBq.

In counting an « emitter, the situation is wusually different.
Since a proportional counter is normally wused, the vy rays associated
with an o emitter would not be counted, and thus the activity can be
determined from the counting rate. Nevertheless, if the source being
counted contains a radioactive chain, there may be more than one o
emitted per transformation, since daughter products may also emit o
particles. This would subject one to the potential of overestimating the
source activity.

When the radionuclide that one is counting is known, a proper choice
of counting equipment can be made. A suitable calibration of this
equipment will then allow one to obtain a reasonable activity estimate.
When the radionuclide is unknown, as occurs frequently in health physics

work, one must exercise care in the interpretation of any counting data.

F. Specific Activity

The specific activity is defined as the activity per unit mass of a
substance. It has wusually been expressed as Ci/g of the radioelement
before SI wunits. The shorter the half life of the emitter, the greater is
found to be its specific activity. The specific activity can be calculated

from equation 2.5, now expressed as

SP.A. = JN. 2.12
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where A is the transformation constant and N is now the number of
atoms in one kg of the radioelement. ®°Co has a half life of 5.27 y.

Calculate the specific activity:

SP . A. = AN = 0.693 l—ng , and A = .,060 moles

23 .
_0.693 (1) 6.022x10 - 4.19x1016 dis

S
5.27 y (3.1536x107 )06 s-kg

4.19x1016 B4
kg

[SP.A.=4.19x1016 Eg (2.703x10°11 %§)10'3 kg _ 1.13x103 ci/g)
g

To convert a tabulated value of SP.A. in Ci/g to SI units, use

SP.A (Bq/kg) = 3.7x10%3 SP.A (Ci/g)

G. Decay Chains

In general, most radioactive substances do mnot decay to form a
stable mnuclide, that is to say, the daughter nucleus is also radioactive
and decays with its own characteristic half 1life. The problem of
determining the amount of the daughter present at any time depends,
therefore, wupon both half 1lives. The daughter will be produced at a
certain rate from the parent, but will decay with its own rate.

Suppose that at a given time there are N? parent atoms, with decay

constant  Aq, and no daughter atoms. After a certain interval of
time, At, the increase in the number of daughter atoms, AN2, is
given by

AN, = (decay rate of parent - decay rate of daughter) At. 2.13

The decay rate of the parent is actually the formation rate of the
daughter, since whenever a parent atom decays, it becomes a daughter atom.

The decay rate of the parent is ANy, where N; is the number of
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parent atoms present at any time. Similarly, the decay rate of the
daughter is  AoN,. The expression for the rate of change of

daughter atoms per unit time becomes
AN
2 _ \Np- X5N,. 2.14
From the general relationship, the number of parent atoms at any
time is

0 _at
N1=N1e 1-. 2.15

Substituting this into the above expression and integrating the equation,
one arrives at
0
NJA - -
N = L1 (e A1B.e A2ty 2.16
2~ XA

where Ny is the number of daughter atoms present at any time.

When the parent half 1life is long compared with that of the

daughter, then A1<A2, and the term e'AZt becomes
negligible compared with et  after a sufficiently long time.
Then equation 2.16 reduces to
0
AN
Ny = 1L eMF 2.17
AM
However, since
0 -t
N1=N1e 1-.
we find
A 1N
N =3 2.18
2 -1

A condition 1is thus reached in which the ratio N,/N; remains constant.
This state 1is called transient equilibrium. In this case, the daughter
activity decays at the same rate as the parent activity. Another way of

stating this is that the formation rate of daughter atoms equals the decay
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rate of the daughter atoms. In each unit of time then, there is the same
fractional decrease in the parent and daughter activities, yielding a
constant ratio.

When the parent activity is extremely long-lived, as is the case

with 238y (Ty=t . 5x10° ¥, then A<<hg, e T -1,
and Ag-Aq ~X9, so that the original expression for N,
reduces to
0
A, N
Ny = —21- (1 - e A2b). 2.19

Ay

After a sufficient time, e Aot approaches zero, and the amount of

the daughter product is then given by

0

This state is known as secular equilibrium.

If the ©parent has a shorter half 1life than the daughter,
A1>Ag. The daughter rises to a maximum and decays with its own
characteristic half life. In this case, no equilibrium is reached.

The above relationships have been presented for cases in which no

daughter atoms are initially present. If there are daughter atoms, we may

add a term Nze'AZt to equation 2.16, which gives
AN 0 _x

N, = L (eMt e 2t N, 72t 2.21
Ag-A1

in which N, is the number of daughter atoms present at t = 0. In most
instances, one is interested in the activity of the sample, rather than

the number of atoms. The activity can be obtained by use of equation 2.5,

AL = NX = Nyhy for this case,

(A)g = Nahy

0

A A e - ]

U221 (e MtreAotyeane ot
(Ag9-21)
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When a radioactive chain is present, the method outlined above can
be extended. The original relationships were developed by H. Bateman in
1910. A general equation for the quantity of the nth member of a series

can be found in Reference 12.

H. Decay Curve of a Mixture

The problem of identifying the half life of a radionuclide from a
decay curve can be complicated by the fact that the experimental curve may
be a composite of the contributions from a mixture of radionuclides. When
the activity wvalues are plotted on semilog paper, the curve obtained from
such a mixture will contain: 1) an initial straight portion, followed by
2) a curved portion, which is then followed by 3) a final straight
portion. This type of decay curve is explained by the presence of at least
two radioactive products in the sample being counted.

The initial straight portion of the curve represents the sum of the
activities of all the components, whereas the final straight portion is
due only to the activity of the longest-lived component of the mixture.
The shorter-lived products contribute greatly to the decay rate initially;
but as they decay out, the total activity will not decrease as rapidly as
in the beginning. This accounts for the curvature in the plot.

Since the final straight portion represents the activity of the
long-lived component, this line can be extrapolated back to zero time. The
initial activity, of the long-lived component, is the intercept value at
t = 0, of the extrapolated line. In addition, this line gives the decay
curve of the long-lived component. When a series of values along this
curve are subtracted from corresponding values on the original curve, the
remainders will represent the activity of the short-lived components, at
the corresponding times. If the mixture contains only two components, then
a plot of the remainder values will give a straight line. As before, the
activity wvalue at t = 0 for this new straight line will represent the
initial activity of the short-lived component,

The half 1life for each component can then be determined graphically

from each of the straight lines.
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If three or more components are present, this method can be extended
provided the original data are sufficiently accurate.
Example: Using the data in the table, plot a curve on semilog (see

Figure 2.8) and determine the half lives for all the activities in the

sample.
cps t (h) cps t (h)

10,000 0 370 14
5,788 1 258 16
4,078 2 181 18
3,148 3 127 20
2,516 4 89 22
1,666 6 62 24
1,125 8 44 26
770 10 31 28

531 12

Plot the data on 3-cycle semilog paper. From the shape of the curve
one would surmise that there are at least two components. Extrapolate the
final straight portion of the curve back to zero time. This line inter-
sects the t = 0 axis at 4000 cps. The half life is determined directly
from the graph: find the time at which the activity has dropped to 2000
cps. This occurs at 4 h. The half life can be determined mathematically by
choosing two points on the curve, finding the ratio of these two points,
and dividing the natural log of this ratio by the difference in time
between these two points. This gives the value of A. Take the points:
t =0, cps = 4000; t = 12 h, cps = 500.

[

But

1in 2 in 2
T, =402 _In 204y b - 4 .
> x " In 2P

Take points on the extrapolated curve and subtract their values from

the corresponding points on the experimental curve. Plot these differences
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versus the corresponding times. Consider the points for t = 0; the value
on the experimental curve is 10,000 cps, the value on the extrapolated
curve is 4,000 cps. The difference, 6,000 cps, is plotted for t = 0.
Similarly, for the point t = 1 h, the value on the experimental curve =
5,778 cps, and the wvalue on the extrapolated curve = 3,400 cps. The
difference, 2,378 cps, is plotted for t = 1 h. Proceeding in this way, one
can determine enough points to draw the curve.

In this case the curve is not a straight line, it is a curved line.
Once again extrapolating the final straight portiom back to t = 0 gives an
initial activity of 2,000 cps. The half 1life of this activity as
determined from the graph is 2 h.

When points on this extrapolated curve are subtracted from the
corresponding points on the second curved line and the differences are
plotted, a straight 1line is again obtained. The initial activity of this
component is 4,000 cps, and its half life as determined from the graph is

30 minutes.
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QUESTTIONS

2.1 VWhen and by whom was radioactivity discovered?

2.2 Name the three distinct types of naturally occurring radiation.
2.3 With what nucleus are o particles identical?

2.4 With what atomic particle are B particles identical?

2.5 When an a particle 1is emitted, how many nuclear particles are
emitted?

2.6 How are the A and Z numbers of a radioactive atom affected when:

a. an o particle is emitted?
b. a p particle is emitted?

2,7 VWhen a B particle is emitted,

a what nuclear particle was converted to release the §
particle?

b. what 1is the new nuclear particle that results from the con-
version?

2.8 How does the emission of a +y ray affect the atomic number and
the mass number?

2.9 What 1is the relationship between the number of atoms present in a
radioactive source at any particular time t to the time t?

2.10 To what wvalue 1is the disintegration rate of radioactive atoms pro-
portional?

2.11 What does the symbol X (lambda) represent in radioactive decay
schemes?

2.12 Describe the plot of radioactive decay rate versus time:

a) on linear (common) graph paper and,
b) on semilogarithmic paper.
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How many cycles should semilogarithmic paper have to plot

a) 700 to 1300 atoms?
b) 20 to 95 atoms?
c) 300 to 120,000 atoms?

What is the base of

a) common logarithms?
b) natural logarithms?

What are the common logarithms of
a) 1 b) 100

¢y 102 4 1073

e) 107479

What are the natural logarithms of

a) e b) e3
c) e 1o

What wvalue results when the number of radioactive atoms present (N)
is multiplied by the decay constant ()\)?

What wvalue 1is defined by the time required for a given isotope to
decay to one-half its original value?

If a radioactive substance loses half its activity in 3 hours, what
will its half life be 6 hours later?

In the conversion formula T% =

a) what does the symbol T, represent?
b) what does the symbol )\ represent?
c) of what number is 0.693 the natural logarithm?

What is the unit of source activity based upon the number of disin-
tegrations per unit of time?

Why may B emitters appear to have a higher becquerel value than
their true value?

What does the activity of one kilogram of a radioactive substance
define?
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What terms identify

a) a radioactive material that, wupon decay, results in another
radioactive material?

b) the resulting radioactive material?
Under what condition(s), does the ratio of the number of daughter
atoms to the parent atoms remain constant? What is the name given to

such a state?

Under what conditions is secular equilibrium reached between the
daughter and parent?

Under what condition is no equilibrium reached?

Assuming that good data has been obtained, what does a curved decay
plot on semilogarithmic paper indicate?

What term is given to the projection of a mathematical curve beyond
known data?

What value 1is obtained by taking natural logarithm of the ratio of
two points on a radioactive decay curve and dividing that ratio by
the intervening time?

PROBLEMS

Complete the following decay schemes

a. 226RasRn + He b) YN+ + v
88 6
c. 12;mAg->107? + Q) aulg + 57+ v

If the mnumber of radioactive atoms at time t is 2x10%, and 2x
104 atoms disintegrate in 5 minutes, what 1is the approximate
radioactive constant?

Answer: ~ 2x1073 minutes
If the radioactive constant is 0.l1/day and there are 3x10€ radio-

active atoms, approximately how many atoms will disintegrate in 1
minute?

Answer: 208/min




2.4

2.5

2.6

2.7

2.8

2.9

2-30

From the formula A, = Aj e'At, find the activity of a sample

at 4:00 P.M. when its activity was 1000 disintegrations per minute at
10:00 A.M. The decay constant A of the sample is 0.2/day.

Answer: 951 /min

The half-life of radon is 3.8235 days. What is the decay constant?

Answer: 0.1813 a°1

In problem 2.5, what percentage of a freshly separated sample of radon
will disintegrate in 1 day? In 2, 3, 4, 5, 10 and 20 days?

Answer:

Time(d) % of radon
decayed

16.
30.
41.
51.
59.
83.
97.

oouvpwWwNH
WO WO PO

[

The activity of 1077 kg of 23°Th is found to be 7.2x10%

Bq (dis/s). What is the half life of 230Th?
90

Answer:  8.0x10% years

The activity of a radiocactive sample is 25 Bq. What was the activity of
the sample 1 hour earlier if the half life is 25 minutes?

Answer: 132 Bgq

Carbon-14, '4C, has a half life of 5730 years. What is the
specific activity of 1%0?

Answer:  1.65X10!* Bq/kg
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Krypton-88, &8Kr has a half 1life of 2.8 hours and its daughter
rubidium-88, 88Rb has a half 1life of 18 minutes. If the krypton-88
has decayed to 5x101° atoms over a period of several weeks, how
many daughter atoms are present? Hint: use the short form formula since
krypton-88 has a much longer half life compared with the half life of
rubidium-88.

Answer: 6x10° atoms

Thorium-232, 232Th, has a half 1life of 1.41x10'° years and it

daughter radium-228, 22%Ra has a half 1life of 5.76 years. If 10t

atoms of thorium-232 are found in a lump of natural ore, how many atoms
of radium-228 should be present? Hint: thorium-232 has an extremely
long half life when compared with the half life of radium-228.

Answer: 4.085x10€ atoms.

The first two members of a radioactive series have half lives of 6
minutes and 12 minutes respectively, while the third member is stable.
Starting with 106 atoms of the first member and none of the second
and third, plot the number of atoms of the three members as a function
of time. Determine from the graph (or otherwise), the time at which the
second member reaches its maximum.

Answer: 12 minutes
A smear obtained from a graphite block bombarded by a 50 MeV proton

beam was counted with a germanium detector. The following data was
recorded

Time (Minutesg) Elapsed Counts Per Minute
5 8400
10 7104
15 6008
20 5102
25 4300
30 3600
40 2591
50 1820
60 1310
70 932
80 661
100 330

Plot the data as (a) linear plot and as a (b) semilog plot. Determine
the half life. Can you guess what could be the radionuclide?
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2.14 The half life of 238U is 4.4683x10° years. How many kilograms
of 238U is needed for an activity of 3.7x101° Bq (this is 1 Ci
in the old system of units)?

Answer: 2973 kg

2.15 The data in the following table represents the decay curve of a mixture
of two radionuclides

a) Plot the data on semilog paper

b) Determine the half lives of the two radionuclides graphically.

t (min) cpm t_(min) cpm
0 60,000 40 1406

5 34,000 45 953

10 20,000 50 664
15 12,000 55 457
20 7,500 60 323
25 4,750 65 222
30 3,140 70 152
35 2,062 75 111

Answer: ~ 9.5 min and ~ 4.5 min



SECTION 3 - PROPERTIES OF ALPHA, BETA, GAMMA., X RAYS AND NEUTRONS

There are four main types of radiation (we include v and x rays as one
type) which must be dealt with in health physics. The properties of these
radiations are important in the determination of the relative hazard which
they present. These properties will be treated in the following discus-
sions. Other radiations that result primarily from high energy reactions

will be dealt with in the later sections as appropriate.

A. Alpha Particles

The a particle is a helium nucleus (;He) emitted with a dis-

crete energy and a characteristic half 1life from each « emitter.
Rutherford and Royds showed that the o« particle is a helium nucleus by
collecting o particles from radon in a glass tube with electrodes.
When a discharge in the tube occurred, the light spectrum obtained showed
characteristic helium lines.

Examination of cloud-chamber photographs (see Figure 3.1) have
revealed these properties of a particles:

1) Most alphas have the same range in a given gas.

2) The alphas travel along straight tracks.

3) Some are scattered near the end of their path.

4) A few are scattered at distances closer to the source.

The first property mentioned above shows that almost all the par-
ticles emitted by a given radionuclide have about the same discrete
energy. The other properties imply that scattering of the alphas occurs
infrequently, most often near the end of the path of the particle.

Alpha particles are ejected from mnaturally occurring radioactive
atoms with speeds of the order of one-twentieth that of the speed of
light. Because of their large mass and relatively high speed, they have
large kinetic energies. Alpha particles from naturally radioactive nucleil
usually have energies in the range from 4 to 9 MeV.

The energy of an o particle is lost mainly by ionization and
excitation of the atoms of the traversed substance. Ionization occurs by

two processes: (l) direct collision with an orbital electron, and (2)
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Figure 3.1 Illustration of alpha tracks cs seen in a cloud chamber.
(From F.Rasetti, Elements of Nuclear Physics. New York:
Prentice-Hall, Inc., 1947; Fig. 53, P..303)

interaction of the electrostatic fields of the particle and the orbital
electrons of the absorbing medium (see Figure 3.2). Excitation occurs when
the energy transferred to the electron is not enough to remove it from the
atom (see Figure 3.3). In this case an ion pair does not result from the
loss of energy by the «. Consequently, the average energy expended by
an o particle in creating an ion pair in a given substance is usually
greater than the ionization potential of the medium.

Other energy loss processes are available to «a particles, but
these generally do mnot occur very frequently except at higher
energies.? For example, nuclear reactions can occur with «, but
their range 1s so short in most media, that unless the o emitter is
incorporated into a light element (such as Be,B), no reactions can take
place. When a particles are accelerated to E > 20 MeV, then neutron

production by reactions with nuclei become feasible.

1. Specific Energy Loss

The W value is defined as the mean energy needed to create an

ion pair in a given substance. This wvalue 1is different for « parti-
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Figure 3.2 Electirostatic interaction.

Figure 3.3 Excitation.
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cles 1in various gases, ranging from 22 in xenon to 46 eV/ion pair (ip) in
pure helium, but is relatively constant in a given gas for different «
energy. The W value for a particles in air is 35.08 eV/ip (5.6x
10718 J/ip).

Because of the double positive charge and its large mass, an
a particle forms a rather high number of ion pairs per unit path
length. The specific energy loss along the path of the o is very high.

In air, an o may produce > 10 ip/m. So that, one may get a
relative idea of energy loss by measuring the ionization produced along
the path.

If the ionization produced by an « particle is plotted
against the distance of penetration in a substance, the ionization
gradually increases as the particle loses energy (see Figure 3.4).
Finally, the ionization reaches a peak value and drops to zero as all the
o« energy 1is lost. An a whose energy is entirely lost in a

substance will pick up two electrons and become a neutral helium atom.

IONIZATION

DISTANCE OF PENETRATION

Figure 3.4 The ionization increases cs the velocity of the alpha
particle decreases with the depth of penetration.
(R.E.Lapp/H.L.Andrews, NUCLEAR RADIATION PHYSICS,
2/e, 1954, p.139. Reprinted by permission of Prentice-
Hall, Inc., Englewood Cliffs, NJ)
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2. Stopping Power

The 1linear stopping power S is related to the specific energy
loss in the material. It is seen from Figure 3.4 that the energy loss per
unit path 1length increases as the o loses energy. One may define S,
the linear stopping power, as

dE

3.1
dl

in which 9E gives the energy transferred as ionization and excitation
dl
along the path of the charged particle. The mathematical expression for
the 1linear stopping power fails for « particles of very low energy.
Therefore, one cannot express the ionization loss at the very end of the
path of the a particle.
The 1linear stopping power for heavy particles of charge ze is

given by the expression

4 2
dE _ 4me z_NB = K NB
dl mov2 3.2

in which K, will be a constant for a given charged particle of
velocity v, N is the atoms/cc of the medium, mj is the rest mass of the
electron, and B the atomic stopping number (which is a function of the
speed v of the particle, and the atomic number [Z] and the mean ionization
potential [I] of the medium). The linear stopping power is expressed in SI
units as J/m. B is a slowly varying function of the velocity, so that the
linear stopping power varies inversely with the velocity squared. As the
o loses energy, and its velocity decreases, the linear stopping power
will increase which results in increased ionization near the end of the
path.

The mass stopping power, S/p, is the linear stopping power

divided by the density p of the substance:

_S_ = l _d_E J m? (6.25X1013 MeV Cm2) 3.3
p p dl kg g
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In health physics work, a quantity of importance is the ratio
of two stopping powers or the relative stopping power. For «a
particles, air 1is often taken as the reference substance, and other media
are compared to air. The relative mass stopping power (8/p), of a

medium m with respect to air is then:

(S/p). = SLp of the medium _ B/
n S/p of air (B/A)air 3.4

where A is the effective atomic weight.

3. Range

Because of the large specific ionization of a particles,
they use up their energy in short distances. For instance, the range in
air will be only a few centimeters. Most of the alphas from a given source
lose  their energy in about the same distance. The range R of a«a
particles in air at 15°C and 760 mm Hg can be estimated with the aid of

the relationships:

R, (in m) = 5.6x10°3% E (for E<4 MeV) 3.5
~ 3.18x10°3 E3/2 (for 4<E<7 MeV).

A convenient Rule of Thumb for roughly estimating o range
in air is

Ruiy ~ (Be

air .025) m for 4<E<8 MeV 3.6
80

The range of o« in media other than air can be found

approximately by the Bragg-Kleeman relationship:

R
Rm = pa a 3.7
pm(Sjp)m
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where (S/p), is the relative mass stopping power of the medium with

respect to air. Bragg showed that for a number of substances:

VA
m
By/Bair ~ —: 3.8
Ag
From this relationship, then, since from equation 3.4,
B A VA A A
(8/P)p ~——“‘—é -2 3.9
Ap VA
we find for the range in any substance
VA
R, (inm) ~—232_TWg 3.10
P
where ‘\/Aa = 3.82 and p, = 1.226 kg/m® at 15°C and 760 mm of

Hg. This relationship is’usually good with + 15%. The quantity\/A  for a

compound or a mixture can be found from the expression2:

nA +nA + nA
\/AI——Il_ 11 22 33+ .......... , 3.11

where n; is the atomic fraction of the element i of atomic weight A;.

Since the mass stopping power in tissue, (S/p), for alphas
is almost equal to the mass stopping power in air, (S/p)t =1, and
3.12

R

air Pair — R

tissue Ptissue-

Because there is such a great difference in density between a
solid and a gas, the range of alphas in solids will be very small. Find
the range of 23870 a particles (E = 4.198 MeV) in UO2
(p = 1.09x10% kg/m3).

1 2
L (238) +2 16
Vi, = 2= — = —20 - 1152,
3V238 + VI 7.81
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R, = 3.18x1073E3/2 - 3.18x1073(4.198)3/2

= 2.74x10"2 m in air (2.74 cm).

-2
Ry.. = =22(11.52)2.74x%10
Uo

= 9.27x107% m(9.27 um)
2 1.09x10%

4, Relative Hazard

The fact that « particles have short ranges in dense
substances makes the a particle much less of a hazard to humans than
other external radiations. The a particle of highest energy emitted by
natural radioactive substances will just penetrate the "dead" layer of
skin on the human body. So, little living tissue will be affected. With
the source on the skin surface, an o« particle needs approximately 7.5
MeV to get through the dead layer. For most a emitters then, no living
tissue will be damaged when the source is external to the body.

Once inside the body, the short range and high specific
ionization of the « particle becomes very important. In this case, the
a source will be surrounded by 1living tissue. This means that the
damage will be highly localized near the point of origin of the alphas.
Thus, great damage can be done to small essential organs of the body if an
o«  source is lodged in them, since all the o energy will be
absorbed in that particular organ and not spread out over a larger volume
of tissue. In addition, the more dense energy deposition along the path of
the a has been found to be more effective in producing damage.3 For
these reasons, «a particles are a very real concern as an internal

hazard.

B. Beta Particles

Beta particles were found to be high-speed electrons emitted from
the nucleus of the wunstable atom. Further investigation has shown that
either positive electrons (positrons) or negative electrons may be emitted

by a radionuclide. The concept of B emission has been extended to
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either emission of positrons and electrons. The rest mass of these
particles is the same; they have equal but opposite charges.

Unlike alphas, betas are not emitted with discrete energies but show
a continuous energy spectrum (see Figure 3.5). The atom emits electrons of
all energies up to some maximum value. This maximum value for the B
spectrum may be found in nuclide tables and is characteristic of that
atom. Most known B sources emit particles with maximum energy up to
about 4 MeV.

The average energy (E) of a source is about 1/3 E_ . in the case

X

of electrons B) and 0.4 E .. iIn the case of positrons
(ﬂ+). In 1934, Enrico TFermi developed the theory of B  and
positron decay. His theory was able to predict the shape of the 8
spectrum. He assumed that when a B  was emitted, a neutron converted

to a proton and an anti-neutrino was also emitted. In Figure 3.5, the sum

NUMBER OF BETA PARTICLES

max
ENERGY (MeV)

Figure 3.5 Typical beta spectrum.
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of the energy of the B (E) and the anti-neutrino (Eg) equals
Epax- In the case of positron emission, the sum of the energy of the
positron and the emitted neutrino is equal to Bpax:

Electrons lose energy in a number of ways as they pass through
matter. Loss by collisions with orbital electrons, leading to ionization
and excitation, 1is the most frequent mechanism. But interactions with the
nucleus do occur and lead to the emission of x rays (bremsstrahlung). The
latter process occurs predominantly for the more energetic electrons, E> 1
MeV (see 3B.3).

When an electron reaches an energy of 10-15 MeV, high energy photons
are produced which can interact with the nucleus, and neutrons are
released. Since this energy is well above the highest known emission
energy of  Dbetas, these reactions take place mainly in electron
accelerators.

An important reaction for positrons (see 3E.4) is annihilation. In
this process, the combination of matter (e”) and anti-matter (e+)
results in the release of energy (2 v rays of 0.511 MeV each).

In a given substance, the electron will make a large number of
collisions wuntil it eventually 1loses all of its kinetic energy. The
processes leading to ionization in the substance are the same for the
electron as those for the o«. But because of its smaller mass (approxi-
mately 1/7300 that of an «a) and lower charge (1/2 that of an a),
the interactions take place at 1less £frequent intervals. Consequently,

electrons do not produce as many ions per meter of path as do alphas.

1. Specific Energy loss

The W value for electrons in air 1is 33.85 eV/ip (5.42x
10718 J/ip). The ionization wvalues for electrons are much lower than
those for alphas. Roughly, the specific energy loss for electrons varies
inversely as the square of the speed of the electron for energies up to
10 MeV. Ionization wvalues in air for electrons range from approximately
104-10% ip/m.

At low energy, the specific energy loss decreases as energy

increases (see Figure 3.6). It reaches a minimum value above 1 MeV. Then,
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|
BREMSSTRAHLUNG ~

STOPPING POWER

ENERGY (MeV)

Figure 3.6 The general shape of the stopping power
vs. energy curve for beta particles.

the total energy 1loss increases as the energy increases due to
relativistic effects and bremsstrahlung production.

The specific energy loss for betas should be higher than the
value for monoenergetic electrons of energy equal to the maximum of the
beta spectrum. This 1is expected because most of the betas emitted by a
given source will have lower energies than the maximum value of the
spectrum. Since the specific energy loss for electrons increases as the
energy decreases, the wvalue obtained £for the spectrum should be higher

than that for monoenergetic electrons.

2. Stopping Power

The 1linear stopping power for electrons due to ionization and

excitation is given by:

4
d_E_ = 2netNZ B’

2
dl myv

= ’ 3.13
= K NZB’,

where N 1is the atoms/cc of the medium of atomic number Z. The electron
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stopping number, B’, is a function of the speed of the electron and
the mean ionization potential of the substance. This expression gives the
rate of energy loss along the actual path of the electron. Since electrons
are greatly scattered in passing through a given substance, the actual
path traveled 1is often much greater than the straight-through path (about
1.2-4 times the straight line path).

3. Radiation Production - Bremsstrahlung

In addition to that energy lost in ionization and excitation by
an electron in passing through matter, some energy may be given up in the
form of =x rays produced in the substance as a result of interactions
between high-speed electrons and nuclei of the absorbing substance. The
interactions leading to the production of bremsstrahlung are inefficient
for electron energies below 1 MeV. As the energy increases above 1 MeV,
the production of =x rays becomes increasingly more important. However,
this process is the source of x ray production from commercial tubes used
in both dentistry and medicine.

When a charged particle is either accelerated or decelerated in
an electric field, electromagnetic radiation may be given off. If an
electron passes close to an atom while traversing a substance, the charge
Z on the nucleus will exert a force on the electron. This will cause its
path to be bent (see Figure 3.7). During this acceleration, the electron
may radiate energy of any amount from zero up to its total kinetic energy
Ep. The total bremsstrahlung per atom is roughly proportional to
(Z/m)2, where Z 1is the atomic number of the absorbing matter and m is
the mass of the charged particle. Because of a 1/m? dependence, the
amount of bremsstrahlung is almost completely negligible for all particles
except electrons, unless the particle energy is in the GeV range.

For electrons in thin targets, the maximum intensity of the
bremsstrahlung will be at right angles to an incident beam of low-energy
electrons. As the beam energy increases to very high values, the maximum

shifts to the forward direction.["6
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Figure 3.7 Bremsstrahlung.

For very high energy, the bremsstrahlung is very highly peaked

in the forward direction. The angular distribution is mostly confined to a

cone of half-angle ¢, given by7
m c? 1
s
= ~— d .
8 = F (rad), 3.14

in which E is the total energy of the electron (MeV).
For an electron beam incident on a thick target, the fraction

of its initial energy which is converted to x rays is given approximately

by2

F ~ 7x107% ZE, 3.15

where Z is the atomic number of the absorbing substance and E, is the
energy in MeV of the beam. Thus, a 1 MeV beam will lose about 6% of its

energy as x rays when the beam is absorbed in lead (Z=82).
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In the case of a f source, the fraction of S energy

converted to x rays is approximately8’9

F ~ 3.33x107¢ ZE___, 3.16

where E_ . 1is the maximum energy of the B spectrum. In this case, a
1 MeV B will 1lose about 3% of its energy as bremsstrahlung when
absorbed in lead. The spectral distribution will contain x rays of energy
from zero up to E ... In most cases, one may assume that the x rays
which are emitted correspond to 1/3 the maximum energy of the 8 for
purposes of shielding design for thin shields. This will normally result
in a safety factor in the calculations, if one uses the attenuation

coefficient for E_max.
3
Returning to Figure 3.6, the effect of bremsstrahlung on the
total energy loss is shown by the dotted line. For medium Z materials, the
linear stopping power and the linear bremsstrahlung loss become comparable
around 50 MeV. Above this energy, the radiation loss dominates. One may
roughly estimate the ratio of radiative energy loss (bremsstrahlung) to

collision energy loss (ionization and excitation) by9

s ()
rad _ __dl rad. ~ _EZ 3.17
Scol (dE) 700

dl o1

in which E is the kinetic energy of the electron (MeV) and Z is the atomic

number of the absorbing medium.

EXAMPLE - What 1is the ratio of the radiative energy loss to the

collision energy loss of a 1 GeV e  in copper (Z=29)?

S
rad _ (1000)(29) _ 41 .4,

Seol 700

The result indicates that the electron loses >97% of its energy by

bremsstrahlung production at this energy!
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4, Range

The stopping power for electrons decreases as the atomic number
Z of the absorber increases. This occurs because substances of high Z have
fewer electrons per gram and these are more tightly bound. Consequently,
the range tends to increase as Z increases. But as Z increases, the
multiple scattering of the electrons increases. The effect of multiple
scattering is to increase the actual path of the electron in a substance.
This tends to decrease the range which is the linear distance through the
medium. These two effects act to balance each other, so that the density
of a substance gives one a good idea of its relative ability to stop
electrons. It is common to express the range of electrons in terms of
density-thickness, measured in kg/mz, i.e., t(m)p(kg/m®) = Range
(kg/m2). The range is then mnearly independent of the type of absorbing
substance.

Katz and Penfoldl® have expressed the relationship between
the range and the energy (MeV) of the electron in mathematical form.

Expressed in SI units, this becomes

R(kg/m%)=4.12 EL-265-0.0934In £ 01<E<2.5 MeV) 3.18
or

In E = 6.63 - 3.2376 (5.6093-1nR)1/2, 3.18a
and

R(kg/m2?) = 5.30E - 1.06 (E>2.5 MeV). 3.18b

These expressions can be used to find the range of electrons in any
substance in terms of kg/mz. As far as a continuous S spectrum is
concerned, it turns out that the maximum range of the g is equal to
the range of a monoenergetic electron, whose energy is the same as the
maximum energy of the B spectrum. Thus, one can use the same relation-
ship to find the range of betas in matter.

What is the range of a 1.5 MeV B in kg/m? of any

substance?
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R

4.12 (1.5)1.265-0.09541n1.5 - 4_12(1.5)1.265-0.0954(0.40547)

4.12 (1.5)1-265-0.0386 _ 4 15 (1 5y1.226,

InR = 1n 4.12 (1.5)1-226 _ 104,12 + 1.226 1nl.5
= 1.41585 + 0.49710 = 1.91295

R = 6.77 kg/m? (677 mg/cm?).

From a practical standpoint, the average range of a 8 source turns out
to be much less than this. Most of the particles have energies much less
than the maximum energy. The average range of a B source is taken as

about 0.2 R.ll

A Rule of Thumb which can be used to estimate the maximum range

of B in any medium is:

R ~ 5 (K8) 3.19
m2

in which E 1is the maximum B energy (MeV). The approximation is good
above 1 MeV but greatly overestimates the range for lower energies. For

B radiation in air, the range is about 3.5 m/MeV.

5. Exponential B-particle Absorption

Suppose B particles from a source traverse absorbers of
various thicknesses. The ionization produced before and after passing
through a given thickness t of the substance is measured. It is found that
a plot of the ratio of ionization after passage through an absorber to the
initial ionization versus absorber thickness on semilog paper yields a
straight line. This is similar to the plot one gets for radioactive decay.
It tells wus that beta absorption is an exponential process. The slope of
the straight line gives the constant fractional decrease in the ionization
per unit thickness of the substance. This constant, denoted by u, is
called the attenuation coefficient. The equation describing B8 absorp-
tion is

_ T e"Ht
I = Ie Mt, 3.21
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where I, is the initial intensity, I is the intensity after passing
through a thickness t of absorber (in m), and g is the attenuation
coefficient (in m™1). Experiments have shown that the mass
attenuation coefficient w/p (m2/kg), where p is the
density of the substance in kg/m3, is almost independent of the atomic
weight of the absorber. Thus, one can express the mass attenuation

coefficient by12

& 1.7 55114 m2 kg 3.22
p
for most substances, where Emax is in MeV. In terms of the mass attenua-

tion coefficient

I = Ie /P 3.23

where x is expressed as kg/m?, i.e., tp. This relationship is

valid provided the distance of penetration is well within the range of the

B.
6. Relative Hazard

Depending upon the particle energy, a B~ or positron
source may constitute an external hazard. Because of their greater range,
B particles of 70 keV are able to penetrate the dead layer of skin and
hence deposit their energy in living tissue. Since most vital organs are
at a depth of 50 mm or more, they will be unaffected by B8 particles
from sources having tissue ranges less than this, which is the case for
most B~ and positron emitters. This factor reduces an external g8
source to primarily a skin-exposure problem. Since most S particles
are easily absorbed by a small amount of metal or plastic, the hazard will
usually exist only very near the source.

An external hazard may result from X rays produced when a high-
energy B particle is stopped in an  absorber (bremsstrahlung
radiation). The amount of such x ray production can be minimized by using

low-Z-number absorbers. For positron emitters, the annihilation ¥ rays

require thicker absorbers to reduce the external hazard.
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As an internal hazard, g particles are not as significant
as a particles. The greater tissue range of B particles means that
damage will not be as localized as for o particles. A much larger
tissue volume about the deposited B8 source will be involved. Some of
the energy may actually be lost outside a small organ of concern.
Amnihilation vy rays or bremsstrahlung may not even interact in the
tissue mass, which means that some of the available energy will not be
absorbed by the tissue. Also, the less dense energy deposition along the
path of B particles is less effective in producing damage than that
for « particles.3 Nevertheless, damage may still be significant, so

that 8 emitters are of concern as an internal radiation source.
C. Wave Properties

Up to this point, we have been dealing with particles. We turn our
attention now to waves. A wave may be defined as a disturbance in a
medium. The wave moves through matter with é definite velocity and
transmits energy. One sees a wave motion moving across a smooth body of
water. These waves show the advance of a form of motion which has a
definite velocity. From the movement of water, one can infer that energy
is being propagated. In this case, the wave disturbs the surface of the
water. However, only the surface moves to any extent. In this example, the
disturbance moves through the entire medium but the medium itself does not
move greatly.

If one fastens a rope to a rigid body and moves the free end up and
down, a wave motion will be set up in the rope. The wavelength is the
distance between two adjacent particles in the same phase or displace-
ment (Figure 3.8). The symbol X is often used to represent wavelength.

The frequency of a wave, v, is the number of waves which pass a point

in unit time. The velocity, v, of the wave is given by
v(in m/s) = v, 3.24

where » is the number of waves/s and A is the m/wave.
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l«— WAVELENGTH A —=

7

/ ' ' ' SPEED C

Figure 3.8 Electromagnetic wave. (R.E.Lapp / H.L.Andrews,

NUCLEAR RADIATION PHYSICS, 2/e, 1954, p.139.
Reprinted by permission of Prentice-Hall, Inc,,

Englewood Clifts, NJ)

The wvelocity of the wave is a property of the medium. That is, the same
wave moving through different media will exhibit different velocities. The
change in velocity when a wave travels from one medium to another is
called refraction. The frequency of the wave is a property of the source
of the disturbance. A related property, the period r, is the time for
1 wave (r = 1/v s/wave).

Other wave properties of some interest in health physics work are
diffraction, reflection and interference. The term diffraction is used to
denote scattering of waves. Reflection of waves occurs at the interface of
two dissimilar media and is usually referred to as backscatter. Reflection
denotes that the wave is deflected to some degree. Interference is a term

used to denote the combination of waves to form a new wave motion.

D. Electromagnetic Waves

Electromagnetic waves are of main concern to the health physicist.

When an electromagnetic wave moves through matter, there is set up an
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electric field E perpendicular to both the electric field and the
direction of motion (see Figure 3.8). As the E field changes it gives rise
to a magnetic field. Since the magnetic field is also changing it gives
rise to an electric field. In this way, each "feeds" the other. Electro-
magnetic waves are transverse waves. This means the disturbance is trans-
mitted perpendicular to the direction of propagation. Microwaves, heat,
light, wultraviolet x rays and <y rays are electromagnetic waves which
differ only in wavelength. Our interest is the properties of x and v
rays.

The speed of an electromagnetic wave in a vacuum is 3x10% m/s.
The letter c is used to denote this speed.

X and v rays have very short wavelengths. (It is common to
denote wavelengths in terms of the angstrom unit, A®; one angstrom unit
equals 107!° m). X and vy rays have wavelengths in the range from
1078 to 10718 m.

Up to 1900, the classical concept pictured radiant energy as being
emitted and absorbed in a continuous manner. In an attempt to derive the
radiation law theoretically, Max Planck abandoned the classical concept.
He assumed that energy was radiated as quanta of energy which have come to
be called photons. These small packets (quanta) were given up in integral
units by an emitter. He stated that the quantum of energy, E, is directly
proportional to the frequency v of the radiation. These two terms are
related by a fundamental constant, h. Planck called h the action constant,
but it is now known as the Planck Constant and has a value of 6.626 x

10734 Js. The energy E of radiation of frequency v is given by
E = hy = he/X. 3.25

The intensity of a wave gives the time rate at which the wave trans-
mits energy. By definition, the intensity is the average time rate at
which energy 1is transported by the wave per unit area across a surface
which 1is perpendicular to the direction of motion of the wave. The
intensity of x and vy rays may be given in wunits of MeV/m? s. For

an isotropic point source of radiation, the intensity at a point varies
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inversely as the square of the distance of that point from the source.
Given a point source of radiation, the intensity at point A distant r,

from the source is given by
I,c1/r2 3.26a
A A .

or

I, = k/r 3.26b

At point B, the intensity is similarly given by

Iz = —= 3.26¢

IB ri
or
1,02 = IBrzB. 3.27

This expression 1is the mathematical form for the inverse-square law. The

law is subject to two conditions:

1) The attenuation of the radiation in the intervening space

must be negligible.

2) The dimensions of the source and the detector at the point

must be small compared with the distance between them.

A useful Rule of Thumb, in applying condition 2 above, states that if the
distance between is greater than 3x the larger dimension of either the
source or receptor, a point source may be assumed. The error will

generally be <5%.
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The inverse square law expresses the general relationship between
the source and the point of interest. If one knows the value of the
intensity at A, he or she can find the value at B. The intensity at A is
given in terms of the energy emitted by the source and the distance Ty
between A and the source. Let S be the power (MeV/s) emitted by the
source. This energy is emitted in all directions about the point source.
If the point source is assumed to be at the center of a sphere of radius
r(m), all the energy emitted per unit time will pass through the surface

of this sphere. The intensity (energy fluence rate) about point A is then
I (in MeV/m?s) = S/Surface area of Sphere = S/4nr2. 3.28

EXAMPLE: A point source of 37Cs emits 2x10!° MeV/s. Find the
intensity at a distance of 1 m from the source. Use the inverse square law

to compute the intensity at 3 m.

10 MeV
1o_8S _2x10 s

4rr?  4n(l)2%(m2)

5
m2s cm?s

from equation 3.27

2 _ 2
IArA = IBrB
09 2 4

(3)2 m-s cmzs

E. X and v Radiation

Roentgen discovered x rays in 1895, so termed because of their
unknown mnature. From his experiments the following properties of this new

radiation were determined:

1) Most substances are transparent to X rays.

2) Many substances glow when exposed to x rays.

3) X rays produce ionization in gases.

4) X rays are produced when energetic electrons strike solids.
5) Photographic plates are affected by x rays.

6) X rays are not deflected by electric or magnetic fields.
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The same properties were found for +v rays by other workers
later. Further work showed that x and v rays were electromagnetic
waves. The only distinction made at the present time is one of origin:
gamma rays refer to radiation emitted from the nucleus of the atom; x rays
refer to radiation which is produced outside of the nucleus of the atom.

When a beam of energetic electrons is stopped in any dense
substance, x rays (bremsstrahlung) are produced. The spectrum of x rays
has a continuous distribution from zero up to the energy E of the
electrons. Some lines of much greater intensity .than the bremsstrahlung
also appear (see Figure 3.9). These are called characteristic x rays. The
wavelengths of these 1lines are a property of the target substance.

Characteristic x rays appear when electrons from the imnexr shells (K, L,

M) undergo transitions.

CHARACTERISTIC
X-RAYS

>-
-
7]
Z
[H]
-
Z
<
T
x CONTINUOUS RADIATION
(BREM SSTRAHLUNG)
A min. WAVELENGTH A

Figure 3.9 Typical x-ray spectrum. (R.E.Lapp / H.L.Andrews,
NUCLEAR RADIATION PHYSICS, 2/e, 1954, p.102.
Reprinted by permission of Prentice-Hall, Inc,,
Englewood Cliifs, NJ)
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The characteristic 1lines may be excited by any method which will
remove electrons from the inner shells. If a K-shell electron is removed,
all characteristic 1lines may appear. If the electrons in the outer orbits
of the atom wundergo transitions, the characteristic radiation may be in
the visible range. The visible spectrum given off by a substance will have
lines in the range from 4000 to 8000 A®°. The only difference between x
rays and the optical spectrum is to be found in the amount of energy
associated with the 1lines. X rays have shorter wavelengths, i.e., higher
energy, than the lines of the optical spectrum.

As a low energy electron beam strikes a target, a large portion of
its energy 1is lost as heat. For example, for a 300 keV e  beam striking
a tungsten (Z=74) target, the ratio of radiative loss to collision loss is

given by equation 3.17:

S
rad -~ EZ - 0. 3(74) =3 2X10-2
S 700 700 )

col

The total E loss is S.,4 + S.o1 = (3.2x1072 + 1)8

Co1=1.032 Scol

so that Scol ~ 97% of the total E loss.

Part of the energy is lost in x ray production (~ 3%), and there is
a probability that all the kinetic energy may be converted to a photon.
The wavelength of this photon will be given by equation 3.25

E =hv = he/d i,

where E represents the energy of the electron. The electron energy is also

given by
E = Ve, 3.29

where V is the accelerating voltage and e is the charge on the electron.

Thus, we obtain

-34 8 -6
3.30
(in m) = he — (6.626x10 3x10 ) _ 1.24x10

A
min Ve vV (1.6x10719) v
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or
o
3 - 4
A pin C(in A) = 1.24x104/V. 3.31
Here, A,;, is the wavelength of the highest-energy x ray produced

for a given accelerating voltage V (wvolts). If V 1is increased, a
higher-energy =x ray can be obtained. Moreover, the shape of the response
curve in Figure 3.9, remains about the same. A simple relation, useful for
roughly predicting the shape of the response curve for thick targets, was
developed by Kramers.?13 This is shown in Figure 3.10a, as the solid

line, and is represented by

I = A(Ep4-E). 3.32

Because of absorption in the window, and/or by filters, the lower
end of the spectrum looks more like the dotted portion. The intensity is a
function of the high voltage and beam current in an x ray tube. Depending
upon the absorbing media and the filtration, as well as variations in the
pulsating voltage, the shape of the spectrum may differ from that pre-
dicted by equation 3.32. As seen from both equation 3.30 and Figure 3.10a,
the spectrum of =x rays contains a small number of these higher-energy x
rays. The highest intensity of x rays produced will occur at roughly 1.5
Apin for the continuous portion (as shown in Figure 3.10b, which is
the same distribution plotted as a function of the wavelength, X.

Further details concerning x ray production equipment can be found
in Chapter 4 of Reference 4.

Gamma rays are emitted from the nucleus of a radioactive atom. Most
atoms, which decay by B emission, give off v rays. Many atoms
which decay by « emission also give off v rays. Gamma rays are
emitted when the nucleus of an atom has an excess energy above its lowest
energy state after emitting either an o or B. In fact, these rays
may be emitted from any nucleus in an excited state. Typical vy ray
emissions from radioactive sources range from 10 keV - 7 MeV, but mostly

< 4 MeV.
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a) b)
KRAMERS RULE
m s
’ .
E E max
@) Intensity versus energy b) Intensity versus wavelength,\.

for Kramers' rule.

Figure 3.10 X ray intensity.

1. Interactions With Matter

The  transfer of energy to matter by o and B radiation
occurs mainly by ionization. Each of these particles produces a rather
large number of primary ions in passing through a substance. In the case
of x and v rays, the ionization which 1is produced is almost all
secondary, that is, when an x or <« ray interacts with matter, only a
small number of primary ions are formed. These ions in turn produce most
of the ionization which occurs in the substance.

Particle fadiations, such as o and B, are called
directly ionizing radiation for the reason cited above, they produce ions
directly along their respective paths. Photons, x and <y rays, are
called indirectly ionizing radiation. This follows since most of the

ionization occurs after the photon has interacted. That is, the electrons

released by photon interactions lose their energy by producing ion pairs.
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Three main ways in which x and v rays from radionuclides
interact with matter are by means of: the photoelectric effect, the
Compton effect, and pair production. All three processes yield electrons
which then 1ionize or excite other atoms of the substance. Other photon
reactions require more energy to be feasible. When the photon energy
exceeds about 10 MeV, photon-nuclear reactions can release photoneutrons.
Notable exceptions, are v Treactions in 2H and 9Be, which are
possible for much lower energies.lh. For very high energy photons, the

process of photon-induced fission (photofission) can also occur.
2. Photoelectric Effect

In the Planck concept, each X or <« ray 1is a photon with
energy E=hr. The photon retains all of this energy until it interacts.
The photon may interact with an electron in an orbit of an atom of the

substance. In the photoelectric effect (see Figure 3.11), all of the

u..t'

Figure 3.11 The photoelectric effect. (R.E.Lapp / H.L.Andrews,
NUCLEAR RADIATION PHYSICS, 2/e, 1954, p.ll4.

Reprinted by permission of Prentice-Hall, Inc,,
Englewood Clitfs, NJ)
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photon energy is given up in this process. Part of the photon energy is
used in removing the electron from the atom: this is the work function
¢. The rest of the photon energy is carried off as the kinetic energy
of the electron. This electron will then cause ionization and excitation.

The energy relationship between the photon and the electron is
E=hv = E + ¢, 3.33

where E; is the kinetic energy given to the electron.

The photoelectric effect is important when the energy of the photon
is 1low, 1i.e., less than 1 MeV. However, the photon energy must be greater
than ¢ for the process to occur at all. For small values of E, the
photons will interact with electrons in the outer shells of the atom. As E
increases, more of the inner electrons are <released. Also, the
photoelectric effect 1is more 1likely to occur in materials with a high
atomic number Z; the effect occurs to a greater extent in lead (Z=82) than
in copper (Z=29). The photoelectric effect is approximately proportional
to 7473 /374,

When the electron 1is removed from an inner orxbit, the vacancy
will be filled by one of the outer electrons. When such a transition
occurs, a photon may be emitted. If the photoelectron is removed from the
K shell, then all of the characteristic x rays may appear. These X rays
are sometimes called fluorescent radiation.

Sometimes when the electron vacancy is filled by an electron
from an outer shell, the energy 1is released in the form of an ejected
electron from one of the outer shells (see Figure 3.12). These emitted
electrons have kinetic energies which are equal to the energy of the
characteristic x ray minus the binding energy of the electron. Such
electrons are called Auger (oh-zhay) electrons.

Many x rays and Auger electrons may result when the photo-
electric effect occurs in a heavy atom. These processes take place as the
atom tries to return to its original ground state.

Another process which may occur for a radioactive substance

which emits +y rays is called jinternal conversion. This is an

alternative mode of decay, that 1is, the excited nucleus may emit a vy
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AUGER
ELECTRON

X-RAY

Figure-3.12 Auger electron effect. An L shell e~ fills a K shell vacancy,
and an Auger e~ is simultaneously emitted from the M shell.

ray or it may eject an electron from one of the imnner shells. In other
words, the nucleus interacts with the electron to get rid of excess
energy. If the nucleus emits the vy ray, the energy of the photon is
given by E=hv. If an electron is ejected, its kinetic energy will be
E,=hv-¢ ) where ¢ is the Dbinding energy of the electron in
the given shell. This process most often occurs with K-, L-, and M-shell
electrons and in the higher-Z emitters.

One may define the internal conversion coefficient «; as

i
the ratio of the number of electrons from the ith shell to the number of

unconverted vy rays. Then, oy is number of K -electrons/number of

unconverted y rays. Thus, the total coefficient o is given by

a =23 a: 3.34
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In the decay scheme literature, the conversion coefficient may be

presented in a number of ways:

- K 3.35
v B

- e
o, = Do. of K-shell e - K
K " no. of unconverted A

In addition, sometimes conversion coefficients are given as a ratio, i.e.

Ko g,

L+M

Internal conversion is important in the measurement of activity. Serious
error can result if one does not take this process into account. Suppose a
¥ counter has a measured efficiency of 0.1 cts/dis assuming 1 =«

per dis. Consider a source of 1x10® Bq, in which *K=1.6 and

a
—X __ _2. The number of disintegrations will be given by:
“L+M
K+L+M++y=N.
x
Remembering, =K 2; L 4+ M= K_ and K _ 1.6
CL4%M LM 2 -

then, by substituting
1.6 y+0.8y+ =N

3.4y =N

1

34 = .294~0.3 is the fraction of disintegrations

X
N

which actually yield a . So that, for 1 x 10%® Bq, the +/s
will be 3x107. This will result in 3x10® cts/s, since only 1 out
of 10 photons are counted. However, without paying attention to the decay
scheme, 3x10¢ would  Dbe interpreted as 3x10% _  3x107 dis/s,

which is only 30% of the actual source strength. 0.1
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3. Compton Effect

In the case of the Compton effect (see Figure 3.13) a vy ray
(hv ) impinges upon an electron and gives up only part of its
energy. The result is that a photon of lesser energy (hv) is scattered
at an angle # with the initial direction of the photon. The electron
is scattered at an angle ¢ with the initial direction of the <«
ray. This process occurs in such a manner that both energy and momentum
are conserved. The electron has a kinetic energy equal to the difference
in energy between the incident and scattered photon. The electron will
lose this energy by ionization of the atoms in the substance.

The change in wavelength of the photon in a Compton process is

given by

(A{ - Ag) = AX = 0.0242 (1-cos f) 3.36

th

////”?;r-\\\\\,w,f,-“’fﬂﬂigj;____

-

.

.
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©

Figure 3.13 The Compton effect. (R.E.Lapp / H.L.Andrews,
NUCLEAR RADIATION PHYSICS, 2/e, 1954, p.117.
Reprinted by permission of Prentice-Hall, Inc,,
Englewood Cliffs, NJ)
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(in Angstroms), where Ao and A are the wavelengths of the
initial and scattered photons, respectively. From this, one can see that
the change in wavelength of the scattered radiation does not depend upon
the energy of the incident photon.

The maximum energy which an electron can acquire in a Compton
process 1is attained when the photon 1is backscattered (4 = 180°). In

this case, the energy of the electron is given by

E2 E2 E?
Ee= y = Y = X 3.37
m c? E_+0.511 E_+0.256
[o} 1 A Y

E+—— 2
(1l-cosf)

where E7 is the 1initial energy of the photon in MeV. The energy Eq

of the scattered photon is given by

E

Eq = Y 3.38
171 4+1.96 E (1 - cos 0)

The Compton effect 1is important for +v ray energies between
200 keV and 5 MeV in most light elements. The Compton effect decreases
with 1increasing <« energy, but mnot as quickly as the photoelectric
effect. The Compton process depends upon the number of electrons in the
substance. Compton scattering will then be proportional to Z/A. The
process is predominant in substances of intermediate Z.

For the gamma rays of interest to health physicists, the pre-
dominant interaction 1is the Compton effect. This presents a problem in
shield design since the scattered photons are mnot truly removed or
absorbed from a beam of radiation. In a wide beam of radiation and a thick
shield, some gamma rays, which are at first scattered out of a beam, may
later be scattered back into the beam. This leads to a greater amount of
radiation reaching a point of interest than one would expect. For this
reason, a correction must often be made to take into account this buildup

effect.
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4, Paixr Production

The process in which a photon of sufficient energy gives up all
its energy and forms two particles, an electron and a positron, is called
pair production. This process is pictured (see Figure 3.14) as occurring
near the mnucleus of an atom, for it is only in this way that momentum can
be conserved. The minimum energy needed for pair production is given by
E = 2mc2?, where m, is the rest mass of an electron or positron.
Since the rest mass of an electron is equivalent to 0.511 MeV, the photon
must have an energy >1.022 MeV for pair production to occur.

When this process does occur, energy of the photon beyond 1.022
MeV 1s imparted as kinetic energy to the electron-positron pair and a
portion to the nucleus in order to conserve momentum. Both electron and
positron lose kinetic energy through ionization of atoms in the substance.

Eventually the positron interacts with an electron in the substance in a

/’—\ ELECTRON
@ S

hv 21.02 MeV
hy,=0.51 MeV
POSITRON
<5
Qo
Yy
G th=0'51 MeV

Figure 3.14 Pair production and annihilation.(R.E.Lapp / H.L.Andrews,
NUCLEAR RADIATION PHYSICS, 2/e, 1964, p.120. Reprinted
by permission of Prentice-Hall, Inc., Englewood Cliffs, NJ)
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process called annihilation. In this process, the mass of the particles is
changed into two photons of 0.511 MeV each, emitted in nearly opposite
directions. These may interact further in the substance through the
photoelectric or Compton effects.

Since this process does mnot occur at all wunless the vy
energy is >1.022 MeV, pair production is important only for gammas of high
enexgy. The process is also proportional to Z2 of the absorber. Thus,
pair production predominates for substances of high Z.

When the photon energy is very high, cascade reactions may take
place. That is, a pair production occurs but the energy given to the pair
is so large that more interactions with the nucleus are likely. The
accompanying photon-electron multiplication creates a shower or cascade.

The three processes: photoelectric effect, Compton effect, and
pair production, account for the main photon interactions with matter for
E< 10 MeV. Both the photoelectric and Compton effects decrease with
increase of v energy. Pair production increases with <y energy. The
result of these effects is that each substance will have minimum absorp-
tion at some v energy. This is shown graphically in Figure 3.15, which
illustrates the relative probability of the occurrence of the specific
process (shown individually marked) and the total probability of a
reaction occurring in iron.

In health physics, we are concerned with the absorption of
radiation in matter so that we may employ procedures and protective
barriers to protect people and equipment from ‘these rays. The three
processes produce electrons which then lose energy when they ionize the
absorbing matter. In a dense substance, the range of the electrons will be
very short. The more interactions which occur in a given substance will
determine how well one is absorbing the radiation. For this reason, high Z
materials, which contain a large number of electrons, are the best

shielding materials for photons.

5. Absorption of x and y Rays

Suppose a narrow beam of monoenergetic photons is sent through

a substance. Photon interactions may occur in any of the three ways
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Figure 3.15 Relative probability of photon interactions in
iron (Fe) versus energy E.

already mentioned. Energy will be removed from the beam by Compton
scattering and by absorption, absorption occurring in the photoelectric
effect and pair production. Since we assume a narrow beam, a Compton
scattering process will be the equivalent of an absorption, that is, a
scattered photon will be removed from the beam.

Let us measure the relative intensity of the beam as it passes
through various thicknesses x of the absorber. A plot of the relative
intensity versus absorber thickness on semilog paper will give a straight
line (see Figure 3.16). As 1is the case for radioactive decay, x and vy
ray absorption 1is an exponential process: there is a constant fractional
decrease in intensity per unit thickness of the substance. The value of
this constant, denoted by u and called the total linear attenuation
coefficient, is the slope of the straight line on the semilog plot.

For a narrow beam of monoenergetic photons, x and <« ray

attenuation is described by an equation similar to equation 3.21,

-uxX
1=10e#, 3.39
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RELATIVE BEAM INTENSITY I/l 4

ABSORBER THICKNESS X

Figure 3.16 Absorption of X and ¥y rays. (R.E.Lapp / H.L.Andrews,
NUCLEAR RADIATION PHYSICS, 2/e,1954,p.109. Reprinted
by permission of Prentice-Hall, Inc.,Englewood Cliffs,NJ)

where I, is the intensity at zero thickness, I is the intensity after
passing through a thickness x (in m), and p 1is the total linear
attenuation coefficient (in m'l).

The total 1linear attenuation coefficient u represents the
probability of photon interaction per wunit path length. The quantity p

is the sum of the probability for each of the three processes, that is,
p=7+0+m, 3.40

where 7 1is the 1linear attenuation coefficient for the photoelectric
effect, o¢ 1is that for the Compton effect, and « 1is that for pair
production. The coefficient p is a function of the energy of the v
and the absorbing substance (see Figure 3.15). Thus, p for a given
material is a constant only for a given energy of x and y radiation.
One must consult attenuation coefficient tables or curves in order to find
the wvalue of p for a given energy of X or v rays in a certain

substance. Such data can be found in the literature (References 15-17).
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in units

or tables, one will more often find the mass

of cm?/g. These may be

converted to m2/kg by dividing the value in cm?/g by 10.

The mass

attenuation coefficient p, is

simply the 1linear

attenuation coefficient divided by the density p of the absorber:

P (in mz/kg) = p/p,

where p is in kg/m2. Thus,

-1
po= pypp(m ).

What
lead? The
n?/kg:

density of

lead

3.41a

3.41b

is the linear attenuation coefficient for a 1-MeV gamma in

is  1.134x10%

kg

3 and pm50.0046
m

= pgp = (0.0046)(1.134x10%)=52.2 m™1(.522 en™}).

In the case

compound can be found from the equation

where (u/p)i is the

element of the

ith element as

the weight fraction of the

mass

compound. The

attenuation

symbol pj

of a compound substance, the coefficient for the

3.42

of the ith

represents the density of the

coefficient

it appears in the mixture. It is given by the product of

element and the density of the compound.

The weight fraction of an element in a compound is found from:

(Weight Fraction)i = kiAi/A,

3.43
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where ki is the number of ith atoms of atomic mass A;, and A is the

molecular weight of the compound.
For example, find the attenuation coefficient for 1-MeV gamma rays
in H20. The mass attenuation coefficients for H and 0O are 0.0126 and

0.00635 m?/kg, respectively. Then,

2
p== (%) p; = &) pg + (B py
i=1 P i P o P H

k A k A
= 0.00635-9-2 ;H,0 + 0.0126 -HH pH0
AH,0 A0 7

- o.oos3sil%él§l(1o3)+o.01261211%%(103) = 7.04 m™1(.0704 em 1)

A graph of p/p for selected materials can be found in Appendix E.

6. Half Value laver - Tenth Value Laver

A quantity of wusefulness in quick shielding estimates is the
half wvalue layer (HVL). This is the thickness of a substance which reduces
the intensity of a beam of radiation to one-half of its initial wvalue.
This concept 1is similar to the half life in radioactivity. The half value

layer is found from the equation

Closely allied with the concept of HVL is the tenth value layer or TVL,
This 1is the thickness which reduces the initial intensity to one-tenth its

value. It is related to the HVL by:

1n 10 _ 1n 10
p In 2 L/2 =
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Given the half value layer, one can quickly estimate the attenuation

factor (AF) for a shield of thickness x, from

AF

1

on ' 3.46

in which n = x/x1/2 is the number of HVLs. For example, the HVL in lead
for a 1 MeV 4 ray is 0.0133 m (1.33 cm), find the attenuation factor
for a lead thickness of 0.15 m:

15 m
- 15 m_ 49,
= T0133m 28

AF = 211.28 _ 9487,

Similarly, if the TVL is known, then the attenuation factor is
AF = 107, 3.47
in which n = X/Xl/lo.

The concepts HVL and TVL are useful for conditions in which
scattered radiation may be ignored. If the shield is not too thick and/or
the photon beam 1is narrow, significant scattered radiation may not reach
the point of interest. For these cases, the total attenuation coefficient
p may be used to obtain an estimate of the HVL or TVL. For thick
shields and/or wide photon beams (Figure 3.17), scattered radiation may
increase the number of photons at the point over that estimated by use of

the HVL or TVL.
7. Mean Free Path
The mean free path A is the average distance which a
photon, of initial energy E, travels before interacting. The mean free

path (mfp) is equal to the reciprocal of the attenuation coefficient:

A= 1/p. 3.48




3-40

If the thickness of an absorber is equal to one mean free path, then the
intensity of the vy beam will be reduced by a factor of e. For a narrow
beam of v rays, the mean free path is sometimes called the relaxation
length. But note that the mfp is a property of the initial photon of
energy, E. When a photon interacts, its energy changes and so will the
attenuation coefficient in that medium. So, when scattered radiation is
important, one may make a distinction between the mean free path and the
relaxation length. The mfp refers to the thickness of absorber which
reduces the uncollided fluence by a factor of e. The uncollided fluence is
a term wused to signify those photons which have not interacted in travel-

ing the distance ) = l(m). Whereas, the relaxation length gives the
7

thickness in which the total beam (uncollided plus scattered photons) is
reduced by the factor e. In many situations, the relaxation length changes
with penetration through the shield, as the energy spectrum of the photon

beam changes.18

Eventually, the relaxation length reaches a constant
value which then can be used to predict attenuation in the rest of the

absorber.

8. en/p

Up to this point, all the concepts have been based upon a
narrow beam of <4 rays. In this case, if a v 1is scattered out of
the beam, it 1is assumed to be lost from the beam. The use of the total
coefficient pu 1is thus wvalid. This coefficient is often called the
narrow beam coefficient.

If one treats a wide beam of radiation (see Figure 3.17), then
along a path well within the beam, some of the rays will be scattered away
from this path. On the other hand, rays from other parts of the beam may
be scattered into this path. Added to these may be photons produced by
positron annihilation, fluorescence radiation, and bremsstrahlung formed
elsewvhere in the beam. For this complex case, the true attenuation will be
less than that given by using g in equation 3.39.

One approach to this problem is to use the mass energy absorp-
tion coefficient, pen/p, in place of . The attenuation of

the beam is then given by
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DETECTOR

Figure 3.17 Wide beam of gamma rays in an absorber.

“en 3.49

in  which pg ./p is in wunits of m?/kg and x' in units of
kg/m2, to achieve a dimensionless quantity. The coefficient,
Ben/P > gives the probability of energy Dbeing absorbed as the
photon interacts along the beam path. Corrections for the energy carried
away by photons have been made to arrive at p../p.

As a wide beam of photons passes through a substance to a de-
tector, the attenuating processes result in some energy loss. The lower
energy photons which survive interactions will be more likely to be ab-
sorbed in the next event. So, using uen/p based on the initial
photon energy will lead to an overestimation of the fluence at the detec-
tor. To use u/p leads to an underestimation, since some degraded

photons  will reach the detector. In health physiecs work, p../p
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is preferred since it will introduce a safety factor in calculations. A

graph of pu . /p for some selected  absorbers can be found in

Appendix E.

9. Buildup Factor

The buildup factor b is defined as the ratio of the actual

gamma fluence to that which would be calculated by use of the narrow beam

coefficient:
b — —true fluence R 3.50
calculated fluence Ioe'”x
or I = Iobe'ﬂx. . 3.51

In this case one can calculate the true fluence I if the value of the
buildup factor 1is  known. The buildup factor corrects for the
underestimation of scattered radiation reaching the detector. Tables of
buildup factors are available in the 1iterature.17’19 The use of the

buildup factor concept will be discussed in Section 8.

10. Relative Hazard

X and v ray sources are significant as external hazards.
The great range of photons in air means the hazard may be significant at
large distances from the source of radiation. To reduce the hazard,
extensive absorbing matter (shielding) is often required. Also, scattered
photons may contribute to the hazard. Direct-source radiation may be
absorbed to ensure no hazard in one direction, while scattered photons may
cause a hazard to exist 1in adjacent areas. Any cracks or breaks in an
otherwise adequate shield may lead to streaming or beams of radiation.

Because x and v rays do penetrate to such a high degree,
the damage to tissue will extend throughout the body as photons pass
through it. The deeper and more radiosensitive tissues will be exposed in

an external <« field. These tissues are more vital than skin, resulting
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in damage that affects the well-being of the body to a greater extent.
This makes x and v rays of greater concern as external hazards than
either a or B particles.

From the standpoint of internal hazards, x and v rays are
not as significant as a or B particles. The longer tissue range of
photons means less energy loss in a small tissue volume than for either
a or B particles. Since photon energy loss occurs only at
interaction sites, energy loss is not continuous along the photon path. In
a small tissue mass, few interactions occur, since the path is small. For
those that do occur, the density of energy deposition is similar to that
for beta particles. Photons that do not interact in the organ carry away
energy that is mnot deposited and therefore not effective in producing

damage.
F. Neutrons

In previous sections, we have discussed the properties of the three
types of natural radiation. These occur as the result of the natural decay
of a nucleus. In this section, we will discuss the neutron. The neutron is
found mainly as the result of nuclear reactions.

The work of Bothe and Becker showed that a very penetrating
radiation was emitted when beryllium was bombarded with alphas from
polonium. They assumed that the radiation consisted of gamma rays. Curie
and Joliot showed that this radiation ejected protons from a sheet of
paraffin. Chadwick applied the concepts of conservation of energy and
momentum to show that the gamma ray assumption would not hold. He assumed
that the radiation consisted of particles of zero charge and mass about
equal to the proton, which he named neutrons. Thus, neutrons are emitted

when beryllium absorbs an a according to the reaction:

9Be + ;He+1zc+lzc + én.

This work by Chadwick in 1932 indicated that the neutron came from

the nucleus. This view helped to form the present concept of a nucleus
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composed of protons and neutrons. Later work revealed that neutrons are
emitted from almost any element when bombarded with high-energy particles.
Also, neutrons are produced by cosmic ray bombardment of the earth'’s at-
mosphere.

Studies of the properties of the mneutron confirmed that it is
slightly 1larger than a proton in mass. The atomic number Z of a neutron is
zero, since it has no net charge. Free neutrons are unstable; they decay

by B emission (E 0.782 MeV) with a half 1life T% = 10.5

'max
minutes.

1. Sources of Neutrons

Since the discovery of the mneutron, studies have shown that
neutrons can be produced in a variety of ways. The use of radioactive
sources and certain target substances may yield neutrons by either the
(a,n) or (v,n) reactions. Accelerators produce neutrons when
high-energy particles strike suitable targets. Neutrons also result from
the fission process in a reactor. Some of the transuranic elements can be
used as mneutron sources since they undergo spontaneous fission. Neutrons
are also emitted during fusion reactions.

Some of the properties of these sources are:

a. (a,n) reactions - These sources are often prepared by
making an intimate mixture of a emitter and finely divided powder of
the target  substance. 226Rga, 210pg, and 23%Pu  are common «
emitters used in the past. Recently, 2%!Am and 238Pu sources have
been used. B, Be, Li, Na, and F are used as target materials. Be is most
commonly used since it gives the highest yield. These sources emit
neutrons which have a spectrum of energies, up to about 10 MeV. Source
strength is most often expressed in terms of the activity of the «
emitter.

Because of the high toxicity of Ra, Po, Pu, and Be, these
sources must be sealed in metal containers. Ra-Be sources provide a strong

neutron source but have a high gamma-ray background. Pu-Be sources have
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low 4 activity, but give a lower yield than Ra-Be. Po-Be sources also
have a low v activity, but the 21°Po half 1life (138 days) 1is
short. Radium sources have the added danger of radon production; since
radon is a radioactive gas, one must be sure that the container is
adequate to contain the pressure buildup.

The emission of mneutrons is often anisotropic. This re-
sults from a loss of spherical symmetry in the source. Each source should
be checked for anisotropy. This effect can have a magnitude of 10-30%.

The characteristics of some (o ,n) sources are given

in the literature (References 1, 9, 17 and 20).

b. (y,n) reactions - Some nuclei will emit neutrons when
exposed to v rays. Most sources do mnot emit gamma rays with enexgy
greater than 4 MeV. The target substances are thus limited mainly to
beryllium and deuterium which have low neutron binding energies (1.67 and
2.23 MeV, respectively).

The v background is always high in these sources. A
further drawback is the short half 1life of the y emitters which are
used. The emission rate for these sources is closely proportional to the
amount of the +vy emitter. These sources emit mnearly monoenergetic
neutrons, generally below about 1 MeV.

The characteristics of some (vy,n) sources are given in

the literature (References 1, 9, 17, 20).

c. Accelerator sources - Nuclear reactions caused by high-
speed charged particles impinging on a suitable target yield neutrons.
Types of reactions used are: (a,n), («,2n), (p,n), (y,n), and
(d,n).6 Accelerator sources are useful for producing monoenergetic
neutrons over a wide energy range. Since these machines produce very
high-energy charged particles, many new target substances can be used.
Proton and deuteron accelerators of 10 MeV can produce monoenergetic

neutrons at all energies up to 27 MeV.14

d. Reactors - The fission process in vreactors produces

neutrons with a spectrum of energy, extending up to approximately 17 MeV.
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A reactor provides a significant source of neutrons since, on the average,
2.5-3.0 n are emitted per thermal fission in presently known nuclear
fuels.

e. Spontaneous fission sources - The neutron spectra from
these sources are similar to that produced by fission in reactors. These
sources are desirable as calibration sources since they have a fission-
like spectrum. 282Cf is at present the most notable of these types of

sources. The characteristics of these sources are discussed in References
9, 13, and 20.

£. Fusion neutrons - When light elements are fused to form a
heavier nucleus, neutrons are released. Two reactions of interest in

fusion research are9

iH + iH»;He + én (2.45 MeV)

iH + iH»;He + én (14.1 MeV)

In these reactions, nearly monoenergetic neutrons of the

indicated energies will be produced.

2. Neutron Energy

The types of interactions which neutrons undergo depend quite
strongly on the energy of the neutron. As in the case of v rays,
certain effects predominate depending on the energy of the neutrons. It is
often advantageous to treat neutron interactions in terms of the energy
range in which they predominate. The WNational Council on Radiation
Protection and Measurements (NCRP)14 has classified neutrons according

to the following energy scheme:

a. Thermal mneutrons - When neutrons are slowed down so that

they are in thermal equilibrium with matter, they have speeds comparable
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to gas molecules at room temperature. In this case, the most probable
velocity is about 2.2x10%® m/s. The energy of thermal neutrons is then,

from equation 1.7, "

E = -]2=mv2 - %(1)(1.66x10'27)(2.2x103)2

I

4.02x10721 J(4.02x107 14 erg) = 0.025 eV.

One may use 0.5 eV as the upper limit of this energy range.

b. Intermediate neutrons - This energy region of neutrons is
arbitrary, let us use 0.5 eV to 10 keV. Neutrons in this interval are

often called "resonance neutrons.”

c. Fast mneutrons - Fast neutrons range in energy from
approximately 10 keV to approximately 10 MeV. Again, this is an arbitrary

designation but of general descriptive use.

d. Relativistic neutrons - This range includes neutrons of
energy greater than 10 MeV. Although the NCRP does not use this desig-

nation, it is useful to describe reactions in this range.
3. Interactions With Matter

The study of neutron interactions with matter still forms a
large part of the present experimental work in the field of physics. There
are a number of processes which a neutron can enter into while passing
through matter. The particular effect which occurs depends wupon the
properties of the substances and the energy of the neutron.

The binding energy of a neutron in any element is about 8 MeV,
except for the lighter nuclei. This is the energy which holds a neutron in
the nucleus. To remove the neutron one must supply at least this much

energy. For a relativistic neutron, then, nuclear reactions are the most

important interaction processes. For neutrons with energy ranging from 9

to 20 MeV, the (n,2n) reaction occurs. As the neutron energy increases,

)

’
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more complex processes, such as spallation, can occur. Spallation is a
term wused to describe a process in which a number of light fragments are
emitted from an excited nucleus.

For fast neutrons, glastic scattering (n,n) is the predominant
mode of interaction. Because the neutron has no charge, it does not
interact with the electric field of a nucleus and can pass very close to
charged particles. For this reason, one can view neutron interactions as
collisions with nuclei. An elastic collision may be pictured as a
billiard-ball type of collision in which energy and momentum will be
conserved (Figure 3.18). 1If the scattering is isotropic, the energy
transfer in the collision will not depend on the scattering angle.
Isotropic scattering 1s a good assumption for most nuclides when the
neutron energy is in the thermal to intermediate region. For hydrogen

elastic scattering is isotropic up to about 14 MeV.

\'Al

v2

BEFORE COLLISION

KINETIC ENERGY = 12 mv

MOMENTUM = mv

KINETIC ENERGY = V2 mv

AFTER COLLISION

2 1/2(mv12+m2v22)
MOMENTUM =mv = mv4+MoyVy

Figure 3.18 Elastic collision. Energy and momentum are conserved.
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The loss of energy by a neutron in an elastic collision is
greatest when the colliding particles have equal mass. Thus, a neutron
will lose the most energy in a collision with a proton (hydrogen nucleus).
The average fraction of energy lost is about the same for each collision.

The energy which 1is lost appears as the kinetic energy of the
recoil nucleus. For a neutron beam of energy E,, the average, over all
interacting n, of the energy lost in a single collision with hydrogen is
approximately En/2. As the mass of the nucleus becomes very large, the
neutron will lose hardly any energy in elastic collisions. For this
reason, substances with high Z are poor for use in slowing down neutroms.

In the energy range above 0.5 MeV, inelastic scattering
(n,n’y) begins to occur. This process is pictured as a putty-ball type
of collision (see Figure 3.19). 1In the process, the neutron raises the

nucleus to an excited state and comes off with a loss in energy. The

hv

@) ° ¢ '
(a)

(b)

BEFORE MOMENTARILY, BOTH AFTER COLLISION
COLLISION MASSES ARE UNITED EXCESS ENERGY IS
’ EMITTED AS
ELECTROMAGNETIC RADIATION

Figure 3.19 Inelastic collision.
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excited nucleus often returns to the ground state by emitting the excess
energy as a <y vray. TFor this process to occur, the neutron must supply
the excitation energy to the nucleus. In heavy elements, the first
excitation state 1is about 100 keV above the ground state. For light
elements, this state may be at 3 or 4 MeV. This process, then, is more
important for heavier nuclei and neutrons of higher energy (> 1 MeV).

Near the upper end of the fast neutron range, inelastic
scattering as well as nuclear reactions begin to occur as frequently as
elastic scattering.

The process of elastic scattering is still dominant for inter-

mediate mneutrons. The phenomenon of resonance absorption also occurs in
this region. When the mneutron energy, combined with the energy of the
absorbing nucleus, produces an energy state mnearly equal to a nuclear
energy level of the product mnucleus, the probability of absorption
increases greatly. Thus the substance will absorb more neutrons at this
energy than at an energy either slightly higher or lower. When the neutron
energy becomes less than about 100 eV, capture becomes an important
process.

As the energy of the neutron is further decreased, it
approaches the thermal neutron range. The dominant process for thermal
neutrons 1is capture, in which the neutron combines with the absorbing
nucleus. The compound nucleus thus formed must then get rid of excess
energy, usually by emission of v rays. This is called radiative
capture or an (n,vy) reaction. For some 1light nuclei, the (n,p)
reaction can occur. In this case, the capture of a neutron leads to the
emission of a proton. For slow-neutron capture in B and Li, the (n,a)
reaction occurs. The capture of thermal neutrons in certain heavy nuclei
such as uranium and plutonium may lead to fission.

Ionization which is produced as the result of neutron interac-
tion with matter is almost totally secondary in nature. The neutron gives
up energy to a recoil nucleus (p or heavier nuclei) which causes
ionization in the medium. In the case of capture or nuclear reactions,
ionization occurs due to the emission of charged particles (n,p) from the

excited nucleus. if an (n,vy) capture takes place, the resulting
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ionization will depend upon the v interacting in the medium. The loss
of energy by neutrons, as well as by v rays, 1is not a continuous
process as it is for alpha and beta particles. The neutron, or the v
ray, will move through matter with little interference until an
interaction takes place. When this occurs, then energy will be lost. So,

neutrons are also called indirectly ionizing radiation.
4. Cross Sections

As a beam of neutrons moves through matter, certain interac-
tions occur. From the preceding section we know that the nature of the
substance and the energy of the neutron will make certain processes more
likely to occur. In discussing neutron interactions, the term cross
section, denoted by o, is wused to express the probability that a
neutron will interact with a given substance. For any given process, if
the probability is high, the cross section will be large. The cross
section is expressed by means of a unit called the barn (b), equal to
10°28 @2, The barn expresses the probability in terms of an
area. In a sense, then, the atom may be viewed as presenting an effective
target area to a mneutron. If a neutron passes through this area, the
reaction occurs.

The cross section o 1is called the microscopic cross
section since it expresses the probability per atom. Each possible
interaction has its own probability. The total microscopic cross section,
¢, is the sum of the separate cross sections for all processes

which may occur:

+

9¢ = 9scatter * Zcapture + Ofigsiont - 3.52

One should not construe that the cross section is simply a
measure of the geometrical area of the nucleus. The effective target area
which a nucleus presents to a neutron is often much greater than the
impact area. For example, the radii of a proton and a neutron are about

the same: approximately 1.3x107!% m. For an impact to just occur,
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the particle centers cannot be more than 2.6x10°15 p apart (see
Figure 3.20). The impact area would then be a circle of area =n(2.6x
10715)2  =2.12x1072°  m2.  But  the  total cross section in
hydrogen for 0.0l eV neutrons is 48 b, or 480x10°2° m2. It is
clear that the effective area is much greater than the impact area. One
can see from this that o0r 1s much more than simply a geometric area.
Curves for o, in a number of materials can be found in the
literature (References 17, 21, 22).

In dealing with neutron penetration through a substance, one
may wish to express the probability of a reaction in terms of the thick-
ness of the substance. In such a case, the probability per unit path

length, called the macroscopic cross section 3 is desired. The total

macroscopic cross section 2. 1s related to the total microscopic
cross section o, by the equation:

2 = Nop m'? 3.53

where N is the number of atoms per cubic meter of the substance
(=pNa/A) .

Let us picture a cubic volume of a substance in terms of a
cross section area of 10°* m? and a thickness 10°2 m. Each
atom of the substance has a cross section o.. The total reaction
cross section will be the sum of the contributions from each atom. But N
is the total number of atoms. Thus, Nat is the total reaction cross
section in the 1072 m,

The macroscopic cross section = for neutrons is similar to
the attenuation coefficient p  for gammas, since both quantities
express the probability per unit path length. Sometimes the older symbol
Z  is replaced by u. By analogy, the mean free path ) for

neutrons is given by
A=1/2.. 3.54

In this case, X gives the average distance a neutron of a given

initial energy travels before interacting in a substance.
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NEUTRON

—— ] 2.6x10 °m ’4———

Figure 3.20 Impact ared.

As was the case with photon radiation, one must interpret the
meaning of the mean free path carefully. We have already seen that when
several energies are present, or if a spectrum of energies are present,
the concept of mean free path must be modified. Since most practical
neutron sources will mnot be monoenergetic, the mfp, determined from
1/, will probably underestimate the neutron fluence reaching a
point. This happens because the mfp value is based on one given initial

energy of the n beam, not a spectrum.
5. Neutron Absorption
Assume a narrow beam of neutrons of a certain energy E, is
passing through a substance. Let k be the number of neutrons per cubic

meter in the beam. Assume further, that each neutron has a speed v. Then

the neutron fluence rate ¢ is given by

$ = kv (in n/m? s). 3.55
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The fluence rate gives the number of neutrons passing through a sphere of
cross sectional area of one square meter per unit time. In terms of a
picture of 1 cubic meter of a substance, the probability of a reaction in
passing through 1 m of the substance is given by Z.. The number of

reactions per unit time in this meter of the substance will be

number of reactions _¢3.. 3.56
md s

The decrease in the fluence rate as the beam moves through a thickness
Ax will be

Ap = - $SAx. 3.57a

In this case, we assume that if a neutron is scattered, it is removed from

the beam. This may be written as a differential equation in which

Ax  dx
dé _ - 4. 3.57b
dx

This form is the well known expression for an exponential relationship, as

seen before. When integrated, this gives
$ = $oe %, 3.58

where ¢, is the initial fluence rate of neutrons. If this equation
is plotted on semilog paper, one will get a straight line whose slope will
be the value of X, similar to the case for radioactive decay. In
recent times, common usage has been to use the symbol u for the
attenuation coefficient, whether for v or n.

As 1is the case with v rays, this type of relationship is
valid only if one can consider the scattered neutrons are being removed
from the beam. For a mnarrow beam, this condition may be assumed for a

monoenergetic n beam. For a wide beam, some of the monoenergetic neutrons
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scattered out of the beam will be replaced by neutrons scattered into the
beam. The use of the total cross section 3. may thus lead to an
overestimation of the effectiveness of an absorber. Also, since most n
sources are not monoenergetic, even for narrow beam conditions, the
relationship will mnot hold. That is, a spectrum of neutron energies will

exist and the attenuation will not adequately be given by a single value
of = (py).

13
6. Removal Cross Section (_R)
P

Because of the large amount of energy lost by a fast neutron in
a collision with hydrogen, this process in effect removes the neutron from
the beam. One can then view neutron attenuation in terms of a removal
concept. The removal cross section pp 1is then used to estimate
neutron attenuation. The removal cross section can be viewed as giving the
probability of large angle scattering (both elastic and inelastic), which
would tend to remove n.

The mass macroscopic removal cross section is given by22

®

2
R _ 0.0206 A"1/377-29%45% 3.59

P kg

Generally, the removal cross section is about 2/3 of the average value of

the total attenuation coefficient for E between 6-8 MeV.

EXAMPLE: Compute the removal cross section for the element iron (Z=26,
A=55,847).

=

2 2
R _ 0.0206(55.847)"1/3(26)"-2%9% - 0.0021 m"(-021 <o)

p kg &

2 2
Note that cm _ divided by 10 equals m .
g kg
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The concept of removal cross section is based upon the presence
of hydrogen in the absorber. It can also be applied to other substances
backed up by hydrogen absorbers (provided there be at least 60 kg/m2 of
H). The concept is valid for fast neutrons in the range 2-12 MeV. In that
energy range, mneutrons which suffer inelastic collisions in a heavy
substance will 1lose a large part of their energy. In that case, they may
then be captured by hydrogen. If they suffer an elastic collision with a
heavy nucleus, they lose hardly any energy, but they may be scattered over
a large angle. However, an elastic collision with hydrogen causes a large
transfer of energy. In these cases the neutron will also be effectively
removed.

Without the presence of hydrogen in the absorber or backing up
the absorber, the removal concept does not apply. In the neutron energy
range treated, elastic or inelastic scattering with heavy nuclei will
occur. Again, hardly any energy is lost in an elastic collision. When an
inelastic collision occurs, energy will be lost. As the energy of the
neutrons drops below about 1 MeV, inelastic scattering will become less
probable and the neutrons will still have too much energy to be captured.
In this case, the substance is transparent to the neutrons, which stream
through. Since these neutrons have not been removed from the beam, the use
of the removal cross section will lead to poor results for the calculated

attenuation.

Keeping the above discussion in mind, we may rewrite equation
3.57 to.obtain

7
4 = ¢oe-(_§) x 3.60

where ¢, 1s the fluence rate in the hydrogenous material,
(PR/p) is the removal cross section, and the thickness x must
now be expressed in kg/m?. One further restriction applies to the use

of the removal cross section. The region of wvalidity is limited to
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(*R/p) x < 5.9 A plot of removal cross section values (in
cm?/g) versus the atomic mass can be found in Reference 14. See
Section 8.E.1 for shielding approaches used for mneutrons.

The removal cross section for a compound can be calculated if
one knows the removal cross sections for each of the constituent elements.
The removal cross section of substances mixed together is assumed to be

additive, so that

n
HR (compound) = 3 (pR/P)iPi
i=1 3.61

where (”R/p)i is the value obtained from equation 3.59 for the
ith element, and pjg is the density of the ith element as it

appears in the compound (see equations 3.42 and 3.43 for evaluation of

Pi)-

7. Neutron Activation

One of the processes by which a neutron is attenuated is ab-
sorption by a nucleus. For many substances, this process produces a
compound nucleus which is wunstable. The substance then becomes radioac-
tive. Many artificially radioactive substances are produced when other
substances are exposed to the neutron fluence in a reactor. Absorption
occurs mainly for thermal neutrons. For this reason, most artificial
radionuclides have been produced in reactors. When a nucleus absorbs a
neutron, the term activation is used to imply that the product becomes
radioactive. The thermal activation cross section, o_.., expresses
the probability that a certain substance will be activated if it absorbs a
thermal neutron. However, activation by neutrons of energy greater than
thermal energy also occurs.

Assume a sample containing N atoms is exposed to a thermal

neutron fluence rate ¢. If o is the probability of activation

act

per atom, the total probability is No The rate of formation of

act’

radioactive atoms is then
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formation rate = ¢°actN' 3.62a

During the time that radioactive atoms are being formed, some
of the atoms will decay. The decay rate of the radioactive atoms N will

be given by
decay rate = ANl, 3.62b

where N1 is the mnumber of radioactive atoms present and A is the

transformation constant. The net rate of growth is then
rate of growth = formation rate - decay rate.

The corresponding differential equation is

an! = go_ N - ant. 3.63

dt

act

here NI gives the number of radiocactive atoms present after an
irradiation time t. The activity A, (in dis/s) of the sample at the time

t that the irradiation is stopped is expressed by

Ap = ANL = go_  N(L - &%y, 3.64
The activity at time t; after a sample is removed, is given by:

_ -t
A = Ate 1

= 40,0 N(L - eTAE)e ) 3.65

The activity A_ of the sample in the neutron field will increase
until the formation rate 1is equal to the decay rate. At this point, no
further increase 1in activity will occur. For a given sample, the maximum
value that the activity will reach 1is ¢aaCtN, which 1is called the

saturation activity A The term (1 - e'At) varies from O for

s
irradiation time t =0 to 1 for t =« . For any given irradiation time t,
this term gives the fraction of the saturation activity A, which the

irradiated sample attains.
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The equation is wvalid if all target atoms are in the same
neutron field. In effect, this means that the samples must be thin. Also,
the relationship assumes that the number of target atoms remains about
constant. This means that there should be no significant decrease in the
number of target atoms during the irradiation.

For thick samples, the neutron field is reduced by the
prescence of a neutron absorber. This loss is called the flux depression.
In addition, the fluence rate at the inner central portion of the sample
will be reduced due to absorption of neutrons by the outer layers of
atoms. This is referred to as the self-shielding effect. Both of these
perturbing effects need to be accounted for in thermal neutron absorption.
As the energy of the neutron increases, these perturbation effects become
less severe and the corrections are reduced in magnitude.

Let us work an example, to illustrate the use of equation 3.65.
A 1073 kg tungsten sample is exposed for three days at an average
thermal-neutron fluence rate of 1015 n/mzs in a reactor. The cross
act is 40 b and the half 1life of W-187 is 24h. What is the

activity of the sample 12 h after irradiation? Also, determine A, the

section o
saturation activity.

A= o N1 - e™F).

N

(m/M)N, = (1073/0.186)6.022x10%3; t = 3d, t; =0.5d

0aor = 40 b = 40x10728 n?,
A = 0.693/1 day = 0.693 a1
¢ = 1015 n/m?s.

Therefore:

A = 1015 (40x10728)10736.022x1023(1 - ¢70-693(3))-0.693(0.5)
0.186

- 8.01x107 Bq (0.216 Ci)

and
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Ay = $o . = 1023 (40x10728)1073 (6.022x10%3)
0.186
=1.295 x 1010 Bq (0.35 ci).

8. Relative Hazard

Neutron sources are significant as external hazards. Since the
neutron moves rather freely through air and other matter, the neutron
field may still be hazardous far from the source. Absorbing material can
reduce the hazard, but the required amount is often large. Scattered
neutrons produced in the shielding material can also create concern in
adjacent areas. In addition, radiative capture and inelastic scattering in
the shield may result in enough gamma radiation to cause concern.

As mneutrons travel through the body, tissue interactions extend
throughout the body. The deeper, more radiosensitive, tissues are exposed
to the external neutron field. The amount of damage done is related to the
neutron energy. Fast neutrons give up about 80-95% of their energy in
elastic scattering processes with hydrogen in tissue. Intermediate and
thermal neutrons lose their energy mainly in the absorption reactionms:
1H(n,—y)ZH and 14N(n,p)ll*C.14 For a large mass of tissue, the
1H(n,'y) process is more important than the 14N(n,p)14C process.
For a small mass, the reverse is true. Since a photon has a much greater
range in tissue than a proton, the damage in a small organ will be greater
for a recoil proton than for a vy ray. For a 1large organ, the vy
dose could be greater

Since mneutron interactions produce recoil particles, protons,
and v rays, the transfer of mneutron energy to tissue will vary. The
energy deposition from protons and recoil nuclei is more dense than that
of electrons. This means that mneutrons should be more effective in
producing tissue damage than v rays. Depending upon the neutron
energy, mneutrons are 4-20 times more effective. On this basis, neutrons
are more hazardous than < rays, although both are significant external

hazards.
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Neutron sources are not mnormally considered as an internal
hazard. The lack of mnatural sources that emit neutrons and the physical
properties of neutron sources make the chance of a neutron source being
fixed in the body quite remote. This view could change if substances with
high spontaneous fission rates become more readily available in larger

quantities.
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QUESTIONS
3.1 Name the four ‘main types of radiation which must be dealt with in
health physics. What two radiations may be considered as a single

type?

3.2 What term is used to indicate that the energies of o particles
emitted from a given radioisotope are almost identical?

3.3 Although scattering of o« particles is infrequent, at what point
along their path is scattering most likely to occur?

3.4 What is the energy range of most o particles emitted by
naturally occurring radioactive atoms?

3.5 By what two processes do «a particles lose their energies?
Describe the processes.

3.6 What value 1is defined by the average energy required to create an
ion pair in a given substance? What is that value for air?

3.7 What happens to an « particle whose energy is entirely lost in a
substance?

3.8 Why does an o particle produce a high number of ion pairs per
unit path length?

3.9 Why should an increased ionization occur for a heavy charged
particle near the end of its path?
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What term 1is wused to indicate the loss of energy by a particle per
unit of path length as it passes through a specific material?

What term is wused to indicate the 1linear stopping power of a
substance divided by the density of that substance?

What term is wused to indicate the ratio of the stopping powers of
two substances divided by the density of that substance?

What term indicates the distance that a radiation particle will
travel in matter?

The following symbols are used in formulas relating to the distance
that an a particle will travel in a medium:

By, W, R, ip, ze, S, p,  (S/p)p, (B/A),, R,
Py (B/A),, pm
Make up a table to indicate the meaning of these terms.

Explain the relative hazard of a particles as an external hazard
and as an internal hazard.

How 1is the energy of B particles from a particular radioisotope
different from the energy of a particles?

What high speed particle is identical to B7?

Name three ways in which B~ particles 1lose their energy in
passing through matter.

Why is the actual path travelled by an electron or g particle
usually much greater than the straight-through path?

With what part of an atom does a g particle or an electron
interact to produce bremsstrahlung?

For a particular energy of B particle or electron, how does the
Z or atomic number of an absorbing material affect the production of
bremsstrahlung?

Explain why the stopping power for p particles or electrons in
materials decreases as the Z number increases yet their relative

stopping ability is essentially a function of their density.

What does the constant fractional decrease in the ionization per
unit of thickness by B particles or electrons define?

Explain the relative hazard of B particles as an external hazard
and as an internal hazard.

How is the velocity of a wave related to its wavelength?
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How is the period of a wave related to the frequency?

Name some familiar electromagnetic radiations. Which of these
constitute a hazard because of their ionizing power?

What term is given to a single quantum of an electromagnetic
radiation?

What is Planck’s constant? What are its units?

What is the name of the statement relating the radiation intensity
at a specific distance from an isotropic source?

What does the term "isotropic" mean?
What are the two conditions under which inverse-square law is valid?
Identify the sources of

a) the continuous x ray spectrum, and
b) the characteristic x ray

Upon what does the highest energy x ray produced by an x ray tube
depend?

What part of the atom 1is responsible for the production of v
rays?

Name the three common interactions with matter that result when x
rays or y rays are absorbed.

Which electromagnetic interactions with matter take place when:

a) all of the radiation energy is given to the work function ¢
and to the kinetic energy of an ejected orbital electron?

b) The radiation energy is given to the production and kinetic
energy of an electron and a positron?

c) the radiation energy is given partially to the ejection of an
orbital electron and the remaining energy continues as a lower
energy photon?

What are Auger electrons? When are they produced?

What is internal conversion? Why is it important in the measurement
of activity?

What is the minimum energy needed for pair production? How is it
related to the rest mass of an electron?
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Name the constant fractional decrease -of x ray or 4 ray
intensity per unit thickness of an absorbing substance.

What value is obtained by dividing the linear attenuation coeffi-
cient by the density p of the absorber?

What term 1is wused to indicate the average distance which a photon
travels before interacting?

What corrections must be made to the total attenuation coefficient
when computing the absorption of a wide beam of x rays or

rays? Why?

Explain why x rays and v rays constitute a greater external than
internal hazard.

What is half value layer? What is tenth value layer?
What is buildup factor?
What are the principal sources of neutrons?

How 1is the source strength of an (a,n) neutron source frequently
rated? What are the hazards associated with these sources?

Explain the <term anisotropy in relation to an (a,n) neutron
source,

What type of neutron sources will produce

a) a highly monoenergetic neutron?

b) a large supply of a spectrum of neutrons?

c) neutrons most conveniently and economically for a small
laboratory?

Make a chart indicating:

a) neutron terminology based upon neutron energy and
b) interactions of neutrons with matter.

Why are high Z materials poor for slowing down neutrons?
What is resonance absorption?

What is meant by radiative capture of neutrons? At what energies, is
it predominant?

Explain why ionization produced as the result of neutron interac-
tion in matter is secondary,

What term is defined by the probability that a neutron will inter-
act with a nucleus in terms of an area?
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What is:

a) the name of the unit, and

b) the size of the unit that would be used for the definition in
the preceding item?

What term is defined by the probability that a neutron will interact

with a particular material in terms of the thickness of the

substance?

Name the three principal cross sections for neutron interaction.

What does the reciprocal of the macroscopic cross section I,
define?

What does the number of neutrons per unit time passing through a
1 m2 cross section of area define?

What error occurs in calculating neutron absorption in the case of a
broad mneutron beam that could 1lead to an overestimation of the

effectiveness of an absorber?

What unit for neutron attenuation is based upon the large amount of
energy lost by fast neutrons colliding with hydrogen?

What is the approximate relationship of neutron attenuation versus
atomic number Z for fast neutrons?

What term is used to indicate that when a nucleus absorbs a thermal
neutron that the product becomes radioactive?

What two rates will determine the net rate of growth of the number
of radioactive atoms in neutron activation?

Discuss the difference between the activity of an activation sample
A and the term indicated by the symbol Ag.

Of what is the damage that neutrons do to the human body a function
of?

By what process do recoil protons lose their energies?
Explain the following reactions:

a) H(n,7)D b) 1#N(n,p)liC

In the reactions given above, which is most important for:

a) small organs? b) large organs?

Why?
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Why are neutrons not considered as an internal hazard?

.74 What radiation may accompany neutrons and must be considered as an

.75

4

5

added hazard?

Why are neutrons more hazardous than vy rays?

PROBLEMS
An o particle emitted by polonium-214, 2!4Po, has a range of
0.069 m in air and an energy of 7.68 MeV. If the W value for «
particles in air is 35 eV/ip, what is the average ion pairs/m
formed?

Answer: 3.18x10% ip/m

The mass stopping power of a 50 MeV proton in lead (density: 1.13x
10* kg/m®) is given as 5.67 MeV cm?/g.

a) convert it to SI units and
b) what is the linear stopping power?

Ansver: a) 9.072x107 14 Jm?/kg
b) 1.03x1079 J/m.

a) Find the range in air of the 5.15 MeV a particle emitted by
plutonium-239, 23%Pu.

b)  Using the "Rule of Thumb" equation, find the range.

c) What is the % error between the two values?

Answer: a) 3.72x1072 m
b) 3.94%10°2 m
c) ~ 6%

Find the range in air of the 3.16 MeV a particle emitted by
platinum-190, 12%9Pt.
Answer: 1.77x10°2 m

Find the range of a 6 MeV a particle in aluminum, atomic weight
26.98 and density of 2.7x10% kg/m3.

Answer: 2.88x10°5 m
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Find the range of a 5 MeV a particle in common water, H20.
Use 1000 kg/m® for density and the atomic weights of 1 and 16
respectively for hydrogen and oxygen.

Answer:  3.41x107° m.

The mass stopping power of 1.32 MeV g particles emitted from
potassium-40, 408  is given as 0.168 MeV m?/kg in air. The
density of air is 1.29 kg/m®. If the W value for betas in air is
33.85 eV/ip, how many ion pairs per meter are formed?

Answer: 6.4x10% ip/m

What is the range of a 1.32 MeV B~ in the preceding problem?

Answer: 5.81 kg/m? or 4.5 m of air

What percent of energy of the above B 1is converted to brems-
strahlung if the absorber is

a) Al (Z=13) and
b) Pb (Z=82)7?

Answer: a) 0.57% b) 3.6%

What percent of energy of an electron beam of 5 MeV is converted to
x rays if it is absorbed by lead (Z-82)?

Answer: 28.7%

The collision mass stopping power of 50 MeV electrons in lead
(density 1.13x104 kg/m%, 2=82) is 0.138 MeV m2/kg and
the total mass stopping power is 0.83 MeV m?/kg.

a) Find the ratio of radiative energy loss (bremsstrahlung) to
collision loss.

b) What % of electron energy is lost in the bremsstrahlung
production?

c) If one uses the approximation EZ/700 for the ratio of radiative
to collision loss, what would be the %.

Answer: a) 5.01 b) 83.4%
c) 85.4%

Find the range of a manganese-56, 5%Mn, B particle that has
a maximum energy of 2.86 MeV.

Answer: 14.1 kg/m?
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The original intensity of a beam of g particles is 3x104
cpm. Upon passing through a foil of 0.25 kg/m?, the intensity is
1x10* cpm. Find the energy of the B particle. Hint: First,
find the mass attenuation coefficient.
Answer: 0.435 MeV,
Find a) the wavelength of an 1150 kHz radio signal, and

b) the frequency of an x ray whose wavelength is

2x10712 m. The velocity of electromagnetic

radiation in the atmosphere is 3x10% m/s.

Answer: a) 2.61x102 m
b) 1.5x102° Hz,

Find the energy of the radio signal and the x ray in the preceding
problem, in MeV (h = 6.626x10734 Js),

Answers: a) 4.75x10718 MeV
b) 0.62 Mev

If the wavelength region of wvisible light is between 400 nm and
700 nm, what is the corresponding photon energy region in eV?

Answer: 3.1 eV and 1.8 eV
Find the wavelength and frequency of a 0.662 MeV v ray from
137CS.

55
Answer:  Frequency: 1.6x102° Hz

Wavelength: 1.88x10712

The vy radiation Intensity, 0.06 m from an isotropic point
source, 1is 5x10!! MeV/m? s. What is the intensity at 0.4 m
distance?
Answer: 1.125%101° MeV/m2 s
Find the power of the isotropic source in problem 3.18.
Ansver: 2.26x101° MeV/s
A point source of !37Cs emits 2x10%4 MeV/s.

a) Find the intensity at a distance of 1 m from the source.

b) At what distance will the intensity be reduced to half the
initial intensity?

¢) At what distance will intensity drop by a factor of 107
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Answers: a) 1.59x103 MeV/m? s
b) 1.4l4 m
c) 3.162 m

What is the shortest wavelength of x ray (m) that can be produced by
an electron accelerated by 60,000 volts?

Answer: 2.07x10711

If the photoelectric work function is 4 eV, what is the energy of
the emitted photoelectron when the photon energy was 206 eV?

Answver: 202 eV

A 2 MeV photon causes the emission of a Compton electron and
scatters at an angle of 90° from its path.

a) What is the wavelength of the scattered photon?
b) What is the energy of the Compton electron?
c) What is the energy of the scattered photon?

Answer: a) 3.04x10712

b) 1.593 MeV
c) 0.407 MeV

In problem 3.23, if the Compton electron is found to have an energy
of 1.0 MeV, in what direction is the scattered photon emitted?

Answer: ~ 42°,

Find the linear attenuation coefficient when the intensity of a
narrow gamma beam is reduced to % of its original intensity upon
passing through 0.05 m of a substance.

Answer: 27.7 m™!

Find the mass attenuation coefficient, Hm, when the linear
attenuation coefficient is 50/m and the density of the substance is
4.1x10% kg/m3.

Answer: 1.22x1072 m?/kg

Find: a) half value layer and
b) tenth value layer

when the linear attenuation coefficient is 50 m™?

Answers: a) 1.386x10°2 m
b) 4.,6x10°2 m




.28

.29

.30

.31

.32

.33

.34

.35

3-72

Find the mean free path X when the linear attenuation factor is
15 m™1,

Answer: 6.67x10°2

What 1is the buildup factor when the true reading is 6x10% cpm
and the calculated one is 5x10% cpm?

Answer: 1.2

Assuming a buildup factor of 1.2, a linear attenuation coefficient
of 20 m! and a thickness of material as 0.1 m, find the
emerging beam fluence vrate when the original fluence rate is
9x10% v/m? s.

Answer: 1.46%10% y/m? s

Find the kinetic energy in electron volts of a neutron moving at
10,000 m/s. Assume the mass of a neutron to be 1.6747x10°27
kg.

Answer: 0.523 eV

Find the speed of a 100 MeV neutron. Hint: Use relativistic equa-
tions.

Answer: 1.283x%10% m/s

Find the macroscopic cross section 2 ot for matural magnesium,
atomic weight 24.3, microscopic cross section for activation
Fact 0.063  barns, and demnsity 1741 kg/m®., Hint: use same
form used for finding Ze.

Answer: 0.272 m™1

If the macroscopic cross section of a material is 80 m™! and
the thickness of the material is 2x10°% m, what fluence rate
will result when the original fluence rate is 5x1012 n/m? s?

Answer: 4.26x10'2 n/m? s

A 1x107® kg carbon sample is bombarded with a 50 MeV proton
beam for 6 hours. What activity is to be expected from 11C at
the end of irradiation? The reaction cross section is 24 mb and the
irradiating flux is 10!2? particles/m? s? The half 1life of
11¢ is 20.4 m.

Answer: 1.2x10% Bq
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3.36 A thin gold foil weighing 1x1075
flux of 9x10° n/m? s. What was
irradiation? Data for Gold: atomic
section 98.8 barns, and Ty, = 2.7 days.

kg was irradiated 6 days by a
its activity 3 days after
weight 197, activation cross

Answer: 9.89x102 Bq or 5.934x104 dis/min.
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SECTION 4 - CONCEPTS OF RADTATTON QUANTITIES AND APPROACHES
TO DOSE DETERMINATIONS

A, Definition of Terms

The organization which selects and defines the quantities and units
of radiation 1is the International Commission on Radiological Units and
Measurements (ICRU). This group, formed in 1925, gathers the most recent
data, evaluates these data, and then issues its recommendations. Reports
which are particularly relevant to our present discussion are listed in
the References (Refs. 1-6). Other ICRU reports containing useful informa-
tion are listed in the Bibliography. Much of the information found in this
section is discussed in more detail in ICRU Report 33 (Reference 1).

A number of useful terms are used in health physics work to describe

radiation quantities. The definitions of value to this discussion are:

1. Mean Energy Imparted, de

The result of radiation interactions is that energy is imparted
to matter. This occurs either by charged ionizing radiation (e, B)
or by wuncharged ionizing radiation (x,y,n). The mean energy imparted,
de, equals the sum of the energies (excluding rest energy) of all
ionizing radiation which enter a given volume, minus the sum of all the
energies (mot rest energy) of all ionizing radiation leaving the volume,
plus the sum of all rest mass energy changes due to nuclear
transformations. Imparted energy means energy retained in matter and that

is the important quantity. This energy may appear as Ilonization,

excitation, heat or changes in chemical bonds.
2. Absorbed Dose

The absorbed dose, D, is the quotient of de by dm, where

de is the mean energy imparted by ionizing radiation to matter of mass
dm.

D = de/dm 4.1
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The SI wunit for absorbed dose is Jkg'1 and the absorbed dose rate (D or

db = Jkg'ls'l( J__). The special name for the unit of absorbed dose
dt kgs

is the gray (Gy): 1l Gy =1 Jkg'l. The previously used unit was the rad.
This wunit is no longer recommended, but still can be found in the
literature. For ease in converting units, one may use 1 Gy=100 rad. Also,
since often the absorbed dose rate will be important: 1 Gy/s = 3.6x10°
rad/h. For a discussion of the rad and other historical units, see
Reference 7. For a summary of the SI units and their relationship to
former units, consult Appendix B.

We may note these factors about the absorbed dose:

a. the absorbed dose is the quantity, the gray (Gy)
is the special unit;

b. the quantity refers to all ionizing radiation;

c. the specification of D in any medium is appro-
priate;

d. the absorbed dose is a measure of the energy

imparted, not the ionizing ability of the
radiation type;

e. the absorbed dose is the physical quantity most
suitable for designating dose, since the
imparted energy more closely relates to the
types of biological damage produced, although
the degree of the effect is related to other
factors.

3. Kerma

The kerma, K, is the quotient of dEtr by dm, where dEtr is
the sum of the initial kinetic energies of all the charged ionizing parti-

cles liberated by uncharged ionizing particles in a material of mass dm,

K= . 4.2
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the same as that used for absorbed dose: Jkg'l.

The kerma rate (K or %K) is Jkg'ls'l. Again, the older unit rad for
t

the kerma and rad/h for the kerma rate will still be found in the

literature.

conversion:

on kinetic
adequately

absorption.

For kerma:

1Gy/s =1
v/ .

gs

1Gy=100 rad and for kerma rate, one may use the

J _ 3.6x10° rad/h. The term kerma was based

energy released in material. This concept was proposed7 to

explain the

two-step process involved in n and v energy

The following points should be noted about kerma:

surrounding medium,

in these

errors. 1t

If the

instances,

is

The concept refers to liberation of charged par-
ticles by uncharged ionizing particles, so that
kerma is a property of n and 7;

only the

charged particles which originate in

the mass element are part of the kerma;

the kerma is the first step in photon or mneutron
energy absorption--namely, energy transfer;

the concept refers to transfer of E to the
medium, not to the absorption in the medium, so
the kerma is mnot directly measurable, although

it may be

calculated;

the definition mentions all charged particles,

thus even

kerma 1is

Auger electrons are included;

the sum of the kinetic energy released

so K includes any energy secondaries may later

lose by

collisions, by radiagign production

(bremsstrahlung) or annihilation.

the second step, which is not the kerma, is the
absorption of energy, if energy is carried away
by the processes in £. above, then the kerma
will not equal the absorbed dose.

possible,

medium of the mass element differs greatly from the
an appreciable disturbance of the field occurs. Thus,

attempted calculation of the kerma will lead to

however, to refer to the kerma for specified
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material in free space or at a point inside some other substance. These
situations are evaluated by assuming a small amount of the specified
material is placed at the given point.

The wuse of the kerma allows one to conveniently describe a
field of wuncharged ionizing particles in any medium. For photons up to a

few MeV, air is a suitable substance and tissue will suffice for all

radiations.

4, Exposure

The exposure, X, is the quotient of dQ by dm, where dQ is the
absolute value of the total charge of the ions of one sign produced in air
when all the electrons (e~ and e+), liberated by photons in air whose

mass is dm, are completely stopped in air:
X = dQ/dm. 4.3

The SI unit of exposure is Ckg !, where C stands for coulomb. The
unit of exposure rate (X or g}—() is Ckg 's™!. There is no

dt
special name for the SI unit of exposure. The historical exposure unit,
the roentgen (R), is no longer recommended. In terms of SI units, 1 R =
2.58x10°* Ckg'!. Certain features of the exposure concept that

should be remembered are:

a. the exposure is the quantity, the SI unit of
exposure is Ckg™1,

b. the quantity refers only to photons, no other
type of radiation;

c. air is the only defined medium;

d. the quantity is a measure of the ions--thus
related to the ionizing ability of photons;

e. electrons and positrons are completely stopped--
expend all their energy in air;

£. ionization arising from absorption of brems-
strahlung emitted by electrons is not included;
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g. the exposure is difficult to measure when the
photon energy is greater than a few MeV or below
a few keV.

An alternate definition of exposure, given by the ICR.U,1 is

X=1 (Eﬂ)_e, 4.4

p W
in which ¥ is the energy fluence (the energy of particles incident on
a sphere of unit cross sectional area, Jm~2), e 1is the electron
charge in coulombs (1.6x1071% C), W is the mean energy expended in
air per dion pair formed (5.42x107'% J) and Le€D i35 the mass

P
energy absorption in air (m?/kg).

5. Dose Equivalent

The dose equivalent, H, 1is the product of D, Q and N at the
point of interest in tissue, where D is the absorbed dose, Q is . the
quality factor (see 4.B) and N 1is the product of all other modifying

factors,
H = DQN. 4.5

In general, the value assigned in the past, for N, has always been 1; so
in its report on quality factor, the 1CRULL recommends that N now be
dropped from the definition. The SI unit for - the dose equivalent H is
Jkg™1. The special . name for the unit of dose equivalent Iis the
sievert (Sv); 1 Sv = 1 Jkg !. The SI unit is related to the previous
dose equivalent unit, rem, by 1 Sv =1 Jkg~! = 100 rem.

The concept of dose equivalent was established for use in
protection  applications. Biological research has proven that equal
absorbed doses of different types of radiation produce different degrees
of biological effect. This indicated that the relative hazard depended on
other factors, than simply the physical dose, D. It turns out, that the
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physical dose, D, when multiplied by certain suitable modifying factors,
equates, in a numerical way, the effectiveness of different radiation
types. It allows a common scale (dose equivalent) to be used for all
ionizing radiation to compare the relative hazard of different types of

radiation.

These points should be remembered:

a. the dose equivalent is not a physical quantity
so it cannot be measured directly;

b. the defining equation implies that one can
arrive at a different value of H based upon
irradiation conditions;

c. the concept 1is wuseful for radiation protection
work, mnot experiments, since it allows for a
numerical scaling of absorbed doses.

B. Quality Factor

The quality factor (Q) is an assigned factor for radiation protec-
tion applications that denotes the modification of the effectiveness of a
given absorbed dose.

The numerical value of Q is based partly on biological effects and
partly on judgment.11 The object of the assigned value Q is to attempt
to equate the risks from exposure to different types of radiation. It is
defined as a function of the collision stopping power (L_,) in water
at the point of interest. 12 Note, that L, 1is equivalent to Scol:
the 1linear collision stopping power (linear energy transfer).1 The
relationship between L, and Q, as given in ICRP Publication 26,12
is shown in Table 4.1. The International Commission on Radiological

Protection (ICRP) is an advisory body which reviews and discusses basic

protection principles and prepares reports recommending safe practices
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Table 4.1 - L, -Q Relationship¥*

L, (keV/um of H20)

O

< 3.5 1
7 2
23 5
53 10
2175 20

*(Reprinted with permission from Annals of the ICRP
1l, No. 3, ICRP Publication 26, Recommendations of the
ICRP, Copyright 1977, Pergamon Press, Ltd.)

The wvalues in the table apply to the linear energy transfer (LET) of a
particle of initial energy E. When the particle moves through the medium,
the particle energy 1is altered and the LET will change. Moreover, for an
initial radiation field composed of a number of different energy
components (or a spectrum of radiation), one must use an effective wvalue
of Q, which 1is averaged over all the components. This is called.al When
the radiation spectrum is unknown, the approximate values of Q recommended

by the ICRP}? are shown in Table 4.2.

Table 4.2 - Recommended Q Values

(Reprinted with Permission from Annals of the ICRP 1,
No. 3, ICRP Publication 26, Recommendations of the
ICRP, Copyright 1977, Pergamon Press, Ltd.)

Radiation Type Q
X rays, v rays and electrons 1
Neutrons, protons and particles 10%

(Z=1, A>1) of unknown E

o and particles with Z>1 of un- 20
known energy

Thermal meutrons 2.3

*The ICRP has recommended an increase in E?e fast
neutron quality factor by a factor of 2. The new
values for fast neutrons should be 20,

Let us examine some of the features of Q:
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a. the quality factor, Q, is not experimentally de-
termined, it 1is an assigned value based on dose
modifying factors;

b. Q 1is for radiation protection applications--that
is, for relatively 1low dose rates, not for use
in radiobiology or experiments, and not for

acute accidental exposures (> .25 Sv = 25
rem) ;
c. the modification of -effectiveness by LET--im-

plies that one of the main factors .determining
the Q wvalue is the consideration of the LET
influence in biological changes;

d. the mnature of the modification--the relationship
of Q - LET is stated in terms of the L,
the stopping power in water, an indicates that
high LET radiation is much more effective in
producing damage.

C. Exposure

As a beam of photons passes through air, the interactions which take
place produce electrons, which then lose energy by creating ion pairs. The
exposure 1s measured by collecting these ion pairs. Thus, the exposure
concept is based on the ability of photons to produce ionization.

There 1is wvery little attenuation of photons in air. What does occur
is due mainly to the photoelectric effect, the Compton effect, and pair
production. If a wide beam of photons is used, then well within this beam
(that 1is, mnot near the edge) the field will be uniform. In this case, one
may say that 1in each small mass, dm, of air, the effects should be the
same, that is, about the same number and type of interactions should
occur. Then, the number of electrons which are produced in these processes
will be about equal.

In the consideration of a given mass of air then, the electrons
which are produced will give up part of their energy outside this mass
before being stopped. However, this loss of electrons may be compensated
by electrons entering the given region from other parts of the field. If
the field is uniform over a large enough volume, the compensation will be

complete. In this case, a state of charged particle equilibrium is
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reached, that is, the energy imparted to a given small mass of air by all
the electrons which traverse this region equals the energy imparted to the
medium along the total path of all electrons produced in the mass by the
photons.

The collection of the ions which are produced in a given small mass
of air under equilibrium conditions is then a measure of the exposure. The
exposure, X, is expressed in SI units as coulombs/kg. Since one electron
has a charge of 1.6x1071% C, one coulomb represents the collection

of 6.25x1018 electrons or positrons.

D. Exposure Rate - TIsotropic Point Source

Assume an isotropic point source of C Bq of a v emitter of
energy E at the point 0 (see Figure 4.1). Our interest is to obtain an

expression for the exposure rate at the point A, a distance r from the

S

P eell "Y\Ey

Figure 4.1 Isotropic point source.
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source, in terms of C/kg per wunit time. The fluence rate, ¢A, at the
point A, is the number of photons per second (Ny)’ incident on a

sphere of unit cross sectional area, at distance r(m):

N
_1__(_Eh). 4.6

2 24

¢A =

4or

The fluence rate is often called the flux density and, in the past, was
expressed in wunits of ph/cm?s. Since the source is monoenergetic, the

energy fluence rate P, at the point A will be given by
Yp=BpE=N_E_/brr?=5 /4 nr? 4.7
ATTAT TyTy :

where S 1is the total energy per second emitted by the source. If S is

expressed in J/s,

1l dis fraction of MeV )
S=C(Bq) (——S%S xtaction oL 7y =28y
(Ba) (—-5=E)m, ae e, ]

x1.6x10"13 (3 /Mev) 4.8

- 1.6x10° 13 n_CE

Then: 7

- -13 2
$4=1.6x10"" n_GE_/4nr

=1.273x10714 nYCEv/rz(J/mzs) 4.9

The exposure X 1is defined in terms of the ionization produced

in a mass (dm) of air. The exposure rate is given by
Exposure rate = dX/dt or X 4.10

To find the ions produced in air, the energy given up by the
beam must be known. The term ¥, gives the energy delivered per unit
time about the point A. Some of this-energy will be given up in interac-
tions which produce electrons. These electrons in turn produce many ion
pairs. The mass energy  absorption coefficient (pen/p) expresses

the probability of energy being absorbed by the substance. The product
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Yp (Ban/P) gives the amount of energy absorbed per unit
time per unit mass. If one assumes that all this energy is used in
producing ion pairs, then, adapting equation 4.4,

B
5 dX en.e C
X = 88 _ _enve L .11
- DR D 4

where W=5.42x10718 J/ip for electrons in air, pg,/p (m2/
kg) is the absorption coefficient introduced in Section 3, and ¢A =
ar/de. L

This leads to:

. 14 -19.n CE
s - (1.273x10°)(1.6x10" )y "y “en,

5.42x107 18 2

4.12
6 n CE
3.764x107 1 —1—1(/kgs),
r

from an isotropic point source of a v emitter of photon activity
n7C (in Bq), energy E1 (in MeV), and mass energy absorption
coefficient pg./p (m2/kg) at a point a distance r(m) from
the source.

For air, the attenuation is very small for short distances, so that
one can neglect the attenuation factor. For large distances in air, or for
the case of an absorber between the source and the point A, an attenuation
factor of the form e-(”en/p)x must be included. Such a factor

is needed for each such absorber and in the general case is

k

- I B b
e ZZ:( en/p)jXi_o-( en/P)i%5 | e”Cen/p)yx,
i=1
where X5 is expressed in kg/m?. Note the wuse of Hen/p

here, instead of p/p, to compensate for any scattered radiation.
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The general expression becomes:

Exposure rate (in C/kgs)

Kk
n CE i -z(l‘en/p)ixi 414
=3.764x10'16—1———1§— (_en)e i=1
r p

If the only substance of concern is air, then certain simple assumptions
can be employed. For example, the attenuation in a few meters of air is
negligible and no attenuation factor need be included. Also, ”en/

p can be taken as 0.00275 m2/kg in the range 0.2<Ey <2 MeV, so

that the exposure rate is
X or ¥ (in C/kgs) ~ 1.04x10"18n CE 4.15
dt A A

at 1 m and 0.2<E7<2.0 MeV. For X in G/kgh, multiply equation 4.15 by
3600.

Example - Compute the exposure rate in air at 1 m from a 3.7x1010 Bq
(1 Ci) source of 1 MeV photons (ny = 1 ph/dis).

X=1.04x10"18 n70E7=1.04x10'18(1)(3.7x1010)(1)

= 3.85x10°8 -C_
kgs
3600 s/h

Now, if we multiply our answer by
2.58x10"% C/kgR

, the result is

X = 3.85x10°8 3600 _ ¢ 537 p/p,
2.58x10°%
Note, this is the way in which the approximation was formerly expressed-
the R/h at 1 m in air from a v source of C Ci~0.5 n7CE7.

Let us wuse the inverse square law to compute the exposure rate at 1 ft
(.3 m).
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‘ 3.85x10-8 (1)2 -7 G
Xg 3 = 283xL0— (= _ 4 28x1077 ¢Es

(.3)

Again, if we transform this as above, the result is

X 3 ~ 4.28x1077 —(3600) — _ 5 97 r/n.
' 2.58x10"

This is the same as the other previously used approximation-the R/h at 1
ft in air from a gamma source of C Ci~6 n7CE7' The 1literature
contains a number of listings which give what has been called the specific
gamma ray constant, TI. This 1is generally expressed as either

2 2
B_m_’ or B_ﬁ;_’ depending upon the literature source. To

hCi hCi

convert to SI units,

h Ci kgs Bq
or R ft‘:2(1.8X10_19) = _C m? 4,17
h Ci kgs Bq .

As an example, the R/h at 1 ft from 1 Ci of €%°Co is given as 14.2.
Find the C/kgs at 1 m from 1 Bq.

14.2(1.8x10°19) = 2.55x10°18 G
kgs

The simple formula, equation 4.15, may often be used to advantage in
health physics applications to estimate quickly the exposure rate. In
cases for which more accuracy is desired, the general formula should be

used and the actual value of #en/p for the v obtained.
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E. Exposure Rate - Fluence Rate

Along the same 1line, one may wish to express the exposure rate in
terms of the fluence rate of photons in a beam of radiation. If one as-

sumes ¢  photons/m2s of energy E,7 in the beam, the resulting

expression is

; -15 c
E te: X = 4.73x10 E 4.18
xposure rate X ¢ 7(pen/p) Tgs

vhere E,7 is in MeV  and g ./p is in m?/kg. In this
case, no attenuating substance is included, and the exposure rate as given
must be well within the beam dimensions to avoid edge effects. In Figure
4.2, the fluence rate, ¢, and energy fluence rate, 3%, for an
exposure of 1 C/kgs are shown versus photon energy in MeV. To estimate the
fluence rate at a point in space, based on the previously used R/h unit,
divide the reading (R/h) by 1.395x107 to convert to C/kgs. Multiply
the results by the fluence rate conversion factor for the appropriate

energy to obtain the fluence rate (ph/m2s).

F. Exposure - Kerma in Air Relationship

The concept of kerma, which defines the energy transferred to matter
can be related to the exposure, which defines the ionization produced in
air. The kerma may also be determined for other media and can be related
to the absorbed dose in a given medium. We may relate the mass energy

absorption coefficient to the mass energy transfer coefficient by

4.19

in which g represents the fraction of energy carried away as bremsstrah-

lung. The fraction g is negligible except for high energy photons (g is
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Figure 4.2 Fluence rate and energy fluence rate tor an exposure rate of 1C/kgs.
Mass energy absorption coefficients were obtained from Reference 16.
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about  0.3% for e” released in air by 69Co radiation).14 In many
practical situations then, ”en/p ~ “tr/p. The kerma

rate in kair for an isotropic point source (Figure 4.1) is
; Per
Kair = ¢A ( p )air 4,.20a

in which Yo is given by equation 4.9. Substituting for Yy in

equation 4.11 gives

: 7 . B
X =¢p(Cen) € =K ;. Cen/p),;, & 4.20b
p W Ber/p W

and

' 5 e/ X _ 33.85 %

K K = _( xr L = = 2 4.21

ailr o Bensp” air e(l-g) l-g
For the condition that g 1is mnegligible, Ptr/p = Pen/p

and the exposure rate X is the ionization equivalent of the kerma rate in
air. We note that equation 4.21 is valid when charged particle equilibrium
is established. Also, from the simple relationship of 4.21, the kerma rate
is easily found from the exposure rate X for a given fluence rate ¢.
The kerma rate k is then simply 33.85 i(Gy/s). Also, in air, the kerma

rate equals the absorbed dose rate, under the same equilibrium conditions.

G. Absorbed Dose

The exposure concept is concerned with the production of ions in

air. The concept of absorbed dose focuses attention on the energy imparted



4-17

to matter in a mass element,so energy imparted always refers to a finite
region. Since one can presume that the biological effects result from the
energy imparted to matter, the concept of absorbed dose is more closely
associated with these effects than is the exposure. Also, the absorbed
dose is not specified for any given substance, so that the unit applies
for any medium.

Whereas the exposure refers to photons only, the absorbed dose may
be used for any ionizing radiation. Thus the concept can be used for

a, B, ¥, and neutrons.

H. Absorbed Dose Rate - Isotropic Point Source of Photons

Consider again an isotropic point gamma-emitting source. As we saw
in Section 4.D above, ¢A(”en/p) gives the amount of energy
absorbed per unit time per unit mass. If this absorbed dose rate in air is

given in J/kgs, we may write

Absorbed dose rate: D or 92 = Py (Fen) J 4.22a
dt p kgs

Using equation 4.9, we may express equation 4.22a as

. n CE B
14 v v ((en) _J_ or Gy
=1.2 0
D =1.273x1 2 p  kgs s 4.22b

r
This gives the absorbed dose rate from an isotropic point source of a
¥ emitter of activity nvc (Bq), energy EY (MeV), and mass
energy absorption coefficient p ,/p (m2/kg), at a point a
distance r(m) from the source. The general expression for the absorbed

dose rate in Gy/s is then, similar to equation 4.14,

. n CE k
D=1.273x10" 1% L _Y(Fen/pye™ 3 (Pen/p);x;
r2 i=1 4,23
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If the only substance of concern is air, then we may ignore attenuation,
assume Pen/p is approximately  0.00275 m%?/kg in the range
0.2 < E7< 2 MeV, and the absorbed dose rate is:

D = 3.50x10°17 n cg &Y 4.24
Y s

at 1 m in air for 0.2 < E7 < 2.0 MeV. For D in Gy/h, multiply
equation 4.24 by 3600.

Returning to equation 4.20b, we may rewrite this in terms of

¥
Cen)
P
to give
Jz W,
Py B =X e 4.25a
p

and from equation 4.22a, D = ¢A(—§n) we arrive at
P

D=X

o=

- 33.85 X (Qg) 4.26

and the absorbed dose rate in air is simply related to the exposure rate
in air, again under the conditions of electronic equilibrium. For the

absorbed dose rate in materials other than air,

X £ ils ¢
D = 33.85|{ en/pimed | ¢ Gy 4.27
(pen//’) air S

In the 1literature, the factor f (rad/R), which was used to convert
exposure to absorbed dose, will be found. The numerical value of f is
about .96 over a large energy interval. This gave the result that the

exposure in air was approximately equal to the absorbed dose in water
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(approximating tissue). As seen from equation 4.27, this equivalence no
longer holds for absorbed dose and exposure. However, if we substitute the

kerma rate, from equation 4.21, into equation 4.27, we arrive at

. ; (”en[g)m d
D =K,y . 4.28
Ftr/p) a4
( Plair
Both D and K, ir are in the same units, and the attenuation coefficient
ratio, in the case of water to air, is approximately 1.08 between 0.1-10
MeV.14 So, the absorbed dose rate in water is approximately equal to the
air kerma rate. Or, putting it another way, a measure of the kerma rate in
air can be interpreted as approximately equal to the absorbed dose rate in

a small tissue mass.

1. Absorbed Dose Rate - Fluence Rate of Photons

The absorbed dose rate in terms of the fluence rate of photons in a

beam of radiation is given by
5 - -13
D = 1.6x10 ¢E7“en/p (Gy/s) 4,29

where ¢ is the fluence rate in photons/m?s, E 1is the energy of the
photons in MeV, and  p../p is in m?/kg. This expression 1is
valid well within the beam dimensions. For b in Gy/h, multiply equation
4.29 by 3600.

J. Absorbed Dose Rate - Isotropic Point Source - Alpha
and Beta Radiation

If an isotropic point source of C(Bq) is an « emitter, then the

absorbed dose rate at the point A (see Figure 4.1) is given by

7.96x107%n C
D (S, 4.30
r2 P

b (QX) =
s
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where n, is the fraction of particles of initial energy E (in MeV) and
S/p 1is the mass stopping power for a particle of residual energy E in
Jm?/kg. Since a radiation does not have a very long range in any
substance, this expression is valid only when the distance r to the point
A is well within the range of the particle (generally < range/2).

For purposes of calculation, the mass stopping power S/p for use
in the previous formula is given in Figure 4.3, in terms of Jm?/kg of
air for o particles from 1-8 MeV. To use equation 4.30, one must
estimate the residual energy of the « particle. Suppose the initial

energy of the a particle is 5 MeV and the distance of interest is

r = 0.018 m. From the range equations 3.5, the estimated energy loss is
E--018 _ 3.2 MeV. The residual energy would then be 1.8 MeV and the
.0056
! I i ! T ] '
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Figure 4.3 Mass stopping power of alpha radiation in air as a function
of energy (based upon information in reference 16).
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S/p wvalue to use in equation 4.30 would be approximately 2.4}{10'11
Jm2/kg. The absorbed dose rate in tissue can be roughly estimated by

use of the relative mass stopping power (5-)t of tissue with respect to
p

air, which can be taken as approximately 1.2.

For substances other than tissue, use equation 3.9,

(8/p)p ~ VAair/ VAnedium

This information allows one to calculate roughly the absorbed dose
rate from an a source, but only well within the range of the particle
in the medium. The reason for this is that the specific energy loss of the
particle does mnot change too much until near the end of its range, and
also the scattering can be neglected. Near the end of the range of an
o particle, the specific energy 1loss, as well as the stopping power,
changes very rapidly, and the above information is no longer valid.

In the case of B radiation, a further difficulty is encountered,
namely, the existence of a spectrum of energy. Also, the scattering of
B particles is quite extensive. Because of the spectrum of energy, the
stopping power of the B distribution is not a constant to begin with.
As the particles move through a medium, the stopping power will be
continually changing as the betas lose energy. Since betas travel such a
tortuous path due to scattering, it is difficult to predict the number of
electrons at any depth in the medium. For the previously stated reasons,
the spectrum characteristics of B radiation change continuously with
depth in the medium. As a consequence, detailed information about g
spectra at a given depth in a medium are generally lacking.

Early efforts at B dose determination involved an empirical

approach by Loevingerl7 18

and a moments-method calculation by Spencer.
Later work by cross!? and Berger20 have 1led to tabulations of beta
dose rate functions for point sources. Both of the latter determinations
used the earlier work of Spencer to-help develop their tabulations. A
discussion of the approaches wused in the development of B point source

functions can be found in Loevinger.21
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For the estimation of B dose rates, the tabulations of

Bergerzo, for monoenergetic electrons and 75 B emitters, or the

22

updated work of Cross““ will be found useful for point source determin-

ations. For extended sources, one may consult the discussion by

Berger.22

K. Absorbed Dose Rate - Fluence Rate of Particles

The absorbed dose rate for a fluence rate of charged particles in a

beam of radiation is given by

D(Gy/s) = ¢p (s/p), 4.31

where ¢p is the particles/m2?s and S/p is the mass stopping

power (Jm?/kg) for a particle of energy E (in MeV). In this case, the
value of S/p in air for o« particles can be found from Figure 4.3,

If the stopping power given in the literature is in units of MeV
cm?/g, it must be multiplied by 1.6x107 !4 to convert the units

to Jm?/kg.

For electrons or positrons, the mass stopping power can be found in
the Tables of ICRU Report 37.24 One may obtain either the mass stopping
power for air or tissue in this report.

For other applications, one may use the dose conversion factors
computed by Kocher.2%"27 These are factors relating dose delivered for
immersion in air and water, and for radioactive sources on a plane

surface.

L. Absorbed Dose and Kerma for Neutrons

The measurement of the absorbed dose from a neutron source is very
difficult, because the energy transfer depends so much on the neutron
energy as well as the properties of the struck nucleus. In Section 3, the
neutron interactions were discussed. For fast neutrons (energies from 10

keV to 10 MeV), elastic scattering is the important process, especilally
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for the light elements. For thermal neutrons (energy of 0.025 eV), capture
is the important process. In these processes, it is the secondary products
which directly impart the energy to the substance. The problem increases
in magnitude when one deals with a spectrum of energy rather than a mono-
energetic neutron source. Also, if one is dealing with a compound, the
presence of many elements complicates the picture.

The absorption of neutron energy is a two-step process; namely, the
transfer of energy to the medium followed by absorption of radiation by
the medium. The kerma describes step one; the absorbed dose describes step
two. In general, the transfer of energy to the charged particles occurs at
a different site in the medium than the absorption of energy by the
medium. The absorption of radiation becomes more complex, as the nature of
the secondaries, both charged and uncharged particles, changes with depth
of penetration. Since the ranges of the charged secondaries will vary, the
absorbed dose will vary with depth. In general, the kerma is a quantity
which is more easily calculated than the absorbed dose.

If the mneutron fluence or fluence rate and the neutron energy are
known at a point in a medium, then the kerma may be computed. From

equation 4.20a, the kerma rate for a monoenergetic field is

. 7 b
K = (—EEyp = (-EL)4E.
p P

Values of the kerma in different materials for monoenergetic neutrons from
~ thermal up to 30 MeV are listed in ICRU Report 26.28 Figure 4.4 is a
plot of air kerma rate and tissue kerma rate factors (k/¢). For the
case of a spectrum of neutron energy, one must integrate the above ex-

pression to obtain the kerma rate:

% =f Per(myp(mraE _ f Ftr(E)E$ (E)dE 432
P P

I

in which _EL, P(E) and #(E) are functions of the neutron energy.
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Figure 4.4 Neutron kerma rate factors for air and tissue.
(Data adapted from Reference 28)
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In some cases, a crude spectrum is known, or has been measured, which
gives the fluence rate of neutrons in energy groups. It is then possible

to estimate the kerma rate from

n

K = E K; (E)5 (E) 4.33

i=1

in which K;(E) is the average kerma rate factor from Figure 4.4 for the
ith energy group and ¢;(E) 1is the neutron fluence rate for the
same group.

As in the case of photons, when charged particle equilibrium is
obtained in the medium, the neutron absorbed dose rate at some point will
be approximately equal to the kerma rate. For this case, the kerma rate is
constant within a distance equal to the maximum range of the charged
secondaries.28 In large objects, the multiple scattering which occurs,
makes the determination of the absorbed dose more difficult to compute.
Computer calculated depth dose distributions of absorbed dose for neutrons
in the range thermal-14 MeV in cylindrical phantoms and from 0.5-400 MeV
in tissue slabs can be found in Reference 29. In addition, this reference

also contains dose equivalent depth distributions.

M. Neutron Dose Equivalent

The dose equivalent calculations of NCRP Report No. 38, when
compared to the absorbed dose calculations, allow the determination of an
effective quality factor -6. This value varies at each point within a
phantom because of the changing energy- spectrum of the neutrons. The
NCRP29 recommends that for protection purposes, the highest value of Q
be applied. When this is done, one may arrive at a table of fluence rate
factors versus neutron energy for a given dose equivalent rate. Such a
compilation is shown in Table 4.3, which has been adapted from NCRP Report

No. 38. A review of experimental evidence has indicated that the
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previously used values of quality factors for fast neutrons may be low by
a factor of 2.13 The NCRP has recommended that the quality factors in
the table be multiplied by two for the case of known energies.30

TABLE 4. 3%

Mean Quality Factors, a, and Neutron Fluence Rates for a
Dose Equivalent Rate of 25 uSv/h (2.5 mrem/h)

Neutron Energy, MeV Q Neutron Fluence Rate, m'zs'l
2.5%x10°8 (thermal) 2 6.8 x10€
1x10°7 2 6.8 x106
1x10°6 2 5.6 x10¢€
1x10°5 2 5.6 x108
1x1074 2 5.8 x106
1x1073 2 6.8 x10°6
1x10°2 2.5 7.0 x108
1x10°1 7.5 1.15x108
51071 11 2.7 x105
1 11 1.9 x108
2.5 9 1.6 x105
5 8 1.6 x10°%
7 7 1.7 x105
10 6.5 1.7 x10%
14 7.5 1.2 x108
20 8 1.1 x10°%
40 7 1.0 x105
60 5.5 1.1 x108
1x102 4 1.4 x105
2x102 3.5 1.3 x105
3x102 3.5 1.1 x102
4x102 3.5 1.0 x108

*Adapted from NCRP Report No. 38, Protection Against Neutron Radiation.

If one has a measure of the neutron fluence rate, then this table
can be used to find the dose equivalent rate which this fluence rate would
represent. When little information on the neutron energy is available, one
should assume a quality factor of 20,30 which would reduce the fluence
rate number by a factor of 2.

The wvalues of fluence rate in Table 4.3 are sometimes referred to as
¢AVG’ meaning the fluence rate which will result in an average level

of exposure of 1 mSv (0.1 rem) in a work week (40 h). The dose equivalent
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rate from a fluence rate of ¢ mn/m?s of a given energy can be found

by use of the table. In this case, a simple proportion would exist:

H _ ¢
25(pSV/h) ¢AVG

4.34

This gives the dose equivalent rate of the £fluence rate ¢. The dose

equivalent, H, would then be

H(uSv) = ft = —22-6t, 4.35
INE

in which t is the time of exposure, in h.

In general, the suggested procedure will overestimate the dose
equivalent when the energy of the neutron flux density is not known, but
for protection work the added safety factor is useful.
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QUESTIONS

4.1 Name the organization which selects and defines the units and
quantities of radiation.

4.2 What is defined by the sum of the electrical charges on all ions
of one sign produced in air when all the electrons, liberated by
photons in a volume element of air whose mass is Am, are
completely stopped in air?

4.3 What is the unit of exposure?

4.4 What does the energy imparted by ionizing radiation to matter in
a unit volume element containing mass Am, define?

4.5 What is the unit of absorbed dose?

4.6 What 1is defined by the product of the absorbed dose and the
quality and distribution factors?

4.7 What is the unit used to express the dose equivalent H?

4.8 Upon what is the exposure concept for photons based?

4.9 What does exposure per unit of time define?

4.10 What special wunit is used to express exposure per unit of time

for gamma and x rays?

4.11 Make a chart that indicates each symbol and its meaning in the
general expression for exposure rate.

4.12 What assumption is made in the simplified exposure rate formulae?

4.13 What 1is defined by the number of ionizing photons passing through
a unit area per unit of time?

4.14 How is kerma defined? What is its unit?

4.15 How are exposure and kerma related?
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-(B
Explain why the factor e~ (en/p)x

sufficient in the general dose rate formula.

would not be

Explain why it is not expedient for one to have exact expressions
for the mass attenuation coefficient and the mass stopping power of
a and B particles in radiation safety work.

Identify the following:

a) The fraction of a radiation beam removed per unit of thickness
of a material.

b) The fraction of a radiation beam passing through a unit of area
that is removed per unit of mass.

c) The fraction of energy removed from a beam of radiation passing
through a unit of area per unit of mass.

Present some reasons for the difficulties in establishing satisfac-
tory measurements for neutron protection.

What does the symbol ¢,y signify?

PROBLEMS

A charged cylindrical ionization chamber having a diameter of 0.03 m
and a length of 0.1 m is drained of 1 pcoulomb as the result of
exposure to an x ray beam. What was the exposure?

Answer: 0.011 C/kg

a) Kr-85 emits a photon of energy 0.514 MeV with an intensity of
0.434%. Find the gamma-exposure rate at 1 m, at 0.5 m and
0.01 m in air from a source of Kr-85 of 3.7x10'® Bq. The
linear energy attenuation coefficient (Pen) 1is 0.00385
m~! and the density of air is 1.293 kg/m8.

Answer:  3.32x10°7 C/kgh @ 1 m, 1.33x107% C/kgh @ 0.5 m,
3.33x1073 G/kgh @ 0.01 m

b) Use the approximate formula (4.15) of the text and compute the
exposure rates in part a and compare the results. Is the
difference significant?

Answer: 3.09x10'7 C/kgh @ 1 m, 1.24}{10'6 C/kgh @ 0.5 m,
3.09x10"3 G/kgh @ 0.01 m

a) Find the v ray exposure rate at 0.3 m for a 1.85x108 Bq
Cobalt-60, €%Co source. Cobalt-60 emits two <+ photons
1.33 MeV and 1.17 MeV, each of which occurs essentially 99% per
disintegration.
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Pen/p for 1.33 MeV is 0.00259 m?/kg and for
1.17 MeV is 0.00267 m2/kg

b) Use the approximate formula and compare with the result of a).

Answer: a) 1.81x107° C/kgh.
b)  1.90x10°° G/kgh.

Find the v ray exposure rate at 10 m for a 3.7x10%-0 Bq,
Sodium-22, 22Na, source. 22Na  emits a 1.28 MeV photon
essentially 99% per disintegration. Use the approximate formula.
Ignore air attenuation.

Answer: 1.76x10°% G/kgh.

137Cs  emits a vy ray of 0.6616 MeV with an intensity of
84.62%. Find the v fluence rate at 0.3 m, 0.5 m and 1 m from a
poigt , source © (10° Bq). Assuming Hen/p to be 2.939x
10"° m“/kg, calculate the exposure rates.

Answer:  7.48x10% ph/m? s @ 0.3 m and 2.48x10°3 C/kgh
2.69x108 ph/mg s @0.5m and 8.91x10°% C/kgh
6.73x107 ph/m“ s @ L m and 2.23x10°° C/kgh

Calculate the absorbed dose rates in the problem above.
Answer: 8.39x10°% Gy/h @ 0.3 m
3.02x10°% Gy/h @ 0.5 m
7.55x10™° Gy/h @ 1 m
A 50 MeV proton beam from a linear accelerator has a measured
fluence rate of 10'2 protons/m2s. The mass stopping power in

air is 1.76x10713  Jm2/kg. Calculate the absorbed dose rate
in the beam,

Answer: 0.176 Gy/s or 633.6 Gy/h.

Using the graph, "Neutron Kerma Rate Factors for Air and Tissue,"
find the tissue kerma rate for 101° n/m? s of 4 MeV.

Answer: 4.3x10°° Gy/s.

If the maximum allowable dose limit for a week (40 hours) is 1 mSv,
how 1long can a person work in a thermal neutron flux of 108
n/m? s such that he would not exceed the limit?

Answer: ~ 163 min.

In the above problem, if the quality factor is increased by a factor
of 2, how long can the person work in the same neutron flux?

Answer: ~ 80 min.



SECTION 5 - BIOLOGICAIL EFFECTS AND RISKS OF RADIATTON

A. The Cell - Basic Unit of Structure

This section will be devoted to the effects of ionizing radiation on
the human body. The structure of the body is quite complex, and it 1is
often of value to deal with effects at certain levels of organization
within the body. Thus, the human body contains many organs, each of which
is composed of two or more types of tissue. In turn, a tissue is composed
of similar cells, there being four types of tissues in the body:
epithelial, connective, muscle, and nerves. The job of a tissue is to
perform a special Body function. The cell, which makes up the tissues of
the body, is the basic unit of structure and function in the body. A cell
contains many elements; hydrogen, oxygen, carbon and nitrogen are the main
components. Human cells vary in size from approximately 3-100 pm.

A cell is normally composed of a nucleus surrounded by cytoplasm,
both encased in membranes. Although highly complex in structure, the

nucleus and cytoplasm contain about 70 percent water.t

The vital part of
the cell is the nucleus, usually an oval body located near the center of
the cell. From a chemical standpoint, the nucleus is quite active. The
normal growth of the cell is controlled by the nucleus. Also, it initiates
cell division and controls the repair of injured cells. The cytoplasm is a
more or less colorless liquid substance. It secretes enzymes, and controls
absorption and excretion in the cell.

Among the complex structures found in the cell are carbohydrates,
fats, proteins and nucleic acids. Carbohydrates serve as food for the cell
and as structural units. Fats store chemical energy. Proteins, which
differ from each other by the number, sequence, length and arrangement of
amino acid chains, are involved in all the metabolic activities (chemical
reactions) which sustain cell 1life. Amino acids are composed of NH,
groupings and about 20 amino acids are found in the proteins of mammals.
The nucleic acids, DNA (deoxyribonucleic acid) and RNA (ribonucleic acid)
function together to produce the cell’s proteins. Most of the DNA is found
in the nucleus. The DNA molecules are thought to carry the genetic code
necessary for proper cell reproduction.2 The RNA is distributed

throughout the cell and is thought to be the messenger which translates
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the information contained in the DNA into instructions for protein
production.

Many body cells have only a limited life span. In order that their
functions be carried on, cells divide at a certain stage in their life
(mitosis). The daughter cell then takes over the functions of the parent
cell. As a cell divides, there appear in the nucleus threadlike structures
called chromosomes. The chromosome number is fixed for a given species (23
pairs in human cells). Arranged linearly along the chromosomes are the
genes which determine hereditary characteristics. Prior to cell division,
the number of chromosomes is temporarily doubled. When a cell divides, the
daughter cell receives a duplicate set of chromosomes from the parent as
well as identical genes. If the process is normal, no alterations or
changes occur. However, any changes which do occur in the chromosomes
and/or genes are called mutations. These changes or mutations can then
affect either the daughter cell or future cells.

The development of an organ then proceeds from mitosis, the term
used to designate cell division. In a bisexual species, the union of two
cells (gametes) - one from the male and the other from the female -
produces an original cell from which the species will be reproduced.

This cell then undergoes a number of divisions which increase its
number. In the embryonic state, all the cells look alike. However, changes
in the structure of the cells begin to take place. The changes enable the
cells to perform specialized functions. This process of change is referred
to as differentiation. The result of this process is the development of
differential cell types or lines. One of these lines is the germ line, the
rest are called somatic. The germ line gives rise to either male or female
gametes. The somatic lines develop into the tissues of the individual.

Since only the gametes can be transmitted to future generations of
the species, damage to somatic cells is limited to the individual. Damage
to the offspring of an individual may occur when there is damage to the
cells of the germ line.

A great many agents can cause injuries to the cells. When such

injury occurs, the effects are the same regardless of the agent which
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caused the damage. Ionizing radiation produces damage to cells, but in a
mostly nonspecific way; that is, other physical and chemical substances
cause the same effects because the body responds the same to certain cell
damage regardless of the cause.

Radiation passing through 1living cells will directly ionize or
excite atoms and molecules in the cell structure. These changes affect the
forces which bind the atoms together into molecules. If the molecule
breaks up (dissociates), some of the parts will be charged. These
fragments are called free radicals and 1ions, and are not chemically
stable. Free radicals are electrically neutral structures with one
unpaired electron.> Because the cell has a higher water content, the
most important free radicals are those formed from water molecules. For

example, an excited HyO% molecule may dissociate into
HyO*-H® + OH®,

in which the hydrogen radical H° has an unpaired e  and the OH®° radical
will have nine e”, one of which will be unpaired. The free radicals are
very reactive chemically, and when combining can produce hydrogen peroxide
(H202), which is a chemical poison, and the HO°2radical which is more
damaging than peroxide. Further effects are produced when the
radicals and ions interact with other cell material. In this way, damage

is caused in a direct and indirect manner.2

The role that each type of
action plays in the total damage to the cell is still an unsolved problem.
O0f the damage which is done, the effects are greatest in the nucleus of
the cell, but injury to the cytoplasm can also cause serious effects in
the cell.

The total effect on cell processes is a function of the dose of
radiation. The cell processes will be affected in varying degrees up to
the ultimate result-cell death. Some damage to the cell may be repaired.
This can be accomplished by action of the cell itself, or by replacement
of badly injured cells in a given tissue through mitosis of healthy cells.

On the other hand, if the extent of the damage to an organ is quite large,
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the organ may not be able to repair itself. That is, damaged cells may
show confused growth but eventually be unable to divide. Or the cells may
begin to exhibit uncontrolled growth. Although many factors are important
in assessing the total damage, it seems likely that most cell functions

and structures are somewhat impaired by radiation.

B. Radiosensitivity

Since the cells which make up the tissues of the body differ both in
appearance and function, one might suspect that their response to
radiation would also differ. Such is the case, and this property is known
as the radiosensitivity of the cell. The first statement about this
property was given by Bergonié and Tribondeau. They found that the
radiosensitivity of a tissue is directly proportional to the reproductive
capacity and varies inversely with the degree of differentiation. Since
then, other factors have been found which affect the radiosensitivity.
Among these are the metabolic state of the cell, the state of cell
division, and the state of mnourishment. It turns out that to produce a
given effect, the necessary radiation dose varies inversely as the
relative sensitivity of the given tissue.

Thus, cells which are most active in reproducing themselves, cells
which have a high metabolic rate (rate of chemical changes) in the cell,
and those cells which are more nourished than others are more sensitive to

radiation.4

Also, there is evidence that cells are more susceptible to
radiation at certain stages of division than at others. Moreover, cells
not fully mature will also be more harmed by radiation than mature cells.
In the body, bone marrow, lymphoid tissues, and the reproductive organs
rank among the most radiosensitive. Muscle and bone cells are the least

radiosensitive.

C. Radiation Damage

As has been pointed out, damage to somatic cells is limited to the

individual whereas damage to germ cells may result in damage to the
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offspring of an individual. One may broadly classify biological effects in
man as somatic or hereditary. Somatic effects include any and all tyﬁes of
damage which affect only the individual; hereditary effects are those
which can be transmitted to a future generationl’s. Thus, damage to the
genes of a somatic cell may produce damage to a daughter cell, but this
would be a somatic effect, not hereditary. The term genetic damage refers
to effects caused by chromosome and/or gene mutations. This may lead to
hereditary effects only when the damage affects the germ line since only

then can these effects be transmitted to a future generation.

D. Factors Influencing Radiation Effects

The radiation effects in man and animals are usually discussed in
terms of total body and partial body irradiation, and with reference to
damage to an organ. Because of the importance of some organs in the body,
certain damage to these can induce effects in other organs. A number of

physical factors are important in the determination of radiation effects:

1) sensitivity of the individual-for a select group, the effects
may differ greatly from those in a heterogeneous group;

2) nature or type of radiation-some types of radiation are more
effective in producing damage;

3) the absorbed dose-this is a function of the energy absorbed per
gram of tissue;

4) time distribution or fractionation-a lethal dose given in a
short time may not be lethal if protracted over a long time,

5) dose distribution-is the total body involved or only a specific
organ?

6) age at irradiation-response is altered during growth in some

systems.

The nature, severity and duration of biological effects depend upon
the above and other factors. The combination of factors makes the effects

on different organs differ for changes in the number of relevant

parameters.

A3
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1. Individual Sensitivity - Dose-Effect Curve

Because a number of factors enter into the response of
individuals to radiation, one might expect an effect to be seen in some at
a lower dose than others. This may be due to certain host factors in the
individuals, such as general health, previous exposure to other agents,
etc. Such a wvariation is seen, so that, if one studies the fraction of
individuals which exhibit a given effect as the dose is varied, a
dose-effect curve (Figure 5.1) is obtained. In the figure, for very low
doses, mno effects are seen. As dose is increased, the % affected increases
with increased dose. Above 50% affected, the rate of increase slows, and
larger doses are required to produce the effect in the remaining popula-
tion. In the study of radiation effects, the dose D at which 50% of the
population is affected is generally used as the reference dose. If the

effect is death, the symbol LDSO called the median lethal dose (lethal
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dose to 50% of the exposed), is used. Moreover, since the time for an
effect to show up may also vary, the symbol LD50/30 (lethal dose to 50%
of the exposed within 30 days of irradiation) may be used.

Getting back to the dose-effect curve, we note that at Dgg,
half of the exposed would show the particular biological effect. This
means that a single value of the dose cannot adequately describe the
probability for all individuals. That is, almost half of those exposed
show the effect for less than Dgy. On the other hand, half have not yet
shown the effect at Dggy. This type of statistical behavior is typical of
the response to radiation seen in mammals and implies a mnormal

distribution of sensitivity with respect to dose.2

2. Type of Radiation

As discussed in Section 4.B, the damage done by radiation
depends upon the type of radiation. Not all radiation types are equally
effective in producing biological damage. In radiobiology, the effective-
ness is determined by the relative biological effectiveness (RBE). This
quantity can be determined if one can establish the effect and control the

conditions of the exposure. For this case,

RBE — Dose of 200-250 kV x rays to produce the effect of interest
Dose of comparison radiation to produce the same effect

In radiation protection work, one cannot control the conditions of
exposure or concentrate on one effect. Thus, the quality factor, Q, an
assigned value, is used to denote that the degree of response is modified
for the type of radiation. Both the quality factor and the RBE are related
to the LET. In general, for high values of LET one finds high values of
RBE, and high LET radiation is more effective in producing damage then low
LET.

For 1low LET radiation (electrons), the ion density is low so
that recombination of ions and radicals is less likely. This allows ions
and radicals to diffuse through the medium easily to form other products.

This would increase the contribution of indirect effects. In addition, the
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the small electrons colliding with large DNA macromolecules tend to
produce only small bond breaks. This tends to lessen the effect of direct
action.

In the case of high LET radiation (protons and other heavy
recoils), the ion density is greater promoting more recombination and less
diffusion. This would work to reduce indirect action. The much larger
Protons colliding with DNA would tend to produce many large fragments, and
even damage the macromolecule beyond repair. This would enhance the effect
of direct action.

If one 1looks at cells exposed to both low LET and high LET
radiation, the survival curve will look something like Figure 5.2. In
curve A, a similar set of cells are irradiated by high LET particles. The
simple exponential implies that cells become inactivated following a hit.
That 1is, single events are important. In curve B, cells of both high and

low sensitivity are irradiated. The initial dropoff suggests the rapid
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inactivation of the high sensitivity cells. The latter straight portion
represents the removal of the low sensitivity cells. Curve C is typical of
most types of similar cells jirradiated by low LET radiation (6°Co).7
The initial shoulder portion implies that cells sustain non-lethal damage
at first, followed by more damage which inactivates the cell. :

Many models have been suggested to explain the shape of the
survival curves.8 The simplest model explains curve A by assuming an
exponential in which the slope of the line is a constant=1/D. This model
is compatible with the assumption of direct action (or single hits) being
the important reactions. Curve C 1is better explained by assuming a
multi-target, single hit model.7 In this view, a number, n, of targets
must all be hit at least once to kill the cell. This is consistent with
the shoulder portion of the curve G, which indicates more interactions are
necessary to inactivate cells. That is, sublethal damage is followed by

lethal damage.

Some qualitative results which apply to high LET radiation are:

1 a smaller dose is required to achieve a given degree of
effect,

2) the exponential survival curve implies 1little recovery
from sublethal damage,

3) fractionation of dose seems to have little effect, and

4) the degree of damage is not affected greatly by dose rate.
For low LET, the following apply:

1) there is some recovery of sublethal damage,

2) fractionation of dose results in less effect, and

3) a dose rate dependence is seen, the effects of low dose
rate are 1/3 to 1/6 those at high dose rate.

3. Absorbed Dose

The basic parameter, which can be associated with biological

damage, is the energy absorbed per unit mass. However, we have seen that
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the damage produced is also related to the type of radiation. But, in a
given system, the absorbed dose for a glven radiation type will acquire
added significance in a small tissue mass. Moreover, for a very large
energy deposition per unit mass, the absorbed dose will override the LET

considerations.

4. Time Distribution or Fractionation

If a dose of some value is delivered in a number of smaller
fractions, the effectiveness of the radiation is often reduced. This
sparing effect is attributed to repair of sublethal damage and replacement
of cells suffering lethal damage. For low LET damage, it is assumed that
sublethal damage occurs before cell inactivation results. Since successive
low LET doses, separated in time, are less effective than their sum
delivered in a single, short dose, sublethal damage is somewhat
repairable.7 When irradiation is given over many doses, repair occurs
after each dose. 1In addition to repair, cell replacement is also able to
offset cell death. Although little is known about the dose rate at which
cell replacement counterbalances cell death, it is known that this effect

acts to mitigate the effect of cell killing.

5. Dose Distribution

When the whole body is irradiated, the total effect is more
severe for a given dose than if that dose were given to a specific organ.
This indicates that when the tissue volume is reduced, the severity of the
response 1is also reduced. The magnitude of this sparing effect has not

been adequately measured.

6. Age At Trradiation

In addition to the fact that effects are more pronounced in the

4

young, there 1is also an increased sensitivity in the unborn.™ Certain

organs, such as bone and cartilage, show a definite response during growth
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but are relatively radioresistant when mature.’ Whereas, for the ovary,
sensitivity for sterility decreases with age. Damage to the germ cells is
of concern only during the period of child bearing. Some effects are ir-
relevant when the life expectancy of the individual is much less than the

latent period required for the effect to show up.

E. Early Somatic Effects - Acute Radiation Syndrome

The somatic effects which are observed can be loosely divided into
early and late effects. Although quite an arbitrary grouping, early
effects are classed as those which appear within a few weeks after the
exposure. The range of these effects as well as their duration depend upon
the dose. For very high whole body doses, there are three basic forms of
early or acute damage. In the range above about 20 Gy (2000 rad), the dose
is fatal within a day or two.? The same symptoms appear when the head
suffers severe irradiation, which points to a breakdown of the central
nervous system. This type of acute radiation syndrome is thus referred to
as central nervous system death (CNS death).

For the range 5-20 Gy (500-2000 rad), symptoms may appear within
hours. Death often occurs within a week or so. In this mode, the damage to
the 1lining of the intestinal tract is the most severe. This form is called
gastrointestinal tract death (GI death). At the lower end of this dose
range, it is possible for one to survive this mode of death only to fall
vietim to the effects which prevail at lower doses.

At doses < 5 Gy (500 rad), the most important effect is damage to
the blood forming organs. Since these centers are located in the bone
marrow, this mode of death is often called bone-marrow death. The first
signs may appear within a few days, depending upon the dose, and the total
effect may not develop for a few weeks. Severe changes occur when the dose
is > 2 Gy (200 rad). In the range above 3 Gy (300 rad), the damage is
severe enough so that death becomes more and more probable.

In the preceding sections, the results are based on x and vy ray

data. As such, the conversion to rem for other types of radiation is not

justified in this instance.
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The main clinical effects which follow acute exposure to total body
doses of ionizing radiation are nausea, vomiting, loss of appetite and
fatigue for doses > 1 Gy (100 rad) or 30.3 As indicated above, the time
of onset, the severity and the duration of the effects depend on the dose
and the exposed organs. A summary of clinical effects for acute doses 1is
given in Table 5.1 and may be used as a rough guide. Note the virtual
absence of any symptoms in the dose range below 1 Sv (100 rem). Some
people would be expected to have mild symptoms in the range 0.5-1 Sv (50-
100 rem), because of differences among individuals. Below 0.5 Sv (50 rem),
however, no symptoms at all are expected. In fact, special techniques are
needed to detect doses this low.%

Death occurs in a larger fraction of cases as the dose increases. If
the dose becomes large enough, all cases of exposure result in death. In
the range where survival is possible, the concept of the median lethal
dose (LD59) is wused. For man, the best estimate places the LD5y in the
range of 3 to 5 Gy (300-500 rad). Of course, in this range all would have
severe symptoms. Note that this dose refers to short-term total body

radiation.

F. Late Somatic Effects

The problem in the study of late effects resulting from exposure to
radiation is that the elapsed time may be rather long, thus making it hard
to relate the cause to the effect. Since the late effects may be caused by
many other agents besides radiation, there can be no positive assignment
of the cause in most cases. At best, it can be shown that radiation

increases the incidence of these nonspecific injuries.

The main late effects are discussed in the following.

1. Cancers

In its 1980 report,6

the Committee on the Biological Effects
of TIonizing Radiation (BEIR) indicated that cancer was considered to be

the most important somatic effect of low-dose ionizing radiation. Cancer
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may be induced by radiation in nearly all human tissue. The main sites of
solid tumors are the breast in women, thyroid, lung and some digestive
organs. These tumors have long latent periods (approximately 10 to > 30
years) and occur in larger numbers than 1eukemia.6 Leukemia (abnormal
increase in white blood cells) has a much shorter latent period. The
incidence peaks within a few years of exposure and returns to normal

levels after about 25 years.lo

Reference 6 contains an extensive
discussion on radiation induced cancers and presents data on the incidence
in specific organs. The 1crplO has estimated that the fraction of all
cancers, for both sexes and all ages, is 1.25x10°2 Sv71

(1.25%107* rem™1),
2. Tissue Effects

Among the more prominent late effects in tissues are cata-
racts (see 5.I1.7) and sterility (see 5.I.4). Radiation-induced cataracts
are slowly progressive over a period of time, but may stop or even
regress.1 Sterility is a 1late effect which may be either permanent or

temporary. In some cases, fertility will return in a few years.6
3. Life-span

Information on life-shortening effects in man is still inade-
quate. The effects of long-term, low-level irradiation on longevity cannot
be predicted. With the exception of tumor induction, there is no evidence

of life shortening.s’10

4, Growth and Development

Effects on the embryo depend upon the dose as well as the age
of the embryo. The younger the embryo, the more it is affected.t Here,
as in the case of other late effects, the results of damage are the same
as those caused by other agents. The effects on the fetus are so much more
important since minor damage may be amplified during growth into a major

anomaly. Relatively high doses can cause death, malformation, growth
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retardation and impairment of function.6 Susceptibility to certain
cancers appears to be higher during prenatal and childhood periods.6'lo

The incomplete status of these problems at the present time
reflects the lack of needed information. Such data are very hard to
obtain, and require careful work and analysis. In each case of late
effects, extensive data are needed before any real firm conclusions may be
drawn. As the dose rate is reduced, one approaches background levels and

any effects produced by the applied dose rates may be masked by effects

produced by other agents or background radiation.

G. Hereditary Effects

The study of hereditary effects attempts to discover the traits
which can be transmitted from generation to generation in a given species.
The genes are the determinants of the inherited traits. Any change or
mutation of a gene, which 1is wusually quite stable, can result in an
altered trait. Such changes can be produced by radiation, as well as other
agents. The study of radiation-induced mutations is thus hampered by the
fact that other substances also act to produce the same effects. Since the
change is mnot unique, radiation only serves to increase the frequency of
the effect. Increases in the rate are small even for high doses. Thus, the
study requires the use of large numbers of subjects studied over many
generations. In the case of man, the study is very difficult, since large
numbers are seldom available and the time between generations is so long.
To date, there has been no demonstration of radiation induced mutations in
man. 10

For this reason, much of the present knowledge is based on work with
animals.6 At all doses and dose rates used up to the present, radiation
is known to induce mutations in all species studied. Because of this, any
increase of radiation to humans should bring about an increase in the
mutation rate. Sometimes the application of animal data to man can result
in error. However, in this case, the effects on some other species are
similar enough to those in man.

Studies have shown that some hereditary effects in man are caused by

chromosome damage.l Up to the present time, the lack of knowledge about
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the harmful traits has made estimates of the magnitude of these effects
uncertain. When more diseases and effects can be related to certain types

of mutations, then better estimates can be made.

e

Genes may be dominant or recessive. When genes differ; the trait
which results may be determined by either gene, or some intermediate trait
may occur. If the trait is determinéa/by one or the other of the genes,
this gene is then a dominant gene. The other is a recessive gene.
Mutations in dominant genes give rise to damage in the offspring of the
first generation. Damage to offspring caused by recessive genes occurs
only if the same altered gene is received from each parent. Unless these
changes occur frequently, recessive damage won’t show up for many
generations.

It is estimated that already about 10% of human liveborn offspring
suffer from serious disorders of genetic origin. In evaluating radiation
induced genetic effects in humans, mouse data must be used.® The
estimates of the increased serious genetic disorders in humans due to
radiation exposure are small relative to the mnatural incidence cited
above. That is, the ICRP10 has estimated that the fraction of effects to
be expected, in the first two generations, can be taken as about 4x
1073 Sv™l (4x1075 rem’1).

H. Stochastic and Nonstochastic Effects-Risk

For some of the effects that have been mentioned, the relative
damage or severity of the effect increases with increased dose. Higher
doses produce a greater degree of that type of damage. On the other hand,
for some effects, increasing the dose increases the chance, or probability
of the effect occurring. The terms "nonstochastic® and "stochastic"
effects have been employed by the 16rP1O o distinguish between these.
Nonstochastic effects are those in which the severity of the effect varies
with the dose. For these types of effects, a threshold dose may exist.
That 1is, if the dose is kept below the threshold dose, the effect will not
be observed. Nonstochastic effects are considered to result from the

collective injury of a substantial number of cells in the tissue.’
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Examples of such effects are cataracts, skin wulcerations or burns,
depletion of blood-forming cells in bone marrow, and impairment of
fertility.

Stochastic effects are those in which the probability of the effect
occurring increases with dose, without threshold. Any dose, therefore, has
a certain probability, however low, of causing the effect. Stochastic
effects may result from injury to a single cell or a small number of
cells.8 Carcinogenic (cancer) and heritable effects are examples of
stochastic effects. In these, once the effect is induced, the severity is
already determined by the nature of the effect.

From a protection standpoint, preventing nonstochastic effects may
be achieved if the dose limit is set low enough so that the threshold dose
is not exceeded. In this case, the risk of producing nonstochastic effects
could be reduced to zero. The ICRP has recommended dose limits intended to
prevent detrimental nonstochastic effects.lo However, since stochastic
effects have some chance of occurring no matter how low the dose, the ICRP
1imits intend to limit the probability of stochastic effects occurring to
an acceptable level. That is, any exposure to radiation involves a risk,
and no risk should be undertaken without the expectation of a net
benefit.10 Since the setting of 1limits involves judgments that cannot
wholly be based on scientific knowledge, the concept "acceptable risk" has
evolved. The basis for an acceptable level of risk in radiation woxrk is
comparison to the risks in other occupations considered to have high
safety standards.10 The average annual mortality in these occupations is
10"4. The risk factor of 107¢* represents 1 chance in 10,000
that an accidental death due to occupational hazards will occur during the
year. The risk factors used by the ICRP are the estimated probability of
occurrence of stochastic effects per unit dose, that is, the sum of the
risk  factor for all radiation induced cancers (1.25%1072 sSv'1)
and the average risk factor for hereditary effects  (4x1073
Sv™1l). The average annual dose equivalent in cases of occupational
exposure is about 5 mSv (.5 rem). 10 So, the average annual risk would
be (1.65 P-4 1072 Sv™1) (51073 Sv) = 8.25x1078,

approximately 1x1074 or comparable to other safe industries.
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For more discussions on risk and risk factors, for both radiation
workers as well as risks in everyday living, one may consult References 11
and 12, respectively.

The ICRP makes a further point in their recommendations. They
recommend that all necessary exposures be kept as low as reasonably
achievable, taking into account economic and social factors. 0 This part
of the recommendations is referred to as optimization. That is, achieving
the optimum net benefit such that the increased protection cost to reduce

exposures is balanced by the reduction in the expected harm (detriment).

I. Biological Responses of Specific Organs

With respect to specific damage in various organs of the body, some
effects may be stochastic or nonstochastic. For the stochastic effects,
the risk factors from Reference 10 will be given. For nonstochastic
effects, the threshold doses from Reference 7 are quoted. The sensitivity
of the method for detecting damage is an important factor. For this
reason, the threshold dose is defined as the amount of radiation required
to cause a particular effect in at least 1-5% of those exposed.7 With
the exception of tissues such as skin, which respond for short-term
irradiation, data is lacking for reactions to long-term protracted
exposures in all organs. Knowledge of the radiosensitivity of different
tissues regarding nonstochastic effects is based mainly on therapy
experience. The thresholds are based on therapy irradiation conditions:
typically, 20-35 exposures to x or Y rays over a 4-7 week period, not
occupational exposure conditions. The following summary points out some of
the specific aspects of biological response in specific tissues and organs

of the body:

1. Blood and Bone Marrow

The blood is composed of three major types of cells, namely,
the erythrocytes (red cells), the leukocytes (white cells), and platelets,
suspended in a fluid called plasma. The red cells supply other body cells
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with food and oxygen, and remove waste products. White cells help to
combat infections, and the platelets aid in blood-clotting action. Plasma
is a wviscid 1liquid which contains water, proteins, salts, and free ions.
Blood contains about 45% red cells, approximately 1% white cells and
platelets, and 54% plasma.

Bone centers are filled with marrow, either red or yellow. Red
marrow 1s found in the skull, breastbone, ribs, pelvis, and spine of
adults. The red marrow provides the blood-forming function. Yellow marrow
provides fat storage.

White cells are the first to be affected by radiation. Although
there are subtypes of white cells which differ in their sensitivity, the
net effect of irradiation is to reduce the number of white cells. This
lack of white cells is known as leukopenia. For acute whole body doses > 1
Gy (100 rad), the maximum drop in the leukocytes is seen within 2-5 weeks.
The platelets drop in number somewhat more slowly. A few weeks later, a
loss of red cells (anemia) occurs.

The loss of white cells affects resistance to infection. The
drop in the platelet number affects clotting action, so that open wounds
may mnot heal. Anemia causes a general weakness in the individual. Recovery
will take place if the damage to the bone marrow is mnot too great. The
marrow will regenerate and produce new blood cells to replace the cells
which were lost. When the damage to the red marrow is too great, the
effects are 1likely to be permanent. The LD50/60 is not known precisely,
but is estimated to lie in the range 2.5-5 Gy (250-500 rad).

For fractionated or protracted doses, the effects are not as
severe due mainly to replacement and some repair. Although dose rate
influence on damage is not well known for humans, it is believed that the
blood forming system can withstand 3-10 Gy (300-1000 rad) if protracted
over several months. The threshold dose for nonstochastic effects is 2 Gy
(200 rad).

With respect to leukemia, the red bone marrow is believed to be
the main tissue involved. The risk factor is taken as 2x10°3

Sv'l (2x1075 rem™1).
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2. Lymphatic System

The 1lymphatic system is a network of small tubes which permeate
the body tissues. A fluid called lymph, somewhat like plasma but with less
proteins, drains from tissues into the lymphatic system. The lymph picks
up waste products from the tissues. Along the course of a lymph vessel are
oval-shaped glands (lymph nodes) which filter out foreign substances from
the lymph. Thus purified, the lymph is passed back into the blood stream.

The spleen contains the largest mass of lymphatic tissue in the
body. The spleen filters dead blood cells from the blood and is a source
of white blood cells. Also, the spleen stores red blood cells.

The 1lymph nodes show the first signs of hemorrhaging and infec-
tion after acute irradiation. The spleen may exhibit weight loss and
damage to lymphocytes (a subtype of white blood cells). A complication in

the function of lymphoid tissues is a drop off in the body’s immune

response to infection.

3. Digestive Tract (GI Tract)

The digestive tract, or alimentary canal, consists of the
mouth, pharynx, esophagus, stomach, and the small and large intestines.
This system is often called the GI tract. In an adult man, the canal may
be as much as 9 m in length. The cells which line the walls of the
intestines secrete substances which act on food to make absorption into
the blood stream possible. The stomach is the reservoir in which the major
chemical phases of digestion occur. The radiosenstivities of the many
sections of the canal vary greatly. The small intestine is quite radio-
sensitive, whereas the stomach and esophagus are much less radiosensitive.

The symptoms of damage to the canal are nausea and vomiting.
The initial effects are impaired secretion and discontinued cell
production. When cell breakdown occurs, the dead cells are released from
the walls of the tract. This debris clutters up the intestine. The
exposure of tissues wunder the surface layer may lead to ulcers. The

threshold dose for wulceration is estimated as 45 Gy (4500 rad). In fatal



5-21

cases, infection, failure of food absorption, and dehydration from
diarrhea are the causes. As indicated earlier, the LDgy for acute whole

body exposures is in the range 5-20 Gy (500-2000 rad).

4, Reproductive Organs

Since the reproductive organs are the source of germ cells,
damage to these cells can result both in somatic and hereditary effects.
For the present, our concern is only with the somatic effects. The
response of germ cells to radiation differs slightly in the male and
female. These cells are highly radiosensitive, while other cells of the
reproductive system are relatively radioresistant. Radiation can produce
sterility in both sexes, but the degree depends upon the dose delivered.
In man, partial sterility can be induced at doses as low as 0.15 Gy (15
rad). Based on dog experiments, it is inferred that the human testes can
tolerate 1 mGy d'1 (0.1 rad/d) for an indefinite period of time without
fertility impairment. It requires a larger dose to produce permanent
sterility in the male than in the female. Acute exposure of the ovaries to
0.65-1.5 Gy (65-150 rad) may cause prompt impairment of fertility and
acute doses > 3 Gy (300 rad) will cause permanent sterility. Threshold
doses for testes of 5-15 Gy (500-1500 rad), and for ovaries of 2-3 Gy
(200-300) have been estimated.

Germ cells which survive damage can transmit any genetic
changes caused by the radiation. For this reason, the total effect of
radiation on the gonads may not be seen for several generations. The
estimated risk factor for the first two generations is 4x1073 sv-1
(4x1075 rem™1).

5. Nervous System

The nervous system, composed of the brain, spinal cord, and the
peripheral nerves, acts to coordinate body activity. The spinal cord and
peripheral nerves are highly radioresistant, but the brain is more

sensitive than often supposed. Lesions and functional impairment have been
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observed for brain doses above 10 Gy (1000 rad) in adults. In children,
doses from 1-6 Gy (100-600 rad) have produced detectable physical and
functional changes.8 Necrosis of the brain has an estimated threshold
dose of 50 Gy (5000 rad), the damage occurring directly or through lack of
blood supply due to blood vessel damage. Inflamation of the spinal cord
producing numbness, tingling, weakness or paralysis can be caused by
radiation damage depending on dose, irradiated tissue volume and nerve
location. The estimated threshold dose is 50 Gy (5000 rad). Peripheral
nerves have been damaged at doses > 60 Gy (6000 rad) during conventional

radiotherapy.

6. Thyroid Gland

The thyroid, a gland located at the base of the throat,
secretes a hormone known as thyroxine, which helps to control basal
metabolism. The action of the thyroid seems to be closely connected with
the functions of the pituitary and adrenal glands. Thyroxine contains
about 65 percent iodine, and is essential for growth and development.
Damage to the thyroid, or to the other two glands, have marked effects in
the body.

The thyroid is vradioresistant from the standpoint of external
radiation. It can be severely damaged if radioiodine is inhaled, since
iodine will concentrate in the thyroid. Damage causes a decrease in
production of thyroxine (hypothyroidism) which produces a lower metabolism
rate. Muscle tissue may then fail to absorb enough oxygen and health can
be badly impaired. The threshold dose is estimated to be 45 Gy (4500 rad).

The sensitivity of the thyroid to cancer induction appears to
be higher than that for leukemia induction. However, the tumors are slowly
progressive so that treatment is generally successful. So, the mortality
(death rate) for thyroid cancers is much lower than that for leukemia. The
mortality risk factor is taken as 5%107¢ Sv'1! (5%10°68

rem 1l).
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7. Eyes

The lens of the eye is highly susceptible to irreversible
damage by radiation. The lens cells of the eye are not replaced by
regrowth. The retina is much less sensitive than the lens.

When the cells of the lens become damaged, the cells lose their
transparency. The opacities which may occur will appear after a latent
period. The term cataract is applied to these lens opacities. The
formation of cataracts is generally a late somatic effect. Acute effects
in other eye structures occur only after high doses. At high doses,
cataracts may develop within months, while at low doses, the latent period
may be years.

In the early stages of development, radiation induced cataract
may be distinguished from that due to other causes.l’7 The initial
opacity appears as almost a dot mnear the center of the lens, whereas
spontaneous cataracts tend to begin at the periphery of the lens. The
central opacity grows larger, developing a clear center, so that it
resembles a doughnut. As it continues to progress it becomes similar in
appearance to other types of cataracts, and therefore can no longer be
distinguished. It is possible for the lesion to grow for a time and then
remain stationary. The lowest dose observed to cause a progressive
cataract in radiotherapy patients was 5 Gy (500 rads). For the case of
occupational exposure, extrapolation suggests that > 8 Gy (800 rads) of
low LET radiation would be necessary to produce a vision impairing
opacity.

For high energy neutrons (7.5 MeV) in fractionated doses, the
threshold for wvisual impairment appeared to be 3-5 Gy (300-500 rad). On
this basis, the ICRP has recommended that no change is required for the
neutron quality factor relative to cataract formation. In relation to the
lens, other parts of the eye are radioresistant. In terms of the threshold

dose, the estimate is 5 Gy (500 rad) with respect to cataract production.
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The lungs are cone-shaped organs made up of very small air sacs
called alveoli. When a person breathes, the air is directed down the
trachea (wind pipe). From there, two large tubes (bronchi) direct the air
toward each 1lung section. Many small tubes (bronchioles) branch out from
the bronchi to connect with the alveoli in the lungs.

During breathing, each air sac is expanded and compressed by
lung muscles, and is thus filled and emptied. Air passes through the walls
of the alveoli into tiny blood vessels (capillaries).

The effects produced in the lung by radiation are the result of
damage to the air sacs. The lungs are not normally affected by external
radiation. As in the case of the thyroid, the greater hazard occurs from
internal radiation from inhaled dust and vapors. However, when a major
portion of the 1lungs are irradiated at high dose, a fatal pneumonia may
result. The IDgy in man for acute exposure is about 8-10 Gy (800-1000
rad) for gamma rays. The damage which occurs is to the alveoli and the
lung blood vessels. The tissues of the wupper respiratory tract are
relatively less vradiosensitive. The threshold dose for mnonstochastic
damage in the lung is 40 Gy (4000 rad).

Cancexr of the lung has been observed in miners exposed to high
radon concentrations. There is also evidence that external irradiation can
induce 1lung cancer in man. The risk factor for lung cancer is 2x10°3

Sv'l (2x107% rem™1).

9. Liver and Gall Bladder

The 1liver is radioresistant as compared with other organs. The
liver, the 1largest gland in the body, secretes bile for digestion. The
gall bladder stores and concentrates the bile secreted by the liver. When
bile is needed, it passes from the gall bladder to the intestine.

External radiation is mnot too effective in causing damage to
these organs. Most damage is caused by internal exposure from radionu-

clides which concentrate in the liver., Impairment of liver function occurs
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for exposure of the entire 1liver to 30 Gy (3000 rad) of conventional
therapeutic irradiation. The damage 1is indicated by decreased liver
function and fluid accumulation (ascites). The threshold dose for

nonstochastic effects in liver is 35 Gy (3500 rad).

10. Kidneys

The kidneys help to control the concentration and content of
the blood by excreting water and waste products. The waste products pass
from the Lkidneys through small tubes (ureters) into the bladder (this
system is called the wurinary tract). Impairment of renal functions does
not add to mortality in the case of total body radiation. Damage to the
kidney is indicated by an increase in amino acids in the urine. These
effects occur mostly from internal radiation. The appearance of blood in
the wurine is an indication of severe renal damage. The dose to cause
injury in the system, is lowest for the kidneys, highest for the ureters.
The threshold dose for a fatal kidney infection (nephritis) is estimated
to be approximately 23 Gy (2300 rad) when delivered in fractionated doses.
The tolerance of the bladder is higher than that of the kidney, with a
threshold of 55-60 Gy (5500-6000 rad) when fractionated over 4 weeks.

11. (Circulatory System

The heart and blood vessel system are damaged seriously only
for very high doses of radiation. The heart is not highly radiosensitive,
but can be damaged by doses in the range 40-60 Gy (4000-6000 rad). The
threshold for inducing inflammation of the lining surrounding the heart
(pericarditis) is 40 Gy (4000 rad). Blood vessels show damage after 40-60
Gy (4000-6000 rad). In many cases, vascular damage in advance of tissue

effects suggests that this is an important factor in tissue injury.

12. Skin

The degree of skin damage varies with the dose and the species




5-26

of animal. Skin is easily damaged but has a tremendous capacity for
repair. Various structures of the skin show quite different sensitivities.
The damage seems to be greater for less penetrating radiations.

Slight damage to the skin may result in an erythema (redden-
ing). With increasing dose, loss of hair (epilation), dry, scaly skin and
death of tissue in the epidermis (outermost skin layer) may occur. For
increased damage, ulceration may result. The threshold dose for skin
ulceration is estimated to be 55 Gy (5500 rad).

Skin cancer is a late effect of chronic irradiation at very
high dose rates. However, skin is less likely to develop fatal cancer. 10
The ICRP feels that the nonstochastic 1limit for skin will prevent the

occurrence of skin cancer.

13. Hair

Irradiation can lead to temporary baldness (epilation). This
condition may last for a few weeks. The hair begins to return, but the new
hair may have different characteristics, such as a new color.

With respect to hair follicles, an acute dose of low LET of 3-5
Gy  (300-500 rad) can cause temporary epilation. The threshold for

permanent epilation for acute exposure is about 7 Gy (700 rad).

14. Bones

Bone 1is composed of 1living cells which are distributed in a
matrix of fibers and bone salts. Although the marrow of the bone is very
radiosensitive, the bone cells, fibers, and salts are relatively radio-
resistant.

When  radionuclides, such as strontium or plutonium, are
internally deposited in the bone marrow or bone tissue, then great damage
can be done. These effects again are late effects since the damage may
take years to show up.

In children, the developing bone cells and cartilage show a

greater response. For doses as low as 1 Gy (100 rad), some retardation of
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growth may be seen. Mature bone in adults can withstand fractionated doses
of 65 Gy (6500 rad) in a 6-8 week period.

In adults, the developing bone cells lining the bone cavity are
the radiosensitive cells at risk with respect to cancer. The risk factor

is taken as 5x107¢ Sv™1 (5x107% rem).
15. Muscle

Mature muscle 1is relatively radioresistant, but in children
when muscle is growing, the radiation response is greater. Contraction and
delayed healing show up for doses of approximately 60 Gy (6000 rad)
fractionated. The threshold dose is estimated to be > 100 Gy (10,000 rad).

16. Breast
The breast in females is one of the more radiosensitive organs

with respect to cancer induction.6’10 The latent period seems to be

related strongly to age at exposure. An estimate of the latent period is 5

years for women 25 years or older.®. The risk factor is taken as
2.5%x1073 Sv™2 (2.5x1075 rem 1),
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UESTTONS

5.1 What is the basic unit of structure in the body?

5.2 What are main component elements of the basic unit of structure in
the body?

5.3 What are the two principal parts of a cell? What does each part do?
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What tiny parts in the nucleus of a cell determine the hereditary
traits of a daughter cell? To what are they attached?
What term is given to changes in the chromosomes or genes of cell?

Correlate the items in list A. with those in list B.

List A List B
a. cell division differentiation, gametes,
b. bisexual cells somatic cells, hereditary
c. process of cell change cells, mitosis
d. cell damage limited to
the individual
e. germ line

Name two changes to atoms or molecules that will occur when radia-
tion passes through living cells.

What terms are given to the fragments of molecules that result from
radiation?

In what part of a cell is radiation damage most likely to be
serious?

What term indicates that dose of radiation below which no effects
are observed?

What term is wused to 1indicate the different response of cells to
radiation?

List some of the factors affecting or determining the radiosensi-
tivity of cells.

Compare genetic damage with somatic damage to cells.

Define the term "median lethal dose" and indicate its symbol. What
level of dose does this term represent in man?

Explain the term RBE.
How is LET of the radiation related to the biological damage?
What are survival curves?

List some of the qualitative results that apply to high LET and low
LET radiation.

Under what conditions is sublethal damage of a cell repairable?
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Explain the terms
a) CNS death
b) GI death
c) Bone-marrow death

List the late somatic effects.

Explain a) stochastic effects
b) nonstochastic effects

What is the basis for an acceptable level of risk?

List the three types of blood cells and the fluid that transports
them through the body. Indicate the principal function of each.

Indicate the effects that occur upon loss of
a) white cells,

b) platelets and

c) red cells

Indicate three functions of the spleen.

Which part of the digestive tract is highly radiosensitive?

What 1s the result of a high radiation dose to the reproductive
organs?

Which organ of the nervous system is the most radiosensitive?

What radionuclide presents the greatest internal hazard to the
thyroid gland?

What hazard do neutrons and x ray present to the eye?
From what does the greater radiation hazard to the lungs occur?
To what does the term "epilation" refer?

What organ of the body is easily damaged by radiation, but has a
tremendous capacity for repair?

Which part of the bone is the most radiosensitive?

Explain why the study of hereditary effects resulting from radiation
is difficult.
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PROBLEMS

The following table is adapted from the National Safety Council,
Accident Facts, 1979. Calculate the risk (the probability of death
per person/year) for each profession. How do these compare with
cancer risk due to radiation?

PROBABILITY OF ACCIDENTAL DEATH BY TYPE OF OCCUPATION

Number of Accidental
Occupation Deaths for 10,000 Workers
for 40 Years

a. Mining 252
b. Construction 228
c. Agriculture 216
d. Transportation and 116
Public Utilities

e. Government 44
Answers: a. 6.3x10"4/person-year

b. 5.7x10"%/person-year

c. 5.4x1074/person-year

d. 2.9x10" ¢ /person-year

e. 1.1x10 % /person-year

According to the "absolute-risk projection model" of the 1980 BEIR
Report, if 1,000,000 people, representative of the U.S. population,
receive a single exposure of 0.1 Gy due to low LET radiation, there
would be 766 eventual cancer deaths as a result of the radiation.
Calculate the risk estimator. How does this compare with the risk
factor suggested by ICRP?

Answer: 7.66x10°% cancer deaths/person-Gy
A town's population of 60,000 is exposed to radiation due to passage
of a radioactive cloud after an accident. The average gamma dose is

estimated to be 0.04Gy. What are the predicted cancer deaths

a) by BEIR model above, and
b) by ICRP risk factor?

Answer: a) ~ 18 b)~ 30



SECTION 6 - BACKGROUND RADIATION AND MAN-MADE CONTRIBUTIONS

Apart from the amount of radiation which a worker may receive while
he performs his work, he will also be exposed to radiation because of the
very nature of his environment. All individuals are subject to some
irradiation even though they may not work with radioactive substances.
This natural source of exposure is often referred to as "background
radiation."

Studies of the nature and origin of this source of exposure to man
have revealed three main components: cosmic radiation, terrestrial
radiation (which includes the radioactivities of the earth’s surface, of
air, of water), and, the naturally occurring radionuclides of the human
body. One might add that man-made sources influence the contribution from
some of these sources. Although the amount which each of these factors
contributes varies with the locale, each locale will have some background
levels.

The study of these factors throughout the world is of value for a
number of reasons. Foremost among these 1is that the use of such data
provides a basis or standard from which allowable exposure limits for
radiation workers may be developed. In areas where the levels are much
higher because of larger concentrations, knowledge may be gained about
human hereditary effects at these increased levels. Such data are also
needed in assessing the impact on, or contribution of a nuclear facility
to, the existing concentrations in a given area. In the design of
buildings and/or shielding for low level work, it is of value to know the
radioactive contents of the substances used. Often the levels inside a
building are higher than the outside of the building because this factor
has been neglected.

Because of these mneeds, much data about background levels in many
areas have been acquired. The rest of this section will be devoted to a
discussion of these background factors and the relative contribution of

man-made radiation.
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A. Cosmic Radiation

Much work has been carried out in the study of cosmic radiation.
This factor in background levels was discovered during attempts to reduce
background. Though detection devices showed a response even in the absence
of any known sources, it was assumed this background was due entirely to
traces of radioactive substances in the air and ground. Thus, if a detec-
tor were elevated to a greater height above the earth’s surface, the
background should be greatly reduced. The use of balloons carrying ion
chambers to great heights yielded data which showed the effect increased,
rather than decreased. These and other data showed that radiation was
really coming from outer space. The name "cosmic rays" was given to this
high energy, extraterrestrial radiation.

Further study has shown that cosmic radiation consists of two parts:
primary and secondary. The primary component may be further divided into
galactic, geomagnetically trapped radiation, and solar.

The galactic cosmic rays come from outside the solar system and are
composed mostly of positively charged particles. Studies have shown’?2
that outside the earth’s atmosphere, cosmic rays consist of 87% protons,
of 11% alpha particles, and about 1% each of other heavier nuclei and
electrons at latitudes above 55°. These particles may have energies in the
range of about 1 GeV to at least 100 EeV (102° eV).

As a charged particle approaches the earth, it is acted upon by the
earth’s magnetic field. In order to pass on through to the earth, the
particle must have a certain momentum. Otherwise, it may be trapped by the
earth’s magnetic field. This gives rise to the second type of primary
cosmic rays, the geomagnetically trapped radiation.

Solar cosmic rays are produced following severe solar flares on the
surface of the sun. These rays consist of protons. The events are classed
as high energy or low energy. The high energy events can be observed by
ground-level mneutron devices. The low energy events are more frequent but
must be detected at high altitude. Since these events produce radiation
throughout the solar system, they are of great importance in shielding

design for manned space missions.
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Secondary cosmic rays result from interactions which occur when the
primary rays reach the earth’s atmosphere. When the high energy particles
collide with atoms of the atmosphere, many products result: pions, muons,
electrons, photons, protons, and neutrons. These, in turn, produce other
secondaries as they collide with elements or decay on the way toward the
earth’s surface. Thus, a multiplication or shower occurs in which as many
as 108 secondaries may result from a single primary.

Most of the primary rays are absorbed in the upper 1/10 of the
atmosphere. At about 20 km and below, cosmic rays are almost wholly
secondary in nature. The total intensity of cosmic rays shows an increase
from the top of the atmosphere down to a height of about 20 km. Although
the primary intensity decreases, the total effect increases because of the
rapid rise in the number of the secondaries. Below 20 km, the total
intensity shows a decrease with height because of attenuation of the
secondaries without further increase in their number due to primaries. At
< 6 km of altitude, the highly penetrating muons, and the electrons they
produce, are the dominant components.2

At the earth's surface, the secondary cosmic rays consist of muons
mainly (hard component), electrons and photons (soft components), and
neutrons and protons (nucleonic component). At sea level, about 3/4 of the
cosmic ray intensity is due to the hard component.

Because of the earth’s magnetic field, cosmic ray intensity also
varies with latitude. The energy which is needed for a charged particle to
reach the earth’s atmosphere at the geomagnetic equator is larger than
that needed at other 1latitudes. The effect is greatest for latitudes
between 15 and 50°. Above 50°, the intensity remains almost constant.
Thus, the lowest value of the intensity occurs at the geomagnetic equator,
and the effect is expressed as the percentage increase at 55° over that at
the equator. At sea level, the effect is small for the lonizing component
(10%) but is larger for the neutron component.

The dose rate produced by this source of background may be divided
into two parts. The portion caused by the ionizing component is estimated

from ion chamber readings. The portion caused by the neutron component is
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hard to measure because the dose rate depends so much on the energy
spectrum of the neutrons. For the neutron dose estimates one must rely on
calculations.

At sea level and high latitudes, the ionization rate I, is about
2.1x10% ion pairs/m® s (2.1 ion pairs/ccs), giving a dose rate of
about 270 puGy per year (27 mrad) for soft tissue (based on 1 ion pair/
m® s = 4.17 pGy/s). Using the neutron calculations of 0’Brien3, the
sea level dose would be increased by about 5%. Taking into account the
dose variation with altitude, and the population distribution with
altitude, the average yearly dose equivalent rate to the U.S. population
from cosmic radiation is estimated to be 310 uSv (31 mrem).4 This
dose equivalent rate would be expected to decrease slightly with latitude
and increase with altitude. For example at Denver, the yearly dose would
be about 500 uSv (50 mrem). To allow for shielding from structures, a
10 percent reduction factor may be applied, given a final estimate of

approximately 280 uSv (28 mrem), see Table 6.1.

B. Radioactivity of the Earth

As was pointed out before, the presence of certain small amounts of
radioactivity in the soil adds to the background levels to which man is
exposed. The amount of radioactive materials found in soil and rocks
varies widely with the locale. The main contribution to the background is
the vy ray dose from radioactive elements of the uranium and thorium
series and from radioactive 4°K and 87Rb.

In certain areas of the world, such as Brazil, France, India, Niue
Island, and the United Arab Republic, much higher amounts of these sub-
stances have been found in soil and rock. In some of these areas, the
average yearly vy dose exceeds 10 mGy (1 rad).

The amount of exposure one is subjected to depends upon the concen-
tration in the soil and the type of soil. In the U.S., three broad areas
have been found. These are: the coastal region along the Atlantic Ocean
and the Gulf of Mexico, the Colorado Plateau region, and the remainder of

the country. The yearly whole body dose equivalent rates in these areas
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range from 150-350 uSv, 750-1400 uSv, and 350-750 upSv, respec-
tively. When absorbed dose rate measurements are weighted by population,
and averaged over the entire U.S., the yearly average is estimated as 400
uGy (40 mrad).5 If one applies a correction factor 0.8 for indoor
reduction of the outdoor rate, and 0.8 for a screening factor for bomne
marrow irradiation, the result is 260 uSv (26 mrem). This result

assumes Q=1.

C. Radioactivity of Air

The background which 1is found in air is due mainly to the presence
of radon and thoron gas, formed as daughter products of elements of the
uranium and thorium series. The decay of 238U proceeds to 22°Ra.
When 226Ra emits an o as it decays, the gas 222Rn is formed.
In the thorium chain, the decay of 22%Ra results in the gaseous
product 22%Rn, which is called thoron.

Since wuranium and thorium are present to some extent throughout the
crust of the earth, these products are being formed all the time. Since
they are gases, they tend to diffuse up through the earth’s surface to
become airborne. In turn, the decay products of these gases attach
themselves to dust in the air.

The amount of these gases in the air depends upon the uranium and
thorium content of a certain area. In any given area, the weather
conditions will greatly affect the concentrations of these gases. It is
also common to find that the levels indoors are higher than those
outdoors. This is a function of the material of the building and the
ventilation rate. In mines and other underground caverns, the concentra-
tions have been found to be quite high.

Some homes in Grand Junction and Durango, Colorado, have been found
to have high radon 1levels. This was traced to the use of uranium mill
tailings, residues rich in radium, as backfill.2 This discovery has led
to radon measurements in homes in other areas of the country. Some homes

in Pennsylvania are situated on land with naturally elevated radium




6-6

concentrations, giving rise to increased indoor radon levels. Rundo and

Toohey6

have made investigations of radon levels in homes in the Chicago
area. Their results indicated that 6% of the homes studied had radon
concentrations comparable to those found at Grand Junction. Because of the
studies showing these levels of radon, and the implications of the
potential population dose from this source, much more work on defining
this potential problem will be carried out.

The major source of exposure from radon in air occurs when the
daughter products attach themselves to aerosols and are inhaled. This
leads to an internal dose to the lungs (see 6.E). As for external
exposure, the external vy dose rate from 222Rn and 22%Rn is
estimated to be less than 5% of the total external terrestrial dose rate.

Among other radiocactive products which are found in air in
measurable amounts are 14C, 3H, 22Na, and "Be. These are
called cosmogenic radionuclides, since they are produced in the atmosphere
by cosmic rays. None of these products add a significant amount to the
background dose rate.

Estimates of the mean air concentrations of relevant atmospheric

radionuclides can be found in Reference 7.

D. Radioactivity of Water

Depending upon the type of water supply one is talking about, a
number of products may turn up. For example, sea water contains a large
amount of “%°K. On the other hand, many natural springs show amounts of
uranium, thorium, and radium. Almost all water should be expected to
contain certain amounts of radioactivity. Since rain water will pick up
radioactive substances from air, and ground water will pick up activity
present in rocks or soil, one would expect to find some radioactivity in
water throughout the world.

The chief source of dose rate from this background factor occurs as
the result of uptake of these waters by ingestion. This leads to an

internal exposure. Any estimate of the dose rate from this source is thus
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included in the estimate of the dose rate from radioactivity in the human
body. The transfer of radioactive substances to the body seems to be
mainly by food intake except in cases of very high water concentrations.
Information concerning the concentration of radionuclides in water can be

found in References 8 and 9.

E. Radioactivitz‘of the Human Body

Since small amounts of radioactive substances are found throughout
the world in soil and water, some of this activity is transferred to man
by way of the food chain cycle. A number of studies have been made to try
to find a correlation between the amounts in soil and that in man. Results
have not shown a clear-cut relationship as yet.

In the human body, 40K, 87RDb, 226R,, 238y,
210po, and 4C are the main radionuclides of concern. Of these,
40 is the most abundant substance in man. The amount in food varies
greatly, so that intake is quite dependent on diet. However, variations in

2 The content in the

diet seem to have little effect on the body content.
body organs of man varies widely. Based on an average content of 0.2% by
weight in soft tissue, 0.05% in bone, the yearly dose equivalent rate to
the gonads is estimated to be 190 pSv (19 mrem); 150 pSv (15 mrem)
to bone surfaces; and 150 pSv (15 mrem) to bone marrow. 27Rb
contributes only a few percent of these values.

Most of the 226Ra which is taken into the body will be found in
the skeleton. Much data has been gathered on the concentration in humans,
and the present assumed average skeletal concentration is taken as about
.29 Bq/kg (7.8 pCi/kg). The skeletal content of 223Ra is taken as .14
Bq/kg (3.8 pCi/kg). The yearly dose rate produced by these components is
estimated to be 5 puSv (.5 mrem) to the gonads, 146 uSv (14.6 mrem)
to bone surfaces and 22 uSv (2.2 mrem) to bone marrow.

Based upon an average concentration of 238U of 0.26 Bq/kg

(approximately 7 pCi/g) in bone, the estimated annual doses in man are
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48 uSv (4.8 mrem) to bone surfaces and 9 uSv (0.9 mrem) to the
marrow. From the estimated content in the gonads, the annual dose
equivalent is estimated to be about 10 pSv (1 mrem).

Similarly, the 21%Po chain contribution is taken as 2.22 Bq/kg
(60 pCi/kg), yielding annual dose equivalents of 240 uSv (24 mrem) to
bone surfaces and 49 uSv (4.9 mrem) to bone marrow. The soft tissue
concentration is taken as 0.111 Bq/kg (3 pCi/g), but is about twice that

in the gonads.2

This gives an annual gonad dose equivalent of 60 uSv
(6 mrem).

The average whole body content of carbon is taken as 23%. However,
14C is present in normal carbon only to a very small extent
(14C/12C ~10712), so that only a small amount of !4C is
present. The annual average dose equivalent turns out to be about 10
pSv (1 mrem) total body. In soft tissue, the annual dose is 7 uSv
(0.7 mrem). The annual dose to the bone surfaces is 8 uSv (0.8 mrem),
and to the bone marrow, 7 uSv (0.7 mrem).

Table 6.1 gives a summary of the present estimates for the dose
equivalent rates from all background sources. The data for this table was
adapted from NCRP 45 (Reference 2). The values in parentheses are
corrected values supplied by J. H. Harley (Reference 10) to account for
the increase of Q from 10 to 20 for o« particles and indoor exposure to

radon.

F. Fallout

The term "fallout" has been applied to debris which settles to the
earth as the result of a nuclear blast. This debris is radioactive and
thus a source of potential radiation exposure to man. Since fallout is a
man-made source of irradiation, it does not properly come under the title
of natural background. However, since fallout can alter the contribution

to other background sources, it will be treated in this section.
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Table 6.1

Summary of Average Annual Dose Equivalents in uSv*
from Natural Background Radiation in the U.S.

(Adapted from NCRP Report No. 45 - Natural Background Radiation in the
United States)

Bone Bronchial
Gonads Surfaces Epithelium
Cosmic Radiation 280 280 280
Cosmogenic Radiation 10 10 10
External Terrestrial 260 260 260
Inhaled Radionuclides 4500 (30000)
Radionuclides in the Body 270 (350) 60 (105) 240 (400)
Rounded Totals 800 (900) 120 (160) 5000 (30000)

*To obtain mrem, divide pSv by 10.

1. Production of Fallout

Because of the intense heat produced in a nuclear explosion
during a very short time, matter which is in the vicinity of the bomb is
quickly vaporized. This includes fission products formed in the fission
process, unused bomb fuel, the bomb casing and parts, and, in short, any
and all substances which happen to be around. These are caught in the
fireball which expands and rises very quickly. As the fireball cools and
condensation occurs, a mushroom shaped cloud is formed, containing small
solid particles of debris as well as small drops of water. The cloud
continues to rise to a height which is a function of the bomb yield and
the meteorological factors of the area. For yields in the megaton range (1
megaton equals an energy release equivalent to 10° tons of INT), the
cloud top may reach a height of 40 km.

The fallout which occurs may be described as local or world-

wide. The portion of debris which becomes local fallout varies from none
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(in the case of a high altitude air burst) to about half (in the case of a
contact surface burst). The height at which the bomb goes off is thus
quite important in the case of local fallout. If the fireball touches the
surface of the earth, it will carry aloft large amounts of surface matter.
Also, because of the suction effect created by the rapid rise of the
fireball, other matter may be taken up into the rising fireball. This
leads to the formation of larger particles in the cloud that tend to
settle out quickly. If the wind is not too great, the fallout pattern will
be roughly a circle about ground zero. Ground zero is the point on the
surface directly under, at, or above the burst.

Other bits of matter will fall out at various stages. The
distance from ground zero at which they strike the surface and the time it
takes depend upon the height from which they fall, their size, and the
wind patterns at all altitudes. This results in a cigar-shaped pattern
downwind of the burst point. Local fallout usually occurs within the first
24 h after the blast.

If the height of the burst is such that the fireball does not
touch the surface, the debris 1is carried aloft and dispersed into the
atmosphere. This matter then descends to earth at a later time and is
called world-wide fallout.

The residence time of this debris is a function of the bomb
yield. For yields in the kiloton range, the debris is not projected into
the stratosphere. It is 1limited to a region called the troposphere,
between about 9,000 to 17,000 m. In this region, there is quite a bit of
turbulence as well as precipitation. The debris is removed rather quickly
from about one day to one month.

If the burst is in the megaton range, the debris is carried
into the stratosphere. In this region little mixing will occur, and the
absence of rain or snow prevents this matter from being washed down. The
time that it takes for this debris to return to the troposphere and be
washed down varies. It is a function of both the height in the
stratosphere to which the debris is lifted and the locale at which the
burst occurs. It may take up to 5 years or more for this debris to return

to earth. On the other hand, for bursts in the northern hemisphere in
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which the debris is confined to only the lower part of the stratosphere,
the half-residence time is thought to be less than one year. The concept
half-residence time is the time for one-half of the debris to be removed
from the stratosphere.

In all, there are more than 200 fission products which result
from a nuclear blast. The half life of each of these products covers the
range from a fraction of a second to millions of years. Local fallout will
contain most of these products. Because of the time delay in the appear-
ance of world-wide fallout, only a few of these products are important
from that standpoint. Since local fallout is confined to a relatively
small area, its effect on the human population can be negated by proper
choice of test sites, weather conditions, and type of burst. The fallout
of interest from the standpoint of possible effects on man due to testing

is the world-wide fallout.

2. Effects of World-Wide Fallout

A number of factors must be considered when one attempts to
assess the hazard from world-wide fallout. Because of the associated time
delay before world-wide fallout shows wup, many £fission products and
activation products decay out in transit. Others, because they are
produced in such small amounts, are diluted so that they do not produce
much of an effect. Also, once the fallout does arrive, to be of importance
internally, there must be a transfer to the body and absorption into the
body organs. All these factors combine to limit the number of fission
products which may have an effect on man. The main contribution comes from
9035y, 137¢s, 1817, 14, 3H with minor contributions
from  85Kr, 55Fe¢ and 239Pu. Although the U.S. ceased atmospher-
ic testing in 1962, the inventory of fission products from previous bursts
has committed man to future doses. The concept dose commitment refers to
the integral dose over a period of time which results from a certain
practice. In the case of fallout, Table 6.2 shows the projected U.S.

population dose from this source, through the year 2000.
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Table 6.2 Projected Annual WB Dose Equivalent to
U.S. Population From Fallout*

Year Per Capita H, uSv#%
1963 130
1965 69
1969 40
1980 44
1990 46
2000 49

*Adapted from Reference 4.
**Divide value by 10 to find mrem.

G. Nuclear Facilities

By April 1979, 70 nuclear power plants were licensed in the U.S.

with the number expected to continue to increase.4

In addition, over 300
other reactors, classed as non-power reactors, are being operated. In
order to provide fuel for these reactors, mining and milling of uranium
ore 1s carried out and fuel fabrication plants are operating. There are
several hundred mines, 20 wuranium mills and 21 fuel fabrication
facilities. Discharge of radionuclides from these facilities is controlled
by federal regulations.

Three radionuclides released during routine operations, which con-
tribute to the population dose, are B3H, !4C and 8%5Kr. Current
estimates of the yearly average dose equivalent in the U.S. from environ-
mental releases is < 10 uSv (1 mrem). Projections of the annual dose

rate from this source to the year 2000 can be found in Reference 4.

H. Consumer Products and Miscellaneous Sources

In NCRP Report 5610, a number of consumer products and miscellane-
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ous sources of radiation exposure to the U.S. population are discussed. In

general, two groups of sources have been found:

1. Those in which the dose equivalent is relatively large and
many people are exposed,

2. Those in which the dose equivalent is small but many
people are exposed or the dose equivalent is large but
only a few people are exposed.

Such products as television sets, luminous-dial watches, smoke detectors,
static eliminators, tobacco products, airport luggage inspection systems,
building materials and many other sources have been studied.l? Table 15
of Reference 11 contains estimated exposures from the individual sources
studied. The estimated annual average whole body dose equivalent to the
U.S. population from consumer products is < 50 pSv (5 mrem). The major
portion of this exposure (approximately 70%) is due to radioactivity in
building materials.

Another source of radiation exposure to the public arises from the
wide use of coal. Coal - contains !4C, 49K, uranium and thorium and
when burned, the resulting flyash released to the atmosphere carries some
of this radioactivity with it. This leads to inhalation of airborne flyash
producing 1lung exposure. The dose equivalent rate in the vicinity of one
of these plants has been estimated to be in the range 2.5-40 uSv/y
(.25-4 mrem/y).11

I. Medical and Dental Exposures

The exposure to the U.S. population from x rays used in medical and
dental procedures is the largest source of man-made radiation. It is
estimated that more than 300,000 x ray units are in use in the U.S., and
that about 2/3 of the U.S. population is exposed. In 1970, the estimated
annual average bone marrow dose equivalent from dental and medical and
dental x rays to the U.S. population was about 780 uSv (78 mrem).4

In addition to the exposure from x rays, nuclear medicine programs

use radiopharmaceuticals for diagnostic purposes. Radiologists also use

]
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radionuclides for therapy treatments. It has been estimated that more than
10 million doses are administered each year. Of this, about 81% involve
the wuse of 9907, and 15% involve 138171, 133%e, 67Ga  and
1237, The estimated annual average bone marrow dose equivalent from
this source is about 140 uSv (14 mrem).4

A summary of the estimated dose rates from significant sources of

radiation exposure in the U.S. can be found in Table III-23 of Reference
4,

REFERENCES

1. REPORT OF THE UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF
ATOMIC RADIATION, Seventeenth Session, Supplement No. 16 (A/5216),
United Nations, NY (1962).

2. NCRP Report No. 45, Natural Background Radiation in the United
States, NCRP Publications, Bethesda, MD (1975).

3. O'Brien, K. and McLaughlin, J.E., The Radiation Dose to Man from
Galactic Cosmic Rays, Health Physics 22, 225-232 (1972).

4. Committee on the Biological Effects of Ionizing Radiation, THE
EFFECTS ON POPULATIONS OF EXPOSURE TO LOW LEVELS OF TIONIZING
RADIATION: 1980, National Academy Press, Washington, D.C. (1980).

5. Oakely, D.T., Natural Radiation Exposure in the United States,
Report ORP/SID 72-1, U.S. Env. Prot. Agency, Washington, D.C.
(1972).

6. Rundo, J. and Toohey, R.E., Radon in Homes and Other Technologically

Enhanced Radioactivity in ENVIRONMENTAL RADIOACTIVITY, Proceedings
No. 5, NCRP Publications, Bethesda, MD (1983).

7. NCRP Report No. 50, Environmental Radiation Measurements, NCRP Pub-
lications, Bethesda, MD (1976).

8. National Academy of Sciences-National Research Council, RADIOACTIVI-
TY IN THE MARINE ENVIRONMENT, NAS-NRC, Washington, D.C. (1971).

9. Cothern, C.R. and Lappenbusch, W.L., Editors, Radioactivity in
Drinking Water, Health Physics 48, No. 5 (1985).

10. Harley, J.H., Environmental Radiocactivity-Natural in ENVIRONMENTAL
RADIOACTIVITY, Proceedings No. 5, NCRP Publications, Bethesda, MD
(1983).

11. NCRP Report No. 56, Radiation Exposure from Consumer Products and
Miscellaneous Sources, NCRP Publications, Bethesda, MD (1977).



6-15

12. Kathren, R.L., RADIOACTIVITY IN THE ENVIRONMENT: SOURCES, DISTRIBU-
TION, AND SURVEILLANCE, Harwood Academic Publishers, Chur,
Switzerland (1984).

BIBLIOGRAPHY

Eisenbud, M., ENVIRONMENTAL RADIOACTIVITY, 2nd ed., Academic Press, New
York, NY (1973).

Kahn, B., Nuclear Fuel Cycle Dose Assessment in ENVIRONMENTAL RADIOACTIVI-
TY, Proceedings No. 5, NCRP Publications, Bethesda, MD (1983).

Eichholz, G.G., ENVIRONMENTAL ASPECTS OF NUCLEAR POWER, Ann Arbor Science
Publishers, Inc., Ann Arbor, MI (1976).

Shleien, B., et al., The Mean Active Bone Marrow Dose to the Adult
Population of the United States from Diagnostic Radiology, Publication
77-8013, U.S. DHEW, FDA, BRH, Rockville, MD (1977).

U.S. Office of Radiation Programs, Radiological Quality of the Environ-
ment in the United States, Report 520/1-77-009, USEPA, Office of Radiation
Programs, Washington, D.C. (1977).

REPORT OF THE UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF ATOMIC
RADIATION, Ionizing Radiation: Sources and Biological Effects, Report to
the General Assembly, with Annexes, United Nations, New York, NY (1982).

NCRP Report No. 39, Basic Radiation Protection Criteria, NCRP
Publications, Bethesda, MD (1971).

NCRP Report No. 81, Carbon-14 1in the Environment, NCRP Publications,
Bethesda, MD (1985).

ICRP Publication No. 29, Radionuclide Release into the Enviromment:
Assessment of Doses to Man, Annals of the ICRP 2, No. 2, Pergamon Press,
Oxford, England (1979).

NCRP Report No. 75, Iodine-129: Evaluation of Releases from Nuclear Power
Generation, NCRP Publications, Bethesda, MD (1983).

NCRP Report No. 44, Krypton-85 in the Atmosphere-Accumulation, Biological
Significance, and Control Technology, NCRP Publications, Bethesda, MD
(1975).

NCRP Report No. 62, Tritium in the Environment, NCRP Publications,
Bethesda, MD (1979).

ICRP Publication No. 39, Principles for Limiting Exposure of the Public to
Natural Sources of Radiation, Annals of the ICRP 14, No. 1., Pergamon
Press, Oxford, England (1984).




6-16

NCRP Report No. 77, Exposures from the Uranium Series with Emphasis on
Radon and its Daughters, NCRP Publications, Bethesda, MD (1984).

NCRP Report No. 78, Evaluation of Occupational and Environmental Exposures
to Radon and Radon Daughters in the United States, NCRP Publications,
Bethesda, MD (1984).

Cohen, B.L., Survey of One-Year Average Rn Levels in Pittsburgh Area
Homes, Health Physics 49, 1053-1059 (1985).

Nero, A.V. and Lowder, W.M., Editors, Indoor Radon, Health Physics 45,
No. 2 (1983).

Mayneord, W.V. and Hill, C.R., Natural and Man-Made Background Radiation,
in RADIATION DOSIMETRY, 2nd ed., Vol. III, edited by F. H. Attix and E.
Tochilin, Academic Press, New York, NY (1969).

NCRP Report No. 76, Radiological Assessment: Predicting the Transport,
Bioaccumulation, and Uptake by Man of Radionuclides Released to the
Environment, NCRP Publications, Bethesda, MD (1984).

Logsdon, J.E. and Robinson, T.L., Radioactive Waste Discharges to the
Enviromment from Nuclear Power PFacilities, ORP/SID 71-1, USEPA, Wash.,
D.C. (1971).

Moghissi, A.A. and Carter, M.W., Public Health Implications of Radiolu-

minous Materials, (FDA) 76-8001, USDHEW, Bureau of Radiological Health,
Rockville, MD (1975).

Strong, A.B., et. al., EPA Assessment of Fallout in the U.S. from
Atmospheric Nuclear Testing on September 26 and November 17, 1976 by the
People’s Republic of China, EPA-520/5-77-002, USEPA, Wash., D.C. (1977).

USEPA, Radiological Quality of the Enviromment in the United States, 1977,
EPA 520/1-77-009, USEPA, Washington, DC (1977).

QUESTIONS
6.1 What term is given to the radiation one receives from his environ-
ment?

6.2 What are the three main components or sources of natural radiation to
which man is exposed?

6.3 What artificial component or source of environmental radiation
affects man throughout the world?

6.4 Why may the 1levels of radiation exposure be greater inside of some
buildings than in open spaces?
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What are the three sources of the primary component of cosmic rays
and what do they consist of?
Explain the origin of secondary cosmic rays.
Why does the cosmic ray intensity vary

a. with altitude and
b. with latitude?

What portion of the cosmic ray background is difficult to assess from
the standpoint of dose rate?

Identify the principal radioactive chains or materials found in rocks
and soils which are the main contributors to the earth's background
radiation.

Identify by name and origin the principal radioactive gases found in
the atmosphere. Of what chemical element are they isotopes of?

What are  cosmogenic radionuclides found in air in measurable
quantities?

What are the radionuclides of concern found in the human body? Which
of these is most abundant?

What term is wused to identify the debris which settles to earth as
the result of a nuclear blast?

Indicate some of the factors which affect
a. the amount of fallout and
b. the distribution of fallout.

Why does fallout remain longer in the stratosphere than in the
troposphere?

What does the time for one-half of the fallout debris from a nuclear
blast to return to earth define?

Name the fission products which, as fallout, will probably have the
greatest effect on man. Which will be of concern for only a short
time?

What 1is required before the fission products from world-wide fallout
can have any material effect on the body?

What nuclides are released during routine operations of nuclear power
plants?

List some of the consumer products and miscellaneous sources of ra-
diation exposure to the population.
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SECTION 7 - RADIATION PROTECTION STANDARDS

A, History of Protective Standards

The task of setting exposure limits is both a vital and yet a very
difficult undertaking. It is vital because workers must be protected from
the harmful effects of ionizing radiation. It is difficult because of the
many factors which enter into the effects which radiation produces (see
Section 5). Even though a vast amount of data has been gathered and
studied, there are still many areas where much work is needed before firm
conclusions can be drawn. Nevertheless, in order to advance in the field
of nuclear energy, men must work with radiation. Thus, certain levels must
be set which will protect workers from undue exposure.

Because there are still several unknowns which must be evaluated,
the setting of limits involves judgments which cannot be wholly based upon
the present body of scientific knowledge. For this reason, the concept of
an "acceptable risk"! is used. In other words, the benefits are weighed
against the potential damage and then limits are set at some level at
which the most benefit to mankind will accrue. However, since all exposure
is assumed to involve risk to the individual, exposures should always be
kept as low as practicable. This implies that efforts be continually
directed toward improving performance, techniques and safety designs to
reduce exposures.

From time to time, these limits will be revised as new knowledge is
gained. When some of the assumptions can be replaced by facts, then it
becomes prudent to review the limits and perhaps make firmer recommenda-
tions. The whole history of the development of exposure limits points out
this feature of re-evaluation in the light of current knowledge.

With the discovery of radioactivity and a consequent intensive
investigation of the phenomenon, many people were subjected to very high
dose rates, and it did not take long for deleterious effects to become

manifest. As early as 1897, cases of skin damage began to appear.
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1. Ervthema Dose

Early efforts at control were hampered by a lack of quantita-
tive methods. There were no units by which one could assess the amount of
radiation. No one even knew what was how much, let alone, too much
radiation! As a vresult of the use of radiation by doctors in treating
patients, a unit called the erythema dose came into use. This was a highly
qualitative unit; defined in terms of the amount of radiation which would
produce a well-defined reddening of the skin. It soon became apparent that
this dose wunit was not at all satisfactory. It varied not only with the
type of radiation and the dose rate, but also with the response of
different parts of the body. Thus, two people could receive the same
supposed fraction of an erythema dose, yet one might show skin effects and
the other none. This lack of a certain value for this unit made protection
work more or less of a trial-and-error process.

Around 1914, radiation began to be used in industry. The radium
dial-painting process came into being, and x rays were found useful for
showing wup flaws in materials. Larger numbers of people were now being
exposed. No Ilonger could the vague notion of erythema dose serve the
purpose of a protection standard. Yet progress toward better standards
still lagged because of lack of knowledge of the many complex factors

which enter into radiation effects.
2. ICRU, TICRP. and NCRP

In 1925, at the First International Congress of Radiology, the
International Commission on Radiological Units and Measurements (ICRU) was
formed, mainly because of the lack of a suitable dosage unit of inter-
national acceptance.2 In 1928, this group adopted the definition of an
international wunit, the Roentgen. For the first time measurements through-
out the world could be made in terms of the same unit. Over the years the
ICRU has been the main force in defining and adopting units for use on an

international basis (see Section 4).
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At the Second International Congress of Radiology in 1928, the
first international body concerned with protection standards was
formed.> At first known as the International X ray and Radium Protection
Commission, this group is now called the International Commission on
Radiological Protection (ICRP). This group discusses and reviews basic
protection principles, and these recommendations then serve as a guide
from which regulations can be drawn up by each country to suit its needs.
Although this group acts only as an advisory board, it has had a
tremendous impact on the field of radiation protection.

In 1934, the ICRP made its first recommendation of a tolerance
level of exposure: 0.2 R/day. This limit remained in force until 1950.
However, because of World War II, the ICRP did not meet between 1937 and
1950. This left much of the study of protection standards during this time
to the national committees.

In this regard, one cannot help but mention the work done by
the National Committee on Radiation Protection and Measurements (NCRP).
This group was formed in the United States in 1929.4 The work of this
body was coordinated by the National Bureau of Standards. The early
recommendations of the Committee appeared in the National Bureau of
Standards Handbooks. The NCRP recommendations as outlined in Handbooks 20
and 23, which have been superseded by later reports, served as the basis
for protection practices during the days of the Manhattan project. This
was the name given to the project developing the atomic bomb. Many members
of the NCRP were engaged in this program and were helpful in seeing that
protection standards prevailed.

From the standpoint of protection problems, it 1is hard to
believe the dramatic impact that the war years produced. Of course, most
of this effect can be traced to the development of the atomic bomb. Before
the war, most of the problems concerned rather low energy x rays. Now, not
only were there these to treat, but also other types of radiation with a
wide range of energies. Added to this was the large increase of workers in

the radiation field. Also, many new techniques and operations became a
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topic of real concern. New units would be needed to define the dose
contributed by radiation other than x rays. Large amounts of waste were
now produced and methods of disposal would have to be worked out. With
reactors in wuse, not only the workers, but also others not connected with
the work, would have to be considered. The scope of the radiation field
had enlarged to an undreamed of extent.

The NCRP met in 1946 to reorganize. At this time a number of
subcommittees were formed to deal with the new problems more effectively.
This resulted in the publication of a number of handbooks after the war
which represented changes and additions to the old recommendations. The
Committee was replaced by a non-profit corporation chartered by Congress
in 1964 and is now known as the National Council on Radiation Protection
and Measurements.® The Council is the successor to the Committee and was
formed to carry on the work begun by the Committee.

The Council is made up of the members and the participants who
serve on a number of committees. These committees develop proposed
recommendations on various aspects of radiation protection and radiation
measurements, which when approved by the Gouncil, are published as NCRP
Reports. The initial report issued by the Council was NCRP Report No.
32.6 The current NCRP recommendations on limits of exposure to ionizing
radiation can be found in Reference 5.

The three organizations, ICRU, ICRP and NCRP, have figured
prominently in the development of present day radiation protection
practices. Although these bodies act as advisory boards only, much of the
radiation protection philosophy which has evolved and which has been
adopted by wvarious regulatory agencies throughout the world, had its

origins in the recommendations of these organizations.

B. Radiation Exposure Concerns

Over the years, the development of standards for radiation protec-

tion has evolved through several phases. Initially, the concern was for
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the protection of patients and medical personnel from external radiation
from the use of x rays for diagnosis and therapy. World War II produced a
shift in emphasis due to the increase in the number, type and uses of
radioactive materials. This introduced considerations about internal
exposure and the dose to the general public. Finally, a concern over the
potential genetic effects of radiation and the impact of long-term
exposure at low dose rates emerged.

Data from biological studies seemed to indicate that one could not
assume that all effects had a threshold dose. Also, in the case of gene
damage, effects could be expected at very low doses. This implied that any
dose, no matter how low, carried a certain risk of deleterious effects.

Efforts have been directed toward quantifying the risk associated
with a certain level of exposure. If one assumes a non-threshold
relationship, then any dose carries some risk of producing damage (see
Section 5.H). Under this assumption, all exposure should be kept at the
lowest practical levels. However, several factors need to be considered.
Namely, the information available for the quantification of risks is
imperfect so that our knowledge of the absolute value of the risks
involved is not that complete. In addition, the assumptions of a risk by
an individual, in general, presumes that he is willing to chance the risk
in exchange for some resultant benefit, which, ideally, exceeds the risk.
Then, the resultant benefit which accrues, in a sense, justifies the risk.
However, the resultant benefits in the case of radiation exposure are also
poorly known. Therefore, the balancing of risk versus benefit in order to
obtain a net benefit is not easily accomplished. For this reason, the
prudent approach, adopted by both the ICRP/ and the NCRP® is to keep
exposures as low as reasonably achievable (ALARA).

Down through the years since the discovery of radiation, one can see
the care and concern with which the problem of radiation protection has
been approached. Back in the early days, the main problem was the gross
somatic effects. Now, the main concern has switched from these blatant
effects to the more subtle effects of radiation. As knowledge has been

gained, it has become quite evident that more knowledge is needed.
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In any case, the quest for knowledge in this field has not suffered
and more and more groups have joined in the search. In addition to the
work of the ICRP, NCRP, and ICRU, the National Academy of Sciences-
National Research Council has wundertaken the study of biological
effects.® This group consists of a large number of scientists through-
out the country. The reports issued by this body are in summary form and
the group functions as an advisory body. Its purpose 1is to supply
technical information as a basis from which regulations can be developed.
On a world-wide scale, the United Nations has established a Scientific

Committee. Their reportsg’10

on the effects of atomic radiation has
helped to supply much needed background information.

The results of continuing reviews of biological data have revealed
two types of radiation effects. Those for which a practical threshold dose
for occurrence can be demonstrated and those for which there is apparently
no threshold.l’8 As pointed out in Section 5.H, these are referred to as
nonstochastic and stochastic effects, respectively. Nonstochastic effects
can be prevented by limiting the dose to the individual to a value below
the threshold dose for occurrence of the effects. Since stochastic effects
presume that there is no threshold level, and that the probability of the
effect occurring increases with dose, any dose represents some probability
of producing that effect. For stochastic effects, one can only limit the
probability of occurrence to some level (deemed acceptable) by limiting
the radiation exposure. The ICRP has based its recommendations for a

system of dose limitation on the features discussed above.
C. ICRP Basic Recommendations

From time-to-time, the ICRP has altered and updated 1its basic

recommendations. In its current reports,ll’13

the ICRP recommends a
basic system of dose limitation which includes these three interrelated

aspects:
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(1) No practice shall be adopted unless its introduction

produces a positive net benefit.

(2) All exposures shall be kept ALARA, economic and

social factors being taken into account.

(3) The dose equivalent to individuals shall not exceed

the recommended limits.

Much of the following discussion with respect to the above aspects

is based upon material contain in References 11 and 13.

1. Justification

In order for a given practice involving radiation exposure to
be acceptable, one should weigh the various cost-benefit factors. To be
justified, a mnet benefit should result. This is referred to as the justi-
fication of the practice. However, as stated previously, both the benefits
which may accrue and the costs which the exposure incurs are not always
that well known. So, in practical situations, one must attempt to analyze
all the Lknown merits and harms associated with a practice, and also
consider alternatives in those cases in which it is necessary to decide on
the issue of justification. Obviously, only some of the relevant factors
which  influence cost-benefit considerations are known in a given
situation. In addition, not all of the factors which should enter into the
decision-making process, involve radiation protection concerns exclusive-
ly. As in the previous recommendations, all unnecessary exposure is un-

justifiable and should be avoided.

2. Optimization

The basic recommendation that all justifiable exposures be kept

as low as reasonable achievable (ALARA) is referred to as the optimization
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of radiation protection. As indicated above, the Commission identifies two
specific considerations which are to be taken into account-economic and
social. So, the recommendation requires an effort be made to reduce even
justifiable exposures to a level such that any further reduction in risk
(due to lowered dose) would not be considered reasonable based upon the
economic and social considerations. Implicit in optimization is the
reduction initially of all exposure which does not require considerations
of economic or social cost. Then, one must look at the increase in the
degree of protection relative to the risks of a given decreased level of
exposure. At some point, the expense of supplying the necessary added
protection to further reduce the radiation exposure may outweigh the
further reduction in risk. One 1is then concerned with the incremental
benefit in performing an operation at one level of exposure rather than
another. The question is then whether the cost and effort are reasonable.
The comparison of the costs to health from exposure to radia-
tion with certain economic and social factors involves some highly
subjective value judgments.7 Since mneither the costs nor the benefits
can be quantified with the desired precision, the optimization of
radiation protection is a complex process which sometimes results in only

crude approximations. In its report on optimization14

, the ICRP presents
procedures and techniques for estimating the optimization of radiation
protection for a variety of applications. Some of the techniques are drawn
from operational research, some from economics and some from engineering.
In all cases, the use of a given technique implies value judgments about
the objectives of optimization. Reference 14 discusses in some detail the
techniques based on cost-benefit analysis in the optimization of radiation

protection.

a. Application_to Protection Measures

Optimization of radiation protection can be applied to all
situations wherein radiation exposures can be controlled by protection

measures. These situations include design of protection systems, per-
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formance of operations, improving radiation measurements, training
personnel, establishing radiation control programs, and providing support
personnel, equipment and facilities. 18 1n design considerations, the
techniques tend to be more quantitative, since one may reasonably estimate
such things as necessary shielding, degree of containment, efficiency of
air cleaning, etc. The costs associated with such protection systems can
be readily compared to the degree of dose reduction which results. Tech-
niques wused for optimization during operations may be less quantitative.
Such things as decisions regarding the number and qualifications of
personnel, type and extent of personnel protective equipment, the approach
or procedures in carrying out work and the level of monitoring to provide,
may not lend themselves to quantitative analysis. However, the overall
effect of a number of such decisions regarding the above factors may be a
reduction in the dose to personnel. Sometimes, one finds that increased
protection in one area merely shifts exposures from one group to another.
In order to qualify as ALARA in such practices, the collective dose (the
sum of the products of the number of individuals receiving a dose and that
dose) must decrease. For example, suppose a job is to be done in a high
radiation field for which one worker would be exposed to 60 mSv (6 rem).
If one wuses a group of 6 workers to perform the job, each receiving a 10
mSv exposure, then the collective dose would be (6 men) (10 mSv) = .06
man-Sv (6 man-rem). Since this collective dose would be the same as that
received by the one worker, you have not reduced the exposure in terms of
the risk which the operation represents.19 However, in the case of the
third factor mentioned above, one must also limit the dose the individual
receives. Since the 1limit is 50 mSv in a year (5 rem per year), one also
needs to limit the exposure received by an individual in this one
operation. Now, suppose that a crew of workers is called in to decontami-
nate the equipment and reduce the high radiation field. In performing the
decontamination, two workers receive 10 mSv (1 rem) a piece. Then, the
group of 6 workers performs the job, each workers receiving 4 mSv (.4

rem). In this case, the collective dose 1is (2 men)(10 mSv) + (6 men)
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(4 mSv) = .044 man-Sv (4.4 man-rem). By this technique, the ALARA
philosophy has been demonstrated. This example has been simplified since
in many situations decisions must be made without prior knowledge of dose
reductions that are attainable. Often, the decision involves complex
components: the radiation dose, cost and components of the system needed
for a given protection level, availability of suitable trained workers and
the impact on the working procedures. Generally, any effort to increase
the 1level of radiation protection implies a cost for society in terms of

work (manpower, energy, other resources), time, materials and even other

risks.

b. ALARA Program

The concept of optimization of radiation protection has
been embraced by regulatory agencies (USDOE, USEPA, and USNRC among
others) and these agencies have provided guidance for achieving ALARA in
the operation of facilities.?® 17 Each of these guidance documents calls
for the establishment of an ALARA program at a given facility and
emphasizes the importance of management commitment to the ALARA philosophy
if the program is to be effective. A number of the features of a good
ATARA program are discussed below, see References 15-17 for a more

complete discussion.

1) Education and Training

Training, both classroom and on-the-job, must be
provided for radiation workers in order to increase their level of skill.
As they become more proficient in handling radionuclides, and become
increasingly familiar with their operations, the radiation exposures from
specific tasks will tend to decrease. The concept of reducing exposure
(ALARA) must be continually promoted. As processes or operations change,

and new equipment is introduced, periodic retraining is also called for.
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In addition to the workers at the facility, the
radiation protection personnel must also be trained and the ALARA
philosophy instilled in their protection approach. As in the case of
radiation workers, training must be both on-the-job and in the classroom.
To keep personnel current with operational changes, they should be
retrained with a frequency of 1-2 years. Continuing education
opportunities need to be provided for the radiation protection staff.

To promote training activities among its contractors,
the Department of Energy supports the activities of the Training Resources
and Data Exchange (TRADE) Executive Committee. Trade activities are
designed to increase communication and exchange of ideas, information and
resources in the field of human resource development. Among publications
available from TRADE are inventories which contain descriptions of
training  courses. These courses involve technical and nontechnical
training, computer-based training, health and safety, hazard communication
and radiation protection training  (workers, radiation protection
technicians and other technical personnel). More can be learned about the
TRADE activities and training materials through Reference 20. Of
particular relevance in the area of health physics training for DOE
facility personnel are two recent TRADE publications: Radiation Protection
Training Resources Guide21 and Training Materials for Draft DOE Order
5480.11 Survey Report.22 The former contains information on available
training resources in the DOE system, while the latter deals specifically

with material useful for meeting the requirements of DOE Order 5480.11.

2) Design Considexrations

Both in the planning of mnew facilities and
modifications of existing facilities, the design goals should be to
provide protection so that resultant exposures are well below the
radiation limits. The DOEL8 requires that new designs limit exposure to

a design goal of 1/5 of the limits. With respect to design to minimize or

e T T
v
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avoid internal exposures, containment, ventilation control systems and air
cleaning should be designed to assure that any release will produce
concentrations well below the DAC (the air concentration given in DOE
Order 5480.11). In the past, large numbers of exposed personnel received
exposures during maintenance operations. Design should address ease and
convenience of maintenance.

Part of the health physics responsibility is to
review designs with specific attention to ALARA considerations. If
radiation control approaches, or control equipment can be included in the
design early, money can be saved and ALARA goals can be achieved. The
recognition of potential design flaws, which could develop into
significant hazards, is also a critical part of the design review.
Consideration should also be given to the location of equipment and the
implications with respect to potential exposure to maintenance personnel.
The proper storage and handling of radioactive wastes must also be

reviewed.

3) Operational Health Physics Program

There are several aspects of an operational health
physics program which can be utilized with respect to ALARA. One of these
aspects 1s design review, which has been discussed above. Another is the
training function-the presentation of orientations to all employees and
the provision of training for radiation workers, general employees and
health physics personnel.

The routine measurements taken during a radiation
control program can be the basis for assessing progress with respect to
ALARA principles. By analyzing survey results one can focus on the
particular operations for which additional dose reduction procedures are
indicated. A program of exposure control can be audited to determine what
improvements have been made. It may turn out that little improvement has
been made and that other efforts will be needed to pinpoint the source of

major exposure. In this case, one may proceed with further investigations

into the problem.
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One of the most important ways 1in which the HP
program can bring about ALARA principles is through the operation review
or review of radiation work permits. In this review, the health physicist
meets with the individuals responsible for the routine operations or
experiments, to discuss the operation and the health physics concerns.
This preplanning can greatly influence the subsequent exposures received
during an operation. It tends to nullify the repetition of mistakes, since
one can draw on past experience to point out errors and correct them. In
addition, the exchange of ideas and discussion of concerns can lead to
improvement in techniques and a subsequent saving in the exposures which
occur during the actual experiment. The revision of a course of action,
pointed out as necessary in the operation review, can lead to significant
exposure reduction. Sometimes, just the existence of survey results from
previous measurements can be helpful in plamming reduced exposures for a
new experiment or setup.

In addition, the analysis of survey results with
respect to a given operation can lead to conclusions regarding the source
of radiation exposure and may give a clue as how to correct the problem.
In short, all documentation generated by radiation protection surveys may
provide insight into the achievement of ALARA.

Finally, the documentation produced by the surveys,
investigations and discussions of operations may serve to suggest certain
improvements in the program as well as suggest possible ALARA goals to be

pursued.

3. Dose Limits

The third factor in the ICRP dose limitation system is referred
to as the dose limits for individuals. The ICRP believes that, for
stochastic effects, the dose equivalent limit may be based on the total
risk of all irradiated tissues. So, the system sets a single limit for
uniform irradiation of the whole body and a weighting system to ensure

that the total risk from partial body irradiation does not exceed the risk

i ird
I
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from uniform whole body irradiation.ll 1In addition, mno single tissue
should receive more than the dose limit to prevent nonstochastic damage.
The ICRP recommendations are intended to limit somatic effects
in the individual, hereditary effects in the individual's immediate
offspring, and somatic and hereditary effects in the population as a
whole. For any organ, the dose limitation refers to the sum of the annual
dose equivalents from external sources and the committed dose equivalents

from intermal sources during that year.

a. Occupational Limits

The Commission believes that nonstochastic effects will be
prevented by applying a dose equivalent limit of 0.5 Sv (50 rem) in a year
to all tissues except the lens of the eye, for which the recommendation is
0.15 Sv (15 rem) in a year.23 In addition, the limits apply whether the
tissues are exposed singly or in combination with other organs.

For stochastic effects, the annual dose equivalent limit
for uniform irradiation of the whole body is 50 mSv (5 rem). If the
irradiation 1is non-uniform, the system is based upon the premise that the
risk should not exceed that for uniform whole body irradiation. This

obtains if

HWB , L ZZTWTHT 7.1

in which HWB,L is the annual whole body limit (50 mSv), Hp is the
annual dose equivalent in a given tissue T, and wy 1s a weighting
factor. This weighting factor expresses the ratio of the stochastic risk
in tissue T to that in the total body. Values of wp are given in Table
7.1. The summation on the right side of equation 7.1 is called the

effective dose equivalent, HE.13
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Table 7.1 - Weig?{ing Factors for Stochastic
Risk

(Reprinted with permission from Annals of the
ICRP 1, No. 3, ICRP Publication 26, Recommen-
dations of the ICRP, Copyright 1979, Pergamon
Press, Ltd.)

Tissue wr
Gonads 0.25
Breast 0.15
Red bone marrow 0.12
Lung 0.12
Thyroid 0.03
Bone surfices 0.03
Remainder 0.30
1WT = 0.06 is applied to each of the

five organs of the remainder receiving the
highest dose equivalents, and the remaining
tissues can be neglected.

The Commission does not intend that the hands and forearms, the feet and
ankles, the skin and the lens of the eye be included in the determination

of the remainder in Table 7.1.

b. Members of the Public

The recommendation for individual members of the public is
an annual effective dose equivalent 1limit of 5 mSv (0.5 rem). This is
applicable to short-term irradiation. For the case of long-term exposure,
the recommendation is to restrict the dose equivalent limit to 1 mSv per
year (0.1 rem per year).

The recommended annual dose 1limit in the case of non-

stochastic effects is 50 mSv (5 rem).

Although the ICRP functions only as an advisory body, their

recommendations have generally been adopted and applied as the basis for
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the radiation protection standards in use throughout the world. The NCRP

has also endorsed these recommendations.5

D. Federal Policy on Radiation Matters

Because of the scope of the nuclear energy field in this country,
the Federal Radiation Council (FRC) was formed in 1959 (Public Law
86-373). This body advised the President concerning radiation matters and
provided guidance for all Federal agencies in setting standards and in
working with the States.?* While in existence, the Council issued a
number of staff reports (8), two of which are cited (References 25 and
26). The FRC was abolished by Reorganization Plan No. 3 in 1970, and its
responsibilities were transferred to the newly formed U.S. Environmental
Protection Agency. The Office of Radiation Programs (ORP) of the USEPA
took over the activities of the FRC.

While 1in existence, the FRC provided the basic general philosophy of
the Federal policy on radiation matters. This guidance was contained in

their first two reports.zs’26

Each Federal agency had the responsibili-
ty to determine specific regulations in its area of jurisdiction. In some
cases, the guides could be exceeded but "...only after the Federal agency
having jurisdiction over the matter has carefully considered the reason
for doing so in light of the recommendations in this staff report."zs’26
The recommendations of the FRC were approved in 1960 and formed the
basis of the Federal radiation protection guidance. In 1981, the EPA
drafted proposed revised recommendations in the Federal Register27
regarding occupational exposure, and solicited comments. Following review
of the comments, and discussions during an interagency review, the con-
clusion was reached to revise the previous Federal guidance. The EPA
believes that it is appropriate to adopt the general features of the ICRP
approach in radiation protection guidance for use by Federal agencies for
occupational exposure. The revised EPA guidance was approved and issued in
January 1987.28 The recommendations replaced portions of the previous

guidance which applied to workers exposed to ionizing radiation but did

not change the previous guidance for exposure of the general public.
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With respect to the Federal policy concerning radiation protection
for diagnostic x rays, the Bureau of Radiological Health of the U.S.
Department of Health and Human Services has developed a set of

recommendations which serve as the radiation protection guidance.31

E. Regulating Agencies

So far, our attention has been directed to those groups which supply
recommendations for exposure levels and safe practices. The rest of this
section will be concerned with the organizations which are charged with
developing regulations. Of prime interest will be those groups which
regulate radiation matters in this country.

Under the Atomic Energy Act of 1954, the United States Atomic Energy
Commission (AEC) was given the responsibility of regulating the atomic-
energy industry. The Act authorized the AEC to set up a licensing program
to be augmented by whatever rules or regulations are deemed appropriate.
The bases for these rules are: to protect the public health and safety,
and provide for national defense and security. Under this mandate, the AEC
was concerned with the development of regulatory safety standards.

The Energy Reorganization Act of 1974 abolished the AEC and
established two agencies to perform the functions of the AEC. The U.S.
Nuclear Regulatory Commission (NRC) has taken over the licensing and
regulatory functions. Licensed material wunder the control of the NRC
includes source material (uranium and thorium or ores containing .05% of
these materials), special nuclear material (plutonium, U-233, U enriched
in U-233 or U-235), and by-product material (radioactive material result-
ing from producing or utilizing special nuclear material). The regulations
of the NRC are set forth in the Code of Federal Regulations, Title 10.
Part 20, Standards for Protection Against Radiation,29 deals
specifically with the regulations for control of radiation hazards by the
licensee. Other parts of Title 10 deal with licensing and regulatory
requirements associated with the use of source, special nuclear material

and by-product material.
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As part of 1its duties, the NRC is charged with the task of seeing
that these measures prevail. This aspect requires inspection and review in
order to assure this. This function is carried out by NRC personnel
(inspectors) at regular intervals. Their job is to make the inspections
and report their findings. In the event that a failure to comply is noted,
the licensee is required to correct this.

Many of the states have taken up the task of setting up their own
safety standards. The NRC has been directed to assist the states to assure
that the state and Commission programs are compatible. These states are
referred to as Agreement States.

The U.S. Department of Energy (DOE) has taken over the remaining
functions of the AEC. These activities related to energy research and
development and involved activities carried out by the Commission or by
its contractors. The DOE has issued regulations which pertain to its own
activities as well as to those of 1its contractors, mnot subject to
licensing. These regulations appear in the DOE Orders, which replaced the
Manual Chapters of the AEC. The standards which apply specifically to
radiation  protection are contained in DOE Order 5480.11.18 These
standards are based wupon the recommendations of the ICRP, NCRP and the
guidance of the EPA.28 Similar to the NRC, the DOE is charged with the
inspection of 1its contractors to see that they are in compliance with the
DOE Orders.

Safety in the shipment of radioactive substances is principally the
responsibility of the U.S. Department of Transportation (DOT). Title 49-
Transportation, of the Code of Federal Regulations,30 deals with
hazardous shipments including radioactive materials. See Section 16.K for
a discussion of these regulations.

From time-to-time, changes need to be made in various regulations.

The Code of Federal Regulations is revised through submission of changes
proposed by an agency and the Federal Government to other governmental and
private agencies and to the general public. Hearings are held, if needed,

to discuss amending the proposals. Subsequently, the proposals as amended
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are published in the Federal Register. If no adverse action is taken, the

changes or additions become part of the Code of Federal Regulations and

have the effect of law. Other agencies of the Federal Government having an
interest in the regulatons for the shipment of radioactive substances are:
Interstate Commerce Commission, Coast Guard, Federal Aviation Agency,
Postal Service, DOE and the NRC. The Department of Transportation has made
an effort to make its labeling system conform with the regulations of the
International Atomic Energy Agency (see Section 16.K).

This concludes the brief outline of the main groups whose function
it is to regulate. From the dynamic nature of the field of atomic energy,
one can expect that many new problems will arise. For this reason, no
attempt has been made to discuss any of the present regulations in detail.
As new problems arise, new rules must be worked out. Thus, as in the case
of exposure limits, changes will occur. To keep up on current changes, it

is necessary to periodically review the Federal Register.
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QUESTIONS

7.1 What term is used to indicate a judgment made on the basis of
benefits weighed against potential damage in the setting of radia-
tion exposure limits?

7.2 What term is given to the dose of radiation which just causes
reddening of the skin?

7.3 VWhy did progress lag in the setting of standards for radiation
protection?

7.4 What term was given to the dose below which, it was presumed, the
body would not suffer unacceptable injury?

7.5 What term succeeded the tolerance dose?

7.6 What term has been recommended to succeed "maximum permissible
dose"?

7.7 What term is used to indicate the sum of the radiation doses re-
ceived by an individual?

7.8 Identify: a) ICRU b) ICRP
c) NCRP d) FRC
7.9 Identify a) "the radiation dose which should not be exceeded

without careful consideration of the reasons for
doing so; every effort should be made to encourage
the maintenance of radiation doses below this guide
as practicable."
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Explain the basis of the ICRP dose limits for individuals are set?

What organs need not be included in the weight factors for
stochastic risk?

Which of the individual organs is weighted highest for stochastic
risk? Why?

For long-term exposure, what is the dose rate limit recommended by
the ICRP?

When designing for a mnew facility, what is the DOE recommended
design goal for exposure?

Where does the responsibility of the Federal government lie with
respect to radiation matters?

How does the Department of Energy establish its regulations per-
taining to radiation safety that they may have the force of law?

What agencies of the Federal government regulate safety in regard to
the shipment of radiocactive substances?

What private transportation agency works with the Federal government
agencies in regard to the shipment of radioactive substances?



SECTION 8 - EXTERNAIL PROTECTION FACTORS-TIME. DISTANCE, SHIELDING

A. Factors Affecting Exposure in a Radiation Field

The philosophy inherent im any program of radiation safety is to
reduce exposure, whether internal or external, to a minimum. If it is
impossible or impractical to remove a source of radiation, other means
must be considered for purposes of personnel protection. This brings about
a certain reliance on judgment, in that one must make decisions regarding
the 1level of exposure which is to be tolerated. Since expense and time
consuming factors may be involved, the goal of radiation protection is
embodied in the acronym "ALARA", which stands for As Low As Reasonably
(Readily) Achievable.1 That 1is, one should make whatever reasonable
efforts one can to reduce exposure to the lowest levels, taking into
account economic and practical considerations.2

Three factors which determine the total exposure one receives in a

given external radiation field are:

(1) time of exposure;
(2) distance from the source;

(3) amount of shielding present.

The time factor simply means that the longer one remains in a
radiation field, the greater will be the exposure received. At times,
especially during emergencies, work must be performed in a high radiation
field. In all cases, the work activities should be carefully planned
outside the work area so that a minimum amount of time is used to complete
the job. If the time required for one man to complete the job would result
in an exposure beyond prescribed limits, then a team of workers should be
employed. This would mean a small exposure for several people instead of a
large exposure for one individual. Whenever working in a radiation field,

one should attempt to complete the work quickly. One should not linger in
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radiation fields discussing the work. If discussions are necessary, leave
the radiation field to conduct the discussions and minimize exposure time.

For time consuming jobs in high radiation fields, the crew
should rehearse, or conduct dry rumns, without using radioactive materials.
Rehearsing will allow one to discover where potential "bottlenecks” in the
procedures might occur before someone gets exposed. By correcting the
procedures, the time to complete the job will be reduced.

In some cases, one may be able to limit the amount of radio-
active material being used at any one time, or one may be able to
distribute the exposure over a longer time frame by limiting handling
time.

Assume that work must be done in a field of 2.6x10"% C/kgh
(approximately 1 R/h). If we are allowed 5.2x10°% C/kg (approximate-
ly 20 mR) each working day, how long can a person work in this area so as

not to exceed this limit?

X = Xt

t(h) x 2.6x10°* (C/kgh) = 5.2x10°6 C/kg

-6
Then t — 5.2x1076
2.6x10°%
t =0.02 h (1.2 min)

This means that an individual would receive a daily maximum allowable
exposure in 1.2 min while working in this radiation field. Suppose the job
needed to be completed, and the estimated time for completion was 15 min.

How many men would be needed so that no one exceeded a daily limit?

N = ——li—ﬁiﬂ—— = 12.5 men required
1.2 min/man
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2. Distance

The intensity of a radiation field decreases with distance from
the source. If we consider a point source of penetrating radiation, the
decrease in intensity will be inversely proportional to the square of the
distance between any two radial points from the source. This "inverse
square law" can be utilized only when the dimensions of source and
measuring device are small compared with the distance between them and the
distances are measured in air or wvacuum (see Section 3.D).

For other than point sources, the intensity will decrease
inversely with distance, but not necessarily as the square of the
distance. Nevertheless, one should store sources far from any work area to
take advantage of the reduced radiation field.

Increasing the distance from a source is often the most
effective way of decreasing radiation exposure. However, one is often
faced with a space problem, or a job in which the worker has to be in
close proximity to the source. This essentially places a restriction on
the distance factor. In these cases, one must still avoid hand contact. To
reduce exposure to the body, work at arm’s length. Use tongs, long-handled
tools, and, if the radiation field is very high, remote control devices to

handle radioactive materials. Also, one may need to employ shielding.

3. Shielding

We can reduce the radiation hazard by placing a suitable
attenuating material, or combination of materials, between the source and
worker. The choice and/or thickness of attenuating material (shield) will
depend upon the type, and energy, of the radiation.

A shield is a medium of some thickness which will stop or
effectively attenuate radiation to nonhazardous levels. The effectiveness
of the shield is determined by the interactions between the incident
radiation and the atoms of the absorbing medium. The interactions which

take place depend mainly wupon the type of radiation (a, B, x-7

Ly
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photons, neutrons, etc.), the energy of the radiation, and the atomic
number of the absorbing medium. An effective shield will cause a large
energy loss in a small penetration distance without emission of more
hazardous radiation.

In choosing a shielding material, our first consideration must
be persomnel protection. However, other factors may influence our choice
of material-such as; is it economical; is it too heavy; how much space are
we allowed for the shield; does it have proper structural strength? Also,
will it create a toxicity or contamination problem due to radiation
damage; to what levels must the radiation be reduced in order to obtain
accurate measurements with various instruments in the area, etc.?

When massive shields are required, cost is a very critical
factor, as well may be the type of material and space limits. In this
case, the transport of the radiation must be studied in more detail to
arrive at optimum design features. For some applications, the shielding
requirements are less severe and can be adequately estimated by simpler
methods.

The time, distance, and shielding factors are used individually
or in combination to minimize external radiation hazards. For more
discussion about protection against external radiation, one may refer to
References 3-7.

Of the three basic principles of external radiation protection
(time, distance, shielding), shielding presents the most complex problem
in many applications. There are so many factors influencing the design of
shields that a 1large number of such calculations must be performed on
computers. For this reason, it 1is hard to treat the subject from the
health physics standpoint in that, the most interesting aspects of
shielding are usually not the concern of the radiation protection section.
However, it 1is of value to examine some of the quantitative relationships
because they, on occasion, do become useful in practical health physics
work. Certainly, the qualitative approach to shielding should be studied

and understood.
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B. Alpha Radiation

Alpha particles, which lose energy rapidly in any medium because of
their relatively high ionization loss, can be stopped by very thin
absorbing materials. A few sheets of paper or thin (less than 400 um)
aluminum foil will absorb alphas from «-emitting sources. The most
energetic alphas will travel only a few tens of mm in air. The outer layer
of skin, approximately 0.07 kg/m? (7 mg/cm?) in thickness, will
absorb a particles up to approximately 7.5 MeV. Since this is dead
tissue, no harmful effect is produced upon the body. Therefore, «
radiation is not considered an external exposure problem.

Alphas accelerated in machines attain much higher energies but are of
little consequence in regard to bremsstrahlung. These alphas bombard
target matter which then emit radiation products (neutrons, gammas) which
require more shielding than that needed to stop the a particles. The
combination of o sources with certain light elements such as Li, Be,

B, 0, N, F, will result in neutron emission which adds to the shielding

considerations.

C. Beta Radiation

The processes by which g particles lose energy in absorbers are
similar to those for alphas. However, an additional process must be
considered in dealing with B absorption. This is the process whereby
electromagnetic radiation, called bremsstrahlung, is produced.

A B particle has a very small mass and one-half the value of the
magnitude of charge on an « particle. So for a given energy, a B
particle will have a much greater velocity than an a particle. As a
result of these and other factors, the B particle has a lower specific
energy loss, which means that its penetration in any absorber will be much
greater than that of an a particle. However, the g radiation from
most natural sources have ranges < 20 kg/m? (2 g/cm?).

A 1 MeV B particle will travel about 3.5 m in air. In order to

penetrate the dead layer of skin, a B particle must have an energy of

Tl i
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about 70 keV. Beta radiation is considered a slight external hazard, but
mainly a skin exposure hazard.

The thickness and choice of material for shielding from g radia-
tion depends upon: L) stopping the most energetic B, and (2)
shielding any bremsstrahlung.

The shielding thickness which is mnecessary to stop B particles of
a given energy will decrease with increasing density. For example, ap-
proximately 280 pum of aluminum (p=2.7x10% kg/m%) will stop
1.5 MeV betas, whereas only approximately 66 um of lead (p=1.134x
10% kg/m®) is needed for the same purpose.

However, the production of bremsstrahlung increases with increasing
atomic mnumber of absorber. A B source with Epax = 1 MeV will lose
about 3% of its energy as bremsstrahlung when lead (Z=82) is the absorber.
If aluminum (Z=13) is the absorber, the fraction is about 0.4%. Therefore,
low-Z absorbers such as aluminum, plastics (lucite), or even glass are
effective B shields.

If cost and/or weight must be considered, a combination shield may be
used. In this case, a low-Z absorber is used to stop the betas, followed
by a high-Z absorber to attenuate the bremsstrahlung. This type of shield

(as a shipping container) is further discussed in Section 8.D.3.

1. Electron Accelerator Shielding

Whereas the shielding of B sources in general is a simple
matter, the picture changes with respect to electron beams. The
interactions of the electrons in the beam are the same as those of betas.
However, because electrons may attain much higher energy (> 1 GeV), the
secondaries which are produced become the item of greatest concern. At
electron energy > 10 MeV, photons produced in bremsstrahlung begin to
initiate the release of fast neutrons (see Figure 8.1). At higher electron

energies, higher energy bremsstrahlung spectra occur which lead to even
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Figure 8.1 High energy electron interaction in matter - for Eg}
high enough, the process becomes multiplicative.

higher energy neutrons, pions, photofission, as well as electron-photon
showers. In the GeV range, production of nucleonic cascades (see Section
8.E.1) will occur. Much of the shielding will then be dependent upon
neutron attenuation. A further problem is the residual radioactivity due
to the released mneutrons and those which are then captured farther on in
the shield, or by nearby matter.

The problem of shielding electron beams is one of shielding for
the secondary radiations produced in electron interactions. As mentioned
above, the main products are bremsstrahlung (x rays), <7 rays, neu-
troms, and residual radioactivity (ﬂ+, B, and vy rays) for
electron beams wup to about 100 Mev.8 The approach to shielding in many
respects is similar to the approach used for reactors. However, in the
accelerator case, the neutron spectrum may have higher energy components
than the reactor spectrum (for an electron accelerator of E, = 100 MeV,
the main problem is neutrons of E, > 40 MeV). A second point is that
electron and x ray beams are highly directional (mostly forward) so that

the output end of the accelerator becomes the object of shielding concern.
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Here, the interactions produce neutrons which can be treated as fairly
isotropic, so much of the shielding design concerns these products. The
neutrons of concern for lower energy accelerators (< 30 MeV) are referred
to as "glant resonance neutrons," and have an effective energy of approxi-
mately a few MeV. As the accelerator energy increases, eventually the high
energy component of mneutrons (En > approximately 100 MeV) will dominate
the shielding considerations.

References 8 and 9 contain information on the shielding of
electron accelerators of E up to 100 MeV. Reference 9 also contains
information on the shielding of electron accelerators of E > 100 MeV. In
addition, Reference 10 discusses approaches to neutron shielding at high

energy electron accelerators.
D. Gamma Radiation

Gamma rays do not lose energy continuously, as do a or 8
particles, in traversing a medium. As a result, vy rays are much more
penetrating than « or B radiation. Gamma radiation from most
radionuclides 1is attenuated in matter mainly by: (1) the photoelectric
effect, (2) Compton effect, and (3) pair production.

Until the photon interacts, no energy is lost to matter. When the
photon does interact, the result is the release of energetic electrons.
The interactions discussed above are directly proportional to the atomic
number (Z), generally to some power between 1-5. By increasing the number
of available electrons, one enhances the probability of photon interac-
tions. So, materials of higher Z and higher demsity, such as Pb, U, Th,
Au, and W, are best suited for v shields. The use of some of these
metals is limited by their high cost and/or weight. Therefore, metals such
as Fe, Pb, Cr, and Ni are wused for v shielding. In addition, because
concrete is an effective 4 and n shield, concrete is often used for
7 when neutron fields are also of concern, as in the case of reactors

and accelerators.
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1. Calculations of Shield Thickness

Gamma-ray absorption is an exponential process. Theoretically,
this means that v rays are never completely absorbed no matter how
thick the absorber. However, practically, we can choose a shield thickness
which will reduce the intensity to nondetectable or nonhazardous levels.

Three relationships (see Figure 8.2) can be used for calculating

shield thickness for monoenergetic photons:

H
I

Ioe'#x; p=Linear Attenuation Coefficient eq. 3.39 (&)

I-= Ioe"(“en)x Pen=Linear Energy Absorption

Coefficient eq. 8.1 (B)
I =1Ibe# b = buildup factor eq. 3.51 (G)

In radiation protection work we prefer equation (B), since this
equation incorporates a safety factor in our calculations (see Figure
8.2). The attenuation coefficient Hen assumes that all scattered
gammas reach our point of interest. This means that we will overestimate
the intensity I when radiation I moves through a shield thickness x. As
a result, the calculated thickness will be greater than is necessary to
reduce the intensity to prescribed levels.

Equation (A) is used for narrow (collimated) beam conditions.
Here, we assume that all <y photons which deviate (scatter) from the
beam never reach our detector. If this equation is used in treating a wide
beam of radiation, we would underestimate the required shield thickness.
This occurs because some scattered radiation would arrive at the detector.
In addition, some contribution may be made by fluorescent radiation,
bremsstrahlung, and et annihilation photons.

The third equation (C), is used when cost, weight, or space are
factors which must be considered. If we know the buildup factor b, we

calculate the true + intensity I; hence, we get a more accurate

estimate for the needed shield thickness.

TR TR TTT e e e e
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For quick shielding estimates, we can use multiples of
tenth wvalue or half wvalue layers. A half value layer (x1/2) is defined
as that thickness of a material which reduces the radiation intensity to
one half its initial value. A tenth value layer, or any other thickness
which reduces the intensity to some desired fraction of the initial

intensity, is similarly defined (see Section 3.E.6).

A half value layer is determined as follows:

1= Ioe"(”en)x 8.2a
. -(Pen)x
Then: /1, = 1/2 = e 1/2 8.2b
or 1nl = -0.693 = (Hen)x 8.2c
2 . 1/2 .
From this:
Xl/z = 0.693/[len. 8.3

The above expression can be used to determine the number of half
value layers mneeded to reduce the initial intensity to any other desired
level. In Section 3.E.6, x1/2 was defined in terms of the 1linear
attenuation coefficient g, which would be the HVL for narrow beam
conditions.

If we  substitute 0.693/x1/2 for po, in the exponential
expression, we obtain
= ¢"0-693(x/xy s9) 8.4a

1/1,

From this, taking the reciprocal of each side, and then the logarithm,

In(I/I) = 1n2(x/xq 3), 8.4b
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where X/X1/2 is the number of half value layers. If we let n =

X/X1/2’ then IO/I=2n, which is the same result as equation 3.46.

EXAMPLE 1. It 1is desired to reduce a beam of v rays to 1/16
of its initial intensity. The gammas have an energy of 1 MeV and lead will
be wused as the shielding material. How many half wvalue 1layers are

required? How many m of lead are required?

(a) I /I =16 =2"
Now
In 16 = n 1n 2

or

- lnl6 _ 2.773 _
In 2 0.693

Therefore, 4 half value layers are required.

N
(b) The value of (—QQ)Pb is obtained from the energy ab-
P

sorption coefficient versus energy curve (Appendix E),

2 2 -
(2 en)p, = 0.0038m—; (0.0038 D-)(1.134x10% K8)-43.1 ml(.43¢m Y
P kg kg ~
= (“en)Pb.
Then

1 half value layer = 0.693/(pen)Pb = 0.693/43.1 m™?

and

4 half value layers = 4x(0.693/43.1) 64.3 mm of lead (6.43 cm)

0.064 m.

EXAMPIE 2. A radium source will be contained at the center of a
wooden box. The <« reading through .the surface of this box is 7x

1078 C/kgs (approximately 1 R/h). What thickness of lead will be
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required, as a lining inside the box, to reduce the reading at the surface

to 1.4x1071° C/kgs (approximately 2 mR/h). Assume an effective

energy of 0.8 MeV. Using equation 3.46,
I,/1 = 7x1078/1.4x1071° = 500 = 20

Then, taking the logarithm of each side, and dividing by 1ln 2 gives

4 = 1n 500 _ 6.215 _ g4
In2  0.693

Therefore, 9 half value layers are required. To find the Pb thickness,

a en is found from Appendix E.
p

2 2
mé. m kg
(pen/p)Pb = 0.0047 Eg,0.0047 Eg (1.134x10;l3 )

53.3 m"1(.533 cm" 1)

B
I

(“en)Pb
Hence,

9%0.693/53.3 m"1

.117 m (4-5/8 in) of lead

2. Buildup Factor

In calculations which include the buildup factor b, we take into
account the scattered photons resulting from the Comptom effect and the
"uncollided gamma flux" which reach our detector. The value of b varies
with radiation energy, shield material, source geometry, and depth of

shield penetration.
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Values for b in a number of relevant materials can be found in
the literature (11-13) and wvalues for lead are shown in Figure 8.3.
Frequently, the values of b are plotted on semilog paper against values of
the mean free path for the initial radiation. The mean free path (mfp) is
that thickness of absorber which will result in a reduction of 1/e in the
initial beam intensity Io, i.e., I1=0.368 I,. For radiation of
attenuation coefficient p, in the medium, the number of mean free

paths can be found from

Nmfp = [LOX, 8.5

in which x is the thickness of the shield.

We use the narrow beam relationship, I = Ioe'“x, to
determine the wvalue of b. The number of mean free paths is given by
In(I /1) to a f£first approximation. One may iterate to obtain a better

approximation of b and the required shielding.

EXAMPLE 3. A 1 MeV v source is surrounded by a lead shield
which reduces the intensity at a point outside the shield by a factor of
20 from what it would be without the shielding. What is the value of b to

a first approximation? Using equation 3.39

= oM#X

IO/I = e
or

In I /T = px = (g %)1,
Then

In 20 = 2.99573 = 3 nfp.

Now consult the 1 MeV curve for a point isotropic source in lead
(Figure 8.3). From this we see that b = 1.93 for BoX = 3 and E =1

MeV. The wvalue of b; is the first approximation to the actual buildup.
To iterate, we wuse the product by I,/I, to arrive at a new estimate of

the penetration (pox)z,



BUILDUP FACTOR,b

100
90

80
70
60

50

40

30

20

o O N oo

8-15

5.0 MeV
/.
7
7
/ 2.0 MeV
-
/
/
/|
/ ///
//// 1.0 MeV 4
>
y. _
"
Y% PE
-
// 0.5 MeV-
| e
//

AP |
// 0.2 MeV
|
4 6 10 12 14 16 18 20 22 24 26 28

Ho*

Figure 8.3 Exposure buildup factor in Pb - Point isotropic
source (adapted from reference 13).




8-16

1.93 1 /1 = eM¥
In 1.93 I /I = 1n1.93(20) = (m,x),
1n38.6 = 3.65325 ~ 3.65 mfp.

The new value b2, for (”oX)Z = 3.65, is =~ 2.08. Repeating the

iteration,

by (Io/p) = &M%
2.08(20) = k%
In4l.6 = 3.72810 = (p,x)3 mfp.

The wvalue of by is very nearly equal to by, so we stop the iteration
process at this point and estimate the final b as 2.1. The value of the
iteration approach is that many times one is asked to compute the
thickness of a shield required to obtain a given attenuation. In cases
where the scattering component of radiation may be important, one could
significantly underestimate the required shield thickness by simply using
equation 3.39.

To 1illustrate the wuse of both buildup, b, and calculations

involving bremsstrahlung, we have the following example.

EXAMPLE 4. A 3.7 TBq (100 Ci) 32P source will be shipped in
a cylindrical container, 7.6x1072 m (3 in) in diameter and .1016 m
(4 inches) deep. The shipping regulations require a reading of <2.6x
1076 C/kgh (10 mR/h) at 1 meter. Calculate the container wall
thickness using equations (A), (B), and (C) in Section 8.D.1.

We first consider an all lead container; we will then work out

the problem for a combination wall material of Lucite and lead.

The decay schemel® for 32P is as follows

32
P(14.29d)
B~ (1.71 MeV)

32
S
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The fraction of B energy converted to bremsstrahlung is given by

equation 3.16, F = 3.33x107* ZE. For the all lead container:
F = 3.33x1074(82)(1.71) = 0.047.

Now

3.7x1012 (Qi§)(15%—)(0.047)=1.739x1011 ph/s of bremsstrahlung
S S

The C/kgh at 1 meter, unshielded, is 3.74 x 1071% n,

CE, = 3.74x10°15  (1.739x10%1y(1.71) = 1.112x10"3 G/kgh (4.31
R/h). For E/3=0.57, as suggested in Section 3.B.3, (p/p)Pb =
0.0133  (m/kg)  from  Appendix  E.  (u,/p)p,=0.0078  (m%/kg),
and b is found from the curve in Figure 8.3 by interpolation. Number of
mean free paths=1n(Io/I)=1n(1.112x10'3/2.6x10'6)=1n 427.7 = 6.05482;

therefore b ~ 3.1. The density of lead is 1.134 x 10% (kg/m3),
I=1eF1 /1= ebX:1n427.7 = 0.0133(1.134x10%)x;

1n427.7 = 150.8x; x=6.058/150.8 = 4.02x10°2 m(1.6 in) (A)
I = Ioe'(”en)x; I1,/1 = e (Bepn)x,

In427.7 0.0078(1.134x10%)x;

]

In 427.7

88.45x; %=6.058/88.45 = 6.85x1072 m (2.7 in). (B)

I = Ibe #¥; I b/I = el¥; 1n427.7(3.1)=0.0133(1.134x
104)x;

in 1325.9 = 150.8%x; x=7.190/150.8 = 4.77x10°2 m (1.9 in). ()

Using the above value in (C) for the wall thickness, the weight

of the container would be about 46 kg (101 1bs). In using p,, to
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calculate the amount of lead required, we get a container with a weight of
90 kg (approximately 200 1lbs). This is about twice the amount of lead that

is actually needed. Note that the value obtained in (A) would represent

insufficient shielding.
3. Effective Atomic Number

We will now consider the problem if lucite is used to shield the
betas and lead to shield the bremsstrahlung.

According to Evans (Reference 15), the effective atomic number
Zoff for a compound, in reference to the bremsstrahlung formula, is

given by

f£ = ’
e N1Z, + NyZy + NaZg+. ..

of ith atoms, of atomic number Zi’ per cc.

where N; 1is the number
For Lucite (CSH302),Zeff = 5.85.

The maximum range of 32P betas in Lucite is approximately
0.008 m (approximately 5/16 in). The fraction of B energy converted to

bremsstrahlung is
F-= 3.33x1074(5.85)(1.71) = 0.0033.

Since the source activity is 3.7x1012 Bq, the amount of bremsstrahlung

is 3.7x1012(218y(1— B ) (0.0033) = 1.221x101® 2B of bremsstrah-
s dis s
lung.

It is difficult to derive a function which describes the energy spectrum
of the photons emitted. However, one can assume that the bremsstrahlung
consists of monoenergetic x rays equal to the maximum 8 energy. This
will result in a safe estimate for the exposure rate, since only a small

fraction of the photons will have E=Emax (see Figure 3.10a.).
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In this case, the exposure rate is:

X at 1 meter = 3.74x10715 n70E1
=3.74x10715(1.221x101°) (1.71)
= 7.81x107% G/kgh (.303 R/h).
Once again b is found from the curve (Figure 8.3):
1n(7.81x1075/2.6x107€)=1n30.04 = 3.403 ~3.4 mfp
From the curve b~ 2.2. Recalculating, as before,

' 4
I=I e #¥;1,/I=e!¥; 30 . 04=e0-0133(1.134x10 )x.

In30.04 = 150.8x; x = 3.403/150.8 2.26x10"2 m (0.9 in). (&)

I = Ioe-(”en)x; IO/I - e(#en)x;
30.04 = &0-0078(1.134x10%/x.

I

1n30.04 = 88.45x; x = 3.403/88.45 = 3.85x1072m(1.5 in). (B)
I = I be™*; 1 b/I = cHX.
30.04(2.2) = e0-0133(1.134x100)x,

1n66.088 = 150.8x; x = 4.191/150.8 = 2.78x10'2m(1.1 in). (C)

Hence, a small amount of lucite will appreciably reduce the lead
requirement. This container needs about 40% as much lead as is necessary
for the "all lead" container. Again, if p,, is used in the calcula-
tions, the amount of lead is almost 1.7 times as much as is actually

needed.
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It should be remembered that the use of the buildup factor is
important where economy, space, and weight must be considered, such as in
the design of a reactor. If these considerations are unimportant, the
simpler expression involving Ben can be used. For calculations in
air,

Ben can always be wused. The buildup factor is important when

absorbers are used in which the scattering can be quite extensive.

4, Point Kernel

In the previous examples, a combination of exponential
attenuation and inverse square law drop off was used to obtain the total
attenuation. This combination for a point source is referred to as the

point kernel. Expressed in terms of the fluence rate, ¢, the point

kernel may be written

2 2 8.6

In equation 8.6, x is the thickness (m) of the shielding medium of

attenuation coefficient, p(m'l),

and buildup factor, b, r 1is the
distance (m) from the point source to the exposure point (see Figure 4.1),
and N7 is the photon source strength (ph/s). If the source and
exposure point are within the same medium, then x=r. When the medium is
air, and r=x is only a few meters, e F¥ . 1, b=1, and the expression
reduces to equation &4.6. Suitable conversion factors may be included, on
the right side of equation 8.6, to arrive at the exposure, kerma, or
absorbed dose rate.

The point kernel is often used to compute the total contribution
to an exposure point from an extended source. In this application, the
point kernel is used to represent the contribution to the fluence rate at
an exposure point, from each small element of the extended source. The
total contribution is found by summing all the contributions by inte-

grating over the source dimensions .13
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One may express the broad beam attenuation in terms of a
transmission (or attenuation) factor. This approach is used to estimate
shielding requirements for medical equipment.16 If we rewrite equation

8.6, and express our quantity as exposure rate, X, then

= 2% 8.7

in which Xo is the exposure rate at 1 m, r(m) is the distance to the
point of interest, and B is the transmission factor, defined as the ratio
of the radiation field with the shield present to that with the shield
removed. In this case, the factor B includes both attenuation and buildup.
Transmission factors can then be measured with depth of penetration, and
plotted as shown in Figure 8.4. One simply reads the factor B from the
curve to find the effectiveness of an iron shield of a stated thickness.
Conversely, given a desired exposure rate i, and knowing the rate at 1 m,

X,» one may compute the necessary value of the transmission B to obtain

X at a certain distance r. Having computed B, one may use Figure 8.4 for
the relevant radionuclide to find the corresponding thickness of iron
needed. For example, a 37 GBq (1 Ci) source of 6°Co has an exposure
rate, ﬁ, of approximately 9.27x10°8 C/kgs (approximately 1.3 R/h) at
1 m. How much iron is needed to reduce the field to 1.8x1071° C/kgs

(approximately 2.5 mR/h) at 4 m? Using equation 8.7,

2- 2 -10 .
and B = r X = (4)°1.8x10 = 3.11x10"2

x  9.27x10°8
(o]

From  Figure 8.4, when B=3.11x10"2, the thickness of iron needed
would be approximately .119 m (4.7 in). Transmission curves for a number

of radionuclides 1in several different absorbers can be found in Reference
16.
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With respect to some x ray equipment, the exposure 1s expressed
in a different manner. The term weekly workload, W, is used to designate
the degree of use and is given by the product of the target current (mA)
and total machine running time (min), for a certain kilovoltage machine.
In addition, two other factors are used to modify the value of the
workload. The wuse factor, U, corrects for the fraction of the total time
that the radiation is directed at a particular barrier. For the direct
(primary) beam, the use factor is generally taken as 1 for floors and %
for walls.l® The occupancy factor, T, corrects for the fraction of time
that the area is occupied while the beam is on. The value of T varies from
1 (full occupancy), to X (partial occupancy), to 1/16 (occasional
occupancy).16 With these adjustments, we may rewrite equation 8.7, in
terms of exposure X, as

X = _WUT B.

8.8
2

Tn Reference 16, Appendix D, a number of curves are shown giving the
attenuation (transmission) factor in lead and concrete for several values
of machine kilovoltage. As an example, let W = l.2x106 mAs (2x104
mAmin), U=l, T=1, £for a 250 kV x ray machine. Find the thickness of lead
necessary to reduce the weekly exposure to 5.16x 1076 C/kg (20 mR) at &

m. Using equation 8.8 to find B,

2 -6 2
B = Xr = 5.16x10 (4)° = 6.88x10"11 _ ¢ (1.6x107° _R ).
WUT 1. 2X106 (1) (1) kgmAs mAmin

Using Figure 2, Appendix D of Reference 16, we find the thickness of lead
for B=1.6x10"% (since the units of the curve are R/mAmin). The
required Pb thickness is approximately 10 mm. Notice the wuse of
5.16x1076 C/kg in the shield design. This 1is 1/5 of the maximum
allowable weekly exposure, and represents the application of ALARA
principles. That is, designing the shield so that the exposure will be
less than the maximum allowable weekly exposures. When this is done before

shielding is installed, the cost is often reduced.

v.-é‘
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In addition to primary beam attenuation of x ray machines,
scattered radiation also needs to be treated. Reference 16 deals with the

aspects of shielding the secondary, or stray, radiation.

E. Neutrons

Neutrons, 1like gammas, are a highly penetrating form of radiation.
They possess no charge and, therefore, are unaffected by the electric
fields of atoms in the traversed medium.

Neutron attenuation is accomplished mainly through elastic and
inelastic collisions which reduce the energy of neutrons until they are
absorbed in the medium. In many cases, penetrating y rays are produced
as a result of neutron absorption. In addition, other secondary radia-
tions, including more neutrons may be produced. The probability of
scattering of neutrons is much higher than the absorption probability in
many materials. The cross sections for meutron interactions tend to show
more variation with energy than those exhibited for photon interactionms.
For these reasons, buildup factors for neutrons are a strong function of
the material composition, the incident E, spectrum, and the geometry of

the setup.13

The problem of neutron shielding is further complicated by the fact
that substances which effectively attenuate neutrons are generally poor
7 shields. Since photons usually accompany neutrons, one may shield
neutrons adequately, but not <y rays. Neutrons are more hazardous to a
biological system than gammas; therefore, the neutron fluence emerging
from a shield should be smaller than the vy fluence. However, for deep
penetrations, the mneutrons may be effectively removed and then a vy
problem may be encountered. Fast neutrons are more difficult to attenuate
and therefore are the main concern in the shielding problem. Almost all
neutrons are fast upon release from a source.

A further comsideration is that neutrons are generally emitted with a
spectrum of energies. Thus, the initial attenuation characteristics are
determined by a number of components. Each component is then modified as

it moves through the medium, since the neutrons lose energy. The result is
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that as the neutrons move through the material, the lower energy neutrons
are removed more easily than are the higher energy neutrons. So, as the
penetration in the medium increases, the surviving neutrons are those
which undergo the least interactions. This results in what is called
"hardening" of the spectrum. This means that the average energy of the
components shifts from a lower value to a higher value as penetration
increases.

Elements of low mass number (A) are ideal neutron moderators.
Therefore, hydrogen (in the form of water, plastic, or paraffin),
beryllium, carbon (in graphite), and LiH are popular shield constituents.
A shield composed entirely of a hydrogenous material, such as water, is
satisfactory for neutron attenuation; however, intermediate or heavy
elements alone are not suitable neutron shields. This is due to the fact
that in a nonhydrogenous material, a larger number of collisions are
necessary before absorption can take place. As a result, neutrons will
penetrate to greater depths in such a shield. If iron is a shield
component, additional precautions must be taken because thermal neutron
capture in iron produces high-energy gammas (approximately 7.5 MeV). Also,
high energy neutrons are effectively slowed down in iron until the energy
is about 250 keV, in which case streaming occurs. That is, inelastic
scattering is rare, and elastic scattering does not reduce the neutron
energy very efficiently. So, neutroms tend to just "stream" through the
medium. If the neutron energy is reduced enough so that capture is more
probable, a 2.2 MeV y is produced upon neutron capture by hydrogen.

This photon must also be considered in the shielding approach.

Concrete is an effective neutron shielding material because of its
water content. In addition, it is cheap, strong, and can be formed in
almost any desired shape and size. Also, concrete is a better vy
attenuator than water because of its higher-density additives. However, it
is possible for the water content of concrete to change with time and this
will affect the attenuation.

For most cases, a single shielding material will not provide
adequate protection. Therefore, shields are generally composed of both

neutron-attenuating material and vy absorbers.
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1. Shielding Approaches

The attenuation of a narrow beam of monoenergetic neutrons
passing through a substance is determined from the relationship in
equation 3.58,

$ = $oe It%,
where $s is the incident fluence rate, %, 1s the total macro-
scopic cross section, and x is the absorber thickness. In using 2.,
we assume all scattered neutrons are removed from the beam.

For a wide beam, some of the neutrons which are scattered away
from the point of interest are replaced by neutrons scattered toward the
point of 1interest. Therefore, the calculated wvalue for ¢ will be
smaller than the measured value; hence, we overestimate the effectiveness
of the attenuating substance.

In thick shields which contain sufficient hydrogen (60
kg/m?), the removal cross section kg 1s used in the equation
instead of the total cross section. It may also be used for a shield
composed of one substance followed by a sufficiently thick hydrogenous
shield. In these cases, the removal cross section itself accounts for
buildup.

When the shield is thin, even one which contains hydrogen, the
scattered neutrons may contribute significantly to the fluence rate at a
point of interest. Since the removal cross section is based on measure-
ments through thick hydrogen shields, the concept does not adequately
apply to thin shields.

For the case of thin hydrogenous shields, one may use an
empirical expression from Casper to account for the buildup of small-

13 235

angle scattered neutrons.

For a point U fission source in water

of source strength, 1 n/s, the absorbed dose rate of fast neutrons is:

69

8
. -11 .
D(Gy/h) — 2-68x107-" .349 _-[10.503x -3.08x]

4y x2

8.9
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in which x is the distance (m) for a point fission source of neutrons.
This may be extended to any hydrogenous substance, if we drop the part of

the exponential term due to oxygen in water (-3.08 x), and rewrite as

: -11 - .698
h

2

8.10
4ot x

in which k is the ratio of the atomic density of H in the substance to
that in water. Although the above expressions are applicable to thin
shields, there must still be sufficient hydrogen (approximately 7% by
weight for low mass number material). The above expressions apply
primarily to a fissibn neutron spectrﬁm, but can be used for neutron
sources which have an average energy in the range 1-2 MeV. With the proper
choice of x in the above expressions, one may estimate the necessary
neutron shielding for a fast neutron source with a spectrum of energies.
Reference 18 contains curves of the attenuation factors of
neutrons in concrete, Nevada Test Site soil, water and polyethylene for
monoenergetic neutron beam sources. In addition, this reference also has
curves of the mneutron tissue kerma for normally incident monoenergetic
neutron beams on concréte. These durvgs can be useful if one has some
spectrum information, since then one can compute an average transmission
factor for a given mneutron spectrum. That is, the average transmission

factor, B, is

n —
- = F;(E)AF;(E).
B = i=

H

8.11

M3

F1(®)

in which F;(E) 1is the fraction of the neutron spectrum in energy group
E, and AF;(E) 1is the average attenuation factor for the energy group.
Most mneutron sources one encounters consist of an energy spectrum of
neutrons being emitted. To estimate the shielding and assess the dose from

a neutron source are difficult tasks.
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For very high energy neutrons, a multiplicity of energetic
secondaries are produced in the first few mean free paths of the
penetration of thick shields. Since these energetic secondaries may also
produce a further number of secondaries at these energies (E> 20 MeV), a
buildup of radiation occurs during this phase. The term nucleonic cascade
is wused to describe this buildup in particles during the early stages of
penetration (see Figure 8.5). The region in which the buildup rises to a
maximum and then decreases to the value at the start of penetration is
known as the transition zone. The penetration distance of this transition
zone 1is typically 2-4 mfp of the incident particle. Following this region,
the attenuation of the beam is approximately exponential, with an
attenuation length of A(kg/m?). This leads to a general expression

for the attenuation factor, AF,

AF = B e'f 8.12

References 10 and 13 discuss the value of the buildup factor B and the
attenuation length for a number of shielding substances. For a definitive
treatment of the shielding aspects of high energy proton accelerators, as

well as other aspects of particle accelerator health physics, the book by

Patterson and Thomas19

is suggested.

The previous discussion of neutron shielding dealt with fast
neutrons. For thick shields, intermediate neutrons and thermal neutrons
also must be considered. In particular, the intermediate neutrons may
contribute  appreciably to the transmitted dose. Capture of thermal
neutrons may lead to a high capture vy dose rate. Reference 13

discusses methods of dealing with these shielding considerations.

F. Shielding Materials

Water, concrete, steel, and lead are the more common materials used

for shielding purposes.
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1.0 Y= 2-4 mfp »

Figure 8.5 Transition zone - Radiation increases to a maximum
and eventually undergoes exponential attenuation.

Some of the things which must be considered when choosing materials
for a neutron shield are: (1) will it effectively decrease the neutron
energy; (2) does it have a high capture cross section for thermal
neutrons; and (3) will it effectively attenuate the accompanying <y
radiation? In addition, radiation absorption in the shield will release
energy in the form of heat. Therefore, to insure shield integrity, it may
be necessary to know the temperature distribution in the shield.

Water, because of its high hydrogen content per unit volume and low
cost, is widely used as a meutron shield; however, it is a relatively poor
gamma absorber. In cases where a liquid is undesirable, plastics, wood, or
paraffin can be wused, although some of these materials are flammable.
Polyethylene is probably the most commonly used plastic.

Concrete 1is an adequate neutron shield material if the water content
is at least 7% by weight. High-density concretes are recommended where
space considerations are important. A certain amount of both neutron and
y attenuation can be obtained by use of a thinner shield of high-
density concrete than is possible with ordinary concrete.

Boral, a mixture of aluminum and boron carbide (B4C), is used

for neutron shielding. Boron carbide, containing 80% boron, is a good

o
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thermal neutron absorber, and the capture vreaction in boron yields a
relatively low-energy (0.5 MeV) <. However, this photon contribution
may be significant in some situations.

High-density materials are necessary for shielding the < radia-
tion. Lead is a wvaluable =+ shield; however, uranium, tin, and iron (in
steel) are also wused. For 7 rays of about 2 MeV, a given mass of lead
will achieve approximately the same attenuation as an equal mass of iron.
Above or below this energy, lead is superior to iron. However, lead has a
low melting point and temperatures must be considered if this element is

used for shielding. Lead also presents a toxicity problem if improperly
handled.
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QUESTIONS

8.1 What are the three factors which determine the total exposure one
receives in a given radiation field?

8.2 Explain how a job can be completed within safe limits when the time
required for one man to complete the job would result in an excessive
exposure.

8.3 What geometrical 1limitations are placed on the use of the "inverse
square law" for penetrating radiation?

8.4 What is the first consideration in choosing a shielding material and
what other considerations cannot be overlooked?

8.5 Explain why a radiation is mnot considered an external exposure
problem.
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Why do a sources need shielding?

What is the threshold energy above which B particles must be con-
sidered by shielding?

What secondary radiation is produced when g particles are stopped
by shielding?

List the radiation products that result from electrons when
accelerated to high energies.

When do high energy neutrons dominate in shielding consideration for
electron accelerators?

In what materials is the secondary radiation produced by §B
shielding the greatest?

Why are high Z materials good as vy shields?

Explain the difference between p and p used as exponents
in shield thickness formulae.

What term is used to identify the thickness of a material which
reduces the intensity of a radiation by one-half?

What term is given to the variable ratio involving radiation energy,
shield material, and source geometry that is used to obtain a more
accurate prediction of the probable effectiveness of radiation
shielding?

What term is given to that thickness of absorber which will reduce
the initial beam by a factor of l/e?

What value must be determined when a shielding material is either a
compound or a mixture before wusing the bremsstrahlung formula in
B shielding calculations?

Explain the reasons for using the buildup factor in 7 shielding.

What is a point-kernel?

What is the transmission factor?

Explain the term weekly workload in reference to x ray machines.

By what processes does a neutron lose its energy in a given iledium?

Explain why a single shielding material is usually unsatisfactory for
neutron shielding.
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What is meant by "hardening" of the neutron spectrum?

Compare iron, water and concrete as neutron shielding materials.
Which is the most effective and why?

What are the two principal processes included in the total macro-
scopic cross section for neutrons? For the total microscopic neutron
cross section?

What factor replaces the macroscopic cross section in the neutron
shielding formula in the case of a thick shield containing hydrogen?

Why should the neutron flux emerging from a shield be smaller than
the gamma flux?

For what reason other than being a good neutron absorber is boron
used in neutron shielding?

What are some of the drawbacks of lead as shielding material?
PROBLEMS

How long can a person work in a radiation field of 7x10°5
C/kgh if he is allowed 5.2x10°¢ C/kg per day? If the estimated
time for the job is 15 minutes, how many persons are needed for the
job?

Answers: 4 minutes 17 seconds, 4 persons

The original intensity of a 2 MeV y beam from a point source is
7.74x1072  C/kgh. Find the intensity of the beam after it
emerges from a 0.06 m thick piece of lead using the formulas:

a) I=I0e'/‘x
b) I=I°e'”enx
c) I=Iobe"‘X

Assume the following for lead as a shield for 2 MeV photons: p=
1.134x10¢4 kg/m3, b = 2.1, B/p = 4.5 X 1073
m?/kg, and Bep/P = 2.35 x 1073 m?/kg.

Answers: a) 3.62x10°% C/kgh
b) 1.56x10°2 G/kgh
¢) 7.61x1073 C/kgh
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In problem 8.2, it is required to reduce the exposure outside the
lead shield by a factor of 10,000. Use all the three formulas to
estimate the thickness of lead needed.

Answers: a) 0.18 m
b) 0.35m
c) 0.21m

Find the approximate buildup factor using iteration and Figure 8.3,
for a 2 MeV 7 beam from a point source, when the original
intensity is 1.3x10"! C/kgh, and the intensity upon passing
through a lead shield is 1.0x1073 C/kgh.

Answer: 3.3

Find the effective atomic number for carbon dioxide, COy. Assume
for the atomic numbers: Z: C=6, O0=8. Note: Do not confuse the
effective atomic mnumber with the effective atomic mass of a
substance. :

Answer: 7.45

One of the organic scintillators used in neutron spectroscopy, stil-
bene, has a chemical formula Ci14H14N2. Find the
effective atomic number of stilbene. The atomic numbers of hydrogen,
carbon and nitrogen are 1, 6 and 7, respectively.

Answer: Zeff = 5.5

Cesium-134, 12205, emits B~ particles of which

a) 13% are 0.683 MeV,
b) 50% are 0.655 MeV,
c) 5% are 0.31 MeV,

d) 32% are 0.083 MeV.

Compute the bremsstrahlung produced by 108 Bq when the B~
particles are completely stopped in lead.

Answers: a) 2.42x105 photons/s
b)  8.94x10% photons/s
c)  4.23x10% photons/s
d) 7.25x%10% photons/s
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A 250 kVp x-ray therapy unit operates with a tube current of 20 mA
for an average of 20 h/week. How thick should a concrete protective
barrier be such that the weekly exposure in the controlled area 3 m
from the tube is 1less than 5.16x10"¢ C/kg? Use a use factor of
1/2 and occupancy factor of 1. What would be the thickness, if the
wall were to be made of lead sheet? Note: use Figure 2 and Figure 3
of Appendix D, NCRP Report No. 49.

Answer: Concrete thickness - 0.45 m
Lead thickness - 0.0l m

Compute the remaining fluence rate of a narrow beam of 1 MeV
neutrons passing through a foil of cadmium 1x107® m thick.
Data for cadmium: 0.=6.2 barns, p=8.65x%103 kg/m3,
A = 112.40

Answer: 97.2%

Using the data in the preceding problem except that the neutrons are
thermal for which cadmium presents a total cross section of 2500
barns.

Answer: ~ 9.3%x107% or O.

The atomic density of H in concrete is 1.375x1028 atoms/m?3,
and in water, 6.69x10%2% atoms/m®. Compute the absorbed dose
rate from a 5x10% n/s point fission source, located behind a 0.4
m thick concrete wall. Assuming Q=20, what is the dose equivalent
rate?

Answer: 1.6 pGy/h
32 uSv/h



SECTION 9 - INTERNAL DOSTMETRY CONSIDERATIONS

A. Main Factors Affecting Dose Calculations

Much effort has been directed toward the problem of calculating the
dose which a person receives as a result of internally deposited radionu-
clides.]"4 Among the many factors of main concern that enter into such a
calculation are: the shape of the organ, the type of radiation, the amount
of the deposit, and the distribution of the deposit.

When the organ is in the shape of some standard geometric form, such
as a sphere, the problem is somewhat lessened. If one can assume a uniform
distribution of the deposit, the problem is further reduced. Then, if the
range of the radiation is small compared with the size of the organ, the
calculation of the absorbed dose becomes rather simple. One can then say
that the energy emitted per unit time is equal to the energy absorbed per
unit time. A knowledge of the concentration (Bq/kg), decay scheme of the
radionuclide, and the energy of the emitted radiation is all that is
needed to complete the calculation.

It is rare when one is able to apply this ideal model to an actual
case. TFor this reason, one cannot make a truly precise calculation of the
organ dose. The most vital factor which affects the accuracy of the result
is the nonuniform distribution of the deposit. This is clearly seen in the
case of alpha particles, whose range in tissue is so very short. In this
respect, local "hot" spots may be the item of chief concern, rather than
the average dose over the tissue mass.

Of further interest is the problem of stating the dose in terms of a
common scale. One can make a reasonable estimate of the absorbed dose in
an organ. However, this merely specifies the energy absorbed and does not
supply information about the effect of this dose on the organ. The
absorbed dose which will give the same biologically equivalent dose is not
the same for all types of radiation. Also, the lack of knowledge about the
effects from low dose rates over long exposure times adds to the complex

nature of the problem.5
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For purposes of protection work, the present method of dose de-
termination, proposed by the ICRP in 1979,1 provides an adequate
estimate. One must keep in mind that as knowledge is gained, more changes
may be warranted. But the changes which may occur will only serve to
reflect an attempt to obtain more precise results.

Given an amount of a radionuclide in an organ of the body, a reason-
able estimate of the organ dose can be made. A much greater problem is to
estimate the amount of a radionuclide in the organ which results from
intake into the body. This involves a number of biological factors, many
of which are not quantitatively known. Much work is needed in this area to
improve the body of knowledge which now exists. At present, many assump-
tions must be made in order to relate an environmental concentration to
which a person is exposed to the amount of the radionuclide which he
receives as a result. In view of this fact, the ICRP has always taken the
stand that review and modification are needed on a continuing basis. The
present recommendations! define a quantity called the Annual Limit on
Intake (ALI). The ALI is the activity of a radionuclide which taken alone
would irradiate a person to the limit set by the ICRP for each year of
occupational exposure.

The method of calculation suggested in ICRP 30 is still not very
precise. It can only yield a good estimate in cases where there are
sufficient data to back up the assumptions made. 3% But the value of
these calculations lies in the fact that they provide a guide for
evaluation of a given environmental concentration. For the purposes of
protection work, there is a very special need for these guidelines. for
this reason, the methods of estimating the derived air concentration (DAC)
values are wuseful. The DAC is found by dividing the ALI for a given
radionuclide by the volume of air inhaled in a working year (2400
m3).l On the other hand, one must be careful to note the conditions
under which these values apply. In many cases, the use of these values
without due regard to the assumptions which underlie them can lead to many

pitfalls.
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Let us focus on the nature of the problem. Assume an intake of a
radionuclide which deposits in one organ and we wish to determine the
dose. A knowledge of the mass, size, and shape of that organ is needed.
For a certain radionuclide of known decay scheme and energy of emissions,
one can calculate an initial organ burden. This will be the amount of the
radionuclide in the organ which delivers the stated dose equivalent limit
(see Section 7.C.3.a) for that organ. This limit may be based on the risk
of stochastic effects or nonstochastic effects.6

There are many ways in which the radionuclide may reach this organ:
inhalation, ingestion, diffusion through skin, and absorption through
wounds or punctures. For most cases, only one mechanism is of concern for
occupational exposure: that is, inhalation. Ingestion may be important in
the considerations of the internal dose to the general public.4 The
problem then 1is to relate a concentration in air (Bq/m3®) to the amount
of the radionuclide which ends up in the organ. Many factors affect the
amount of the radionuclide which is deposited in a given organ.

From the standpoint of absorption into the body, the transport-
ability (solubility) of the radioactive substance in body fluids plays a
major role. Whether a given substance will be readily transported in body
fluids or mnot is not easy to tell. However, as a mode of entry, ingestion
is of concern only for transportable (soluble) radionuclides. Also, in the
case of elements not required by the body, absorption by ingestion is
poor, leading to rapid elimination of most of the material.

In those cases where absorption does occur, one is then concerned
with the transfer of the substance to the organ, that is, only a fraction
of the ingested material will go into the body fluids (blood stream). Of
this, only a fraction will go into the organ of concern. These fractions
are often poorly known. To add to the problem, a portion of the substance
may end up in a large number of organs. In this case, more than just a
single organ will have to be considered. Then, an organ will be irradia-
ted not only by the radioactivity in that organ, but may also be irradia-

ted by the radioactive emissions in nearby organms.
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In regard to inhalation, both transportable and non-transportable
matter must be treated. Other factors to consider are density and particle
size. The movement and retention of matter in the respiratory tract are
functions of the particle size and dissolution rate.’ Because of the
complex relationships which exist, estimates of the transfer of
radioactive matter by this mode of entry are poor. Of that released from
the lung, a fraction will get into the body fluids (transfer compartment)
and then be transported to a given organ.

Until recently, the ICRP used a general model for use in the cal-

culations.8

In that model, deposition in the lung was based upon
classification of materials as soluble or insoluble; with little regard
for particle size and chemical form effects on clearance rates. A more
sophisticated model’ utilizing dust deposition data and clearance
fractions for portions of the respiratory tract has been used in the ICRP
30 methodology (see 9.D.3).

One can see that many factors are already present in an attempt to
state intake parameters. But one must also treat the matter of elimina-
tion; although a substance is deposited in an organ, the time of stay in
that organ is not indefinite. A fraction of this substance will be
eliminated from the organ as time passes. Because the substance is
radioactive, a certain fraction will decay per unit time, but also some of
the material will be lost from the organ because of biological processes.
Therefore, one must have knowledge of the net retention of a material in a
given organ in order to proceed with the calculation. This means that one
must have an elimination model for substances which are taken up by a
given organ. The ICRP assumes that each organ can be treated as either a
separate compartment or a number of compartments in which the elimination
of a substance from each compartment proceeds at a constant rate. This
exponential model for elimination means that each organ compartment has a
half 1life for biological elimination of a given substance. This is only
very roughly true and in some cases a power series or some other mathe-

matical representation may be a better model. However, it provides a



9-5

simple means of obtaining a rough estimate of the retention in a certain
organ.

Given the yearly intake rate for air (2400 m® occupational), one
can then solve for the DAC value. The calculation consists of finding the
daily intake, over the working year, which would not result in an
accumulation greater than the ALI. Then, the ICRP dose limit will not be
exceeded. For the purposes of this methodology, it is immaterial whether
the ALI is spread out over the year or acquired in a single incident
within the year,4 except in the case of occupational exposure of women

of reproductive capacity and pregnant women.6

B. Reference Man

Throughout the above outline of the calculation of the DAC value,
and its basis, many factors which concern biological processes in man were
mentioned. Because one individual varies from the next, these factors
differ from one person to the mext. In order to obtain agreement through-
out the world in regard to the calculations of internal dose, certain
values have been agreed upon for these factors. The ICRP achieves this
goal by the wuse of the "Reference Man" concept.1 The Reference Man
represents a set of agreed-upon values for the many characteristics of man
which are needed for internal dose calculations. These values can be found
in ICRP Report 23.9 Since the wvalues are intended to represent an
average adult, no account is taken of the differences which occur among
individuals. The published DAC values]"lo"12 have been calculated using
the Reference Man data, dosimetric data for the relevant radionuclides
contained in References 13-16, and the metabolic data for these radio-

nuclides found in References 1, 10 and 11.

C. Internal Exposure - ICRP 2 Model

Previous estimates of internal dose equivalent were based upon the

ICRP Publication 2 model,s’17 in which it was assumed that the organ




9-6

retention could be represented by a single exponential term, that a
specific organ could be considered to be the critical organ, that physical
characteristics of the model (e.g., intake parameters, transfer fractions,
tissue size and weight) could be represented by the "Standard Man" data,
that spherical geometry could be assumed for organ shape, and that
scattered radiation could be ignored. This basic model was used to
generate inhalation dose factors that are contained in USNRC Regulatory
Guide 1.109.1% For the basic dosimetry model, it was assumed that
uniform deposition of the radionuclide in the organ occurs and that the
energy emitted is equal to the energy absorbed, modified by a correction
factor for the escape of photon energy from an organ of small dimensions.
Integration of the dose-rate equation over a suitable time interval
yielded the dose equivalent, H, delivered by the radionuclide deposited in
the organ for the stated period. The system of dose limitation required
that the specified annual dose equivalent to the critical organ not be
exceeded.

The intake of radionuclides was then limited by establishing
"Maximum Permissible Concentration” (MPC) wvalues in air and water that
would ensure that the dose-equivalent rate in the critical organ would not
exceed that allowed by the dose-rate limitation value over a 50-year
intake period. Values of the parameters needed in these calculations for
the wvarious radionuclides are contained in ICRP Publication 2, along with
the MPC values. For purposes of dose limitations, the ratio of a given
concentration to the MPC value for a specific radionuclide was considered
as approximately equal to the ratio of the respective dose rates. This was
generally true for radionuclides with relatively short retention times in
the body and increasingly conservative for those radionuclides with longer
retention times.

The dosimetric model incorporated the assumption that the radionu-
clide is wuniformly deposited in an organ of spherical shape. For a large
enough radius of the organ, one could assume that the energy emitted is

equal to the energy absorbed. For an organ of small dimensions, the
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previous assumption must be modified by a correction which accounted for
the fraction of photon energy that escapes. For this model, the dose

equivalent rate H(t) was given by:

y = _'___!.—)—-

where q(t) is the activity (pCi) of the radionuclide in the organ at
some time t, as determined by a single exponential retention function,
TEF(RBE)n is the effective absorbed energy per transformation in the
organ (MeV/dis), including the correction for escaping radiation, and m is
the organ weight (g). Values of the parameters needed for the various
radionuclides are contained in ICRP Publication 2. )

Equation 9.1 indicates that the dose equivalent rate, H(t), is
directly proportional to the activity of the radionuclide present at any
time in the organ. To limit the organ dose rate, the buildup of activity
must be limited. The supply rate was limited such that the uptake rate of
the radionuclide by the organ balances the elimination rate at the end of
the 50-year continuous intake period. At this point, the activity in the
critical organ delivers the allowable organ dose equivalent rate.

For radionuclides with short retention times (rapid elimination
rates), the activity builds up quickly in the organ and rapidly approaches
an equilibrium value during continuous exposure. For these cases, the
activity in the organ will be approximately proportional to the MPC for
the radionuclide, and thus the MPC will be approximately proportional to
the permissible organ dose equivalent rate. The ratio of the dose
equivalent rate for some other concentration of the given radionuclide to
the permissible organ dose equivalent rate will be the same as the ratio
of that concentration to the MPC. This was the basis for using the
published MPC values as an index of the organ dose equivalent rate de-
livered by the radionuclide.

Some present standards are based upon the ICRP-2 model and appli-

cation of this methodology will be required until the regulatory agencies
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officially adopt the new ICRP-30 models. However, the ICRP-30 model
represents a revision and updating of the older ICRP-2 model, particu-
larly with respect to the metabolic data, and its use as a model for
internal exposure can be expected to be adopted. The NCRP% has
recommended adoption of this new methodology, and proposed revisions of

USDOE, USEPA, and USNRC regulations have included the basic methodology of
ICRP 26 and 30,

D. Internal Exposure - ICRP 30 Model

The TICRP has changed both its basic recommendations and revised the
system of dose limitation. These revisions, as contained in ICRP Publi-
cation 26,6 reflect the availability of sufficient data about the
effects of radiation for the Commission to estimate the risk per unit dose
equivalent (H) with respect to fatal cancer 1in exposed people and to
serious disease in the offspring of exposed people. Cancer and hereditary
effects are referred to as stochastic effects (see Section 5.H) and the
risks are assumed to be directly related to the dose equivalent, without
threshold. So the probability of the effect occurring, rather than its
severity, is a function of H. Other effects, called nonstochastic, are
those in which the severity of the effect varies with H.

For the revised dosimetry model used in ICRP Publication 30, Part
1,1 it 1is assumed that organ retention can be represented by one or more
exponentials, that the ecritical organ concept no longer applies and that
one must account for contributions to the dose in one organ due to photons
which are emitted from other body organs containing the given radionu-
clide, and that the physical characteristics and other parameters of the
model can be represented by the "Reference Man" data.? Spherical and
other geometrical shapes are assumed for appropriate representations of
body organs, and the scattered radiation contribution is accounted for by
Monte Carlo calculations of the fraction of absorbed photon energy. More

recent radiation transformation data for radionuclides16 and metabolic
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data for elements and their compounds have been utilized. Revisions to the
ICRP 2 models for the dosimetry of the respiratory tract, digestive system
and bone are also used.

In this model, it is assumed that deposition in an organ is uniform.
The total dose equivalent averaged throughout the tissue mass over 50
years after an 1intake is computed; then, an annual limit of intake (ALI)
is determined for the particular radionuclide, whether for inhalation or
ingestion. Values of the ALI for inhalation and ingestion can be found in
the TICRP 30 Reports, Parts 1, 2 and 3, as well as the Supplements to these
r:eports.l’lo'15

If intake is only by inhalation or only by ingestion, the ICRP
recommendations for dose limitation will be satisfied if the intake by
either mode is less than the ALI for that mode. If both modes are
involved, as well as several radionuclides contributing to each mode, the

dose limitation will be met if:

I; 14
( L ) +3 (——J—) <1 9.2
i \ALLi Jine 3 \ALLy Jowm

where I; 1is the total annual intake by ingestion of radionuclide i and

™

Ij is the total annual intake by inhalation of radionuclide j. The terms

(ALIi)ING and (ALIj)INH represent the respective ALI values for
ingestion and inhalation.
In the use of the above inequality, one should be cautioned that the

values of ALI for ingestion in the ICRP reports are for the total contri-

bution from all ingestion pathways, such as food, drinking water, etc. To
satisfy the Commission’s limits, one must determine the contribution from

each pathway and sum the results, which then can be compared to the ALI
9

for ingestion of that radionuclide. Reference Man data’ can be used to

estimate the consumption rates for the various ingestion pathways, and the

intake (I for a given pathway n is the product of the radionuclide

;)
n,i
concentration (Bq/kg) for that pathway and the yearly consumption (kg),

and
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i n,i 9.3

For example, assume an individual has an annual intake of 10° Bq
of a radionuclide whose ALI for inhalation is 10% Bq. In addition, the
individual drinks water (730 £/y) containing an average concentration
of the same radionuclide of 5 kBq/f, and consumes foodstuffs (520
kg/y) with a concentration of 100 Bq/kg. The ALI for ingestion is 7x
10% Bq. Will the ICRP dose limit be satisfied?

Using equation 9.3,

2
I. = I .=5x10329y730(L) +100(BYy s500(KE)
1 n,1 1 y kg y
n=

(2

=3.702x10% Bq.

This is the amount ingested. Then, using equation 9.2,

6 5
3.702x10° , 10

- 0.63 <1,
7x10° 106

so the dose limit is satisfied.

An obvious extension of the method used above can be made for the
case involving external exposure as well as inhalation and ingestion. The

inequality would then be stated

H I I
2 (1.k) + 323 ((n,i) + 2 (__3) <1 9.4

Hgg,L exr 17n ALL; ¢ J ALy g

H
I,k is the deep dose-equivalent index (defined as the maximum value of H

that would occur in a 30 cm diameter tissue sphere [see Section 12.A.3.d)]
for the kth contributor to the external exposure, and Hyg 1 is the
annual dose equivalent 1limit for uniform whole body irradiation, 0.05 Sv

(5 rem) - see Section 7.C.3.a.
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1. Dose Limits

As discussed in Section 7.C.3, the dose equivalent limits
recommended by the ICRP are intended to prevent nonstochastic effects and
1imit the occurrence of stochastic effects to an acceptable level. To this
end, an annual 1limit for occupational exposure of 0.5 Sv (50 rem) to all
tissues [except 0.15 Sv (15 rem) to the lenses of the eyes]10 is deemed
sufficient to prevent nonstochastic effects. This limit applies irrespec-
tive of whether the tissues are exposed singly or together with other
organs. For stochastic effects, the 1imit on risk should be equal whether
uniform whole body irradiation or mnon-uniform irradiation of several
organs occurs. For non-uniform irradiation, the relationship expressed by

equation 7.1 should be met:

Z wp Hp < Hyp 1,
T

where wp 1is a weighting factor given by the ratio of the stochastic risk
in tissue (T) to the total risk for uniform whole body irradiation (see
Table 7.1), and HT is the annual dose equivalent received by tissue (T).
In TICRP Publication 30, Part 1, the limits for intake of radionuclides are

set by satisfying both of the conditions:

and

HSO,T S 0.5 SV, 9.6

where Wy Hgg is called the weighted committed dose equivalent (com-

mitted effective dose equivalent) and Hgg ¢ 1s the committed dose

equivalent, which is the total dose equivalent averaged through a tissue

(T) in the 50 years following the intake of material in the given year.l
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EXAMPLE Assume that the lung, bone surfaces, red marrow and kidney all
receive committed dose equivalents of 0.15 Sv in a year. Are

the basic limits met?

By inspection of equation 9.6, we see that the committed dose equivalent
is mnot exceeded. Utilizing information from Table 7.1, in equation 9.6, we

have

Wy HSO,T = .12(.15)+.03(.15)+.12(.15)+.06(.15)

0.0495

which is < 0.05 Sv and the limit is met.

It should be mnoted that in DOE Order 5480.11, the DOE proposes a
modification of the ICRP system to arrive at an annual dose equivalent.
The dose equivalent received in a year by a given organ from internal
exposure is multiplied by the organ weighting factor wr, and this
product is added to the external effective dose equivalent for that year
to arrive at an annual effective dose equivalent.

This procedure follows the NCRP recommendation that the committed
effective dose equivalent not be used for the evaluation of the
consequences of radiation exposure in individuals.® One may wuse the
anticipated or prospective committed effective dose equivalent estimated
for some planned practice for the purpose of design and control of the
workplace. However, to demonstrate compliance with the exposure limits,
the actual or retrospective assessed organ dose equivalent received by the

individual during the year is used.

2. Dosimetric Model

The basic dosimetric model assumes uniform deposition in an
organ. The total dose equivalent averaged throughout the tissue mass over

50 years after the intake is computed from: !
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=2Q- Dso’i, 9.7

in which Dgg ;3 is the total absorbed dose during 50 years following
intake averagéd throughout the tissue mass, M, for each radiation type i.
The quality factor, Q;, for radiation of type i has one of three values
in the ICRP model.l These are:

Q=1 for B particles, electrons and all electromagnetic radia-

tion including v, x rays and bremsstrahlung.

Q=10 for fission neutrons emitted in spontaneous fission and protons
(Note that the ICRP  has recommended Q=20 for fast

neutrons).19

Q=20 for a particles from nuclear transformations, for heavy

recoil particles and for fission fragments.

When contributions for each radiation of type i from radionu-
clide j are summed, and if a number j of radionuclides, such as in a
mixture, are contributing and need to be summed, and if several other
source organs (S) are irradiating the given organ (T), the general ex-

pression becomes:

Hsg 1 = 1.6x10°10 3 5 [US _ SEE (T«—S)i] Sv, 9.8
1

S i j

in which Ug is the number of transformations of j in a source organ S
over 50 years following unit intake as obtained by integration of the
retention function and SEE (MeV/g-trans) is the specific effective energy
term for radiation of type i, absorbed in T for each transformation in S,
modified by the quality factor. Values of WTHSO,T’ HSO,T’ Ug and

SEE (T+S) have been tabulated for radionuclides of 94 elements in the
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Supplements to the wvarious parts of ICRP Publication 30.13-15 These
values are given for both inhalation and ingestion.
The 1limit on intake of a particular radionuclide is established

by solving the following inequalities:

I % Wep (HSO T Per unit intake) < 0.05 Sv 9.9

and

I (H50 T Per unit intake) < 0.5 Sv, 9.10

whether for inhalation or ingestion. The annual limit on intake (ALI) is
the greatest value of I which satisfies both of the above inequalities.
The ALI' is defined as the activity (Bq) of a radionuclide which taken
alone would irradiate Reference Man to the limit set by the ICRP for each
year of occupational exposure. Values for the ALI for inhalation and in-
gestion can also be found in the Supplements to ICRP 30.13-15

The values of ALI developed in ICRP Publication 30 are based
upon an occupationally exposed adult. The data and models described in the
report are mnot recommended by the ICRP for estimating the dose equivalent
(H) to members of a population based solely on the differences in mass of
organs or magnitude of intake. At the end of Chapter 9 of ICRP-30, Part-1
(Reference 1), a bibliography has been included concerning the methodology
of estimating H for different age groups.

With respect to members of the public, the ICRP recommends the
application of the appropriate dose equivalent limit to the weighted mean
whole-body dose equivalent of the critical group (that group expected to
receive the highest dose equivalent), see paragraph 85 of ICRP Publication
26.6 1n the calculation of the dose equivalent from intake of radionu-
clides, the metabolic differences between children and adults need to be
taken into account.

In the data given in the ICRP 30 report for HSO,T’ ALI and
DAC, allowance is made for the committed dose equivalent contributed by

daughter buildup in the body from parent decay. The metabolic behavior of
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all the radioactive daughter products is assumed to be the same as that of
the parent. In the dosimetric data for any radionuclide, values are given
for U, for the parent and for the daughters which have built up in the
body for the 50 years following intake.

3. Respiratory Model

For inhalation, ALI +values are listed for three classes of
material based upon their relative retention in the pulmonary or deep
section of the lung-D, W or Y. The classification is based upon a range of
half times: D < 10 d, 10 d < W< 100 d and Y > 100 d. These categories
represent increasing retention with respect to half times, and the meta-
bolic data, found in ICRP Publication 30, Parts 1, 2 and 3,1’10’ll
classifies certain chemical forms of the material in terms of these
categories. When the chemical form of the material is known, the proper
choice of category--D, W or Y--can be made; otherwise, a conservative
choice should be made.

The mathematical model wused in the methodology is shown in
Figure 9.1, and is taken from ICRP 30, Part 1.1 The model originally was

developed by the Task Group on Lung Dynamics7

but has undergone changes
in the values of some of the parameters over the years. Three major depo-
sition regions are defined: the nasal-pharyngeal, tracheo-bronchial and
the pulmonary region. The fractions initially deposited in these sections
are Dy_p, Dp_p and Dp, respectively, based upon an aerosol particle
size of 1 pm. Deposition estimates for other sizes can be made using
information in Reference 1.

As seen from the drawing in Figure 9.1, each of the three
sections is divided into compartments. These compartments are assoclated
with certain clearance pathways and ﬁave a defined half time T for
clearance with an associated fraction F of the material removed by that
clearance pathway. Either T, or F, or both may have a different value as
the retention category changes from D to Y. Also, for some retention cate-

gories, some of the compartments are mnot applicable. Compartments a, c, e
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Class
D W Y
T T T
Region Compartment day F day F day ¥
N-P a 0.01 0.5 0.01 0.1 0.01 0.01
(Dy_p = 0.30) b 0.01 0.5 0.40 0.9 0.40 0.99
T-B c 0.01 0.95 0.01 0.5 0.01 0.01
(Dp_g = 0.08) d 0.2 0.05 0.2 0.5 0.2 0.99
e 0.5 0.8 50 0.15 500 0.05
P f n.a. n.a. 1.0 0.4 1.0 0.4
(Dp = 0.25) g n.a. n.a. 50 0.4 500 0.4
h 0.5 0.2 50 0.05 500 0.15
L i 0.5 1.0 50 1.0 1000 0.9
j n.a n.a n.a n.a 0.1
INHALATION
R |
——————— a b |
B
8 Gl
: ors §
—» 1 T
F |- c d R
L —_1 A
8]
C
D
a = b
S
S — e f
A g h
i
. - ]
J
LYMPH
NODES
Figure 9.1 Mathematical model used to describe clearance from

the respiratory system. The values for the removal
halt times Tq—-i and compartmental fractions, F -y are
given in the tabular portion of the tigure for each of
the threeclasses of returned material. (Reprinted with
permission from Annals of the ICRP, Vol. 2, No. 314, ICRP
Publication 30, Part 1, Limitsfor Intakes of radionuclides
by Workers, Copyright 1979, Pergamon Press, Ltd.)
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represent direct transfer to the body fluids (transfer compartment) by
which some material may be transported to systemic organs and some ex-
creted. Compartment h represents an indirect transfer to the body fluids
through the 1lymph nodes. Also, for a Class Y aerosol, only a portion of
the material (namely that from compartment i) 1is transferred by this
pathway. The remainder is retained indefinitely in compartment j. The
remaining compartments: b, d, f and g, transfer material to the gastro-
intestinal tract (GI tract). The metabolism of a radionuclide once it
reaches either body fluids or the gastrointestinal tract is then governed
by the metabolic model.1:10:11 some material which goes through the GI
tract may be routed back to the transfer compartment and then on to the

systemic organs.

4, Gastrointestinal Tract Model

For ingestion, the ALI is based upon the fraction of material
which is transferred from the GI tract to the systemic system (f;).
These values are also listed in the metabolic data and associated with the
above categories. Again, in the absence of specific knowledge, one should
choose a conservative value.

The model for the GI tract is based upon a biological model
originally put forth by Eve.29 The GI tract is assumed to consist of &4
sections, each section being a single compartment with a defined half time
for transfer of material. This model is shown in Figure 9.2, which is
adapted from Reference 1. Included in the figure are the data from ICRP
239 for the mass of the walls and contents of the various components of
the system.

During ingestion, material passes through the four sections of
the GI tract: stomach, small intestine, upper large intestine and lower
large intestine. Each section is considered as a single compartment, so
the entire system may be treated as a linear chain of first order
differential equations. A portion of the material is assumed to be
absorbed from the small intestine to the body fluids, shown by the trans-

fer rate constant Ap in Figure 9.2. The particular values of

e
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Mass of Mass of Mean residence
walls contents time
Section of GI tract (kg) (kg) (day) day~l
Stomach(ST) 0.15 0.25 1/24 24
Small Intestine(SI) 0.64 0.40 4/24 6
Upper Large Intestine(ULI) 0.21 0.22 13/24 1.8
Lower Large Intestine(LLI) 0.16 0.135 24/24 1
INGESTION
STOMACH (ST)
Y st
AB
SMALL INTESTINE (SI) p—J»=—— BODY FLUIDS
Y )‘Sl
UPPER LARGE
INTESTINE (ULD
Y A ULI
LOWER LARGE
INTESTINE (LLD
J" ALLI
EXCRETION (FECAL)

Figure 9.2 Mathematical model used to describe the kinetics of
radionuclides in the gastrointestinal tract. Reprinted
with permission from Annals of the ICRP, Vol. 2, No.
3/4, ICRP Publication 30, Part 1, Limits for Intakes of
Radionuclides by Workers, Copyright 1979, Pergamon
Press Ltd.)

AB, are estimated from the metabolic parameter fl, which 1is the

fraction of the stable element which reaches the body fluids following

ingestion. The relationship used is

Ag = 9.11
B 1-£.°

in which Ag; = 641 from the tabular data in Figure 9.2, and £q
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is obtained from the metabolic data for the particular compound of the
radionuclide. Of the material in the transfer compartment (body
fluids),some is translocated to organs in the systemic system, as
designated by the metabolic model, and the remainder is excreted. Material

which is not cleared from the GI tract is excreted in the feces.

5. Systemic Model

When an inhaled or ingested radionuclide has been transferred
to the body fluids (transfer compartment), its subsequent transfer to the
compartments of the various tissues and organs of the systemic system is
indicated schematically in Figure 9.3, taken from Reference 1. Whatever
time is taken to transfer from a deposition site (lungs, GI tract) to a
tissue by means of the body fluids, is represented by transfer compart-
ment a. Unless otherwise stated in the metabolic model, the clearance half
time for this compartment is 0.25 day. Each tissue which receives the

radionuclide will consist of at least one, and maybe more, compartments.

FROM Gl TRACT AND RESPIRATORY SYSTEM

TRANSFER
COMPARTMENTI— — — — — — — — — 1
a l
Y
|
= —L -
TISSUE TISSUE TISSUE | TISSUE i
COMPARTMENT COMPARTMENT COMPARTMENT :COMPARTMENT|
b c d 1 i
R |
T
Y
|
EXCRETION

Figure 9.3 Mathematical model usually used to describe the kinetics
ot radionuclides in the body. (Reprinted with permission
from Annals of the ICRP,Vol. 2, No. 3/4, ICRP Publication 30,
Part 1, Limits for Intakes of Radionuclides by Workers,
Copyright 1979, Pergamon Press Ltd.)
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Each compartment, in turn, has an associated elimination rate for excre-
tion of the radionuclide. In this model, it is usually assumed that there
is no feedback, or recycling, to the transfer compartment, either from
tissue compartments or excretion routes. So, the metabolic models, with
the exception of the alkaline earths, may be expressed as systems of first
order differential equations with constant coefficients.

The final compartment model for a given radionuclide may be
quite complex from the standpoint of the total number of compartments
involved. Figure 9.4 shows the ICRP-30 Pu model for a Class Y aerosol,
schematically. In this model, material entering the transfer compartment
is distributed mainly to 1liver and bone (FL = Fp = .45), with the
fraction .10 going to all other tissues and early excreta. The fraction

going to gonads is taken as 3x10"4 and 1x10"* for males and

females, respectively.

INHALATION INGESTION
RESPIF!ATORY )\b~ ' i
TRACT " Gl TRACT - FECES
A A Aelih Ad
Vv v LYMPH ,,’\B
1A
TRANSFER COMPARTMENT: Tp=0.25 d

FrAer JFlAgr JFBABF JFgAge

! LIVER BONE | |GONADS

'ALIVER YABONE 1A GONAD
SYSTEMIC EXCRETA

Figure 9.4 ICRP-30 Pu metabolic model, Class Y aerosol for
inhalation or Class Y for ingestion. Reprinted with
permission from Annals of the ICRP, Vol. 2, No. 3/4,
ICRP Publication 30, Part ], Limits for Intakes

of Radionuclides by Workers, Copyright 1979,
Pergamon Press Ltd.)
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With respect to the model in Figure 9.4, let us look at the
case of inhalation. For a single intake of unit activity (1 Bq), the

initial amount of material in lung compartment X is

in which D, corresponds to Dy p, Dp_g or Dp, depending wupon the
location of compartment =x. Fy is the fraction of the inhaled material of
the appropriate aerosol (Class D, W or Y) which deposits in compartment X.

The differential amount retained g .(t) is given by

dq (t)
X =
dt

- Oy + Ay g (B). 9.13

in which Xy 1is the biological removal rate constant for compartment
x and A, 1s the radioactive decay constant for the particular

radionuclide. Solution of the above, for qx(0) = D F, gives

- -, + At
qx(t) = Dxe e X r/ . 9.14

The contribution from the N-P region is mnot included in the ICRP
respiratory dosimetry model, but the model does include the lymph compart-
ment contributions. The retention function for the lung then, is the sum
of the retention functions for compartments c through j (see Figure 9.1),
for dosimetry purposes. This leads to a retention function containing 6
exponential terms for a Class Y material.

The material in the lung serves as a continuous supply source
for the body fluids, lymph nodes and GI tract. The contribution from a
given lung compartment x, to the body fluids (BF) or transfer compartment

may be expressed as

quF(t)

F = (0 - (Agp + A qpp(E), 9.15
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which yields the solution

ADF A A A A
qpp(t) = XXX es(x+ 1t _ -(BF+ 1)t 9.16
App-A
BF “x
when qpp(0) = 0. Referring to Figure 9.4, additional sources of supply

are from the 1lymph and GI tract. Each of these sources yields a contri-
bution similar to that expressed in equation 9.16. Following combination
of similar terms, the retention function contains 9 exponential terms for
a Class Y material.

In turn, the body fluids act as a continuous supply source for
the organs of the systemic system. The contribution from the body fluids
to a particular organ will yield a differential equation similar in form
to 9.15. Due to the chain nature of the model, a recursive relationship
may be applied to successive differential equations in the chain to aid in
21

generating the solutions.

The retention function for an individual organ; say, bone in

of 239

the case Pu and Class Y material, consists of the sum of ten

exponential terms. Although expressions of this size become somewhat
cumbersome for hand calculations, computer programs can perform the
necessary computations swiftly and easily.

The final form of the retention function for a given organ
relates the time course of the material in the organ back to a unit intake
of the material. Integration of the retention function, over a 50-year
time period following the intake, yields the total disintegrations, U

s,
of the radionuclide in that organ (see 9.D.2).

6. Bone Dosimetry Model

The TICRP 30 model for bone deposition, distinguishes two types
of bone depositors-surface and volume. For those radionuclides considered

to be uniformly distributed over bone surfaces, the deposition is assumed
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to be equally distributed in cortical and trabecular bone. For bone volume
depositors, 80% of the deposition is assumed to be in cortical bone, 20%
in trabecular bone. In the bone dosimetry model, cortical and trabecular
bone are considered to be the source organs. The target sites are the bone
surfaces (BS) and red marrow (RM), which are the radiosensitive tissues of
concern in bone.

Bone dosimetry utilizes estimates of Ug in the source organs,
cortical and trabecular bone, and computed values of the fraction of the
emitted energy from these source organs which is absorbed in the target
organs, bone surfaces and red marrow. Fractions are estimated for a,
B, and photon radiations emitted by the source. This dosimetric
information is contained in the quantity SEE(T«S) of equation 9.8, and

13-15  q4e

is given in the dosimetric information. specific effective

energy SEE is discussed in Section 9.F.
7. Submersion_ Exposure

The problem of setting DAC values for inert gases involves
primarily external exposure rather than internal exposure. These gases are
poorly absorbed by the body, so that only a small portion of the gas in a
cloud of 1large volume is held in the body. The ICRP has considered three
sources of exposure: the external dose due to submersion, the internal
exposure due to absorbed gas, and the lung dose due to contained gas. They

conclude1

that the external exposure received in the cloud will be of
most importance, and one may ignore the other contributions.

One is then concerned with the exposure of an individual
essentially surrounded by a semispherical cloud of radioactive gas. For
radioactive noble gases, other than radon and thoron which are treated in
Reference 12, the exposure is limited by the DAC (submersion) which is
based upon 2000 exposure hours in a working year. Details of the methods

used to derive the DAC values are discussed in Chapter 8 of Reference 1.
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E. Absorbed Dose Computations

1. MIRD Method

The method of calculation used to determine absorbed doses to
tissues in the ICRP methodology has been adapted from the MIRD (Medical
Internal Radiation Dosimetry Committee) method. 22724 This model was de-
veloped for application to medical dosimetry, in which it is often
desirable to know the dose to one organ from radioactivity source in
another mnearby organ.3 Because of the quantities of radionuclides used
in some clinical studies, one needs to be concerned with irradiation of
nearby organs from the radionuclide being wused in the study of a
particular organ. A review of this methodology can be found in ICRU Report
32,2 along with a discussion of clinical applications.

In the MIRD methodology, one distinguishes between target
regions and source regions. Then, the concept of the absorbed fraction may
be introduced. The absorbed fraction ¢(T«S) is the fraction of the
energy emitted in a source region S that is absorbed in a target region T.
Target and source regions may be completely separated; they may overlap,
or they may coincide. One may define the specific absorbed fraction
®(T«S) as the absorbed fraction divided by the mass of the target
region.

The absorbed dose 1in a target region depends upon a number of
physical and biological parameters: activity, radioactive half life, decay
scheme data, the location, mass and shape of the target region, the
absorbed fraction and the temporal and spatial distribution of activity in
the source region.2 The specific absorbed fraction depends upon the
activity distribution in S. The activity is assumed to be uniformly
distributed in the source organ. The specific absorbed fractions for
Reference Man were computed by the Monte Carlo method for a representative
phantom. Values can be found in Appendix I of Reference 9.

Assume a radionuclide that decays with the emission of one type

of radiation only. The activity of this radionuclide is uniformly
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distributed in some source region, and the emissions from the source
irradiate the target region. The mean absorbed dose, D, in the target

region, is given by the product of five terms:2

(1) the number of transformations (disintegrations) in the source
during the time of interest, Aj;

(2) the mean number of ionizing particles per nuclear decay, n;

(3) the mean energy per particle, E;

(4) the absorbed fraction, ¢(T«S); and

(5) the reciprocal of the target mass, m'l.
This may be written
D=AnE $(TeS)m L 9.17a

when all quantities are expressed in SI units. The product nE is usually
written as A, the mean energy emitted per disintegration and ¢

divided by m is the specific absorbed fraction, so

D = A A® (T«S) 9.17b

Now, if we extend the concept to a source with a number of different
emissions, each of which has an associated specific absorbed fraction, the

expression becomes

D = ASA;®; (T+S). 9.17c

1

~
In the equation, A, called the cumulated activity, is a function of time
and 1is obtained by the integration of the retention function over the time

period of interest. The other quantities under the summation are generally
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grouped together and tabulated as the "S" value.?> These are given in
units of rad/pwCih in Reference 26 and can be converted to nGy/dis by
dividing S by 13.32.

If one substitutes the activity value A into the above equa-

*»

tion, the dose rate, D, is obtained

D= A3 A; & (TS). 9.18
i
EXAMPLE A sample of 4x10% Bq (dis/s) of 1311 is uniformly
distributed in the thyroid. Compute the initial absorbed dose
rate, b, to the thyroid. From Reference 25, p. 185, S for
1317-2.2x1072 rad/pCih with thyroid as target and

source. So,

-2
nGy s 2.2x10  _ 1.65x10°3

dis 13.32 13.32

N 4 dig -3 nG nG -8 G
d D=4x10" &2 (1.65x107° L&Yy g6 OBY _g gx107° &X
an x s (1-65% dis’ s Y s (23.8 mrad/h).

If A is expressed in Bq, b; in MeV/dis and  &; (T«S) in
kg'l, the absorbed dose rate in Gy/h will be

D =5.76x10"1% A% A8, (Te5) Gy/h, 9.18a
i

in which the constant includes the factors to convert MeV to J and s to h.
Again, the S wvalue from Reference 25, when multiplied by 469, can be

substituted for ZA; @i(T+S) in equation 9.18a. That is,
i
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: -4
p=5.76x10"10(4x10%) 469(2.2x1072) = 2:377x10__ Gy/h
3.6x103 s/h

— 6.6x10788Y (23.8 mrad/h).
S

Since there may be a number of source organs involved because a radionu-
clide will distribute in several tissues, the total dose, or dose rate, is
obtained by a summation of the individual contributions.

For the case of a uniformly distributed source in a large
volume, one can assume that the energy emitted per unit mass will be equal

to the energy absorbed per unit mass. 2 Then, the absorbed dose rate is

b = CZhy, 9.19
i
in which C is the activity per unit mass (Bq/kg) and ZA; is the
total mean energy emitted per disintegration. Since all energy is
absorbed, the absorbed fraction will equal 1. Values of A; for a
number of radionuclides, many of which are of medical interest, can be

found in Appendix A of Reference 2.

a. Penetrating and Nonpenetrating Radiations

In some cases, the fraction of energy lost outside of a
given tissue volume by the emitted radiation will be small enough to
ignore. This is generally the case for « and g radiation. For
photons or neutrons though, a large fraction of the emitted energy may be
lost outside of a given tissue volume. The term penetrating radiation is
used for those radiations which may lose a significant fraction of their
energy outside of an organ. The term mnonpenetrating 1is used for a,
most B and those photons of E<15 keV. In the case of nonpenetrating
radiation, the absorbed fraction is taken as 1 if the source and target
regions are the same. The value of ¢(T«S) is O if the source and

target regions are separate.2
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b. Cumulated Activity

The activity as a function of time in a tissue is
expressed by the retention function for that radionuclide in the particu-

lar organ. For the general case, the activity as a function of time can be

written
ACt) = e Mzk; e A1t 9.20
i
in which et is the term expressing radioactive decay and is common

to all the compartments, k; 1is the initial value of the activity for

each  compartment i, and e i€ expresses the biological elimination

from the organ. Note that k; may also be expressed as a fraction of unit

activity which is deposited in the ith compartment. The cumulated
~

activity, A, is obtained by integration of the above expression, and gives

-~ k
A(t) ==Z: i (1 - e~ ALy, 9.21a
Ty

which for (A+X;)t large enough, becomes
ki
A+ Ay

For the case in which the retention function is expressed by only a single

A(t) = 3 9.21b
1

exponential,

_ -(#FA)E -2 t
A(t) = Age 1 = Aoe effl

1n 2t 9.22
= Aoe T
effl
and
AT
~ A A ff
AR = —0— - —0 25l _1 43 AT, 9.23
A+ 1 Ae ffl 1n2 1
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In the above expression, T,¢e, 1is the effective half life in the par-

ticular compartment 1 and is found from

TT
eff; “ A+ ;A N :
1 1 Aeff T+ T
1 1
EXAMPLE The activity deposited in a certain organ, with a single ex-

ponential retention function of biological half life 6d, is 10
MBq (107 dis/s) of half 1life 3d. Find the cumulated

activity to complete decay.

1n2 1n2
ACt) = e 2 k; e A1t = e";‘t(107e‘“g"t)

..( M.;_lﬁ)t
3 6

is the retention equation and

= 107 e

Atmw) = 107 _ 107
1n2 , 1n2 0.5 In2

3 6

= 2.885x107 dis.

Note from equation 9.24, T ee= 3-8 = 24 and A(t~w)=1.443 (107)2
3+6
gives the same answer.

Examples of absorbed dose calculations wusing the MIRD
method can be found in Reference 2, Appendix C; Reference 24, Chapter 10
and Reference 26, Chapter 6.

The modification of the MIRD system to incorporate the
quality factor and to obtain the specific absorbed fraction by transport
methods using Monte Carlo calculations is attributed to Snyder and his
collaborators. In addition to the tabulation of "S" in MIRD Pamphlet 11,
Snyder, et al.27 also published a tabulation of dose equivalent per
pCi-day for various radionuclides. This formed the basis of the

internal dosimetry model which is used in the new ICRP methodology
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F. Specific Effective Energy (SEE)

The ICRP has utilized the Snyder modifications to the model for
absorbed dose calculations based upon the MIRD method in its new internal
13-15 ¢, ICRP 30 Parts 1, 2 and
3, data is given for the Specific Effective Energy, defined by

dosimetry methodology. In the supplements

Y_E_AF (T<S)_Q,
ii iid

SEE(T+S); = % MeV
1

) 9.25
Mq g trans

in which SEE(T«S)j is the specific effective energy absorbed in
target T from radionuclide j in source organ S. The summation on the right
side of the equation is taken over all radiation types i emitted in each

disintegration of radionuclide j. The individual terms are:!

Y; is the yield of radiations of type i per disintegrationms,
E; (MeV) is the average or unique energy of radiation type i as
appropriate;
AF(T+S)i is the specific absorbed fraction as defined in the MIRD
Mp method, and can be found in ICRP 232 for photons, but is

expressed in units of g']'(lo'3 kg)'l;

Q; is the quality factor and has the values discussed in
9.D.2

Values for Yi and Ei can be found in ICRP 38.16

Since there may be a number of target and source organs for a par-
ticular radionuclide, the SEE values in the Supplements are arranged in
tables with the columns representing source organs and the rows repre-
senting target organs. For example, Table 9.1, 1is an excerpt from
Reference 13, showing the general arrangement of the SEE information. As

might be expected, the SEE value is largest when the target and source
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organs are the same. Note that the values shown refer only to the
designated radionuclide, and do not include any daughter contribution. The

values for any daughter radionuclides are given in a separate table.

Table 9.1 - SEE (MeV per gram per transformation) of Sr-89

TARGETS SOURGCES

ULI LLI CORT. TRAB. TOTAL
LUNGS CONTENT CONTENT BONE BONE BODY
Gonads 4.8E-11  2.3E-09 4 ,6E-09 2.8E-10 2.8E-10 8.3E-06
R.Marrow 3.4E-10 5.6E-10 8.3E-10 8.6E-10 1.4E-04 8.3E-06
Lungs 5.8E-04 1.1E-10 4 .3E-11 2.8E-10 2.8E-10 8.3E-06
Bone Surf. 2.,7E-10 1.9E-10 2.8E-10 7.3E-05 1.2E-04 8.3E-06
ULI Wall 1.2E-10 1.3E-03 1.1E-09 2,2E-10 2.2E-10 8.3E-06
LLI Wall 2.6E-11  9.1E-10 2.2E-03 3.0E-10 3.0E-10 8.3E-06

To illustrate the computation of SEE(T«S)j, let wus assume that
the source of 89Sr is located in the 1lungs and the target is the

lungs. From page 195 of ICRP 38, the dosimetric data for 29Sr gives a

nonpenetrating component B of Y;E; = 5.83x10'1 and a photon
component (Ei =0.9091 MeV) of Y;E; = 8.45x10'5. The daughter of
898r is stable. Utilizing ICRP 23, Appendix I, we estimate the specific

absorbed fraction for a 0.9 MeV photon for lung as both the source and the
target (page 453 of ICRP 23) as about 4.6x107. The specific absorbed
fraction for the beta is 1/Mp = 107> and Q; is 1 for both § and
photons. Utilizing equation 9.25,

2
E:YiEiAF Lung+«Lun iQi
SEE(L 1 — ___(__g__—gl-—
(Lung+Lung) i1 MT

5.83x10°L (10°3)(1) + 8.45x1077 (4.65x107>) (1)

I

5.83x10°% = 5.8x10°% MeV¥__
g trans
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This result gives wus one entry in Table 9.1, for lungs as the source and
lungs as the target. For the other source organs, specific absorbed
fractions for the B component are 0, so the computation only involves
the photon component. Using ICRP 23, the specific absorbed fractions for
the other source organs can be found and SEE computed. This will fill out
the row with lungs as the target. Then, one can choose a different target
organ and begin all over again to fill out that row! As the decay scheme
becomes more complicated, one has to deal with more radiation types than
in this simple example for 39Sr. Again, although hand computations
become tedious, a computer can handle this task easily. Moreover, the ICRP

13-15

Supplements already contain this information for most radionuclides

of interest to health physicists.

Committed Dose Equivalent H
G. 50,T

The committed dose equivalent, as expressed by equation 9.8, is the
product of two factors: U,, the total number of transformations of the
radionuclide in a source organ S over a period of 50 years following
intake, and SEE(T«S), the energy absorbed in the target, modified by
the quality factor, for each type of radiation emitted per transformation
in S. For a radiation type i, the committed dose equivalent is

«S) .= -13. 9 MeV )
Hs(T8) y=Ug (trans.)x1.6x107 - (D) SEE(T+S), (R

103 (-8
( (kg))
- 1.6x10710 yg SEE(T+S); Sv 9.26

Multiply by 100 in equation 9.26 to obtain Hgo(T+8); in rem.
Equation 9.26 is then applied to all types of radiations emitted by the
radionuclide. This requires the summation of SEE(T«S)i over all i
radiations emitted by the radionuclide. If a mixture of radionuclides is

taken in, then a summation over the -j radionuclides is required. In
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addition, there may be several source organs involved so that the
contributions will need to be summed over all S, which leads to equation
9.8,

Hsg,p = 1.6x10710% 3 [U 3 SER(TeS); ] 5 sv

From our example for 89Sr above, i=2 radiations (8 and +v) and
j=1 radionuclide (895r), but S=6 (lungs, ULI content, LLI content, cort.
bone, trab. bone and total body) from Table 9.1. In order to find Hgj g,

equation 9.8 reduces to

6 2
HSO,T = 1.6x10"10 > US .2 SEE(T*S)i.
S=1 i=1

The summation over 1 has already been done and these are the tabulated
values in Table 9.1. What remains is to determine the Ug values which
are found on page 82 of Reference 13. Assuming a Class Y aerosol was

involved in a unit intake by inhalation, our expression becomes

Hso Lunge~t-6510710[8.9x10%(5.8x107%)+2.3x10% (1. 1x107 19

+4x10% (4. 3x10" 11y 45, 7x103 (2. 8x10710)

+4.6x103(2.8x10710)+5,5x103(8.3x107 %) ]

~8.3x1078 sv
So, for each Bq (dis/s) of intake, the Hg Lung ~ 8.3x10'8 Sv (8.3x
1076 rem). The weighted committed dose equivalent is then found by
multiplying HSO,Lungs by ‘WT for 1lungs, which 1is .12. This gives
1}':10'8 Sv. It turns out that for this particular situation (Class Y
intake by inhalation), only the lung dose is important. Solving for the

ALI, using equations 9.9 and 9.10, gives

I <—0.05 _ 5310% Bq.

1:;18'8 ]
and I < ————*é—g— = 6x10~ Bq.
8.3x10°
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In this case, the choice for the ALI would be 5x10° Bq since this value

will satisfy both inequalities. The DAC is then given by the

6
ALT _ 5x10 _ 2.0x103 Bq/m3, rounded to two places.
2400 2400

More examples of the application of the ICRP 30 methodology can be
found in Reference 28. References 29 and 30 discuss the use of the
methodology for problems of assessing compliance with standards and

arriving at cleanup criteria.

H. Internal Intake Assessments

As mentioned earlier in this section, the determination of the
amount of a radionuclide which deposits in a specific organ is mot an easy
task. A multitude of factors affect the deposition of a given radionuclide
in a specific organ. Many biological transfer fractions are still poorly
known. In terms of the measurement of the amount of a radionuclide which
deposits in an organ, two general measurement approaches are used.3L oOne
utilizes in vitro bioassay samples. In the in vitro bioassay method, the
amount of the radionuclide in an organ is estimated by identifying, and
measuring, if possible, the quantity of a specific radionuclide in samples
that are excreted, secreted or removed from the body and which may include
urine, blood, breath, sputum, sweat, saliva, hair, nasal discharges and

32

feces. For some radionuclides, this indirect method allows the
identification of the amount of a radionuclide in a specific organ, but to
compute the committed dose equivalent requires reliance on a metabolic
mode1.31. That is, the determination of the amount of a radionuclide in
an organ at any particular time allows one to compute only the initial
dose rate in that organ, relative to the time of measurement. The dose
commitment and/or the annual dose equivalent may only be calculated if one

knows the necessary metabolic data (retention function). The generalized

metabolic data which is available in ICRP 30 and the dosimetric data in



9-35

the Supplements, allows one to compute the dose rate in an organ, and the
dose commitment, but then only to the model, which is represented by
Reference Man. For any individual, the actual dose commitment will differ
from this +value depending upon the individual’s characteristics.
Individual data obtained from excretion analysis should be used to obtain
a more realistic estimate of the organ burden and the retention
function.3l

By integration of the retention function for a given organ over a
suitable time duration (i.e., one year), the total number of transforma-
tions per unit activity during the year can be determined. Multiplying
this result by the initial activity in the organ and utilizing the ICRP
tables for SEE wvalues, allows one to estimate the annual dose equivalent
in that organ by use of an expression similar to equatiom 9.26.

One further difficulty in bioassay analysis, 1s that the sample
which 1is collected may represent contributioms from a number of organs in
which the radionuclide has deposited. One may sometimes relate fractions
of the total activity in the in vitro biological sample to a few organs
which are excreting the radionuclide. However, this becomes increasingly
difficult when the radionuclide is prone to deposit in many organs of the
body.

Although bioassay has disadvantages as a quantitative method,:\}l'35
it is of wvalue as a qualitative indicator of the effectiveness of the
control methods. However, to be effective, the bioassay program needs the
cooperation of the sampled individual. That is, if one is unwilling to
submit the samples, the method will be ineffectual. For samples which are
collected, care must be taken to avoid contamination of the sample. More
discussion on the aspects and features of a suitable bioassay program can
be found in References 33-35, and 37.

Another of the bioassay methods referred to above 1is in vivo
measurements by external whole body counting (WBC). In this direct method,
the gamma rays emanating from a radionuclide in a given organ can be
counted and their energies analyzed by pulse height analysis. The

jdentification of the nuclide can be accomplished rather easily, but the




9-36

actual location of the radionuclide material may not be so definite. Since
radionuclides may deposit in a number of different organs, the response of
the WBC may be a composite of the contributions from a number of organs.
This makes the assignment of the amount in a given organ somewhat
arbitrary. In addition, the quantification of the amount of a radionuclide
in a given organ, even if only ome is involved, is mot an easy task.
Because of the differences in chest wall thickness, and organ shape and
weight, the absorption and scattering properties may vary from individual
to individual.

Even on the presumption that the radionuclide is located in a single
organ, so that identification and quantification are simplified, the
computation of the dose commitment will still require the use of the
retention functions. Moreover, calibrations must be performed, using phan-
toms, in order to adequately assess the quantity of a radionuclide which
i1s deposited in a given organ. This is because of the absorption and
scattering of the photon radiation as it passes through the body.

A disadvantage of the WBC methodology is that the radionuclide to be
identified must emit sufficiently high energy photons so that radiations
will reach the detector. In reactor applications, many of the radionu-
clides of interest emit photons which are energetic enough to meet this
criterion. However, radionuclides such as 239Pu, emit only low energy
photons (approximately 17 keV) in quantities large enough to be detected.
These low energy photons are almost completely absorbed by the chest wall
so that the detection of 23%Pu in lungs by this method is poor unless
the concentration is very high.

The advantage of WBC over in vitro bioassay is the ability to obtain
results much more quickly. Bioassay samples require a certain time for
collection, followed by an even longer time for analysis, since sample
preparation may require a significant amount of time. So, in a suspected
incident, one generally cannot get an accurate estimate of the intake
within a short time following the incident, if excreta samples are
used.3® on the other hand, whole body counting, following a suspected

incident, should be performed as soon as possible after the incident. This
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will ensure that the majority of material taken in by inhalation will
still be residing in the lungs, rather than distributed in many organs.
Moreover, for radionuclides which distribute in only a few discrete
organs, this method will give a better estimate of the quantity of a
radionueclide in a particular organ, even if a count is taken much later.

Care needs to be taken so that personnel who are involved in a
suspected incident, and are going to be counted, do not have external
contamination, such as on clothing or skin. Not only does this give
erroneous results with respect to the whole body count, but it also may
result in contaminating the WBC, which is very sensitive to any increased
background activity.

Individual organ counts can also be accomplished by this method-
ology. One of the more notable applications in this respect is thyroid
counting for radioiodine. Solid state detectors, notably Cd-Te, have been
successfully used for monitoring of cuts and wounds.

One other method used to estimate intake of radionuclides is to use
concentration measurements as determined by air samples. The advantage of

this method 1is its simplicity.36 No

special samples or analyses are
required. The air sample 1is typically obtained on a filter paper and
counted on relatively simple equipment. If the identity of the radionu-
clide is mnot known, the analysis then needs to be performed on more
sophisticated equipment to identify the radionuclide in addition to the
activity determination. Once the concentration in air has been determined,
one can estimate the intake of radionuclides by use of the presumed time
that the individual is exposed to the radionuclide concentration. This
method of estimating intakes is not recommended by DOE except for unusual
circumstances in which bioassay data is unavailable or inadequate.

Although simpler than either of the first two methods, this method
has several disadvantages relative to the others. As is discussed in
Section 14.D, the placement of the sampler is important. The concentra-
tion that the worker breathes can be significantly different from the

concentration measured by the sampler. In addition, the worker may be
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moving around in the relevant area so that he may be exposed to a gradient
of concentrations. Moreover, the concentration in the given region may not
be constant, at all, during the time of exposure. These factors lead to a
significant uncertainty in the estimation of the intake. So, any intake
estimates need to be supported by biocassay determinations.

Once the material enters the body, there is more uncertainty with
respect to the distribution of the material in the body. That is, material
entering by inhalation goes to the lungs, is distributed to the blood and
then deposited in the various organs. The fractions involved are also
poorly known as are the metabolic parameters. '

If the material 1is not analyzed for particle size, solubility, and
chemical properties, more uncertainties are introduced. There is no one
set of biological factors which can be universally applied to convert air
concentration to the amount deposited in a given organ.7

As can be seen from the above discussion, the determination of the
organ burden is somewhat difficult. When applicable, whole body counting
is the desirable method since it will often yield .a better estimate of the
quantity of the radionuclide in a particular organ. However, even given
the amount in the organ, the initial dose equivalent estimate must
generally be determined using the metabolic data from ICRP 30 or some
other specific metabolic model. The final estimate can be obtained by

using the actual excretion data from the individual bioassay samples.

REFERENCES
1. ICRP Publication 30, Part 1, Limits for Intakes of Radionuclides by
Workers, Annals of the ICRP 2, No. 3/4, Pergamon Press, Oxford, ENG
(1979).
2. ICRU Report 32, Methods of Assessment of Absorbed Dose in Clinical

Use of Radionuclides, ICRU Publications, Bethesda, MD (1979).

3. NCRP Report No. 83, The Experimental Basis for Absorbed-Dose Cal-
culations in Medical Uses of Radionuclides, NCRP Publications,
Bethesda, MD (1985).



10.

11.

12.

13.

14.

15.

16.

9-39

NCRP Report No. 84, General Concepts for the Dosimetry of Internally
Deposited Radionuclides, NCRP Publications, Bethesda, MD (1985).

NCRP Report No. 64, Influence of Dose and Its Distribution in Time
on Dose-Response Relationships for Low-LET Radiations, NCRP Publi-
cations, Bethesda, MD (1980).

ICRP Publication 26, Recommendations of the International Commission
on Radiological Protection, Annals of the ICRP 1, No. 3, Pergamon
Press, Oxford, ENG (1977).

ICRP Task Group on Lung Dynamics, Deposition and Retention Models
for Internal Dosimetry of the Human Respiratory Tract, Health
Physics 12, 173 (1966).

ICRP Publication 2, Recommendations of the ICRP Report of Committee
II on Permissible Dose for 1Internmal Radiation (1959), Pergamon
Press, Oxford, ENG (1960).

ICRP Publication 23, Task Group Report on Reference Man, Pergamon
Press, Oxford, ENG (1975). .

ICRP Publication 30, Part 2, Limits for Ihtakes of Radionuclides by
Workers, Annals of the ICRP 4, No. 3/4, Pergamon Press, Oxford, ENG
(1980). :

ICRP Publication 30, Part 3, Limits for Intakes of Radionuclides by
Workers, Annals of the ICRP 6, No. 2/3, Pergamon Press, Oxford, ENG
(1981). '

ICRP Publication 32, Limits for 1Inhalation of Radon Daughters by
Workers, Annals of the ICRP 6, No: 1, Pergamon Press, Oxford, ENG
(1981). "

ICRP Publication 30, Supplement to Part 1, Limits for Intakes of
Radionuclides by Workers, Annals of the ICRP 3, No. 1-4, Pergamon
Press, Oxford, ENG (1979).

ICRP Publication 30, Supplement to Part 2, Limits for Intakes of
Radionuclides by Workers, Amnnals of the ICRP 5, No. 1-6, Pergamon
Press, Oxford, ENG (1981).

ICRP Publication 30, Supplements A and B to Part 3, Limits for
Intakes of Radionuclides by Workers, Annals of the ICRP 7, 8, No.
1-3, Pergamon Press, Oxford, ENG (1982). )

ICRP Publication 38, Radionuclide Transformations, Annals of the
ICRP 11-13, Pergamon Press, Oxford, ENG (1983).

e e . e iy



17.

18.

19.

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

9-40

Report of ICRP Committee II on Permissible Dose for Internal
Radiation (1959), Health Physics 3 (1960).

USNRCG, Calculation of Annual Doses to Man from Routine Releases of
Reactor Effluents for the Purposes of Evaluating Compliance with
10 CFR Part 50, Appendix I, Regulatory Guide 1.109, Rev. 1, USNRC,
Washington, DC (1977).

Sowby, F.D., Statement from the 1985 Paris Meeting of the Inter-
national Commission on Radiological Protection, Phys. Med. Biol. 30,
863 (1985).

Eve, TI.S., A Review of the Physiology of the Gastrointestinal Tract
in Relation to Radiation Doses from Radioactive Materials, Health
Physics 12, 131 (1986).

Skrable, K., et. al., A General Equation for the Kinetics of Linear
First Order Phenomena and Suggested Applications, Health Physics 27,
155 (1974).

Loevinger, R. and Berman, M., A Schema for Absorbed-Dose Calcula-
tions for Biologically-Distributed Radionuclides (MIRD Pamphlet No.
1), J. Nucl. Med. Suppl. 1, 7 (1968).

Loevinger, R., Distributed Radionuclide Sources, in RADIATION
DOSIMETIRY, 2nd ed., Vol. III, edited by F. H. Attix and E. Tochilin,
Academic Press, New York, NY (1969).

Sorenson, J.A. and Phelps, M.E., PHYSICS IN NUCLEAR MEDICINE, Grune
and Stratton, New York, NY (1980).

Snyder, W.S., et. al., "S," Absorbed Dose Per Unit Cumulated
Activity for Selected Radionuclides and Organs, MIRD Pamphlet No.
11, Society of Nuclear Medicine, New York, NY (1975).

Cember, H., INTRODUCTION TO HEALTH PHYSICS, 2nd. ed., Pergamon
Press, Elmsford, NY (1983).

Snyder, W.S., et. al., Tabulations of Dose Equivalent Per Micro-
curie-Day for Source and Target Organs of an Adult for Various
Radionuclides, ORNL-5000, Parts 1 and 2, NTIS, Springfield, VA
(1975).

Killough, G.G. and Eckerman, K.F., Internal Dosimetry, in RADIO-
LOGICAL ASSESSMENT, edited by J. E. Till and H. R. Meyer, NUREG/CR-
3332, ORNL 5968, USRNC, Washington, DC (1983).

National Low-Level Radioactive Waste Management Program, Environ-
mental Monitoring for Low-Level Waste-Disposal Sites, DOE/LLN-13Tg,
NTIS, SPringfield, VA (1983).



9-41

30. Veluri, V.R., et. al., Development of Site-Specific Soil Cleanup
Criteria: New Brunswick Laboratory, New Jersey Site, ANL-OHS/HP-
83-200, Argonne National Laboratory, Argommne, IL (1983).

31. NCRP Report No. 87, Use of Bioassay Procedures for Assessment of
Internal Radionuclide Deposition, NCRP Publications, Bethesda, MD
(1987).

32. Heid, X.R. and Jech, J.J., Assessing the Probable Severity of
Plutonium Inhalation Cases, Health Physics 17, 433 (1969).

33. ICRP Publication 10, Evaluation of Radiation Doses to Body Tissues
from Internal Contamination Due to Occupational Exposure, Pergamon
Press, Oxford, ENG (1968).

34, American National Standard, American National Standard for Internal
Dosimetry for Mixed Fission and Activation Products, ANSI N343-1978,
American National Standards Institute, Inc., New York, NY (1978).

35. NCRP Report No. 65, Management of Persons Accidentally Contaminated
with Radionuclides, NCRP Publications, Bethesda, MD (1980).

36. NCRP Report No. 57, Instrumentation and Monitoring Methods for
Radiation Protection, NCRP Publications, Bethesda, MD (1978).

37. American National Standard, American National Standard for Radio-
bioassay, Draft ANSI N13.30, American National Standards Institute,
Inc., New York, NY(1982).

BIBLIOGRAPHY

ICRP Publication 17, Protection of the Patient in Radionuclide Investiga-
tions, Pergamon Press, Oxford, ENG (1969).

Smith, E.M., General Considerations in Calculation of the Absorbed Dose of
Radiopharmaceuticals Used in Nuclear Medicine, in MEDICAL RADIONUCLIDES:
RADTIATION DOSE AND EFFECTS, edited by R. J. Cloutier, C. L. Edwards and
W. S. Snyder, CONF-691212, NTIS, Springfield, VA (1970).

Dunning, Jr., D.E. and Killough, G.G., A Comparison of Effective Dose
Equivalents from Three Major Internal Dose Compilations, Rad. Prot. Dos.
1, 3 (1981).

Sims, C.S., Use ICRP 26 and Reduce Your Neutron Dose Equivalent, Rad.
Prot. Dos. 11, 49 (1985).

Skrable, K.W., et. al., Blood-Organ Transfer Kinetics, Health Physics 39,
193 (1980).




9-42

ICRP Publication 19, The Metabolism of Compounds of Plutonium and Other
Actinides, Pergamon Press, Oxford, ENG (1972).

Stannard, J.N., Internal Emitter Research and Standard Setting, Health
Physics 41, 703 (1981).

Robertson, J.S., Reconciliation of Marinelli and MIRD Radiation Absorbed
Dose Formulas, Health Physics 40, 565 (1981).

Snyder, W.S., Internal Exposure, in PRINCIPLES OF RADIATION PROTECTION,

edited by K. Z. Morgan and J. E. Turner, John Wiley and Sons, Inc., New
York, NY (1967).

Purohit, R.G., et. al., A Unique Method of Determining 3H Intakes as a
Fraction of the Annual Limit of Intake, Health Physics 49, 1261 (1985).
Newton, D., et. al. Direct Assessment of Plutonium in the Chest With
Germanium Detectors, Health Physics 44, 69 (1983).

Spiers, F.W., Dosimetry of Radioisotopes in Soft Tissues and in Bone, in

RADIATION DOSIMETRY, edited by F. W. Spiers and G. W. Reed, Academic
Press, New York, NY (1964).

Orvis, A.L., Whole-Body Counting, in MEDICAL RADIONUCLIDES: RADIATION DOSE
AND EFFECTS, edited by R. J. Cloutier, G. L. Edwards and W. S. Snyder,
CONF-691212, NTIS, Springfield, VA (1970).

Poston, J.W., Reference Man: A System for Internal Dose Calculations, in
RADIOLOGICAL ASSESSMENT, edited by J. E. Till and H. R. Meyer, NUREG/CR-
3332 ORNL-5968, USNRC, Washington, DC (1983).

Jones, S.R., Derivation and Validation of a Urinary Excretion Function for
Plutonium Applicable Over Tens of Years Post Uptake, Rad. Prot. Dos. 11,
19 (1985).

Summerfield, P.S., et. al., Health Physics Aspects of 133Xe Lung
Studies, Health Physics 21, 547 (1971).

Evans, R.D., 1Inception of Standards for Internal Emitters, Radon and
Radium 41, 437 (1981).

USNRC, Applications of Bioassay for I-125 and I-131, U.S. Nuclear Regula-
tory Commission, Washington, DC (1978).

NCRP Report No. 30, Safe Handling of Radioactive Materials, NCRP Publica-
tions, Bethesda, MD (1964).

USRNC, Applications of Bioassay for Uranium, Regulatory Guide 8.11, U.S.
Nuclear Regulatory Commission, Washington, DC (1974).



9-43

American National Standard, American National Standard for Dosimetry-
Internal Dosimetry Programs for Tritium Exposure-Minimum Requirements,

ANST

N13.14-1983, American National Standards Institute, New York, NY

(1983).

9.12

UESTIONS
Name four factors of main concern that enter into internal radiation
dose calculations.

How do the distributions, wuniform and nonuniform, affect the
accuracy of the calculation of internal dose. Give an example.

Explain the difference between the absorbed dose and biologically
equivalent dose.

Define Ammual Limit of Intake (ALI).
What is the Derived Air Concentration (DAC)? How is it useful?

Name some of the ways in which a radionuclide may reach an organ.
What are two important ways of concern?

What characteristic of a radionuclide determines its absorption in
the body?

What factors determine the movement and retention of matter in the
respiratory tract?

What are the several processes of concern in estimating the net re-
tention of a radioactive material in a given organ of the body?

Why is it necessary to invoke the concept of "Reference Man"?
What are some of the major assumptions of ICRP-2 model?
Explain the concept of "critical organ.™"

What is the "MPC"?

In what circumstances will the activity in the oxrgan be approxi-
mately proportional to the MPC?

In the ICRP-30 model, how is the concept of risk related to dose?

Explain how dose limitation from inhalation and ingestion by several
pathways is to be accounted for in the ICRP-30 model.
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What is deep dose equivalent index? How is it used in the ICRP-30
model dose limitation inequality?

In the respiratory model, how many classes of materials are listed
and what is the basis for this classification?

What is the basis for the ALI in the case of ingestion?

What are two types of bone depositors in the ICRP-30 bone dosimetry
model?

What are three sources of exposure considered for inert gases? Which
type of exposure is considered most important?

From which source are ICRP-30 absorbed dose computation methods
adapted?

What is the specific absorbed faction?
Explain the term "mean absorbed dose" in the target region.

How are penetrating and non-penetrating radiations classified with
respect to the tissue volume?

What 1is "effective half-life"? How is it related to the cumulated
activity?

What are the general measurement approaches in assessing the
internal intake?

Mention some of the disadvantages of bioassay method as a tool for
internal intake assessment?

What are some of the advantages and disadvantages of whole body
counting?

What uncertainties are involved in the measurement of concentra-
tions by the air sampling method as a tool to assess internal
intake?

PROBLEMS

An individual has an annual intake of 1000 Bq of Po-210, whose ALI
for inhalation is 2x10° Bq. In addition, the individual drinks
water, 700 1/y, containing an average concentration of the same
nuclide of 50 Bq/1 and consumes food stuffs, 500 kg/y, with a
concentration of 100 Bq/kg. The ALI for ingestion is 1x10” Bq,
will the ICRP dose limits be satisfied?

Answer: 0.9 <1, YES
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A radiochemist suffers an accidental exposure to !31I, It was
found that 740 kBq were deposited in his/her body, of which 220 kBq
are in the thyroid gland and the rest distributed in the remainder
of the body. Using bioassay and body scanning data, the thyroid dose
was estimated to be 370 mGy and the whole body dose, 0.5 mGy.
Calculate the chemists’ effective dose equivalent. Was this exposure
within the ICRP criteria? (Hint: see Table 7.1 for relevant data.)

Answer: 11.6 mSv. Yes

Calculate the cumulated activity A in organ "L" of the body for a
radionuclide, if the 1initial administered activity is 3.7x107 Bq.
Assume 85% of the activity is retained in the organ and the
effective half life is equal to the physical half life (6 h).

Answer: 9.8x10ll Bgs

In problem 9.3, if 50% of the activity in the organ "L" is
eliminated with a half life of 2 h and 50% with a half 1life of 3 h,
what is the cumulated activity in the organ for the same initial
activity?

Answer: 2.86x1011 Bgs

24Na  decays by f emission to 2°Mg, followed by two <y
rays of energies 2.75 MeV (100%) and 1.37 MeV (100%). The mean B
energy is 0.549 MeV (100%). The physical half 1life of 24Na is
15.03 h. When ingested, 2%Na 1is found to be wuniformly
distributed throughout the body, with a biological half life of 1l
days, long compared to the physical half life.

Prepare a table of relevant parameters and calculate the mean
absorbed dose for 1 MBq of 24Na activity. (The absorbed
fractions are 0.314 and 0.274 for the 1.37 MeV y and 2.75 MeV
v; respectively, and 1 for the B. Assume 70 kg £for the mass
of the body.)

Answer: A : 7.39x1010 Bgs, D = 2.93x10™%4 cy

Cesium-137 is rapidly and almost completely absorbed from the GI
tract. It 1is also distributed uniformly in the body. The retention
of cesium is described by a two-compartment equation.

R(t) = 0.1 -0.693 t/T1 L 0.9 e-0.693 t/T,
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Where Ty = 2 days and Ty = 110 days. (Reference ICRP 30, Part 1,
Page 91). Calculate the effective clearance rates of the two
compartments. T1/2 of 137Cs is 30 y.

Answer: 0.347 4" and 0.00636 a-1

Calculate  the specigic effective energy (SEE) for whole body
internal exposure to cs using the following data.

Mean Energy Absorbed
n/trans. Particle Fraction
Radiation¥* ng Ej, MeV ¢i
B1 0.935 0.1749 1
Bo 0.065 0.4272 1
¥ 0.840 0.6616 0.34
K (ice) 0.0781 0.6242 1
L (ice) 0.0140 0.6560 1
M (ice) 0.0031 0.6605 1
Kix ray 0.0374 0.0322 0.76
Kox ray 0.0194 0.0318 0.76
KB, x ray 0.0105 0.0364 0.72
KB, x ray 0.0022 0.0374 0.71

*Neglected K,L,M auger electrons and L-x rays.
Assume the mass of the body to be 70 kg.
Answer: 6.313x10"3 MeV/transkg
Use the SEE wvalue from problem 9.7 and find the initial dose rate
for 1 Bq of 137Cs.
. -12
Answer: 3.64x10 Gy/h
a) Using the information from problems 9.6 and 9.7 and the ICRP
stochastic dose limit criterion (0.05 8v) estimate the
allowable 1limit of intake (ALI) for ingestion. (Hint: Remember
that there are two compartments in the tissue with two
clearance rates.)
Answer: 4.0x10° Bq.

b) What is the committed dose equivalent for intestion of 1 ALI?

Answer: 1.25x10°8 Sv/Bq
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Make wuse of Figure 9.1 of the text and calculate the initial number
of transformations  per second, %nd clearance rates (AE),
after an inhalation of 1 Bgq of L3¢ (cesium 1is assigned to
clearance category D). Also remember that the N-P region does not
directly contribute to the lung dose). :

Answver: AE, s-l
Compartment A(o t/s :
(c~BF) 0.076 8.02x10°4
(e~BF) 0.2 1.60x107°
(h~+lymph nodes) 0.05 1.60x1072
lymph nodes 0.0 1.60x10"°
(d+GI tract) 0.004 4.01x10°°

From the results of problem 9.10, calculate the total number of
187cs  and 13™MBa  transformations in the 1lung for a time
of 50 years (Hint: Since 50 years is long compared to the effective
half times in each compartment, use equation 9.23 of the text).

Answer: 1.89x104 transformations from 137@g, 1.79x10%
from 137MBa,

The ipecific effective energy  SEE(L«L) foi'37 L3¢ is
1.9x10° MeV/kg*trans and for the short-lived Mpa it is
9.5x1072 MeV/kg.trans. (ICRP 30, Supplement to Part 1, Page 235).
Use the SEE(1+L) and the result fr9ﬁ problem 9.111§o calculate
the committed dose equivalent to the 1lung £rom ( 7Cs 137mBa)
deposited in the lung.

Answer: 8.l+7x10'10 Sv

If 30% of 137Cs is deposited in the n-p region (sée Figure 9.1),
8% 1is deposited in the T-B region and 25% in the P-region, what is
absorbed into the body for an initial inhalation of 1 Bq? (Note:
£ =1).

1

Answer: ~ 0.63 Bq

Use the information and results in problem 9.6 and thelgssult of
Eggblem 9.13, and calculate the total number of Cs and

MBa transformations in the body from what is deposited in the
respiratory tract and transferred to the body.

Answer: {3;§106 transformations for 137Cs, 7.3x106 for
Ba
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a) T?%7 specific effectige energy, SEE(LIggtal Body) fo
( Cs is 2.7x107°, and for MRa, 4.0x10°
MeV/kgtrans. (ICRP 30, Supplement to Part 1, Page 235). Use
the SEE (IL+Total Body), and the results of problem 9.14,

Eg calculate the committed dose equivalent to the lung from
’Cs in the body.

Answer: 8.0)‘:10'9 Sv

b) What 1is the total commit%gd dose equivalent to the lungs from
the inhalation of 1 Bq of /cs?

Answer: 8.8x10" 2 Sv/Bq.

Using the result of problem 9.15b and a weighting factor of 0.12

for 1lung, ci%culate the weighted committed dose equivalent in lung
from 1 Bq of T¢s.

Answer: 1.0x10°? Sv/Bq.



SECTION 10 - RADIATTION DETECTION PRINCIPLES

A. General

One of the main functions of a health physicist is to protect workers
from the harmful effects of radiation. That is, he recommends a certain
approach in orxrder to complete a given task safely. This often requires that
one have a measure of the radiation field in regard to some standard. Then,
the results can be evaluated with respect to the relative hazard in terms
of this yardstick. Based upon this analysis, the health physicist is able
to suggest a course of action.

The evaluation of the radiation field with respect to the hazard
present may be based upon the recommended radiation protection standards
(for example 1ICRP 261) or on regulatory requirements (such as DOE Order
5480.112 or 10 CFR 203). These regulations serve as the standards that
should mnot be exceeded without careful thought about the reasons for so
doing. In general, administrative 1limits, well below the maximum value
allowed by the standards, will be employed in the exercise of ALARA. To
compare the radiation field to these standards or limits, we must have a
means of measuring the field in terms of defined units.* The study of
instrument theory and design deals with this aspect. We may also be
concerned with the response of the instrument to radiation. This refers to
how well the wunit detects both the type and amount of radiation. The
sensitivity of an instrument is a measure of how well it detects.

Radiation cannot be detected with the unaided senses. For this
reason, we must use some substance that responds to the radiation in some
manner (the detector) and a system to measure the extent of the response
(the measuring apparatus). Many types of detectors have been used for
radiation.s'll We may discuss these iIn regard to the nature of their
response to the radiation. A large class of detection systems uses the
ionization produced in them. This includes ion chambers, proportional
counters, Geiger-Mialler counters, cloud chambers, spark chambers, fission
chambers, and semiconductor devices.g'11 Other systems depend wupon
excitation and even molecular dissociation that occur along with the
ionization. These processes are useful in scintillation counters, chemical

dosimeters, and devices that depend upon certain optical properties of
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solids.® Other special processes, such as the Cerenkov effect?® or
neutron detection through induced activity, have also been used.
This section discusses some of the main features of devices that are

of value for health physics applications.

B. Tonization Method

The passage of a photon, neutron, or charged particle through a
substance can result in the removal of an electron from a neutral atom or
molecule of the substance. If this occurs, an ion pair is formed. The pair
is composed of the free electron and the residual atom or molecule, which
will have a mnet positive charge. The process of forming ion pairs in a
substance 1is called ionization. Ion pairs may be formed in a direct or
indirect manner. This ionizing power of radiation, whether direct or
indirect, is used in many devices to detect radiation.

Charged particles, such as a and B, produce ion pairs by
direct action. They may collide with electrons along their path through a
substance and remove them from the atom. They may also transfer energy by
the interaction of the electric fields when passing close to an electron.
If the energy transfer is not enough to remove an electron, the atom is
left 1in a disturbed state. The process by which these states are formed is
known as excitation. A large portion (approximately 1/2) of the energy
lost in moving through a medium is lost in excitation.

Photons and neutrons produce ion pairs by indirect action. The
processes by which they interact with matter produce the charged
particles, which in turn form ion pairs.

The number of ion pairs formed in a substance is a function of the
energy of the radiation and the nature of the substance. A certain amount
of energy is required to remove an electron from a given atom. This is
called the 1ionization potential of the atom. Values for most of the
elements are in the range 5-20 eV. In most substances, the energy lost per
ion pair formed is larger than the ionization potential. This reflects the
fact that some of the energy has been lost in excitation. For this reason,

the W value,4 which 1is the average energy expended to produce an ion
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pair, is a more useful concept in dosimetry. A knowledge of the W value of
the substance and the energy of the radiation allows one to estimate the

number of ion pairs formed. W values are listed in the 1iterature§’12’20
1. Gas-Filled Chambers

One of the oldest devices used to detect radiation is the gas-
filled chamber. CGConsider a two-electrode chamber (shown schematically in
Figure 10.1) in the form of a cylinder. We impress a voltage V such that
the central wire becomes the positive electrode (anode) and the cylinder
the negative electrode (cathode). If we enclose a gas in the chamber, ions
form in the chamber wall and in the gas itself. The electric field between
the cathode and anode draws the ions toward these electrodes. The speed
with which the ions move is a function of the field strength and the

nature and pressure of the gas. The positive ions are drawn to the wall of

ANODE
N

Figure 10.] Two-electrode, gas filled chamber.
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the chamber, and the faster moving electrons are swept toward the central
wire. A charge collects on the anode, causing a voltage change in the
circuit. This change or drop in voltage is referred to as a pulse. The
size of the pulse depends upon the number of electrons collected. The
presence of this pulse in the external circuit causes a current to flow.
If we include an ammeter in this circuit, a meter reading results. In this

way, we can detect the presence of radiation.

a. Pulse Size Considerations
zulse oize (onsiderationsg

The size of the pulse appearing at the anode is also a
function of the applied voltage. This is shown in Figure 10.2, which gives

the relative pulse size produced by both a (solid curve) and B

(dashed curve) in a given chamber.
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Figure 10.2 Pulse size as a function of voltage in a gas-ftilled,
two-electrode chamber.
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When the voltage on the chamber is quite low, the force on
the ions that draws them to the electrodes is also 1low. For this
condition, two processes compete for the 3ions. One of these is ion
collection; the other is ion recombination. This means that after an ion
has been formed, it may recombine with an unlike ion and become neutral
again. The <voltage pulse depends upon the outcome between these two
processes. This is shown in Region 1, the region of recombination. For low
voltage, the time required to collect 1ions is long enough to permit a
large number to be mneutralized. As the voltage increases, more ions are
collected and the pulse size increases. The time in which to recombine is

now shorter, and fewer ions escape collection.

b. Ton Chamber Region

As the voltage 1is further increased, we enter Region 2,
the ion chamber region. The pulse size has now leveled off and no longer
increases. The <voltage 1is high enough so that the loss of ions through
recombination becomes negligible. Now, almost all the ions formed are
collected. Since we collect mnearly all the ions, the pulse size can no
longer increase with 1increase in applied voltage. The current flowing in
the circuit reaches a maximum value also. This is called the saturation
current, and its wvalue depends upon the amount of radiation. To increase
the wvalue of the current, we would have to increase the amount of
radiation that enters the chamber.

Devices designed to operate at saturation current are
known as ion chambers. This type of design works well for survey devices.
The current reading is proportional to the amount of radiation to which
the chamber is exposed. Since the current is independent of the voltage,
there is no need for a highly stable voltage supply. However, we must be
careful to supply the proper voltage to ensure saturation. The voltage
needed increases as the dose rate increases. For a given voltage, then,
there will be a maximum dose rate above which the chamber current will not

be saturated.
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In the ion chamber region, the ions formed gain energy in
the electric field as they drift toward the electrodes. In this voltage
range, though, the ions do not gain enough energy to produce more ions as
they move toward the electrodes. If enough energy were gained, then we
would have the case in which the number of ions would increase. This
increase could be defined in terms of a gas-amplification factor. That is,
if for each original ion pair, a total A ion pairs result, then the factor
would be equal to A. In other words, if 100 ion pairs are formed for each
initial pair, the factor would be 100. For the ion-chamber region then,

the amplification is 1.

c. Proportional Region

Let us return to Figure 10.2 and discuss Region 3 (the
proportional region). As the voltage is further increased, the pulse size
again begins to increase. This is the region in which gas amplification
occurs. The primary ions now acquire enough energy to produce more ions as
they move through the gas. The extent of this increase in a given case is
a function of the voltage. That is, as we continue to increase the
voltage, the amplification factor increases. This occurs because the
voltage becomes high enough so that even the secondary ions gain enough
energy to produce more ions. In this way, a cascade or avalanche of ions
is formed. The total pulse size that results depends, in this case, upon
the initial number of ions produced in the gas. For this reason, devices
designed to operate in this region are called proportional counters.

In the proportional region, the size of the cascade may be
controlled by (1) use of a cylindrical design for the chamber, and (2) use
of a known and stable voltage. For a cylindrical chamber, the field

strength at radius r is given by equation 1.12,

E = v ;
r 1In (rz/rl)

where V is the voltage, ry is the inner radius of the cylinder, and ry
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is the radius of the central wire. From this, the field strength is very
high near the wire, but drops off quickly as we move away from the wire.
At gome distance near the wire, the field strength is great enough to
initiate the cascade. This means that the cascade always starts at this
same distance for a given value of V. Thus, for a given potential in a
cylindrical chamber, the size of each avalanche is nearly constant. This
differs from the parallel-plate chamber in which the field strength is the
same everywhere and the cascade size depends upon where the ions start.

Up to the voltage at which amplification begins to occur,

the pulse size V may be expressed as

V = % = %9 (volts), 10.1

where N 1is the number of ions of one sign that are collected, e is the
electronic charge (1.6x107!'°% coulombs), and C 1is the capacity of the
system, in farads. The product Ne equals Q, the charge collected by the
anode in coulombs. In the proportional region, each of the N ions in turn
produces A ions, where A is the gas-amplification factor. The pulse size
AVp in Region 3 is then given by ‘

A é—g - &g(volts) | : 10.2
The value of the amplification factor A in this region depends upon the
voltage, the radius of the cylinder and the anode wire, and the nature and
pressure of the gas in the chamber. 1In thé proportional region, this
factor increases steeply with voltage. With the proper design, values of A
in the range > 10% can be achieved.?

The final pulse size then depends upon the initial number
of ions formed. This allows us to use a proportional counter to discrimin-
ate between types of radiation on the basis of their ionizing power. For
example, suppose the chamber is exposed to both « and p. Let wus
assume that the gas 1is air, and that an « and a B each have about

3.5 MeV to expend in the chamber. If the a loses all its energy, it
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would produce about 10® ion pairs (W = 35 eV/ip). For a system
capacity of 16 puF and amplification factor A = 103, the voltage
pulse would be

3,043 -19
AV = ANe - 10 (10 )(1.6}{10

) _
P c T6x10"12 = 1.0 volt

For the same total path length in the gas (approximately .02 m), the beta
produces much less ionization. In this case, the value should be around

150 ion pairs. The pulse size would be

3 -19
AV - ANe _ 107(150)(1.6x10 )

; = 1.5x10°2 volts
c 16x10" 12

A circuit can be designed that will readily distinguish between these
pulses so that we can detect either or both. With the proper circuit

design, we can also count each pulse simultaneously.

d. Region of Limited Proportionality

The next region arrived at as the voltage is further
increased 1is the region of 1limited proportionality (Region 4). In this
region, the amplification factor A changes. No longer is this factor
independent of the number of ions formed. The value of A becomes larger
for the smaller initial pulses than for the larger pulses. We then begin
to lose the ability to distinguish between types of radiation. Now, as
shown in Figure 10.2, the final pulse size from a as well as B

approaches the same value.?

e. Geiger-Miller Region

If we continue to increase the voltage, we reach a value

at which all pulse sizes become equal. This voltage is known as the Geiger
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threshold wvoltage. At this point, the pulse size becomes independent of
the number of primary ions formed. This means that even a single ionizing
event produces a cascade effect. Also, the voltage is now so high that
each ion in the cascade gains enough energy to produce a new cascade. The
effect is to produce a discharge along the entire length of the central
wire. Because the entire length of the wire is involved, the pulse size is
no longer a function of the primary number of ions created. In effect, A
and N no longer are variables in that their product will be constant for a
given voltage.

If we 1increase the voltage above the threshold, the
counter 1is operating in the Geiger-Miller region (Region 5) and is called
a Geiger-Miller, or G-M counter. The pulses in this region are much larger
than those in the proportional region. However, since all pulse sizes are
the same, regardless of origin, the device can no longer distinguish
between types of radiation. The charge collected in this region is limited

by the design features of the chamber and the external circuit.
2. Semiconductor Devices

The term semiconductor describes a class of solids that can be
used to detect radiation. In essence, these may be thought of as solid,
rather than gas-filled, ion chambers. As such, they can detect charged
particles whose range in solids is about 10 mm or less.? The collection
by means of a strong electric field of the electrons released by ioniza-
tion along the path of these particles is the basis of using this type of

detector.

a. Semiconductors

In terms of the band theory of solids,l3’14

the closely
packed atoms in a solid crystal modify the energy states of the individual
atoms. This action splits the states into bands composed of a number of

closely spaced levels. The number of levels formed is equal to the total

e

1
¥,

SN
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number of atoms in the crystal. The structure of these bands in a given
crystal substance determines the conducting features of that solid. Figure
10.3 shows a typical band structure for three types of solids (conductors,
semiconductors, and insulators). In conductors (mainly metals), there are
unfilled levels in the topmost band (often called the conduction band).
Enough energy can easily be supplied to an electron to allow it to move
into the conduction band.

For semiconductors and insulators, a gap exists between the highest
filled band (called the valence band) and the next empty band. This gap,
shown as AE in the figure, is called the band gap.14 Now, moving an
electron into the empty band is not so easy. The gap may represent a
substantial energy difference. We may simply distinguish a semiconductor
from an insulator on the basis of the size of the band gap. In an
insulator, the gap is large (about 5 eV or more); in a semiconductor, the

band gap may be in the range 0.7-2.1 eV.”? Because of the small AE,

< UNFILLED % -% UNFILLED+
A A '

UNFILLED

/AE LARGE AE $MALL b
& .
% FILLED% %

INSULATOR SEMICONDUCTOR CONDUCTOR

Figure 10.3 Band structure in conductors,semiconductors and
insulators. (Adapted from Progress In Nuclear
Physics, Vol 9, G.Dearnciley, Semiconductor Counters,

Copyright 1964, Pergamon Press, Ltd., Used with
permission.)
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conduction often occurs in semiconductors at normal temperatures. That is,
the thermal energy supplied at room temperature is sometimes enough to

raise electrons across the band gap. This effect depends upon the nature

of the substance used.

(1) Electron-Hole Pairs

When an electron is raised to the empty band, a
vacancy has been created in a filled band. This absence of an electron in
the valence band 1is called a "hole." Ionization of a solid results in
electron-hole pairs being formed.

If a strong electric field is applied to the crystal,
the electron in the conduction band moves under the action of the applied
field. Also, an electron in the valence band moves into the vacancy left
by the initial electron. In this sense, then, the hole also moves under
the action of the field. That is, the valence band is normally filled.
When a hole is created, an electron fills this hole at the expense of
leaving a hole in the level it came from in the wvalence band. In effect,
the freed electron moves in one direction, and the hole moves in the
opposite direction. For this reason, both the electron and the hole are
called carriers. Now, very much 1like an ion pair formed in a gas, the
electrons move faster in the solid than do the holes. When many electrons
are freed, the lag in movement allows the growth of a large positive space
charge. The presence of this space charge impedes the collection of
electrons by the applied £field. Under very high bombardment from an
ionizing source, the solid may begin to change characteristics. This
occurs with substances such as diamond, the silver halides, and cadmium

sulphide.13

(2) Effect of Impurities: n- and p-type Semiconductors

The presence of wvery small amounts of foreign sub-
stances in the solid can greatly affect the conducting aspects of a given

substance. The main features of semiconductors are brought about by the
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presence of small amounts of impurities. All semiconductors contain these
impurities to some degree by their very nature. In this sense, there is no
such thing as a "pure" semiconductor as shown in Figure 10.4a. The band
structure as pictured 1is always modified by the presence of the impurity
atoms. The nature of these atoms is such as to bring about two main types
of effect. The foreign atom may contain an excess outer electron above
that needed for valence binding. This electron is very loosely bound and
can be easily raised or "donated" to the conduction band. In effect, this
decreases the band-gap width to some small wvalue, AE; (as shown in
Figure 10.4b). This type of impurity is referred to as a "donor"
substance. We can add such an impurity atom to a semiconductor substance
to achieve a desired effect. This process is referred to as "doping." A
donor substance, such as phosphorous, added to silicon reduces the band

gap to omnly 0.045 eV,13

in effect. Since conduction in this instance
occurs by the movement of negative charges, the substance is called an
n-type semiconductor.

The other effect occurs when the impurity atom does
not contain enough outer electrons for valence binding. This means that a
Vacancy mnow exists iIn what was originally a filled band. This creates a
hole in the valence band (as shown in Fig. 10.4c). This positive hole can
easily "accept" an electron from a nearby atom. This type of impurity is
thus called an "acceptor" substance. An acceptor atom, such as boron,
added to silicon results in the presence of holes in the valence band.
Although electrons move to fill the holes, the conduction that results may
be viewed as the movement of positive holes. These substances are referred
to as p-type semiconductors.

Even if doping 1is not applied, a semiconductor most
often contains both donor and acceptor impurities. Whether the semi-
conductor 1is n-type or p-type depends upon the impurity having the larger
concentration. If the number of n-type impurities is equal to the number
of p-type impurities, the material is said to be compensated and the

substance would be 1like an intrinsic semiconductor.5

In this case, the
impurities "compensate" for each other. The charge carriers are then due

to thermal excitation of electrons across the band gap. Thus, a truly
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Jl7 EMPTY } + EMPTY %j % EMPTY #

ELECTRON TRAP © 1 HOLE TRAP_ o
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(a) PURE SEMICONDUCTOR (b) n TYPE (c)p TYPE

igure 10.4 Eftect ot "doping” with a desired carrier type.
Fig (Adapted from Progress in Nuclear Physics,Vol.

G.Dearnley, Semiconductor Counters, Copyright
1964, Pergamon Press, Ltd., used by permission.)

intrinsic semiconductor amounts to the concept of a pure semiconductor. As

might be suspected, the achievement of exact compensation by doping is

quite difficult.

(3) Impurities:; Traps

The presence of impurity atoms and other type defects
in a ecrystal can be looked upon as pPresenting centers that tend to trap
the charge carriers. That is, each defect upsets the balance of charge in
its nearby area. These centers then have a net charge with which to
attract other charges. Now, suppose a carrier in a crystal substance is
drifting in an applied field toward a collector. At one of these centers,
the carrier may be trapped for a while and then released. As it begins to
drift, it may then be trapped at some other site, and later released. In
this sense, then, the electron or hole is not fully lost in the process.
However, it may be delayed long enough in transit so that it does not add
to the output. If this occurs, the net effect is the same as if the charge

had been lost for good.
(4) Recombination

Another process that can also affect charge collec-
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tion 1is recombination. This refers to the true loss of an electron-hole
pair before they are collected in the applied field. Thus, the result in
this case 1is similar to the recombination effect in gas-filled chambers.
Present thought 1is that the same types of crystal defects figure both in
trapping and recombination action. Our concern is that the recombination
and trapping represents loss of charge carriers and affects the carrier
lifetime in the crystal. These effects are significant in most semiconduc-
tors, so that high purity and reduced imperfections are required to combat
the above effects. Based upon practical values for applied electric fields
to the crystal, silicon and germanium are more suitable substances at
present. These materials can be produced as large crystals without
excessive carrier loss.

b. Conduction Counters

The first use of solid counters was the crystal or conduc-
tion counter. In these, a small crystal of some insulator (diamond, AgCl,
NaCl, or CdS) acts as a solid ion chamber. The electric field is applied
between plane electrodes to produce a uniform field. In this instance, the
sensitive volume extends throughout the entire crystal.

A charged particle entering the crystal loses energy by
creating electron-hole pairs. The energy transferred is generally large
compared to that needed to raise an electron to the conduction band. Thus,
more pairs may result from the excess energy of these highly excited
states. The presence of the field causes the electrons and holes to drift
toward the electrodes. This action leads to an induced charge in the
external circuit. Thus, the charged particle could be detected.

These early types of counters were erratic in their per-
formance, mainly because of the effects produced by the crystal defects.
Recent wuse of silicon and gallium arsenide have led to improved counters,
but at present these counters are not used extensively in health physics
work. Moreover, the advent of the semiconductor junction counters has

blunted interest in the crystal counter.
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c. Semiconductor Junction Counters

The feature of the crystal counter that causes the most
trouble is the presence of the impurities in the insulator crystal.
Efforts to produce a neutral effect by doping the crystal with an impurity
atom met with limited success. However, by means of the junction counter,
one can obtain a region that 1is almost free of carriers. With proper
design, this region may extend to greater than 10 mm in depth.

The basic feature of the semiconductor junction counter is
the union of an n-type substance with a p-type substance, or vice versa.
The new substance may then be referred to as an n-p or p-n junction. These
junctions may be prepared in the two forms: the diffused junction and the
surface-barrier junction. That is, a diffused p-n junction is obtained by
diffusing an acceptor substance to a shallow depth in an n-type substance
(Figure 10.5a). This gives vrise to the depletion layer, a space-charge
region in which a potential difference exists. It is formed by diffusion
of electrons from the n-region into the p-region, and the diffusion of
holes from the p-region into the mn-region. This results in a shallow
region of depleted carriers, which behaves as an insulator bounded by
conducting electrodes. That 1is, a net charge on each side of this region
impedes the further transfer of charge. This charge is positive in the
n-region and negative in the p-region. This barrier can be broken down if
we apply an external voltage to the system, with regard to the proper

bias. A forward bias is applied when we connect the positive electrode to

the p-region. In this case, the barrier breaks down and electrons stream
across the junction. However, if we wuse a reverse bias (negative side
connected to the p-region), the barrier height is increased and the
depleted region in silicon may extend over as much as several mm. One
disadvantage of the diffused junction is that in producing the detector, a
somewhat undesirable dead layer of material is formed. As seen in the
Figure 10.5a, radiation must travel a certain distance through the
material (approximately 1-2 pm) in order to arrive at the depletion
region. This means that the incoming energy of the charged particle may be
altered significantly. However, these detectors are rugged, reliable and

less susceptible to radiation damage.5
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The surface-barrier type of junction is shown in 10.5b.
The junction is often made by the spontaneous oxidation of a chemically
etched surface of an n-type substance. The surface states which result, in
effect, form a p-layer. Again, by use of the reverse-bias technique, this

junction may be used to detect a and other short range radiation.

p TYPE p TYPE
DEPLETION REGION =~

n TYPE n TYPE

(a) DIFFUSED JUNCTION (b) SURFACE~BARRIER JUNCTION

Figure 10.5 Diffused and surface-barrier p-n junctions. (from
NUCLEAR RADIATION PROTECTION by W.J.Price,

Copyright 1964, second edition, McGraw-Hill Book
Co., used by permission)10

The resulting very thin dead layer is an improvement over
the diffused junction with Tespect to particle energy degradation. How-
ever, the thin entrance windows are optically transparent, so that light
photons can cause interference.

One other type of junction counter that has been produced
is the p-i-n type. This offers the advantage of an increase in sensitive
volume, since the sensitive region may extend to > 10 mm. This type of
counter has an almost intrinsic region between p and n surface layers. One
device that features this design is the lithium-ion-drifted detector.l>
Lithium, a donor, is diffused into P-type silicon or germanium. The n-p
Jjunction that results is put under a reverse bias, and the temperature is
raised. This allows lithium ions to drift through the silicon or
germanium, and the donor-acceptor level becomes balanced over a wide
region. This intrinsic region is preserved in the crystal when the
temperature 1is lowered and serves as the sensitive region of this n-i-p
detector. The 1lithium ion mobility at room temperature in germanium is

such that to preserve the drifted state, the (Geli) crystal must be
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maintained at 1liquid nitrogen temperatures. For Sili crystals, ion
mobility is much 1lower so that these detectors can be stored at room
temperature.

Single crystals of Ge can now be produced with enough
purity so that 1lithium drifting is not required.6 Large volume
(approximately 100 cm®) are now available, and these need not be kept
at 1liquid nitrogen temperature at all times. They are operated at liquid
nitrogen temperature to reduce electronic noise, but may be stored at room
temperature.

Because of the increased sensitive volume, these detectors
are useful for x and vy rays. GelLi or Ge (Z=32) detectors are better
for higher energy v, and Sili (Z=14) are more efficient for lower
energy photons. For a given barrier depletion depth, because of its higher
density, Ge will stop a particle with twice the energy that Si can.

Other semiconductors which are being utilized more
frequently are cadmium telluride (CdTe) and mercury iodide (HgI,). CdTe
has been used in personal dosimeters and as probes in wound monitors. The
high Z number and high density of Hgl, have been utilized for low energy

x and gamma spectrometry.

C. Scintillation Devices

Originally, the scintillation method of counting was used in the
experiments of Lord Rutherford. The light pulses registered by scattered
alpha particles interacting in a scintillator were counted visually. So,
only low counting rates could be handled. When electronic instruments
entered the picture, the scintillation method lost favor and was dropped.
However, with the advent of the photomultiplier tube in the 1940s, this
method has once again achieved wide acceptance.

The scintillation method is very sensitive for almost all forms of
nuclear radiation. For this reason, it is one of the more useful ways to
detect radiation. Since the energy of the radiation can also be measured,
this method may be wused for other purposes than simply to detect

radiation.
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1. Phosphors

In terms of the band-theory view of energy levels in a dense
substance, the band gap AE (see Figure 10.3) may be pictured as a
forbidden region. That 1is, in the normal state, no electrons exist in
those energy states 1located in the band gap. In terms of quantum
mechanics, these are not "allowed" states. We have seen that the presence
of any defect in the substance alters the band structure. These defects
result in charged centers (traps) in the surrounding areas. In essence,
then, the band picture may change so that these traps exist in the
forbidden region.

The trapping of electrons at these sites represents stored
energy for the time the electrons are held. This excess energy is given up
when the electron makes a tranmsition to the ground state. A large part of
the excess energy 1is transferred to mnearby atoms in the form of heat.
However, some substances have the property of luminescence. That is, some
of the excess energy 1is emitted as light photons. These materials are
called phosphors, and the light flashes (or scintillations) form the basis
of the scintillation method.

The time that the electron is held in the luminescent trap
(activator center) varies and depends on the substance. If the light
photon 1is emitted in about 1078 sec or 1less, this process is called
fluorescence. If metastable states are involved, the lifetime may be much
longer. This emitted light is referred to as phosphorescence. In this
case, the 1light photons may be emitted for a span of from microseconds to

hours.

2. Types and Properties of Phosphors

The phosphor used depends” upon the type of radiation to be
detected. All phosphors detect radiation that leads to ionization in the
substance. Some of these substances have features that make them more
useful for one type of radiation than for others. At present, five classes

of phosphors are wused in this method: organic crystals, liquid organic



10-19

solutions, organic solid solutions (plastic scintillators), imorganic
crystals, and noble gases.

Some important properties of phosphors for use in this method
are: (1) the fraction of energy converted to photons should be large; (2)
the phosphor should be transparent to its own emitted light; (3) the decay
time for light pulses should be short; (4) the spectral distribution of
the 1light should match the response features of commercial photocathodes;
(5) the conversion of energy to light should be linear; and (6) the
material should be of good optical quality and able to be produced in
large sizes.?:10

For equal energy, an a produces 1less 1light output than
electrons in organic crystals, organic liquid, and organic solid (plastic
phosphors).5 For inorganic phosphors, the alpha light outputs approach
those due to electrons depending upon the phosphor. The light pulses from
Nal and anthracene (C14H10) are about the highest. Zinc
sulfide (ZnS) emits a large light pulse, but tends to absorb most of it.
This requires that ZnS be used in thin layers.

Organic and noble-gas counters have small decay times, 7.
The decay time for the organic phosphor stilbene (Ci4Hi2) 1is
about 5 ns. Inorganic phosphors such as sodium iodide (7=0.25 pus)
have much longer decay times. The decay time 7 is the time required
for emission of 63% of the 1light photons. From this, we see that time
resolution for these systems can be quite good.

Most of the present scintillator substances emit a light
spectrum that can be well-matched to available photomultipliers. Sometimes
one can improve the efficiency of liquid phosphors by adding wavelength
shifters. These substances absorb 1light emitted by the phosphor and
re-emit 1light of a new spectrum. Thus, one can obtain a better match in
regard to spectral response.

More information about the features of many of these phosphors

and scintillation detectors is contained in the literature.s’lo’lG’18
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3. Detection of Pulses

Light flashes, or pulses, from the phosphor can be detected by
means of a photomultiplier (PM) tube. The photons strike the cathode
(called the photocathode). The surface of the cathode is coated with a
substance that emits electrons. In this manner, the photon is converted to
a stream of electrons. The efficiency of this entire process is such that

between 0.3-2 keV/photoelectron is expended in most of these systems.6

4, Photomultiplier Action

The 1light produced in the crystal must be guided to the photomulti-
plier tube. The light strikes the photocathode, which has a thin layer of
a photosensitive substance, such as  bi-alkali (K2CsSb). This
substance then emits electrons. The number of electrons emitted depends
upon the intensity and spectrum of the light as well as the photocathode
substance. This number may be on the order of one electron per 18 eV of
light energy. Near the photocathode is the first of a series of collecting
electrodes called dynodes (see Figure 10.6). The unit may contain as many
as a dozen of these stages. The first dynode is kept at a given positive
potential with respect to the photocathode. Each succeeding dynode is kept
at about the same given positive potential with respect to the preceding
one. For a 10-stage tube in which the given voltage is 100 Volts, the
total wvoltage above the cathode at the collecting plate would be 1000
volts.

The electrons that are freed at the cathode are attracted by the
first dynode. By the time these electrons get to the dynode, they acquire
enough energy to free more electrons from the dynode surface. In this way,
the number of electrons increases or multiplies. When all these electrons,
in turn, reach the next dynode, they again have acquired enough energy to
dislodge more electrons. Since the accelerating voltage between any two
dynodes 1s about the same, the number of electrons freed at each stage by
an 1incoming electron should be about the same. After the last stage, the

electrons are collected at the anode of the tube. The charge that is
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Figure 10.6 Illustrating photomultiplier action. (From
ORNL-2808/ORINS-30, Fig. 5, p. 7)Y

collected may then be applied in the form of a current to the external
circuit.

The number of electrons freed at each dynode depends upon the
amount of energy acquired by the electrons striking the dynode.The energy
acquired depends, in turn, upon the voltage difference between dynodes.For
a constant voltage maintained at each stage, a given number of electrons
is produced at each dynode per incident electron. For many systems, this
number is typically in the range of four to six. The number of electrons
freed for each incident electron is called the secondary emission ratio,
§.° This ratio is also a function of the dynode surface substance,
as well as the energy of electrons that bombard it. Common dynode surface
materials are BeO, MgO, and CssSb.

At each stage, the input pulse 1is increased by the factor
§. The total multiplication in a system of n stages 1is then §T.
In a ten-stage system in which 6=5, the ratio of the output pulse to
the primary photopulse is about 107. That is, &7=510
~107. In this way, much larger pulses may result than would be
obtained in ion-chamber devices. The overall gain is a function of the

applied voltage V and 1is not exactly a linear function of interdynode
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voltage. In a ten-stage system then, the overall gain is more likely to
vary as V8 to V9.° The shape of the pulse at the anode depends
on the time constant of the anode circuit. That is, the product of the
resistance, R, of that circuit (see Figure 10.6) and the equivalent
capacitance, G, of that circuit. If RC 1is large compared to the
scintillator decay time, then good pulse size and relative width
(resolution) are the major objectives. If RC is small compared to the
decay time, faster pulses result but at the expense of pulse size and
resolution.

To be useful for energy analysis, the voltage must be very well
regulated since small changes in the voltage are greatly multiplied. For
example, assume the voltage changes by 0.1%, then for a ten-stage tube,
the gain stability will be 1%. Large gain shifts cannot be tolerated if
the system is wused for pulse height analysis. For the anode circuit

pictured in Figure 10.6, the final wvoltage pulse is given by equation
10.1,

(1]

av -9 _ X
c

ol

in which C is the system capacitance, e is the electronic charge and N is
the total number of electrons produced in the PM tube. For a stable
system, N will be proportional to the energy of the incoming radiation.
So, the voltage pulse AV will also be proportional to the energy of

the radiation. If instability occurs, N will vary and the relationship
will not hold.

5. Scintillation Counters

A device that detects the 1light flashes from phosphors is
called a scintillation counter. The counter consists of a suitable
phosphor, which 1is optically coupled to a photomultiplier tube, which in
turn is connected to an electronic circuit. The design of the external
circuit depends on the purpose of the device. If the counter is used

simply to detect, the output circuit often consists of a battery-operated
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power supply, an amplifier and pulse shaper, and a rate meter. If the
device is used for energy analysis, the output circuit includes a
pulse-height analyzer and a scaler. For this type of work, the device is
often a single or multichannel analyzer. Several types of counters are

discussed in Section 12.

6. Optical Coupling

When 1light photons are emitted in the phosphor, they move
through the crystal in all directions. As much of this light as possible
must be directed to the photocathode. In many cases, the phosphor is
encased in such a manner that light escapes in only one direction, called
the window. That is, photons are - internally reflected from all other
boundaries until they are directed to the window. When this light reaches
the boundary between the phosphor and the photomultiplier, a large portion
of the 1light may simply be reflected back into the phosphor. To overcome
this effect, a substance 1is used that will join the crystal with the
photomultiplier so that light passes easily between them. Then, little
light is reflected back into the crystal at the junction, and good optical
coupling is the result.

In some cases, a substance known as a light pipe is placed
between the scintillator and the photocathode. Lucite and quartz have been
used in this manner. The light pipe helps to prevent the light from being
trapped in the phosphor. Such a device does not eliminate the need for
good optical contacts. The choice of the substance to be used to provide
good optical contact depends upon the 1light spectrum emitted by the
phosphor. That is, the substance must be highly transparent to the emitted
light. Canada balsam has been used with anthracene. Silicone oil has been

used with success for Nal crystals.
D. Chemical Devices

Several systems have used the chemical effects brought about by

10,19,20-22  qpese

irradiation. effects result from the ionization pro-
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duced by the radiation. In many cases, the processes leading to the
chemical changes are not understood in detail.

One of the more widely wused substances that depend upon these
chemical changes 1is photographic film. Film can be used as a detector and
as a dosimeter. Since film devices are important in personnel dosimetry,
they are discussed in Section 13.

Chemical devices, both solid and liquid, have been used mainly as
dosimeters to measure the absorbed dose. That is, the changes produced by

the radiation can be directly related to the energy absorbed in these
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systems. These products are more stable and somewhat easier to

identify in 1liquid systems than in others. Yield is the term used to
relate the changes to the energy absorbed. That is, the energy yield G is
the number of changed units produced by an absorbed energy of 100 ev.21
Systems with G wvalues 1less than 20 are of most use in the hGy (> 104
rad) range.

We may class these devices in two broad groups: (1) those using
water as a solvent, and (2) other systems. Among the first type are the
ferrous sulfate (Fricke dosimeter) and the ceric sulfate dosimeters. The
ferrous sulfate system is the only type reliable enough for use as a
standard.21 This wunit is based upon the oxidation of ferrous ions to
ferric in 0.1-0.8 N sulfuric acid. The ferric ions produced are then
measured on a spectrophotometer. If care is taken to keep the amount of
oxygen above a certain value in the system, we can measure in the range
5-500 Gy (500-50,000 rad).l9:20

The ceric sulfate units are prepared by adding ceric sulfate to
0.1-0.8 N sulfuric acid. The reduction of the ceric to cerrous ions may
also be measured spectrophotometrically. This system works well in the
range 10%-10¢ Gy (105 - 108 rad).lg’20

Other systems in wuse are often calibrated by comparison with a
Fricke dosimeter. Some systems, such as benzoic acid, quinine, trichloro-
ethylene, and chloroform, liberate acid, which will produce color changes
in pH-indicator dyes. The chemical changes may be measured in terms of
dose by other means. References 19 and 20 describe other systems and give

data on the response of these units to different types of radiation.



10-25

E. Solid-state Devices

1. Optical Properties

As discussed earlier, the defects found in solids give rise to
charge centers that may trap the carriers. By their very nature, all
solids contain some of these defects. The presence of these defects,
whether they are impurity atoms or crystal structure defects, provide the
basis for the wuse of solid-state devices to detect radiation. That is,
many types of effects occur as the result of the type of trap involved. In
some substances, the effects that may be studied include changes in the
optical properties. Thus, a solid may absorb light in spectral regions
where before irradiation the crystal was transparent. It may fluoresce, or
it may fail to fluoresce under those conditions in which the normal solid
does just the opposite. In a given case, the effect that can be studied
depends upon the substance and the impurity type.

In organic systems, the changes that occur in the optical features
seem reasonably permanent. In the inorganic systems, the nature of the
crystal defects is a vital factor in regard to both the permanence and the
magnitude of the response. In the present state of knowledge in solid-
state physics, one cannot predict with too much success the effect of
adding an impurity to a solid. However, studies?®: 23-25 have shown that
certain substances, when added to a host crystal, form centers that lead
to fairly permanent optical effects after irradiation. Other substances,
called activators, result in luminescent centers in the crystal. These
various centers often occur by chance in some crystals, so that doping is

not always needed.

2. TIrap Depth

The traps, activator, and other stable centers of the crystal
are present in the forbidden-band region (see Figure 10.7). We may define
the trap depth as the energy needed to raise an electron from the trap to

the conduction band. This is shown as AE. in the figure. We may
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Figure 10.7 Trap effects in solids leading to thermoluminescence
and radiophotoluminescence. (Adapted from Personnel
Dosimetry Techniques for External Radiation (Symposium)
Madrid, OECD/ENEA (1963).)%

treat an activator or other stable center as a trap with a very large trap
depth, AE,.
If an electron is trapped in the forbidden band, the time it remains

trapped may be 1long or short. For a small trap depth, AE the

t’
electron may soon be thermally released to the conduction band. For a
large trap depth, AE,, the electron may be held for a long time. The
trap depth depends wupon the type of impurity that formed the trap. The

optical methods are most useful if the crystal has deep traps, that is,

stable centers.

3. Optical Effects

We may obtain a somewhat rough visual reading from color or
luminescence changes in almost all solids. In this sense, then, we can use
these devices simply to detect radiation by these changes. However, in the
area of dosimetry, the effects can be measured quantitatively. Thus, the

readout is performed in most instances on devices such as spectrophotome-
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ters, colorimeters, and fluorimeters.

a. Color Changes

In many cases, the color changes that occur in certain
glasses and plastics can be related to the absorbed dose. This effect
results in a change of optical density, which can be measured when the
device is illuminated with 1light. In this case, the radiation induces
stable centers so that the solid now absorbs light to which it was trans-
parent before.

The dose range in which glasses maintain a linear response
extends from about 10 Gy to 10 kGy(103 - 10® rad). Plastics have
been used with success in the range 1 kGy-1 MGy (105 - 108 rad). A
poor feature of these devices is the fading of the color with time. The
fading depends upon the absorbed dose that the unit is exposed to as well
as the wavelength of the measuring light. This problem can be overcome in

27

several ways; therefore, this method 1is quite useful for high dose

applications.

b. Degraded Luminescence

Some organic solids give off a glow when exposed to light
of the proper wavelength. For example, anthracene gives off a bright blue
glow when exposed to light in the near-ultraviolet region.27 In this

case, the centers formed by radiation result in a decrease in this type of

response.

For high-level ranges, this method is better than using
inorganic color-change devices. The wuseful range is from 103 to
106 Gy (108 - 108 rad), and the effect 1is quite stable. Some

of these devices have not regained their lost luminescence ability after

two years of storage.

c. Radiophotoluminescence

In some glass substances, most notably silver-activated
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phosphate glass, two types of stable centers are produced. The first type
leads to the color change effect discussed above. The other type leads to
a different effect when the exposed solid absorbs 1light. In silver-
activated glass, an orange fluorescent light is given off when the dose
glass is exposed to ultraviolet light. This  effect, called
radiophotoluminescence (RPL), is shown schematically on the right side of
Figure 10.7. That is, an electron is raised to the conduction band (A) and
is then trapped at the RPL center (B). The binding, or trap depth, is such
that the illuminating light does mnot raise the electron back into the
conduction band. The electron is raised to the excited state (C), but it
quickly drops back to the RPL center. In the return process, orange light
is given off. The fluorescence is sustained only for the time the solid is
illuminated.

The intensity or brightness of the light can be measured
on a fluorimeter and related to the absorbed dose. For this effect, as
well as the other two that have been discussed so far, the readout does
not destroy the centers. This means that these devices may be reread many
times. Over the years, improvements in the response and development of new
glasses has allowed the use of photoluminescence devices for personnel
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monitoring. For this reason, the features of these devices are

discussed in Section 13 of this report.

d. Thermoluminescence

Thermoluminescence can occur in substances that contain
activator (luminescent) centers. This process is also shown on the left
side of Figure 10.7. Again, an electron is freed by the radiation raised
to the conduction band, and then trapped (1). When the crystal is heated,
these trapped electrons can be raised to the conduction band again (2).
The electron may wander about and be trapped by the activator center (3).
The trap is then in an excited state and may attract a hole, which can re-

combine with the electron.28

The excess energy is then given off as a
photon (4) as the center returns to the ground state.
The 1light photons given off can be measured, and the

absorbed dose can be related to the light intensity. As the solid is
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heated, the brightness increases to a maximum, which occurs when the rate
of electron release is greatest. The peak intemnsity then decreases to zero
as the store of traps is depleted. In readout, then, the stored energy in
the traps is 1lost. This means that the device may not be reread. Since
these devices are also of interest in personnel monitoring applications,

more will be said about them in Section 13.

e. Stimulated Luminescence

In some cases, instead of wusing heat to remove the
electrons from the traps, we may use infrared or visible light. This
method, called stimulated luminescence, 1is thus very similar to thermo-
luminescence. The response of the two methods in regard to dose range
seems to be about the same. The fading that occurs during storage in these
devices must be overcome for stimulated luminescence to become a useful

method.

f. Exoelectron Emission

In certain materials, notably BeO, trapped electrons may
be released from the surface of the material when heated or exposed to
light. This effect may also be used for dosimetry. When the material is
irradiated, the radiation can cause electrons to move to the conduction
band and these are then trapped. When the dosimeter is stimulated, the
glow curve consists of these emitted e~ . The response can be detected
with the wuse of windowless detectors or by using electron multipliers to

amplify the signal.

F. Activation Detectors for Neutrons

1. General

Many of the devices described may be used to detect all types
of radiation. With photons and neutrons, we must use the products released

by their interactions in order to take advantage of these detection
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processes. Thus, many systems used to detect neutrons consist of a sub-
stance that enhances a type of neutron interaction leading to charged
particles or photons. In this way, we can then detect the products of

these processes by one of the previously described methods . >

One
process, activation of a nuclide, permits neutrons to be detected in a way
that is not duplicated by other methods.

In some cases, the activation process refers to the ability of
neutrons to induce radioactivity in the product nuclide. This activity can
be measured and in turn related to the neutron fluence and sometimes to
the neutron energy. When the fluence rate is constant, this fluence rate
can also be found.lo’zo’29 In this method, then, a stable substance is
exposed to a neutron fluence rate for a known time span. The substance is
then removed, and the induced activity is measured. If the fluence rate

remains constant over the time t, then the activity A, that results in

the sample at the end of the exposure time is given by equation 3.64,
Ap = o, N(L - &70-6938/Ty 19y, 10.3
in which X has been replaced by its equivalent, .693/Tl/2.

In equation 10.3, Oact:N, and T1/2 are features of
the sample that affect its choice in a given situation. The activation
cross section, Oact? most often wvaries with the energy of the
neutron. If the fluence rate ¢ 1is composed of a spectrum of neutrons,
we mneed to know the wvalue of O,ct 85 a function of energy in the
range of the spectrum. The total number of atoms, N, refers to the atoms
that can be activated. Many samples contain a number of isotopes, and
these may also become radiocactive. In this case, many products may be
involved. For this reason, we would prefer a substance that results in
only one radioactive product. The half 1life, Ty, is for the product
nuclide formed by absorption of a neutron in one of the N atoms. This
activation product can have a half life that is too long or too short. 20
If the half life is too long, too much irradiation time may be required to

obtain a sample of reasonable activity, or too much counting time may be
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needed for 1low activation. If the half life is too short, much of the
activity may be lost before one can retrieve the sample and count it.

Most samples used are in the form of foils, pellets or
wires. When the activation is done with thermal n, thin foils are needed

to avoid flux depression and self-shielding effects (see Section 3.F.7).
2. Activation Detector Applications

Many of the present activation detector applications use the
detector substance in the form of thin foils or small diameter wires. This
allows ease in handling and presents other favorable features. We can
class the applications in three broad categories: thermal-neutron

detection, resonance measurements, and threshold detection.
a. Thermal -neutron Detection: Cadmium-difference Method

Thermal-neutron measurements can be made by the cadmium-
difference method.20 In this method, a foil is sandwiched between
cadmium sheets. The thickness of the cadmium (approximately .5-1 mm)
defines a cutoff energy (usually around 0.4 eV). The activation that
results in the foil will be due only to neutrons with energy above the
cutoff wvalue. A bare foil of the same substance is exposed to the same
neutron field. The thermal fluence can be determined from the difference
in the readings, when appropriate corrections are applied.

Assuming both foils are irradiated to saturation, the re-

lationship may be written as:
Apare = Ath * Ares: 10.4a

in which Agy 1is the activity of the cadmium-covered foil, and Fny is a

correction factor to account for absorption of neutrons in the cadmium

Wb -

.
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cover. Then,

Apare = Ath * Foghca: 10.4¢c

One may still have to apply perturbation corrections to the foils. The
cadmium ratio is given by Apare/Bcqg- The cadmium ratio is often used
as a relative measure of how well a neutron field is thermalized. The
larger this ratio, the greater the degree of thermalization. A number of
useful thermal neutron activation detectors can be found in Reference 30.
More discussion on the measurement of thermal fluence rate by direct
determination of a reaction rate or by absolute counting of a radionuclide

can be found in References 20 and 30.

b. Resonance Measurements

In some cases, the fluence of neutrons being slowed down
may be assumed to vary as 1/E. The fluence per unit energy interval can
then be found by wusing a foil of known resonance integral. The value of
this resonance integral, Ip, has been measured for some substances, and
a table of these values is contained in Reference 30. The method consists
of exposing a cadmium- or boron-covered foil to the neutron fluence. The

induced activity that results can then be related to the total fluence in

the energy interval (Epax-Epin)- The thickness of the cadmium defines
the lower end of this interval, Emin' The activation of a resonance
neutron spectrum is given by
Enax
IR = Uact(E)@: 10.5
E
Enin

Py

in which Ip is the resonance integral, in barns, and aact(E) is

the cross section for activation as a function of energy. In this case,
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the activity of the foil is given by

in which N is the total atoms irradiated and k is the fluence constant
(n/m2?). For a 1/E spectrum, k, is related to the fluence per unit

energy interval by

g2(E) _ k, 10.7
dE E

-

in which d®(E)/dE 1is the fluence per wunit energy at energy E. From

equation 10.6, the fluence constant k may be found, and

E
® =k In _max ( -By 10.8
Emin m? )

in which @ is the total fluence and E .. is the maximum source
energy. If the spectrum is mnot 1/E, a combination of several resonance

detectors may be needed. 30

c. Threshold Detection

The threshold detector concept is based upon the fact that
the cross section for production of an induced activity in a given sample
varies with the energy of the neutron. It may then be possible to select a
substance in which no activation results until the neutron energy is above
a certain value.5 In the ideal case, the cross section is zero below
Er and constant above Eg, the mneutron threshold energy. In practice,
we rarely find such an ideal case. The true case may turn out to be that
either the threshold energy is not so well-defined, or the cross section
is not constant above the threshold, or both (see Figure 10.8). In this
figure, the actual cross section value is variable and does not have a
clearcut threshold. In the wuse of threshold detectors, the actual
distribution is replaced by an idealized one in which Eq represents an

artificial threshold and o_gr represents a constant value of the
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cross section over the relevant energy interval. Expressed as a

mathematical equation,

Ooff ¢(E)dE = oc(E)$(E)dE, 10.9a
ET o
fU(E)qﬁ(E)dE,
and Ueff = [e] 10.10
$(E)dE
Ep
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Figure 10.8 Idealized representation of actual cross section
variations with energy.
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In other words, the area under each of the curves in Figure 10.8 is set
equal so that the same total activation occurs using the idealized cross
section o g¢. By using a set of threshold detectors, of differing
threshold energies, the differences in the activation will allow one to
crudely determine the fluence in a number of different energy groups.
Tables of threshold activation detectors, with relevant threshold energies

and reactions of interest can be found in References 5 and 30.

G. Solid State Track Recorders

A further method of utilizing radiation interactions for detection
is the track etch method.31'34 The devices are often called solid state
track recorders (SSTR). In this method, ionizing charged particles,
passing through a suitable dielectric material, leave a trail of damaged
molecules.5 In some materials, the small damaged area (approximately 5
nm diameter) can be enlarged by chemical etching, either with a strong
acid (HF) or a strong base (LiOH,NaOH,KOH). The etch pits or tracks, can
then be counted, either visually, with a microscope for low track density,
or automatically.

Originally, this method was used in the 1960s to measure recoiling
fission fragments produced in fission foils.33 The fragments would leave
damage tracks in mica or polycarbonate materials (lexan, makrafol, etc.).
Following etching, the damage tracks appeared as channels or cylinders of
diameter 10-20 pum and length about equal to the particle range (12-16
pm). The number of tracks formed was related to the number of fissions

in the foil by

tracks « N (fissile atoms)o ¢t, 10.11
Fis

From the above relationship, the fluence &(=¢t) of mneutrons could
be found.
This method had these advantages: no track fading, good sensitivity

and applicable over a large n energy range. One disadvantage, in personnel
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monitoring applications, was that radiocactive material was on the person
of the wearer. This meant that the worker received a small radiation dose
from the foil as it was being worn. To circumvent this difficulty, other
radiators, such as 6Li and 1°B, have been used to produse «
tracks in the dielectric material. In other applications, the radiator
material is the atoms of the dielectric itself, C, O, H and sometimes
N.3° The detector is wusually a thin foil and automatic counting methods
are used.

Track etch applications include n personnel dosimetry, indoor and
outdoor radon monitoring (using alpha track registration), and other
dosimetric applications. Since the registration of tracks requires a
certain specific energy loss, the method is insensitive to electrons. The
use of allyl diglycol carbonate (CR-39), as a recorder of proton tracks,
has led to the development of a mnew neutron personnel dosimeter (see
13.E). By pre-etching CR-39 with KOH, the neutron track density can be
greatly increased over that with no pre-etching. This allows detection of
lower mneutron doses of ~ 100 uSv (10 mrem).36 The dosimeter is also

insensitive to photon radiation.
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QUESTIONS

What main function of the health physicist pertains to radiation
workers?

Upon what may the evaluation of the radiation field with respect to
the hazard present be based?

What property of a radiation detection instrument is a measure of
how well it detects?

Why is it necessary to have radiation detection instruments?

Name some of the basic processes by which radiation detection is
accomplished.

By what two processes does radiation cause ionization?

What factors determine the number of ion pairs formed in a sub-
stance by radiation?

Why is the center wire of a gas-filled chamber for radiation de-
tection the anode instead of the cathode?

What determines the size of the voltage pulse in a particular gas-
filled chamber?

Indicate the two processes that compete for the ions formed in a
gas-filled chamber.

What term is wused to indicate that the current in an ion-chamber
will not increase with an increase in voltage, but only as the
amount of radiation increases?

What 1is the amplification factor for an ion-chamber operating at
saturation current?
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Name the type of gas-filled chamber in which the pulse size depends
upon the initial number of ions produced in the gas.

In which gas-filled chamber are the electrical pulses for all
detected radiations the same size?

What term is given to the voltage value for a gas-filled chamber
where all pulses become the same size and the discharge occurs along
the entire length of the center wire?

What is the relative size of Geiger-Miller counter pulses in re-
lation to proportional counter pulses?

Define a semiconductor.

In terms of the band theory of solids, what are the three levels for
insulators and semiconductors? Which one is essentially missing in a
conductor?

When an electron is removed from a filled band, what is the term
given to the vacancy that remains?

Since both electrons and holes formed by ionization of a semicon-
ductor move under the influence of an electric field, they are both
called:

What term is given to the effect produced by the lagging movement of
holes compared with the movement of the freed electrons?

What effect results when a semiconductor is "doped" with selected
impurities?

What are the two general types of impurities used to dope semi-
conductors and what do they do?

What term is given to the type of semiconductors which contain both
types of impurities?

What two processes impede or prevent the charge collection in semi-
conductors?

Explain the terms:
a) diffused junction b) depletion layer
c) reverse bias d) surface-barrier junction

What term is wused for the group of counters which combine n and p
substances? What is an n-i-p counter?

What is the name of the device that detects light flashes that occur
in phosphors as the result of radiation?
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Explain the difference between fluorescence and phosphorescence.

What device is used to detect and multiply the light signal obtained
from scintillation phosphors? What are its principal electronic
parts?

What are some of the desirable properties of a good phosphor?

What is the general term used to indicate the efficiency and the
methods by which the 1light of scintillations in a phosphor is
transferred to the phototube detector?

What are dynodes? Explain the function(s) they serve.

What is one of the most widely used chemical devices that can be
used as a detector and a dosimeter?

Other than photographic film, what is the principal limitation of
chemical devices from the standpoint of human protection against
excess radioactivity?

Upon what do the optical properties of solid-state devices depend?

What term 1is used synonymously with the term "center" in discussing
optical effects in phosphors?

What is a major problem in using color changes for dosimetry?

Explain the difference between degraded luminescence and radiopho-
toluminescence.

What is one drawback in the use of thermoluminescent devices for

personnel dosimetry?

Explain a) stimulated luminescence
b) exoelectron emission

Describe the principle of a neutron activation detector.
What type of meutron activation detectors are used
(a) for measuring the fluence in a particular energy region and

(b) the fluence above a particular energy level?
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PROBLEMS

10.1 The capacitance of a gas-filled chamber is 12 pF. A radiation
particle causes the formation of 4x10* ion pairs in the gas.
What is the size of the pulse in the ion-chamber region?

Answer: 5.33x107% volts

10.2 The maximum pulse amplitude in an air ion chamber is found to be
1.8x10"% volts. If the system capacitance is 100 pF, determine
the number of ion pairs formed. Also, if the average energy
dissipated for each ion pair is 35 eV, what is the incident energy
of radiation?

Answver: 1.13%10% ion pairs, 3.96 MeV.

10.3 The capacitance of a proportional counter is 8 pF. A radiation
particle causes the formation of 6x10% ion pairs in the gas. The
amplification is 150. What is the size of the pulse that is
obtained?

Answer: 1.8 volts

10.4 A 20 keV electron is to be detected in a proportional counter and
the minimum voltage pulse for detection is 1072 wvolts. The
system capacitance is 20 pF. If 34 eV are needed to produce an ion
pair, estimate the amplification factor to be achieved.

Answer: 213

10.5 A gold activation foil weighing 10°6® kg was exposed 10 minutes
to a constant thermal neutron fluence rate. Assuming the thermal
neutron cross section of gold-197 as 98.8 barns and the half life of
gold-198 as 64.8 hours, find the fluence rate if the sample activity
is 500 Bq. Note: the short formula given in this chapter is suitable
for short irradiation periods relative to the half life of the
product and to thin foils (targets) provided counting begins
immediately upon removal from the flux.

Answer: 9.3x10%2 n/m? s
10.6 The secondary emission ratio of a ten-stage photomultiplier tube is
5. How many electrons reach the anode if 3x102 electrons are

available from the photocathode?

Answer: 2.93x109 electrons
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SECTION 11 - INSTRUMENT OPERATING CHARACTERISTICS AND COUNTING STATISTICS

The output signal that is produced in the detector system may be used
in several ways. We can measure the average effect due to a large number
of interactions in the system. This is called a current mode or mean-level
detection system.l’2 Many survey devices feature this type of design. On
the other hand, we can measure the effect of single events in the system.
That 1is, the output consists of several signals resolved in time. This is
referred to as a pulse type system, since we measure the individual pulses

produced by the radiation in the system.

A. Current Mode System

The current mode system makes no effort to resolve the pulses formed
by the radiation. For a given amount of radiation, the output signal in
some way reflects a summing of the individual pulses. As we increase the
amount of radiation, the output of the detector also increases. In this
system, we can relate the amount of radiation to the detector response. We
can design these systems to measure either the total amount or the rate of
delivery of the radiation. Ion chambers have been designed for both
purposes, but other detection devices may also be used.

A measure of the current in an ion chamber gives a reading propor-
tional to the ionization rate. In this method, the voltage drop across a
known resistor gives a measure of the current in the external circuit.
This induced current varies directly with the rate at which ions are being
formed and collected. In turn, the rate at which ions are being formed
depends upon the rate at which radiation enters the chamber. The current
produced is low, 10°% to 1071® A, so that often electrometers
must be employed when current mode is used.l

The total amount of radiation can be measured in a condenser type ion
chamber. This chamber is such that we can maintain a stored charge on the
unit. In this sense, it is very much 1like a charged condenser. When
radiation enters the chamber, the ions formed reduce the stored charge. A

measure of the change in charge equals the total ionization that took
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place. This quantity can then be related to the total amount of radiation

that entered the chamber.

B. Pulse Type System

1. General

In the pulse type system, the individual pulses formed during
the irradiation are vresolved in time so that this system may be used to
count individual particle interactions. Thus, the number of pulses at the
output of the system is directly related to the number of interacting
particles. That is, the number of particles interacting in the system

multiplied by the detector efficiency gives the number of output pulses.

2. Pulse Counter

The output pulses from the detector are due to the collection of
the charge produced by the radiation. This charge may be in the range
1071%  to 107'°® coulombs per pulse. The output pulses are fed
to an electronic circuit, which often contains a pulse shaping system.
This system acts on the pulse signals to produce a series of shaped
pulses, which start from a common base line, but retain the size and time
relationships of the input signals.1 The shaped pulses may also be
amplified and passed through a discriminator circuit. The system rejects
smaller pulses, called noise, which appear in all electronic circuits, and
passes only those pulses larger than a given size. The pulses then proceed
to the scaling circuit. The scaling circuit allows us to add up the pulses
as they arrive from the discriminator. The counts are often displayed by
the use of light emitting diodes or liquid crystal display counters. The
whole system may simply be referred to as a pulse counter. The average
count rate in such a system is found by dividing the total counts obtained

by the length of time the counter was operated.
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C. Count Rate Meter

The count rate meter registers the count rate of a sample directly.
In this device, the pulses that pass the discriminator are used to charge
a capacitor, C (see Figure 11.1). Connected to the terminals of the
capacitor is a fairly high resistance, R. The pulses are so shaped that as
each pulse arrives, it puts a constant charge, q, on the capacitor.

The charging rate is then given by
charging rate = nq, 11.1

where n is the number of pulses arriving per unit time. The presence of
the resistor causes some of the charge to begin to leak off as soon as it
is put on. However, the next pulse adds more charge, but this will also
tend to leak off. The leakage rate depends upon q’, the charge present at
any time. The magnitude of the leakage is given by

FROM
DISCRIMINATOR

Figure 1L1 Count rate meter circuit.
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leakage rate = —QL,
RC

11.2

where RC 1is the time constant of the circuit. At first, the charging rate
is faster than the leakage rate. Soon, the charge q' on the capacitor
builds wup, and the leakage rate catches up to the charging rate. At this
point, equilibrium is reached and q' no longer increases. The voltage, V,

measured across the capacitor is V = q’/C. But at equilibrium, charging

rate = leakage rate

nq=E‘Cli=§, 11.3

so that Von. Thus, a measure of the voltage across the capacitor is a
measure of the count rate. This is the principle of the rate meter. Since
the wvalue of R 1is fairly high, if C is also large, the time constant is
large. In this case, the approach to equilibrium is slow and the meter
reading is fairly steady. If C is small, the approach to equilibrium is
rapid but meter fluctuations may be severe.

Some devices allow us to choose a number of different time constants
by means of a time constant switch. In most cases, we can compromise
between speed and steadiness. In making the choice, we must often take
into account the count rate from the source. For low count rates, we may
need a long time constant to reduce fluctuations enough to get a meaning-
ful meter reading.

The meter indication in these devices may be either a linear or a
logarithmic scale. For wide ranges of count rates, the linear meter is not
suitable. Logarithmic meters, which cover more than five decades on a
single scale, are available. These eliminate the frequent changes of range
that are required in the 1linear devices. Sometimes, one may obtain an

instrument with a digital display of the reading.
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D. Counter Plateau

The discriminator circuit in a pulse counter overcomes the effects of
the noise in the system. However, the presence of the discriminator
requires that the signal pulses be large enough to be counted. We have
noted that the pulse size in a detector varies with the applied voltage.
For this reason, the number of counts per unit time in such a device also
will vary with the applied voltage.

We might expect all pulses to be the same size if all the radiation
entering the detector has the same energy. However, the system is not so
precise in changing this energy to pulses. For a large number of
interaction processes, a spread in pulse sizes results. That is, many
pulses are about the same size, but some pulses are larger and some
smaller than this size. In this way, we can say that only in a statistical
manner 1is the pulse size proportional to the energy expended. This spread
in pulse sizes is often referred to as a pulse size distribution.

Let us again treat the case of a two-electrode chamber, which we wish
to operate as a Geiger counter. The problem is to find a means of
determining the proper voltage. The circuit is designed to measure pulses
that are equal to or greater than a certain size. For a given source, when
the count rate reaches a maximum value, the counter should be operating in
the Geiger region. The process of finding the voltage at which this occurs
is called finding the counter plateau. If we place a By source near
our counter and apply the lowest voltage available in the system, no
counts are recorded (see Figure 11.2). As we increase the voltage, a small
count rate results at a certain voltage, V;. The count rate increases
rapidly for increase in voltage until we reach V,. At this voltage,
called the Geiger threshold, we enter a range in which the count rate
remains fairly constant for changes in voltage. With further voltage
increase, the count rate again begins to show a rapid increase (V3).3
If the voltage is increased still further, the counter may jam.

At the lower voltages (<Vq), the largest pulse size is still too
small to pass the discriminator and be counted. At V;, the largest
pulses in the pulse-size distribution become large enough to be counted.

Between V; and V,, more and more of the pulses in the distribution
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COUNTS PER MINUTE

V4 V2 V3
VOLTAGE

Figure 1.2 Counter plateau in Geiger region.

become 1large enough to be counted. At Vy, all the pulses are mnow large
enough to be counted. This marks the start of the plateau region P. In a
good counter, this plateau may extend for as much as 250 Volts. The
plateau has a finite slope, approximately 2-3% per 100 Volts in organic
quenched tubes.l This slight rise occurs because of an increase in
sensitive volume of the counter and the increase in the number of spurious
pulses in the counter. When the voltage reaches V3, it is high enough to
cause a breakdown of the quenching system (see Section 11.G), and a
continuous discharge may result.

The voltage at which the counter is operated is taken as a point near
the center of the plateau voltage range. In this way, voltage shifts do
not affect the counting rate.

If the counter were designed to operate in the proportional region,
we could find the plateau in much the same manner. In this case, the
discriminator is set to pass the larger pulses that result from a higher
number of primary ions being formed. As the voltage is raised, we obtain a
plateau for the radiation that produces the most initial ions. For

example, if the source emitted a, B, and v the initial plateau
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region would indicate voltages at which all the o« pulses pass the
discriminator (see Figure 11.3). An operating voltage in this region would
allow us to count only the larger a pulses.

Now, if we continue to increase the voltage, the counting rate once
again increases, marking the end of the alpha plateau region. This
increase in counting rate begins when some of the py pulses become
large enough to pass the discriminator. For further voltage increase, a
second plateau would result. This second region corresponds to the voltage
at which all pulses now pass the discriminator. Because of the 8
energy spectrum, the statistical variation in the pulses caused by B
may vary greatly in size. This leads to the steeper plateau shown for
By region relative to that for the a plateau.

In the above system, we can obtain the o count and the total

count. We then find the count due to By pulses by subtracting the two

a+BY

COUNT RATE

VOLTAGE

Figure 1.3 Plateau regions in proportional counters.
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counts. In some designs, the By as well as the a count can be
obtained separately. With the proper detector, fast neutrons alone can be
counted in the presence of v rays.

Many situations require more information about the radiation than we
obtain merely from a single count or count rate. We may desire to know
which radionuclide is the source of the detected radiation, in addition to
how much is there. To obtain this information often requires knowledge of
both the half 1life and energy of the emission. It will also require more
than a simple counting system. We can find the half life by following
decay of the sample with the counter, if the half life is not too long.
This 1is one way of gaining more information from the count rate alone. We
can often determine the energy of the radiation by means of pulse-height
analysis. The method selected; however, will depend upon the type and

energy of the radiation.

E. Pulse-Height Analysis

Pulse-height analysis can be performed when the output pulse heights
are proportional to the energy given up in the detector. In many systems,
the energy given up is proportional to the pulse formed. For pulse-height
analysis, though, we also need a linear amplifier. The design of this is
such that the size of the output pulse is closely proportional to that of
the input pulse. In addition, the pulse shaping features of the linear
amplifier often dominates the performance of the system.1 Pulse shaping
refers to processing the pulses so that the long decay time (see Figure

11.4) of the pulse, is reduced to only a few pus.
1. Pulse Size
The output circuit of the detector is often designed so that the

ions collected are used to charge a capacitor. The voltage appearing

across the capacitor is proportional to the number of electrons collected.
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The number of electrons collected depends initially on the radiation
energy. Thus, the voltage appearing across the capacitor is a measure of
the radiation energy.

Not all the charges will be collected at exactly the same time.
Because of this, the <voltage across the capacitor varies with time (see
Figure 11.4). Pulse is the term used to imply that this voltage varies
with time. The presence of a resistance in the input circuit allows the
charge to leak off. The net effect is that the pulse voltage reaches a
maximum value, Vl, and then declines. This maximum value that the pulse
obtains is called the pulse height or size (usually measured in volts).
The rate of decline is a function of the time constant of the input
circuit. For a larger RC value, the decay is slower.

These pulses are fed into the linear amplifier, where the gain

is designed to be independent of the pulse height. Each pulse is shaped

Vifb————
DECAYING PULSE DUE
W TO CHARGE LEAKAGE
= 4
5
O
>

[ t2us —f TIME

Figure 1.4 Variation of pulse size with time.
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and increased 1in size linearly and moves on to the pulse-height analyzer.
To be counted properly, the pulses are then converted to logic pulses. A
logic pulse is a standard size and shape pulse which is recorded if it is

present, ignored if it is absent. Whether it is recorded or not may be

related to its time of appearance.1

2. Pulse-Height Analyzer

The basic element in the pulse-height analyzer is the discrimi-
nator circuit. The function of such a circuit is simply to accept all
pulses above a certain size and produce a logic pulse or reject those
below this size. The pulse size that is accepted is controlled by the
circuit parameters. If the incoming pulse height is large enough to
overcome the bias, the pulse is then accepted. A linear to logic pulse
conversion then takes place. If the pulse size is not large enough to
overcome the bias, no count results. In a pulse-height analyzer, this

system has often been called the window level or lower level discriminator
(LLD).

a. Integral Count

The output from such a system can be measured as so many
pulses above a given level setting. The range of settings is often

expressed in arbitrary wunits (0-100). We can obtain an integral count of

all pulses above a given size as the level setting is varied. Such a count
is shown as Curve A in Figure 11.5. As we lower the level setting from the
high end (100), no pulses are recorded. This occurs because the size of
all pulses in the distribution are less than the maximum level setting.

As the level is lowered, the number of pulses counted shows
a somewhat steady increase. When the level reaches the low end (0), all
the pulses in the distribution are counted. Of course, some of the circuit
noise is also registered at this end of the range.

If the pulses produced by radiation of a given energy were

all the same size, then we would obtain Curve B. In this case, the total
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Figure 1.5 Types of pulse height spectra.
number of pulses counted would be constant (N) for all settings below H,
and zero above this. Here H would be the pulse size of all the pulses. In
most instances, we have a distribution of pulse heights. That is, one
pulse size occurs more frequently than others that are larger or smaller
than this size. The integral pulse height spectrum would appear as shown
in Curve A. It is difficult to tell from Curve A which pulse height value
occurs most frequently. For this reason, we would like to be able to count

the pulses between two pulse sizes. This can be done by using a "channel”

or "window."
b. Window

To provide the system with a window, a second discrimina-
tor circuit can Dbe included. Like the first discriminator, this
discriminator accepts all pulses above a given size and rejects all

others. The second discriminator system is often called the window width

system or upper level discriminator (ULD). The pulse size needed to

trigger this circuit is greater than that needed to trigger the window
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level circuit. Now, all pulses above the window level setting and all
pulses above the window width setting are accepted. The output pulses from
both systems are fed into an anticoincidence or veto circuit. This circuit
effectively subtracts the two outputs and passes on the difference to be
counted. The counts then are due only to pulses that have sizes between
the settings of the window level and window width.

The window width is often designed to be a fixed percentage
of the maximum window level setting. Then the width of the window remains
fixed even though the window level is varied. For example, suppose the
highest window level setting represents a pulse size of 100 volts. Then, a
2% window width would mean that the channel size would be 2 volts. If we
now move the window level setting to 60, the window width would still be 2
volts. This means, in effect, that we move the entire window when we
adjust the window 1level. In many designs, we can choose the window width
to be a relatively large fraction of the window level. The choice of the
width in a given case depends upon the spectrum information desired. For
example, one may center on the energy of a given radionuclide, such that

one may selectively measure one radionuclide, while excluding others.
c. Differential Count
The pulse height spectrum obtained when we vary the window

over the range of pulse heights is shown as Curve C in Figure 11.5. This

spectrum type 1is referred to as a differential count or a differential

pulse height spectrum. Now the pulse height that occurs most frequently in
the distribution is more easily seen. It is the pulse size (H) at which
the bell-shaped portion (often called a peak) of the curve attains it
maximum value. Each such peak that occurs in the spectrum can be related
to a discrete amount of energy lost by the radiation. Thus, this type of
spectrum allows us to determine the energy spectrum of the radiation.

The portion of Curve C at pulse sizes less than that of the
peak is due to pulses from radiation degraded in energy. As the number of

peaks in the spectrum increases, the magnitude of this portion increases.
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For a large number of peaks, the lower-energy peaks may be masked out by
this portion of the spectrum as well as by circuit noise.

In large detection system, much of the radiation energy may be
converted to pulses. Then, almost all pulses will fall in the peak area.
In this case, we can distinguish peaks more easily. The term, resolution,
describes the relative peak width. The resolution is often defined as the
full width at half maximum intensity. Referring to Figure 11.5, Curve C,
at pulse height H, the number of pulses is Nj, at maximum intensity.
For half maximum intensity, namely N;/2, the Curve C has a width,

AH, in pulse units. From this,

resolution = ﬁ_' 11.4

Often, the resolution of a detector is quoted in percent. Multiply the
right side of equation 11.4 by 100 to obtain %.

The topic of pulse height analysis is much too complex to
treat in all aspects in this short discussion. However, the subject is
discussed in Section 12 with respect to 1its application in vy

spectroscopy. The subject is also discussed in the literature.l:3-3

F. Resolving Time

In the previous treatment of counting systems, it was noted that the
pulse is mnot collected instantly (see Figure 11.4). This time delay
between the forming of the pulse and its being counted affects the
counting accuracy, for if an event occurs that produces a second pulse as
the first pulse is being collected, the second pulse may be lost.® The
chance of losing pulses increases as the count rate from the source
increases. At very high counting rates, the pulses may be spaced so
closely in time that significant losses occur. That is, after the counter
has processed a count, there 1is some time, called the recovery time,
during which it is unable to perform another count.

We can compare counting systems in terms of their ability to handle

high count rates. This can be expressed in terms of the resolving times of
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the systems. The resolving time, 7, is the minimum time between two
separate pulses, such that both are counted. The lower this value, the
more accurate the system is for high count rates. In some systems, 7

is limited either by the nature of the detector or by the system’'s
counting apparatus. In others, the resolving time may depend upon both of
these components. Either the system manifests a fixed insensitive time
(dead time) or the insensitive time varies depending upon the arrival time

of the triggering event.

1. Resolving Time Correction

A knowledge of the resolving time of the system permits us to
correct for counting losses at high rates‘1’7 Suppose a source has a
true count rate N cps. Then, a system with a fixed 7 should give an
actual count of n cps. The counts missed in unit time (M) would be given

by
M=N - n. 11.5a

For each of the n cps that the system records, there is a time,
7, in which the system does not respond. This time is unaffected by
events occurring during its duration. The total time during each unit of
time that the system is insensitive is nr. Then, the number of counts

missed in unit time is also given by

M = Nnr. 11.5b
Thus,

N - n = Nnr, 11.5¢c
and

N = —n

1 - n7 11.6
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Now, suppose that 7 is 200 pus, and the observed counting rate n
from a source is 60,000 c/min. By use of equation 11.6, the true count

rate N can then be found as follows:

Ne=—™D_
1 - nr
n = 6x10% ¢/min
r = 2x10"4 s = 3.33%x107¢ min;
therefore,

4 4
N = 6x10 - 6x10% _ 7 5%10% c/min.

1 - (6x10%)(3.33x107%) 1-0.2

In this case, the effect is quite significant so that to ignore
the correction involves serious error. We should always be aware of the
effect of the resolving time on counting accuracy. In many cases, the
counting rates are low enough so that we can ignore counting losses.
However, we should know the approximate magnitude of 7 for a given
system. Then, one can calculate the count rate at which losses become
excessive. A

At high counting rates, a system may manifest effects which fall
somewhere between those for a fixed dead time (nonparalysable system) and
a variable dead time (paralysable system).l’2 If the system performs
according to the former, equation 11.6 will then be applicable. If the
system performs more like the latter, the length of the non-counting time
will not be fixed. In this case, the true count rate N is related to the

apparent count rate n by1’6'7

n=NeN, o 11.7

in which 7 represents the minimum time following any event, whether
counted or not. For small wvalues of Nr, equation 11.7 gives the same
result as equation 11.6. However, as N increases, the apparent count rate

n reaches a maximum value (Ne'l) and then continually decreases for
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further increase in N. In general, equation 11.7 must be solved
iteratively to find N, knowing n and r, except in the case of small

losses (< 10%). Then, one may use2

2
N ~ n[l - or - iﬂgl—]. 11.8

2. Resolving Time Determination

We can determine the resolving time of a counter by the multiple
source method. In this approach, two sources of the same type of radiation
of about equal strength can be used. It is also desirable to use two blank
or dummy sources of the same size and material as the source mountings but
inactive.

In this method, one source and a blank are counted for a certain
period of time. The average count rate is found and recorded as ny. The
dummy source may then be removed and replaced by the second source. A
count is taken with this setup, and the count rate recorded as nyy. We
then remove the first source and replace it by the other blank. Another
count is taken, and this count rate is noted as n,. If the second source
is replaced by a blank, a background count can be taken. This background

count rate can be recorded as b. The resolving time, r, is then®+8

n +n -n -b
r~ 1 2 12 11.9

w2 2. 2

12 "1™

Now, assume that the above procedure has been carried out. Let
the results be: b = 30 c/min, ny = 6000 c/min, ny, = 12,800 c¢/min and

ny = 7000 c¢/min. Solving for 7 gives

6000 _+ 7000 - 12.800 - 30 _ _ 170
(12.8x103)2 - (6x103)2 - (7x103)2 78.84x10°

~ 2.156%10% min,

or r = 129 Us.
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The above approximate expression for finding r assumes that the
products, ny7, Ny, and Ny o7, are much less than l.4
As a matter of fact, nyT and no7 should be no more than about
0.05, S0 that nqoT is no more than about 0.1l. For an exact
expression for 7, using the 2 source method, see Reference 1. It is
often of wvalue to wuse other methods to determine r.1’2 However, even
the simple determination described above allows us to estimate the range
in which counting losses become important. For systems in which 7 is
rather large, such as the Geiger-Miller counter, high counting rates
cannot be tolerated. In some systems, the dead time correction 1is
accounted for by the use of "live time" counting. This feature is usually
found on all present day multichannel analyzers (MCA). These systems
usually have an internal clock, and the pulses are stored in a memory
location (usually channel 0). When the analyzer is dead, these pulses are
blocked and do mnot reach the memory, so that the total pulses in that
channel give a measure of the live time. That is, the time the analyzer
was actually counting. When the fraction of the dead time is large, errors

1

can occur,

3. Dead Time in Geiger-Miller Counters

The large values of resolving time for Geiger-Miller (G-M)
counters are a direct result of the size of the discharge at the center
wire. As the discharge grows along the wire, a large positive-ion sheath
develops near the wire. This sheath moves toward the cylinder wall to be
collected. The electrons are collected quite rapidly (on the order of a
microsecond) by the central wire. The time for the positive ions to reach
the cylinder wall may be as much as several hundred ps. The presence
of this large positive charge in the vicinity of the wire reduces the
field at the wire, and the discharge stops. These ions must then be swept
away so that the field returns to normal and another discharge can take
place. If an ionizing event occurs during the time these ions are being

removed it will not produce a pulse. In a sense, then, G-M counters have a
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certain "dead" time - a period in which no pulses can be formed.® As
some of the positive ions are collected, the field strength begins to
recover. At some instant during this time span, the field will be strong
enough for small pulses to be formed. These small pulses may or may not be
counted, depending upon the circuit design. For this reason, the resolving
time, 7, may be longer than just the dead time in a G-M counter.
Sometimes the term recovery time is wused to mean that time interval
including the dead time and the time to produce the next full pulse.

If all the ions are swept away and become neutral, the field can
return to full strength. Sometimes, in the process of ions being neu-
tralized, electrons are released which tend to sustain the discharge. To

avoid this multiple pulsing effect, some means of quenching is used.

G. Quenching

Quenching is the term used to indicate the process of ending the
discharge in the counter. The quenching may be done by external or
internal means. Electronic circuits can be designed that will reduce the
voltage across the counter after a count occurs. In this way, the time
needed to collect all electrons, even those that result as the ions are
neutralized, can be guaranteed. To ensure this, the input circuit time
constant must be long, thus leading to long resolving times.

By wusing a gas mixture in the chamber, we can achieve the quenching
effect by internal means. Consider an avalanche or cascade produced in a
counter filled with argon and ethyl alcohol. The mixture will typically be
about 90% argon and 10% alcohol. The argon functions as the counting gas
and the alcohol is the quenching gas.

When the cascade develops, the positive-ion sheath contains both
argon and alcohol ions. As these ions move to be collected, collisions
with neutral molecules may lead to electron transfer. That is, an argon
ion that collides with an alcohol molecule may produce a neutral argon
atom and an 1ionized alcohol molecule. This can occur because the ioniza-
tion potential in alcohol is 1less than that in argon. By the time the
sheath reaches the counter wall, it will contain almost 100% alcohol

2

ions.
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The alcohol ions perform at least two important functions. First,
aleohol strongly absorbs any photons that may be produced during the
cascade. This decreases the probability of the photoelectric effect, which
could result in a continuous discharge. Second, when the alcohol ions
reach the wall and become neutral, the excess energy often causes the
molecule to break up or dissociate. In the dissociation process, mno
photons are emitted so that no new discharge occurs.

The above description indicates that a good quenching gas should have
these three features: 1) the ionization potential must be lower than that
of the main gas; 2) the quenching gas should have broad and intense ultra-
violet absorption bands; and 3) the quenching gas must tend to dissociate
rather than emit photons when in an excited state. Many polyatomic gases
have these mnecessary features; ethyl alcohol and ethyl formate have been
widely used. Counting tubes that contain these gases are called organic
quenched. This type of counter has a limited useful life of about 10?
counts. This is due to the 1loss of about 10° molecules in each pulse
because of dissociation. Some counting tubes use chlorine or bromine as
the quenching agent. These halogen-quenched tubes have unlimited life
since the halogens dissociate but then recombiné; This type of tube is
preferred for high counting rate applications.

The quenching process is affected by the magnitude of the applied
voltage in the counter. As the voltage is raised to higher and higher
values, the pulse size in the counter increases. The increase in the pulse
size means that more ions must be mneutralized in order to quench the
discharge. When the pulses are extremely large, there is a great prob-
ability of quenching not being achieved. At this point, the counter may go
into a continuous discharge, which the quenching gas will be unable to
stop.

In tubes in which the quenching gas decomposes, we must exercise care
to secure the longest life from the tube. Foremost, the counter should not
be operated above the rated voltage. When the counter is not in use, we
should not 1leave the high voltage on, since the unit is still counting

background events although not recording them. Also, in the event of a
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continuous discharge, we should disconnect the high voltage to ensure that
the discharge dies out. This is an important point since continuous

discharge can ruin a tube in a short time.

H. Sensitivity

In health physics work, many types of samples may need to be counted.
These samples may sometimes be measured by use of portable instruments.
Such instruments are discussed in Section 12, along with other types of
instruments. In other cases, the sample type is such that it can be
measured by means of fixed counters. This is particularly true for smear
samples and filter-paper samples. Sometimes even liquid samples may be
evaporated and counted in these fixed counters.2

In general, since knowledge of the radionuclide is not always avail-
able, we must have counters sensitive to a, B, and «. The
sensitivity of these counters can be taken as a measure of their ability
to detect the given type of radiation. The sensitivity is affected by such
factors as the intrinsic efficiency of the detector, the background count

rate, absorption factors, and the geometry.

1. Intrinsic Efficiency

The intrinsic efficiency of the detector expresses the
probability that a count will be recorded if radiation enters the
sensitive volume. This factor varies with the type and thickness of the
detector and the nature and energy of the radiation. In gas-filled
chambers, the intrinsic efficiency for charged particles is about 100%. In
® 1In Nal

scintillation devices, the intrinsic efficiency approaches 100% for low-

these counters, the value for photons is only about %-1%.

energy photons. The choice of the detector type for a given radiation is
governed in many instances by its intrinsic efficiency. We can refer to

the intrinsic efficiency as the sensitivity of the detector.
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2. Background Count Rate

The background count rate affects the sensitivity because it
contributes counts that are not due to the source we wish to measure. We
must then correct the counter results to take into account the background
contribution. If the source count rate is very low, the background tends
to mask the source count rate. We must then count for a very long time to
reduce the effects of background. On the other hand, if we reduce the
background by some means, the time needed to count this same source for
reliable results is much 1ess.9 In this sense, we have then increased
the sensitivity of the counter.

One of the more common methods used to reduce the background is
to shield the detector unit. For many By counters, the shield serves
as the housing for both the detector probe and the source holder. In this
way, we can maintain the distance between the sample and the detector in
addition to achieving a reduced background. These shield units, called
"pigs" are commonly made of lead or iron. Low background for o
proportional counters is mnot as big a problem as for By counters. Most
of the background count rate is eliminated by the discriminator circuit so
that only the larger, less frequent background pulses are counted.

When we wish to count samples of very small activity, the
background must be further reduced. This reduction can be accomplished
with the wuse of an anticoincidence shield,lo which would consist of a
detector surrounded by a ring of counters. In this, no count is recorded
if a cosmic ray passes through the ring and the detector. Only those
counts that occur in the detector and not in coincidence with counts in
the ring are recorded. Other reductions occur when source radiations
scatter in the detector and interact in the ring. Such an arrangement used
with a standard shield reduces the background dramatically. Sometimes a
reduction factor of 30-50 can be achieved with the use of an anticoinci-
dence shield plus 0.1 m of Pb shielding.

Coincidence circuits have also been used to reduce background

for special counting applications.1 In these, a count is recorded only
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if pulses from two or more stations occur at the same time. This type
setup is of most use when the radiation to be counted is somewhat
directional. That 1is, the background arrives from any direction, but a
beam of radiation is more confined. We can then design a telescope
system - a number of counters in a line, which record a count only if all
devices are triggered. In this way, we can also greatly reduce the amount
of unwanted information. Also, for B decay in which a v
immediately follows, the source may be positioned so that the 8 and
v each interact in a different detector. To register a count will
require coincidence, whereas background will generally be produced in ome

or the other, not both.

3. Absorption Factors

The presence of an absorbing substance in the path of the
radiation can greatly affect the sensitivity of the counter. This feature
is of most importance for a and B radiation. Charged particles are
detected easily if they are allowed to enter the detector. The problem is
then to ensure that only a small fraction are lost through absorption on
the way to the counter. The scattering of radiation may also produce a
loss of particles that would have been counted.

Absorption takes place in the sample, in the medium between the
source and the counter, and in the counter window. Scattering occurs in
the sample and in the intervening substance. In addition, some particles
may be backscattered from the source-holder material. For the absolute
determination of the source activity, we can measure these factors for a

given counter for ourselves.lo’11 For

other cases, some of the infor-
mation contained in References 2, 4 and 12 may be wuseful. In many
applications, only a relative value of the source strength is needed, and
the wvalue of these factors need not be known. That is, a standard source
of known activity may be distributed in the same medium as the sample.
Then, one mneed only compare counting rates since absorption should be

comparable.
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4.  Geometry

In most cases, the sample is not surrounded by the counter, so
that only a fraction of the radiation emitted reaches the detector. We can
sometimes treat the sample as a point source. Then, the solid angle
between the source and the detector defines the region in which radiation
reaches the detector. The geometry, G, describes the solid angle subtended
at the point source by the detector. It is often defined as the fraction

of the total solid angle,

G = -9 11.10

4w
where € is the solid angle subtended, and 4m is the total solid
angle about the point. The geometry expresses the probability of radiation
being emitted into the cone of solid angle 4nG. The solid angle Q

is defined as

Q- area - -4 11.11
(radius to point)2 r2

in which A is the spherical area and R is the radial distance from the
point to the spherical area (see Figure 11.6). For the case of a circular
aperture detector, the solid angle may be expressed in terms of the
parameters in the plane, and hence the geometry also.

The detector has a circular aperture of radius r and the point
source, O, is 1located on the axis a distance, a, from the front face of
the counter. The geometry then depends wupon the plane angle, §. The
larger this angle becomes, the larger is the solid angle. The geometry for

this setup may be written as

% = %(1 - cos 8) = L(1 - __—Eg_—_i_) 11.12

T 2 a“ +r
Sometimes the point source is not located on the axis as shown

in Figure 11.6. At other times, the source is spread out more, so that it

cannot be taken as a point source. Reference 10 treats these cases and
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Figure 11.6 Geometry for a circular aperture and a point source.

contains modified forms of equation 11.12 that allow us to calculate the
geometry. In addition, a vreference is quoted for tables of solid angles
subtended by disks and cylinders. Other references for complex shape
geometries are listed at the end of Chapter 3 of Reference 1.

In the case of an end window tube, the sensitive volume does not
start at the window. Charged particles travel some distance into the tube
before a discharge is initiated. In this case, if the tube is positioned

in a holder with a defined aperture, the geometry will be determined.

5. Absolute Sensitivity

From what has been stated, the sensitivity of a counter as a
unit 1is influenced by several factors. Suppose we count a beta source,
T,>> the counting time, of unknown activity A (dis/min) with a §8
counter of intrinsic efficiency, €;. We would obtain a count rate
from which the background rate must be subtracted to give the source count
rate n (c¢c/min). Let us assume that the count rate is low enough so that no

resolving time losses occur. We may then write

n = SA, 11.13a
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where S is the absolute sensitivity and is found from
S = egGE £, L. 11.13b

The correction factors, f},, pid

, and f_, stand for backscatter,
W s

absorption in the counter window and air, and self-absorption and
scattering in the source, respectively. If we have determined all the

factors needed to arrive at S, then

A=02- -1 . 11.14
S egGEE fq

We can make an absolute determination of the source activity with a
counter of known absolute sensitivity. Here we have assumed that one beta
is emitted for each decay. If this were mnot the case, then the fraction of
particles emitted per disintegration would also need to be included in the
denominator of equation 11.14.

One further point, if the half life of the emitter is not long
compared to the counting time, another correction needs to be made. The
quantity n will represent the average count rate over the counting
interval At. This will be related to the initial counting rate, ngj,

at the start of the counting time interval, by

n, = n< AAE ) 11.15
1 . o)At

For the case of a short half life emitter in which np is the fraction of

disintegrations yielding the radiation of interest, equation 11.14 becomes

g
noe1GEpELEs

. 11.16

A=

6. Yield

The determination of the absolute sensitivity is not easy. For

this reason, we often use the relative sensitivity, which is found by
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means of a standard counting setup with a standard source. In this case,
the source emission rate R (B/min) 1is known, and we can solve for the
relative sensitivity. This quantity is sometimes called the counter yield,

Y, and is found from

_ count rate (c/min) 11.17

y=2
R emission rate (8/min)

With the aid of the decay scheme, the emission rate, R, is found
from the activity, A (dpm). Thus we determine the true number of betas
emitted per disintegration. For other radiations, the yield may be de-
termined in much the same way.

The standard source should have a constant strength (238y,
23%9Pu) or decrease at a known slow rate (RaE). For the same features
of source mounting, placement, and counter materials, the factors fb,
fW, and fs are about the same for all sources. Since counter function
tends to vary with use, the yield should be measured from day-to-day. This
often aids in pointing out counter malfunctions.

In the relative method, we compare the response of the counting
system for the known source to that of the unknown. We assume that this is
valid. However, this comparison is only roughly true for those sources
which have about the same energy spectrum. For an emitter with a very
different energy spectrum, the response could vary widely. In addition,
for the unknown source, corrections may be required to account for a short
Ty, high counting rate, and decay scheme! Each of these factors requires
more than a single simple activity count to evaluate. From the practical,
or operational, health physics standpoint, one is primarily interested
initially in detecting the radiation and the yield method is satisfactory.
If one 1is interested in the accuracy of source activity determination,
then it is 1likely that serious errors may result by the use of relative

counting.

I. Statistics of Measurements

When we make a number of counts for a given time on the same radio-
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active sample, the results vary. The fluctuations can be traced to both
the counter and the nature of the decay process. We have already treated
several factors that concern counter variations. Now, we will discuss the
random nature of the disintegration process. By random, we mean there is
no set pattern; a decay may occur, or may not occur, during a given time
span. Also, the process of decay is independent of what has already
occurred, so that each atom acts as a unit. The decay constant, A,

expresses the probability per unit time of decay occurring. We cannot be

certain, though, that any given atom will decay in a stated time interval.

At best, if the sample is large, we can calculate an average counting
rate.3 This behavior is inherent in the decay process and not a feature
of the counting instruments.

There are several probability forms which may be used to describe
certain features of randomness. These occur fairly frequently in our ex-
perience. The fundamental frequency distribution which governs random
events is the binomial distribution.l’2 This distribution for the
probability P, is represented by the expansion of the expression
P = (p+q)™, in which p is the probability of success and q is the
probability of failure. In this probability distribution both the success
rate (p) and the failure rate (q) are fixed. That is, p+q=1. To be
strictly applicable, this probability distribution applies to discon-
tinuous variables, that is, integers.

The Poisson distribution is obtained for the case of a large number
of trials with only a small probability of occurrence.l’3 That is, the
probability of observing the occurrence is small and constant. This
distribution is applicable to many counting observations in radiation and
nuclear physics. For example, the decay constant of a long-lived radio-
nuclide is small, so that a large sample of atoms is needed to observe a
rather steady count rate. This also applies to discontinuous variables;
that is, integers.

The exponential distribution, of application mostly in reliability
studies, is in effect, derived from the Poisson. It describes the
distribution of time intervals with respect to successive events in a

random process. An application of this distribution is the expression of

failure rate of electronic components.

Z|
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1’2,3

The norma or Gaussian, distribution is obtained when the

output of a process is the sum of a large number of many small, indepen-
dent  factors. That is, the quantities have continuously varying
magnitudes. For example, the distribution of stalk heights in a wheat
field.

If the radioactive sample 1is large, one may calculate an expected
number of counts in a certain time. The actual time needed to observe some
number of counts is not at all the same every time. So that, even for a
fixed counting time, repeated for a number of trials, the observed count

rate varies. The expected count, for a number of k trials, will be closest

to the true average count if we use the arithmetic mean, that is

n
N=1 3. 11.18
k i .
i=1
1. Poisson Distribution and Gaussian Error Curve

e e e e o all DLV WAL VE

For many counts taken on a small radioactive sample, the

statistical fluctuations are quite dramatic. It is found that N, the
number of counts in a given time, obeys a Poisson distribution, in which

P, is the probability of obtaining N cts:

Py =Y 11.19

in which N is the average number of counts in the given interval. This
gives a curve that is nonsymmetric with respect to the maximum value (see
Figure 11.7a). The maximum value of the curve may be taken as the most
probable number of counts, Np’ occurring in the given time. For a small
source, then the wvalue of Np is less than the average number of counts,
N.

As an example, compute the probability of obtaining three
counts in a given time interval, if the average number of counts in the

interval is 4.
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=3 -N 3
P3-Ne =()e _ o195

31 3t

If we obtain a larger activity sample, we expect more
decays to occur, on the average, in the same given time as before. In this
case, N would be much larger. For this condition, the distribution

approaches

1 -(N-N)2/2N

P, =
N \’Zﬁﬁ

which gives a Gaussian error curve (Figure 11.7b). This curve is more

11.20

symmetrical with respect to the maximum so that the most probable value,
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(a) POISSON DISTRIBUTION (b) GAUSSIAN ERROR CURVE
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Figure 1.7 Probability distributions tor low and high values of N.
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Np’ is the same as E. Also, the ratio of height to width of the maximum
increases. This means that as we go to larger activity samples, the
variations in the counts become smaller. Therefore, for a given count
time, we get a more precise count for the larger samples.

The Gaussian error curve is also called the normal distri-
bution curve since this kind of distribution occurs in many other physical
measurements. In our discussion of pulse height analysis (Section
11.E.2.c) the distribution of pulse heights turned out to be such a
bell-shaped curve.

The width of the error curve gives the range of values over
which the count varies from N. Since N is also the most probable value, it
is wusually taken as the source count. In many cases, the value N from a
single count is close enough to N to be adequate. Along with the value for
the source count, we would also like a measure of the expected deviation

from this count. This is supplied by the standard deviation of the count.

2. Standard Deviation of a Count

The standard deviation, o, is related to the minimum
value of the sum of the squares of the deviations from an average
value.l 1f an average N counts are observed in a given time, then the

standard deviation of the count is

o =VN. 11.21

The standard deviation expresses the range of values about
the average count in which about two-thirds of all similar counts should
fall. Since about one-third of the counts are outside this range, we have

a measure of the reproducibility of the type of count taken. If the source

is large enough, a single count, N, can be used to calculate o.

Suppose we count a source for 20 minutes and obtain 20,000 counts; then,

c =\[N_=V 2x10%4 = 141 counts.




11-31

We would then express the result as 20,000 & 141 counts for this source
counted for 20 minutes. Now, suppose we make a large number of counts on
this source, all for 20 minutes. Then, on the average, two-thirds of the
number of counts would be within the range 20,000 + 141, and one-third
would be outside this range.

As was mentioned above, when the source is relatively large, the
distribution of counts goes from a Poisson toward a normal distribution.
To attain this requires a large number of counts in a given interval. If
one limits the counting time to a fixed, small value, then one limits the
accuracy with which N may be determined. On the other hand, since
o~ \/EE_ in a single count, the accuracy will improve as the total number
of events counted increases. For example, if we count long enough to
observe 2500 counts, o = \/5566 = 50 and the relative error =
50/2500=.02 or 2%. If we mnow count long enough to get 10,000 cts, o =

\h04 = 100 or 1%.

3. Error Designation

We can express the error in our count in several ways. The four
most common errors are: the probable error (pe), the standard error
(¢), the 9/10 error or 90% confidence level, and the 95/100 error or
the 95% confidence level. The standard error or standard deviation is the
one we have just treated. The other errors are related to the standard

deviation through

Error = Ko = KV/N. 11.22

The value of K is a constant for each of the stated errors (see Table
11.1). As in the case of o, each error expresses a range of values
about the average value. The size of the range depends upon the value of
K. For the standard error, K = 1, so if K is larger than unity, the range
is extended. We would then expect to find more than two-thirds of a number
of counts falling in this range. As K gets larger, the range is such that

the count is more reproducible. For K<1, the range is smaller than for the

standard error, and the count is then less reproducible.
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The probable error is the error for which the probability is
equal that a count will be within the range or outside of it. In a large
number of counts, half the counts would fall within N + pe and half
outside this range.

The 90% confidence level expresses the probability that 9 out of
10 counts fall in the range. Similarly, the 95% confidence level means 95
out of 100 counts fall in the range. Table 11.1 lists the constant, K, for
these errors as well as the probable fraction of counts inside and outside

the ranges.

TABLE 11.1

Types of Counting Errors

Probable Fraction Probable Fraction
Name of Error K within Range outside Range
Probable Error 0.6745 0.5000 0.5000
Standard Error 1.0000 0.6827 0.3173
90% Confidence Level 1.6449 0.9000 0.1000
(9/10 Error)
95% Confidence Level 1.9600 0.9500 0.0500

(95/100 Error)

The results of any count may be expressed in terms of any of the
above errors. However, when quoting the results of a count, one should
always specify which error is being used. For example, a sample is counted
for 10 minutes, and the result is 10,000 counts. We wish to express the
source count and its error. In this case, we will find the 9/10 error

using equation 11.22,

Error = Ko = K\/N;

9/10 Error = 1.6449 V10% = 164.49 counts.
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Our result is then 10,000 + 164 counts at the 90% confidence level. The

more commonly used designations of counting errors are the 9/10 error (90%
confidence) and the 95/100 error (95% confidence level). The latter is

sometimes called the 20 confidence level, since K is so close to 2.0.

4, Standard Deviation of a Count Rate

In general, our interest is in the standard error in the count

rate, n. In this case,

11.23

ot 1=

where N is the total number of counts obtained in the time t. Assume that
any error in t may be neglected. Then, the standard deviation of the count

rate, o

ns 1s given by

oo Mu [N =, n 11.24
n V 2 . .
t t t

Let us express the source count rate and its error for the above example:

10,000 counts = 1000 cpm;
10 minutes

9/10 Error=1.6449 o, = 1.6649 /2 = 1.6449 1000 = 16.45

Our result is then 1000 + 16 c/min at the 90% confidence level.

5. Background Influence on_Standard Deviation

So far we have only treated the case in which one source was
being counted. The presence of activity due to background radiation really
means that we have two sources to contend with. In this case, the accuracy
of reproducing the source count depends upon the error in both counts -

source and background. When two counts are involved, ¢ is then

o = 02 + 02, 11.25
1 2
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where g1 and D) are the standard errors of the two counts.

From before,
O'l =\/N1 and 02 = \/Nz

so that

g = }Nl + N2. 11.26

In this, N; is the total count of source plus background and N, is the
background count. Suppose the background count is 300 counts for 10
minutes. The source plus background count turns out to be 6000 counts for

20 minutes, so that

g = \’Nl + N2 = \/6000 + 300 = 79.4 counts.

Once again, in terms of the count rate, the standard deviation is

o =y £+ 2 11.27
1 %

where t; and t, are the counting times for sample plus background and

for background alone, respectively.
6. Relative Standard Deviation

Let us define a relative error as the fractional deviation or

error. In this case, the relative standard deviation, Ops equals the
standard deviation divided by the source net count
VN + N Yot +nt
or = 2 - —— 11.28
172 Mt T 5

and
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11.29

for the relative deviation of a count rate.
By using the K values in Table 11.1, we can extend the concept

to include the other errors. That is,
Relative Error = Ko... 11.30

The concept of the relative error enables us to make more
precise measurements. Up to mnow, we have only talked about how reliable
the count itself is. We have been able to state that a count under given
circumstances may be reproduced with a certain confidence level. The con-
dition we have been assuming is that our count is taken within a given
time. To get more precise results, many counts must be observed. Thus, if
we have low count rates, the counting time must be increased to obtain
many counts. '

To obtain this precision for a source with a low count rate, the
total counting time depends upon both the source and background count
rates. When the source strength approaches the background activity, long
counting times are needed. The total counting time is a minimum for a

given precision level ifl,2,9

1= 1 ) 11.31
t2 n2
We can illustrate the point with an example. Let a source give a
counting rate of about 260 c/min in an area where the background is 92
¢/min. The question is: How long must we count the sample to obtain a
relative 95/100 error of 10%? That is, we would like to be within 10% of
the source activity in 95 out of 100 times that we perform a similar count

for the same total time.
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In the first place, we assume a preliminary short count was made
to arrive at the above figures. This is done to get an idea of the
relative magnitudes of the count rates. Now, the minimum counting time,

which includes the background and the source-count times, is

t n
D S R ’2_6Q= 1.663"

In this case, we can see that to get precise results the source and back-
ground counts must be taken for comparable times. As the source rate gets
even lower, we approach the case where we must devote equal time to the
background and source counts.

Using the result from above, we substitute for either t] or
ty; in the expression for the relative error (re) of a count rate, using
equation 11.29 and 11.30.

+

-
o 3

1.96 1
R ]

re95/100 = ]..960’r = 11.32

Suppose we choose to substitute for ty, that Iis, t) = t1/1.663 so
that

0.10
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then, 8.571 =/él§
t

and

1 5. 62 )
to = _ 5.62 _ 3 38 pin,
2~ 7.663  1.663 mn

so that t=1t] + ¢t 9.0 min.

This is the total time we must count the sample and background to obtain a
relative 95/100 error of 10%. The time we would count to achieve the same
accuracy increases rapidly as the source strength approaches the
background rate. Let our source rate equal the background rate; then

n; = 184 cpm, and

t n
Lo L 184 _ g 414,
t 92
2 "M
Then, t, = tl/1.414, which gives

\/igg L 92(1.414)
t
1.96

« t

1 1
0.10 =
184-92
314
t
_ 1.9 1
92

(4.694)2) = 314
G
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314 )
t = ——Ezfag— = 14.25 min,
5 1425
t, = = -14.25_ _ 14 08 min,
27 144 " 1414 min
and t = tl + t2 = 24.33 min.

In this case, the total counting time is about 2 3/4 times what
it was before. If the source activity is less than the background rate,
then even longer times would be required. In the above, if the source rate
was half the background rate, we would have to count for about 83 minutes
to obtain the same relative error. Reference 12 contains graphs and
nomograms that can be used to find the ratio t1/to as well as the
error in low counting rates.

In order to determine the total counting time, T, necessary to obtain

a given relative error, we may make use of an expression adapted from

Reference 9,

g )

(35)2 (ny-np)?
K

11.33

The above expression, used in conjunction with equation 11.31 to determine
the optimum division of the counting time, allows one to plan for the

efficient counting of a large number of low activity samples.

J. Counter Reliability

The previous discussions have pointed out the factors for finding the
error in the count. Through all this, we have assumed that the counter has
functioned correctly. We may at times get data that perhaps would be "too
consistent.” One means of checking counter performance is provided by the

"chi-squared test" of Pearson.’ The test evaluates the probability that
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a certain data collection follows a Gaussian (normal) distribution. The

method requires the obtaining of a number N(~20), of determinations. The

quantity, xz, in which x is the Greek letter chi, 1is then given
by
k
T (n; - n)?
X2 _i=1 , 11.34

B

in which T 1is the average value of the k determinations, and n; is the
value obtained for the ith evaluation.

To illustrate the method, we assume that 5 counts are taken on a
given source (note that approximately 20 cts should be taken for better
statistics). The results are 2000, 1980, 2040, 2030 and 1950. The average

count is then 2000. To compute x2, we form the differences:

ny n; - ; (ni - ;)2
2000 0 0
1980 -20 400
2040 40 1600
2030 30 900
1980 -50 2500

N —

S (n; - m)2 = 5400

i=

and, from equation 11.34,

Tables3’13 are available for the probability P of obtaining a value of
x2 for a given degree of freedom (expressed as N-1). In general, the
value of P for a perfect counter would be 0.5. Because of fluctuations and

other operational factors, one may assume that a value of P such that
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0.1<P<0.9 1indicates proper counter operation. If, on the other hand,
0.98<P<0.02, than the data is suspect. In our example, using Table 6-2 in
Reference 3, the value of P would be between 0.5 and 0.1, indicating that
the counter is operating correctly.

At times we may wish to know what type of counter to use for low
counting rates. In this case, we can wuse the criterion that the best

counter is that for which one obtains the smallest value of

VR

Y

’ 11.35

As before, mny 1is the background counting rate, and Y is the yield of the
counter. The above value 1is as a "figure of merit" to compare different
counters with respect to low counting rates.

Other topics concerning the statistics of nuclear detection are

contained in Chapter 4 of Reference 1.

K. Minimum Detectable Activity

A difficult question to answer is the meaning of the term minimum
detectable activity (MDA). This texrm has been wused in many different
contexts and depends very much on a number of parameters associated with
the counting system. On the basis of counting statistics alone, two
situations may occur.? From the data we may suppose we have a count
above background but actually we do not. This is an error of the first
kind-a false detection. An error of the second kind occurs when we assume
there is no count above the background, but there actually is. These
errors are often referred to as type a (first kind) and type b (second
kind) errors, respectively. For a particular application, one must settle
on the size of each error that can be tolerated. On the basis of a=b=0.05,
one would expect 5% of false detections and 5% of false non-detections in
a large number of determinations. Then, one may define a decision limit,

Le, and a detection limit, LD.2 These are
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LC = 2.32\/N2 11.36
and
LD =2.71 + 4.65\/N2, 11.37

in which N, 1is the background count for the given application. In equa-
tion 11.36, L; is the minimum net sample count for which detection is
assumed. In equation 11.37, ILj is the minimum net sample count which is

likely to be detected.
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QUESTIONS

Identify the type of radiation detection instruments in which no
effort is made to resolve the pulses. :

Identify the type of radiation detection instruments in which each
pulse detected is subject to being counted individually by a scaling
system.

Identify the type of radiation detection instruments in which pulses
are individually detected, but the readout is a count rate in terms
of counts per unit of time.

What two rates are in equilibrium when the count rate of a count
rate meter is constant?

What are the advantages and disadvantages of a long time constant
for count rate meters?

Explain why the middle of the counter plateau for either Geiger-
Miller or proportional counters is preferred for reliable counting.

What term is used to indicate the collection and recording of pulses
from a radiation detector on the basis of size or energy?

Identify the pulse height spectra when

a) each part of the spectral curve is the sum of all the pulses or
pulse energies above a particular discriminator threshold, and

b) when each part of the spectral curve represents the pulses
having a specific restricted energy range.

In order to count pulses between two pulse sizes or energies, it is
necessary to have an upper and lower discriminator to form
a .

What 1is the term used to indicate the minimum time between two
pulses such that both are counted?

Explain the difference between the resolving time and the dead time.

What term is used to indicate the process of ending the discharge in
a counter? How is this accomplished?

List some of the features of a good quenching gas.

What does the measure of the ability of counters to detect a given
type of radiation define?




11.15

11.16

11.17

11.18

11.19

11.20

11.21

11.22

11.23

11.24

11.25

11.26

11.27

11.28

11.29

11.30

11-44

What does the probability that a count will be recorded if radia-
tion enters the detector’s sensitive volume define? On what variable
does this depend?

When 1is the background count rate most likely to cause serious
counting errors? What is the simplest method of reducing the back-
ground count?

How may radiation be "lost" causing a lower count rate?

What term is wused to express the relationship of sample size and
position to the size and position of the sensitive volume of the
detector?

What 1is the result obtained by multiplying the intrinsic sensitivity
of a counter by the factors of geometry, backscatter, absorption by
the counter window and air, and self-absorption of the sample being
counted?

What does the count rate divided by the emission rate from a sample
define? What corrections should be made under what conditions to

this quotient?

When does the Poisson distribution approach the Gaussian distri-
bution in value?

What is the alternate term for the Gaussian distribution?
What term is used synonymously with the term standard deviation?

What term indicates that the probability is equal that a count will
be within or outside its range?

Will 1000 counts per 10 minutes be equal to 1000 counts per 1 minute
in counting error computations or is there a difference? Explain.

Upon what two factors does the relative error of a count depend?
Name the test recommended for determining counter reliability.

What fraction is wused as a criterion for determining the best
counter to use for low counting rates?

Explain the term minimum detectable activity.

What are type a and type b errors? How do decision limit and de-
tection limit differ from each other?
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PROBLEMS

a) If 3000 pulses/minute of 7x107° coulomb arrive from the
discriminator and the capacitance and resistance of the count
rate meter are 5 pF and 10° ohms respectively, what Iis
the voltage across the resistor at equilibrium?

b) What is the charge on the capacitor?
c¢) What is the time constant? Note: the time constant is that time

in seconds for a capacitor to achieve 1l/e of its total charge
for a particular voltage.

Answer: a) 0.35 volts
b) 1.75%107¢ coulomb
c) 5 s.

A Geiger plateau runs from 950 to 1250 volts. Using the same radio-
active source and geometry, the count rate at 950 volts was 15,000/
min and 16,000/min at 1250 volts. What is the slope of the plateau
in percent?

Answer: 2.22%/100 volts

a, Plot the following integral curve:

counts PH Setting counts PH Setting
230 0
230 10 90 50
220 20 40 60
160 30 10 70
130 40 0 80
b. Plot the differential curve using the preceding data.

Determine the resolving time from the following data: first source
11,000 cpm, second source 13,000 cpm, both sources together 23,000
cpm, and b=40 cpm.

Answer: 2.41x1074 s
The observed counting rate from a source is 42,000 cpm and the re-
solving time of the detector is 300 ps. Find the true count

rate.

Answer: 53,165 cpm
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Two counters have dead times 30 and 100 pus, respectively. At
what true count rate will the dead time 1losses in the second
counter be twice as great as those for counter one?

Answer: 1.333x104 cps

A counter with negligible background gives 10,000 counts per
second, with a standard source. An identical source is placed
beside the first, and the counter now records 19,000 counts per
second. With the first source removed, the count is also 10,000
counts per second. What is the dead time of the counter?

Answer: 6.21x10°¢ s

What 1is the geometry, G, for a detector that has a 0.03 m diameter
window and is situated 0.06 m immediately above a point source?

Answer: 0.0149

The o count rate of a 7.4x10% Bq, Rn-222 source is 2870
cpm. The background rate is 9 cpm. Assuming that the a« emission
is 100% per disintegration, find the yield.

Answer: 6.44x1074

The yield of a counter is 0.052, the count rate 1650 cpm, and the
background 20 cpm, find the activity of the sample.

Answer: 31,346 cpm or 522 Bq

A single count corrected for background and resolving time is
31,500 counts. Find:

a) the standard deviation

b) the standard error

c) the probable error

d) the 90% confidence level, and
e) the 95% confidence level

Answer: a) 177.5 b) 177.5
c) 119.7 d) 292.0
e) 347.9

How 1long (total time) must a sample be counted to obtain a relative
probable error of 5% when the counting rate is 170 cpm and the
background is 60 cpm? Assume the minimum total time conditions.

Answer: 6.50 min
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A technician has the choice of two counters to detect «
particles. Counter A has a background of 7 cpm and a yield of 0.02.
Counter B has a background of 3 cpm and a yield of 0.016. Which
counter should he use for low-level work?

Answer: Counter B

The following set of 30 observations were recorded under identical
detector conditions and counting times (l-minute intervals). Apply
the test to see whether the observed fluctuations are

consistent with Poisson statistics.

No. of Counts in 1-Minute Interval

32 34 30 38 27 31
31 31 36 34 25 24
28 28 21 30 31 24
27 24 24 29 20 27

30 25 26 34 15 33
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SECTION 12 - HEALTH PHYSTICS INSTRUMENTS

Up to now, much has been said about how we detect radiation. In many
instances, all that is required is a counter that records the events
occurring in the detector. That is, suppose we count a source in order to
measure the activity. Then, we can relate the counter response to the
source activity by means of the counter yield. In other cases, the energy
spectrum may be needed and pulse height analysis will be called for. A
special need, which arises in health physics, is to measure the relative
effect of radiation on human and/or other systems. To do this requires
devices that do more than merely detect the radiation. In this case, we
are concerned about the energy transfer to the system and the effect this
produces. For this reason, the absorbed dose, which is the energy imparted
to matter, is often chosen as the quantity to be measured. The field of
study devoted to this aspect of the measurement problem 1is called

radiation dosimetry.

A. Radiation Dosimetry

Of the many detection principles covered in Section 10, almost all
have been adapted to measure the absorbed dose. Some of these methods are
still in the process of development and will require further study. More
information can be found in References 1-5 which contain discussions of
possible methods. The discussion here will include some of the common

aspects of radiation dosimetry.

1. Ionization Method

Perhaps the most common method used to find the absorbed dose
has been to measure the ionization.l In this method, a gas-filled
chamber operated as an ion chamber has been used in many applications. As
the radiation enters the chamber, ions are produced as the result of
interactions in both the chamber wall and the gas. For alpha and beta, the
wall should be thin since it only acts to absorb energy that could produce
ions in the gas. For this reason, many instruments contain a window (a

thin section of wall to allow charged particles to enter).
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For photons and neutrons, most of the interactions occur in the
chamber walls. The secondaries that result produce the ionization. The
problem is then to relate the ions collected in the gas to the energy
imparted to a wunit mass of the wall material. In this way, we can then
obtain a measure of the absorbed dose in the given wall material. With the
choice of a proper wall substance, we can measure the absorbed dose in
some desired medium. For our purposes, tissue- and air-wall materials are

of most interest.

a. Bragg-Gray Principle

The ions collected in the gas may be related to the energy
imparted to the wall by the Bragg-Gray principle.2’4’6’7 Let E be the
energy imparted per unit mass of the wall substance. Now, suppose we have
a small cavity of gas, which is surrounded by this substance. Let Jg be
the ionization per unit mass of the gas. The Bragg-Gray relation is then

given by
= (S
E = (=) W 12.1

where W 1is the average energy needed to create an ion pair in the gas and
(8/p)y is the relative mass stopping power of the medium with

respect to the gas. If the wall and gas are of the same composition, then
(S/p)y=1, and

=1
I

WJ 12.1a

and the cavity need not be so small. This simple expression will be valid

if a number of conditions®'’/ are met. Some of these may be satisfied by

proper chamber design. Others are features of the radiation interactions

and may limit the usefulness of a given chamber design.



12-3

b. Air- and Tissue-Equivalent Material

The choice of the wall material for a given chamber design
is governed by the measurement to be made. A chamber designed to measure
the absorbed dose in air should have walls of air. Such a chamber could
also be used to measure the exposure due to photons. A chamber designed to
measure the absorbed dose in tissue must have walls of tissue. Also, we
would 1like the gas to be the same material as the wall so that the
stopping-power ratio would be unity.

In the free-air ionization chamber, or standard ion

chamber,[“6

the walls are really air. This device has been used as a
primary standard in the past to measure the exposure in roentgens
(2.58}{10'4 C/kg). In most devices used for survey work, though, we
cannot have true walls of air. Likewise, "tissue" walls are also difficult
to obtain. But, for a chamber designed .to measure the absorbed dose in
either of these media, we must attempt to match the wall and gas to the
particular medium. These chambers are then referred to as tissue-
equivalent or air-equivalent, as the case may be.

For one material to match another, both must exhibit the
same absorption for the primary radiation and the same stopping power for
the secondary particles.2 For a photon beam, an air-equivalent substance
attenuates the beam just as air does. Also, the electrons, formed as the
photons interact, are stopped in this substance just as they are in air.
Since an air-equivalent substance is not truly air, it does not match the
air response at all energies. For this reason, substances will be air-
equivalent only in a limited energy range. For example, aluminum is an
air-equivalent substance for photons, but only in the range about 0.3 to 3

MeV.

c. Energy Dependence

When a chamber is used to measure photons, the ionization
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in the gas is due largely to secondaries produced in the wall. The
response of the chamber, therefore, depends upon the wall substance used.
For an air-equivalent wall, the photon energy range is such that the
attenuation coefficient of the wall substance matches that of air. Outside
this range, the values depart from each other. When this occurs, the
instrument response no longer follows the air response. To measure the
absorbed dose in air, the response of the chamber should match the air
response, regardless of photon energy. In photon-energy regions where this
does not occur, the response is said to be energy-dependent. The energy
dependence of a chamber results in a reading that is in error outside the
energy range 1in which the wall substance is an equivalent material. The
magnitude of the error in the reading depends upon design features of the
chamber. The effect is most pronounced in the photon energy region 50-250
keV. A typical correction-factor curve for some instruments is contained
in Reference 8. This figure indicates that the reading may be as much as a
factor of 3 high or 7 low depending upon the instrument, condition of use,

and the photon effective energy.

d. Charged Particle Equilibrium

For a beam of photons or neutrons that strikes a chamber
wall, some of the secondaries ejected move toward the chamber interior. As
the wall thickness, t, is increased, the number of secondaries at any
depth in the wall increases (see figure 12.1, solid curve). The curve goes
through a broad maximum, reaches a peak value at thickness t , and then
slowly decreases with further increase in t. If there were no attenuation
of the primary radiation in the medium, the curve would continue to rise
as shown by the dotted portion (marked no attenuation) in Figure 12.1,
eventually reaching a constant value throughout the medium. The dashed
curve marked K in the figure, indicates the decrease in the primary
intensity with thickness caused by attenuation in the medium.

The thickness, t', is called the equilibrium thickness and
is equal to the maximum range of the secondaries produced. At this thick-

ness, an approximate state of charged particle equilibrium (CPE) exists.
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Figure 12.1 Equilibrium thickness, t', for charged-particle
equilibrium (adapted from Reterence 2).

That 1is, for every secondary that leaves a small volume about a point at
this thickness, one with about equal energy would enter. 2 Then, the
energy given up in the volume 1is the same as if all secondaries that
originate there lose all their energy in that volume.

There will be a slight decrease in the beam intensity due
to absorption of photons or mneutrons as the thickness of the wall
increases. For thickness > t’, the secondary concentration falls at the
same rate as the beam 1is absorbed. This reflects the fact that more
secondaries are absorbed than produced. For this part of the curve, the
ratio of primaries to secondaries attains a constant value so that a
transient equilibrium results.”

In a given case, CPE would exist at a point if two criteria
are fulfilled. First, the radiation field in a region that surrounds the
given point should be constant. This region should extend for a distance
equal to the maximum range of the secondaries produced. Second, in this
same region, the primary attenuation coefficient and the secondary
stopping power should be constant. For photons below about 3 MeV and fast

neutrons, the above can be met with fair success. In some cases though,
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CPE will mnot exist. Some typical instances are: (1) near a source where
the field changes rapidly with distance; (2) at a boundary between two

different substances; and (3) for high-energy photons or neutrons. %

e. Kerma

As pointed out 1in Section 4.A.3, the kerma is the energy
per unit mass transferred to secondaries (charged particles) by the un-

charged particles (photons and neutrons) passing through a substance. In

Figure 12.1, the dashed line marked K indicates the kerma in the medium.
When CPE exists at a point in the substance, the kerma is equal to the
absorbed dose. This assumes. the bremsstrahlung losses are small. At
thickness t’ in Figure 12.1, the absorbed dose (which is depicted by
the solid 1line) equals the kerma at this point, and for t>t’, for
transient equilibrium cases, the kerma 1is just slightly less than the

absorbed dose.6

kerma? as long as the mean free path of the radiation is large compared

The absorbed dose may be obtained by calculating

to the size of the medium. When the size of the medium is large, the
absorbed dose 1is greater than that given by calculating the kerma for the
medium in air. In this case, the dose at the point is no longer due to
just the primary beam, as in the case of a small mass of tissue. Scatter,
as well as multiple collisions, cause the dose to depend upon the size and

shape of the object.9

For a nondirectional field (not a beam), the true
absorbed dose 1in a large tissue mass may even be less than the kerma. For
a high energy photon beam, the secondaries which are released are high
energy electrons. This leads to increased bremsstrahlung formation and
more energy may be transferred to the medium than is absorbed in the
medium. When this occurs, the absorbed dose could be less than the kerma

in the medium.10

f. Ion Chamber Dose Measurements

We can use an jion chamber to measure the kerma under con-
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ditions of charged particle equilibrium. The kerma will then be equal to
the absorbed dose at the point in the absence of scatter. That is, the
chamber records the dose that a small mass of tissue recelves. For a man
at the same point, the absorbed dose that he receives is greater than that
given by the kerma. Depth-dose data give a buildup on the order of 1.6 for
fast neutrons and moderate-energy photons.11 This factor may be much
greater for lower-energy neutrons and high-energy photons.

An air-equivalent ion chamber, designed to measure the
kerma in air, may also be wused to find the absorbed dose in air. This
follows, since, for a state of CPE, the exposure describes the kerma in

air. The absorbed dose is then
Dair = Kair 12.2

where K 1is the kerma in air measured in Gy. Note that some presently used
instruments measure the exposure in roentgens (2.58x10'4 C/kg). To
convert readings of exposure in R to absorbed dose in air, in Gy, multiply
roentgens by 8.7x1073.

On the other hand, a tissue-equivalent ion chamber enables
us to measure the absorbed dose in tissue. Since the chamber responds to

almost all radiation, we would read the total absorbed dose. We can also

use more than one chamber of proper design to measure each dose component
of the field.*

For charged particles, the absorbed dose can be measured by
thin-walled ion chambers. Such chambers may also be used for uncharged
particles when GCPE does not exist. In each of these cases, the relative
mass stopping power for the spectrum of secondaries must be evaluated at

the dose point.

g. Other Tonization Dose Measurements

At present, the use of semiconductors to measure dose is

not widespread. The main application has been to detect charged particles.
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However, mn-i-p silicon junction devices have shown promise as fast-

neutron dose indicators.12

Diffused-junction wunits may also be of value
for thermal-neutron dose measurements.

The dose due to fast neutrons may be measured by a pro-
portional counter in which the pulse heights are summed. 3 The chamber
can be designed so that only pulses due to neutrons in a neutron and gamma

field are counted. On the other hand, we can design a proportional counter

to measure only gamma pulses in the presence of neutron pulses.

2. Other Dosimetry Methods

Since much of the energy lost by radiation in matter appears in
its final form as heat, the absorbed dose may be measured by calorime-
try.4 In this case, the rise in temperature of the object can be used as
a measure of the absorbed dose. This method presents many difficulties,
which preclude routine use in survey work at this time.

As pointed out in Section 10, chemical effects have been
employed to measure the absorbed dose. In practice, the dose range covered
by these systems limits their usefulness for health-physics work. One form
of chemical dosimetry, namely £ilm dosimetry, is quite useful to health
physicists (see Section 13).

The optical properties of solid-state devices have also been
used to measure dose. The utilization of these devices for health physics
purposes 1is at present focused in the area of personal monitoring. Section
13 treats devices that have been of use as personnel dosimeters.

Scintillation devices have been used with success to measure the

absorbed dose. With x and gamma rays, the main problem has been the energy

2

dependence. Neutron dose may be measured with plastics loaded with

scintillating substances. The large 1light pulses due to proton recoils
formed in the plastic by neutrons can be counted, but the smaller gamma
pulses are rejected.

Recently, a mneutron detector has been developed at the Chalk

River Nuclear Laboratories by Ing and co-workers. The detector utilizes an
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elastic polymer in which superheated liquid droplets are dispersed.
Neutron interactions with the droplets cause the formation of fixed gas
bubbles which can be visually counted and related to the neutron dose. The

detector covers a wide energy range and is insensitive to gamma rays.
3. Present Dosimetry Techniques

When a field to be measured consists of only one type of radia-
tion, the choice of instrument and method may be clear-cut. A problem
arises, though, when we must deal with a field of mixed radiation. The
problem has two aspects. First, many devices respond to more than one type
of radiation. This gives rise to the problem of choosing the proper
instrument. Should each component of the dose be measured, or is only the
total absorbed dose important? Second, an equal absorbed dose of two types
of radiation can result in differing degrees of biological effects for
each type. In this case, the dose-equivalent concept must considered. This
allows us to scale up the absorbed doses in order to better compare the
effect of different types of radiation on human systems.

Over the years, many attempts have been made to solve this
problem. Some have been discarded, others have been improved, and newer
approaches have replaced older ones. In any event, as progress in
dosimetry is made, we should expect the techniques to reflect these
advances. At present, three popular approaches are being used to arrive at
the dose equivalent. First, we can measure the absorbed dose for each
component of the field.?2 These doses are then weighted by the proper
quality factor and summed to obtain the dose equivalent. Second, we can
measure the total absorbed dose with a tissue-equivalent ion chamber.
Then, if the dose delivered at each level of LET (linear energy transfer)
is measured by some other method,14 the dose equivalent can be found.
Third, we can measure the fluence rate and energy spectra of the
components of a mixed field, then we can compute the absorbed dose.g
Again, the dose equivalent is obtained by using the proper quality

factors. The 1last technique has been useful for neutron-dose determina-

tions by threshold and other spectral detectors.

e Jis
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a. Linear Energy Transfer and Quality Factor Relationship

The second technique mentioned above referred to a measure
of absorbed dose at each level of LET. The IGRUL defines this concept
as the average energy that is locally imparted to a substance by a charged
particle of given energy. In this sense, the term applies to energy given
up in a limited volume. The concept is of value since it allows us to
focus on the manner in which energy is absorbed. That is, given two
particles with the same total energy loss, the amount of energy lost along
portions of their paths may wvary greatly. It has been found that these
variations in the 1local energy loss can account for the differences in
biological effectiveness. This implies that we can relate the RBE and Q to
the LET of the radiation.16'17 For photons and neutrons, the LET is that
of the secondaries produced.

In practice, it 1is not easy to determine which losses are
local. That is, we must define a range of energy loss or a distance from
the main path, which is taken as local. For this reason, the ICRP
recommends that the quality factor Q be related to LET_,, the

15

stopping power in water. The stopping power, L

> &lves the

energy loss per unit distance regardless of where this energy is absorbed.
A table of the I%n'Q relationship, taken from Reference 18, is shown in

Section 4 (Table 4.1).

b. Distribution in LET of Dose

The dose equivalent may be found then by measuring the
absorbed dose at each LET, multiplied by the Q for that value of LET, and

summing these products. The distribution in ILET of dose is the function

that expresses the absorbed dose at each LET. This function gives the
fraction of the absorbed dose giveﬁ up in each LET interval. The method
devised to measure this distribution employs a tissue-equivalent,
spherical proportional counter.2 The method requires no knowledge of the

radiation field and, thus, is wuseful for finding this distribution
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function near high-energy accelerators. A drawback of this approach is
that both the equipment and the method are quite complex. These features
preclude routine use of this method as a survey measure. However, measure-
ments made at locations in which the radiation field can be assumed to be

relatively constant can characterize a useful average quality factor.

c. Problems of Neutron Dosimetry

There are several problem areas associated with present day
neutron monitoring. These aspects involve personnel monitoring devices as
well as survey and dosimetry instrumentation. Some of these problem areas

are the following:

(1) Energy dependence of the response of dosimeters

and instruments to neutrons,

(2) Lack of detailed neutron spectrum information in

most monitoring applications,

(3) The over-response . of existing neutron rem meters

for a spectrum with a large intermediate component,

(4) The interference in mixed-field measurements due

to the presence of photons, and

(5) No one instrument or device adequately covers the

entire range of neutron energy of interest in dosimetry.

With respect to the response of personnel dosimeters to
neutrons, all exhibit some energy response problem. NTA film does not
respond at all to mneutrons below 0.5 MeV. In the range 0.5-0.8 MeV, the
tracks are difficult to count and may be missed. For neutrons in the range

0.8-20 MeV, the system is adequate but less sensitive than is desirable.




12-12

Albedo dosimeters do not have a threshold response energy but exhibit a
severe energy dependence, with sensitivity decreasing rapidly as neutron
energy increases. In order to obtain a proper calibration factor for the
albedo dosimeter, the neutron energy spectrum must be known and remain
fairly constant in the location of interest. The use of CR-39 track
recorders shows promise as a suitable detector over the energy range of
interest.

Tissue-equivalent ion chamber devices can be wused to
measure fast neutron absorbed dose rates, but are not usable for energies
below about 200 keV. No information is obtained concerning the quality
factor, however. To determine a mean quality factor requires a knowledge
of the neutron spectrum or a different measurement.

Instruments used to measure the dose equivalent generally
make use of a fortuitous response which follows the ICRP curve of fluence
per unit maximum dose equivalent (MADE) fairly closely for energy greater
than a few hundred keV. These instruments over-respond by a maximum factor
of 1.6-4 times in the region 5-10 keV. The error can be significant if a
major fraction of the neutron spectrum lies in the intermediate range
(0.5-200 keV).

Instruments whose response is relatively independent of
energy, such as the Long Counter or the Eberline PNC (see 12.B.4.d)
measure neutron fluence rates over the energy range of interest, but the
conversion of the response to the neutron dose equivalent is uncertain
unless the neutron spectrum is known. Since, in practice, a quality factor
suitable for fast neutrons 1is wused, the dose equivalent will be over-
estimated if the measured field contains a large component of intermediate
energy neutrons.

The Bonner spheres (see 12.B.5.d) used to determine neutron
spectra are based partly on calculated response functions and partly on
experimental determinations. High resolution spectrum information is not
obtainable with these devices and the computed average energy and inferred
quality factors are dependent upon the computer analysis, that is, on the

iteration and smoothing procedures used to unfold the experimental data
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obtained with the <various-sized spheres. The 9" and 3" sphere technique
used to obtain an effective energy 1is a practical method used to
characterize the neutron distribution, but this and the Bonner system
yield calibration factors which overestimate the dose equivalent for
highly moderated spectra. An additional problem of neutron spectrometers
is the inability to measure the stray radiation fields around certain
facilities.  The small size of some leakage radiation fields, coupled with
the much larger size of the spectrometer units, precludes any meaningful
spectroscopy since the instruments require a relatively uniform field over
the dimensions of the device.

As was mentioned, rem meters utilize adjusted moderators
which produce a response which approximates the ICRP fluence/MADE rela-
tionship. By adjusting the moderator thickness, the response to incident
fast mneutrons can be made similar to that of tissue. However, this
optimizes the device for only a limited energy range and the response may
not be correct in a different energy range. The result is an inherent
over-response when used to measure a moderated fast neutron spectrum. In
many applications, we are attempting to measure just such a field, so our
results should be conservative. We can afford this luxury because the
present limits allow wus the room to do this. A significant reduction in
the dose limits would require a better estimate in the intermediate energy
region. For example, the change in neutron Q will force some reevalua-
tions.

Another difficulty occurs because a neutron field is almost
always accompanied by a photon field. To adequately describe the mixed-
field requires that both components be evaluated. The photon interference
causes problems because of the relative response of neutron devices to
photons, and vice versa. Corrections must be applied to account for these
effects 1in absorbed dose measurements and calibrations. The difficulty is
somewhat mitigated by using two instruments to measure the components of
the field, one with about equal sensitivity for both types of radiation (a
tissue equivalent chamber) and one with a lower sensitivity to neutrons

than to photons (a CO,-graphite chamber).

5
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Finally, no one instrument or device has a response which
adequately covers the entire energy range of interest for neutrons and
their interactions in tissue. The problem is related to the concept of the
dose equivalent, the product of a physical quantity (the mean energy
absorbed per gram of tissue) and an assigned quality correction factor
(Q). One may be able to measure the physical quantity in a tissue
equivalent material, but the ratio of energy imparted to the mass of the
object does mnot solely determine the biological effect of the irradia-
tion. The microscopic distribution of the energy absorption with respect
to amount and spatial distribution 1is also important. Since neutrons
release primarily densely ionizing nuclei and particles of different
energies, the fluctuations in the energy imparted are considerable. To
attempt to characterize the radiation quality correction by a single mean

value Q for this situation is often inadequate.

d. Depth Dose Eguivalents

The ICRP15 defines the dose equivalent index, HI’ as
the maximum dose equivalent within a soft tissue equivalent (p = 1000
kg/m3) sphere of diameter 0.3 m, which is centered on the dose point. In
most cases, the maximum dose does not occur at the sphere center. Also, a
small tissue mass irradiated in air does not receive nearly the dose that
a large tissue mass does. So, the ICRP has divided the reference sphere
into three regions. The outermost shell is the dead layer of tissue
(assumed thickness of 70 pm) and is ignored with respect to dose
determinations. The second region, from 70 um to 10 mm, constitutes
the maximum shallow dose equivalent index (HI,S) region. From 10 mm to
the core represents the deep dose eguivalent index (HI,d) region. The
need to determine the shallow dose index has introduced an added impetus
for beta dosimetry improvement.

The Department of Energy has adopted the ICRP system for
specifications of dose equivalent index stated above, in its revised Order

on Radiation Protection for Occupational Workers.




12-15

e. Summary

The ICRP favors the use of the dose equivalent concept to
express its recommendations. For this reason, much effort is being devoted
to the problems of dosimetry in mixed fields. As more is learned, new
trends may spring up and better methods may then be proposed. For the
present, any method that does not underestimate the true dose equivalent

is acceptable from the protection standpoint.

B. Survey Instruments

Over the years, many devices have been used in health physics. These
include instruments that only detect, as well as those that also measure

the exposure or the absorbed dose.]"zo'22 Some

of these devices are
large immobile wunits so that we must bring the sample to be measured to
these units. Others are designed to give a continuous reading in a given
area and are referred to as "fixed" monitors. These include such devices
as stack monitors and continuous air monitors (see Section 1l4). Many assay
samples, such as smears, liquids, and filter papers, are handled by means
of fixed counters. A large class of measurements calls for the health
physicist to either detect or measure the field in a given area. These
"surveys" require the use of portable devices that can be transported to
the locale to give a quick measure of the field or activity. This type of
device is often referred to as a survey instrument. Many factors affect
the performance of these devices and a number of these are discussed in
Reference 23, which reports on the results of a testing program. In
addition, References 24 and 25 discuss performance testing of these
instruments to assure their proper operation.

Many survey instruments have been developed and used over the years.
Because of the dynamic mnature of this field, we are faced with extreme
difficulty in any attempt to present a current review of these devices.
For this reason, only some of the many useful instruments are discussed

here. As time goes by, some of these may be replaced by newer approaches.




12-16

1. Ion Chamber Dosimeters

In its simplest form, the ion chamber was the first instrument
used to measure radiation. We merely need a two electrode system, which
defines a collecting volume of gas. Then, the ions produced in the gas may
be collected by means of an applied voltage to the electrodes. The charge
collected can then be related to the quantity of radiation. We have seen
that with the proper choice of wall and gas, the ion chamber can also be
used to measure dose (Section 12.A.1.6). In a strict sense, dosimeters are
not really survey instruments, but certain types are most useful in health

physics work.

a. Electroscope

In its original design, the ion chamber was used in the

form of an electroscope.20

This device measured the total charge
collected (see Figure 12.2). The chamber walls form one electrode and
define the collecting volume of air. The central electrode is insulated
from the rest of the chamber. A moveable fiber is attached to this
electrode. Now, when a charge is placed on the electrode and the fiber,
they repel each other. The distance the fiber moves away from the
electrode depends upon the value of the applied voltage. If ions are
produced 1in the chamber gas, they move to the wall and to the fiber. The
collected charge reduces the voltage, and the fiber moves closer to the
central electrode. The displacement of the fiber can then be related to
the amount of charge being collected in the chamber. From this, we can
determine the total dose delivered by the radiation.

The motion of the fiber in these devices is viewed by means
of a microscope, which is part of the device. A scale in the eyepiece
allows us to obtain a reading in dose'units. The fiber can be charged with
a battery voltage to a scale reading of zero, which represents fully
charged. When looking through the eyepiece, we see the image of the fiber

moving across the scale.
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Figure 12.2 Quartz-fiber type electroscope.

At present, the electroscope principle is used in both the
pocket chamber and the pocket dosimeter (see Section 13). The pocket
chamber is similar to the pocket dosimeter except that it is not a self-
reading device. This type chamber is used in conjunction with a minometer,

which measures the charge.
b. Condenser Chambers

The condenser chamber is an air-equivalent ion chamber,
which measures the total charge collected and, thus, may be used to
measure the exposure or the air kerma. The device is often very simple. It
may consist of a Bakelite shell, coated on the inner surface with graphite
to make it conducting, and a well-insulated central electrode. When a
charge is placed on the central electrode, the device becomes a charged
condenser. Since we can measure charge in terms of the voltage change of a
condenser, these chambers are used with an electrometer.1 In this use,
the chamber has a stem, which fits into a bayonet-type socket to make

contact with the electrometer and the charging system. Again, we can
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observe the charge being placed on the device by noting the movement of a
fiber image on the scale of the electrometer microscope. The system is
fully charged when the fiber is at zero on the scale. When the chamber is
removed, it can be capped to guard against leakage.

The chamber is then ready to be exposed to X or gamma at
some location. The exposure can be read when the device is reinserted into
the electrometer. The charge collected while in the radiation field is
shown on the scale as a displacement of the fiber image. The scale on
these devices is often marked in roentgens in many presently available
chambers.

Chambers wvary in size as well as in wall substance and
thickness. The choice of wall substance and thickness offsets the energy
dependence of the chambers. The total exposure a chamber measures
decreases as the chamber size increases. Victoreen condenser chambers are
available which cover the exposure range from 0 to 0.645 C/kg (0-2500 R).
These devices can achieve a reading accurate to within a few percent in
the design range.26 These chambers, referred to as field instruments,
are used for the accurate measurement of radiation fields, such as from

calibration sources or teletherapy machines, and not as routine survey

devices.

c. Tissue-Equivalent Dosimeter

Earlier in this section, we discussed the use of a tissue-
equivalent (TE) ion chamber to measure the absorbed dose of any ionizing
radiation. Such a device was developed by Rossi and Failla.?’ Further
studies 1in this field have led to other plastics, whose response to
radiation is close to that of tissue.l-® The composition of tissue may be
taken as (CSH40018N)n'28 It has been found18 that a mixture of
methane, carbon dioxide, and nitrogen in the proper proportions, produce a
TE gas, although TE gas has been produced with a propane base instead of
methane. TE plastics have been made, which use polyethylene as the base
substance and contain certain additives in the proper amounts. In this

respect, we can add or replace a substance in the exact composition and
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still maintain adequate tissue-like response. This is necessary for the
proper measurement of mneutron fields of different spectral distribu-
tions.18 i

The chamber size and shape may vary with the purpose of the
measurement. The TE plastic walls of these chambers are usually about 6 mm
(approximately %-inch) thick. This thickness precludes the entry of low-
energy charged particles, but is mnecessary for reliable chamber
function.27 The central collecting electrode is also of TE plastic, and
the TE gas-fill is kept at less than 1 atm. As before, chambers of large
volume are mneeded to attain the sensitivity needed for protection work.
Chambers in the form of spheres with inside diameters of 0.2 m have been
used for this purpose. Small-volume devices (thimble chambers) are used to
measure very high doses.26

Charged particles with enough energy to pass through the
chamber wall produce ions in the gas. Photons and neutrons interact with
the chamber walls, and the secondaries produce the ionization in the gas.
In this case, the W value is about the same in a given gas for all these
products. This means that the response to each type of radiation is about
the same. The charge collected then results from any ionizing radiation
that enters the chamber. Because of the almost equal response, we can then
obtain a reading of the total absorbed dose without knowing the components
of the radiation field.

The TE dosimeter is used in conjunction with some type of
electrometer circuit. The sensitivity can be increased if the chamber is
combined with a vibrating-reed electrometer. Then the charges that arrive
from the chamber as a function of time are added up to give a total
reading. In this sense, we measure the total charge collected while the
dosimeter is in a radiation field.

In this, as well as many other dosimeters, we can obtain
dose-rate readings by mnoting the drift rate. Since the charge is not
collected all at once, the meter needle moves to some scale value only
after some time has elapsed. We can measure the time it takes the needle

to move between two selected scale values. This can then be expressed as
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the drift rate in the given radiation field. We find that this drift rate
varies directly with the dose rate. Hence, we can use this means to

measure the dose rate in a radiation field.

2. Ion Chamber Survey Meters

If we 1include a suitable external circuit with the ion chamber,
the collection of charge causes a small current to flow in the circuit.
The current can then be read with an ammeter and related to the radiation
intensity. Thus, we have a measure of the dose rate. Ion chamber survey
meters are usually designed to give a measure of the exposure rate or the
dose rate. In these, the circuit may include an ion chamber, an electro-
meter tube, and an ammeter. Batteries supply the voltage needed to ensure
saturation. Since the entire wunit weighs approximately 2.3 kg (approxi-
mately 5 1lb.) it can be easily carried.

In a typical circuit, a variable resistance (zero control) is
used to bring the external circuit into balance. That is, no current flows
through the ammeter and the electrometer tube circuit. The grid of this
tube is connected to the resistor in the output circuit of the chamber
(see Section 10, Figure 10.1). When ion pairs are formed in the chamber,
they are collected and cause a pulse. Any pulse in the chamber output is
applied to the electrometer grid. This causes an imbalance in the tube
circuit, and the current flows through the meter. The meter reading can be
calibrated to read directly in the desired units.

Many ion chamber survey meters are designed along the lines
discussed above. The resistance value in the chamber circuit may be chosen
from three or four resistors by means of a switching arrangement. This
allows the device to be wused over a number of ranges of intensity. The
higher-value resistors give the greater sensitivites (or the lower
ranges). To protect the ammeter, always approach an unknown field with the
range selector switch on the highest range. In this way, we can avoid
surges of current, which can damage the meter.

Ion-chamber designs vary widely with the type of radiation to be

measured. Thin windows are required for alpha and low-energy beta. When
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photons are involved, the wall substance becomes an important factor. Some
chambers, which are designed to measure X and gamma exposure rates,
include windows so that the device indicates alpha and beta also. In these
cases, the scale reading is only qualitative since the device is not
designed to measure dose rates for alpha and beta sources. Also, for any
reading to be of value, the radiation field must be uniform over the di-

mensions of the chamber. With a large chamber, for example, we will be in

error if we read exposure rates near a point source. The reading will be

an underestimate and can be quite significant. For a beta source, the

error can be a factor of 10 or more depending upon the geometry and the

beta energy.
Ion-chamber troubles most often arise from degradation of the

insulation.21

Small amounts of dust can lead to insulation breakdown
during temperature and humidity changes. Also, the collecting system is
sensitive to stray pickup and must be shielded. For all survey devices,
performance is affected by the useful life of the batteries.

The following is a brief description of typical survey instru-

ments, although other ion chamber instruments are available and in use at

many facilities.

a. Victoreen Panoramic Survey Meter

The Victoreen Panoramic survey meter, Model kZ7OA (see
Figure 12.3) is a portable instrument used to measure the exposure rate of
photons (> 10 keV). It can also be used to detect alpha (> 8 MeV) and beta
(> 120 keV). It wutilizes an unsealed air ionization chamber composed of
expanded polystyrene (275 cc volume and 0.17 kg/m2 {17 mg/cmz] wall
thickness). The instrument is supplied with a Cycolac plastic equilibrium
sleeve and removable end cap (5 kg/m2 = 500 mg/cmz). Low energy photon
radiation can be measured with the sleeve removed. In the energy region
between 10-300 keV, the energy dependent response is stated to be within

15% of the true reading. With the sleeve in place, the quoted energy
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dependence is within 10% in the range 40-2000 keV. The reported accuracy
of the instrument, independent of the energy dependence, is within 10% of
full scale.

The instrument responds to photon radiation over 2 =«
solid angle. With the end cap removed, the instrument has a directional
capability for some radiations. A beta check source (2.4 Bq of 238U) is
mounted to the outside of the end cap. This check source produces a field
of about 2.58x10°7 C/kgh (1 mR/h) when placed on top of the bare
chamber.

The center of the chamber volume is about 60 mm from the
chamber front face. With the equilibrium sleeve on, the distance from the
end cap to the chamber center is about 70 mm. Because of the chamber size,
readings up close to a point source do not measure the contact radiation
field but an average over the rapid variation with distance of the
radiation field.

The instrument is supplied with 12 linear ranges in the
exposure rate mode covering 0-0.258 C/kgh (0-1000 R/h), and 6 ranges in
the integrate mode covering 0-2.58x107% C/kg (0-1000 mR). The weight of
the instrument including batteries is about 1.8 kg (approximately 4 1lbs.).

The Panoramic is designed to measure the exposure or
exposure rate and is originally calibrated in a uniform photon field from
137Cs (661.6 keV). It is not calibrated for alpha or beta, so for these
radiations the readings are only relative. In addition, using the instru-
ment with the equilibrium sleeve on, for low energy x rays, will also give
an erroneous response. Since the chamber and sleeve are made of plastic,

the instrument will exhibit response to a neutron field.

b. Bicron Ton_ Chamber Survey Instrument

The Bicron RS0-500 ion chamber survey instrument (shown in
Figure 12.4) 1is designed to measure the exposure rate of photons. It is
also able to detect beta radiation. It features an air-filled chamber

which is vented to the atmosphere through a silica gel desiccant. The
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cylindrical chamber of volume 200 cc is constructed of phenolic with walls
of 2 kg/m2 (200 mg/cmz) thickness. One end of the chamber has an
aluminized mylar window wall, which is coated on the inside to make it a
conducting surface. This window 1is aligned with another external
aluminized window, located in the bottom of the case, giving a total
window thickness of 0.07 kg/m2 (7 mg/cmz). v

A sliding Dbeta shield (4 kg/m2 = 400 mg/cm? of
phenolic) allows discrimination in the detection of beta in the presence
of gamma. With the bottom window open, the stated photon energy dependent
response is within 20% from about 15-7000 keV. With the window closed, the
quoted response is within 20% from about 30-7000 keV.

The reported accuracy of the reading is within 5% of full
scale. The instrument covers the exposure rate range from 0-0.129 C/kgh
(0-500 R/h) in 4 1linear ranges. The weight of the instrument is 1.6 kg
(approximately 3.5 lbs). Photon radiation incident on the front, sides and
bottom of the case will be detected. For beta or low energy x rays, the
sliding shield must be open and the radiation incident on the exﬁosed
window. The scale indication for beta should not be interpreted as
exposure rate, it is only useful as a relative indicator of the beta
field.

Ton chamber instruments in which the chamber is at the end
of a long cable or attached to a telescoping pole are available for remote
applications. A probe type ion chamber with a long cable is often located
inside a hot cell, while the electronic package is on the outside of the
cell. This type of device has been found wuseful for determining the
radiation field from high level waste prior to removal from the cell.

Special design ion chambers for low energy x rays are also
available. These are useful for surveys of x ray producing equipment.
Other ion chambers have been found useful for beta monitoring under
certain conditions.29

In addition to the ion chamber instruments discussed above,
a number of other companies, such as Keithley, Eberline, Ludlum, Health

Physics Instruments and others make ion chamber survey instruments which

are presently being used at many facilities.
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3. Geiger-Mieller Survey Meters

The Geiger-Mieller survey meter employs a G-M tube and count
rate meter to obtain a simple and sensitive detecting device. The
electronics for the probe are generally an all purpose package to which a
number of different type of probes (G-M, scintillator, proportional,
other) may be connected. Geiger tubes are available for the detection of
alpha, beta and gamma vradiation. Some tubes are contained in a sliding
shield which allows discrimination between penetrating and non-penetrating
radiation. In these, the entire unit, tube and shield, is the probe. Other
probes have thin end windows, made out of mica (.0l4 kg/m2 = 1.4
mg/cmz) which allow detection of alpha (>3.5-4 MeV), beta (>35-70 keV)
and gamma (>6 keV). A circular G-M tube, called a "pancake" probe, is a
thin window tube of area about 2x10°> m2, generally used for surface

or personnel surveys. This can be obtained as a shielded or unshielded

probe.

a. Design Features

The G-M tubes in survey devices generally have a cylindri-
cal cathode, which is also part of the counter wall. The cathode may
consist of metal, metal sheath, or carbon-coated glass a few centimeters
in diameter. The length may vary from 2 to 10 times the diameter. Most
wall material is aluminum or stainless steel. The anode is an axial wire

(tungsten) of about 0.1 mm in diameter. 30

These tubes are wusually
operated at reduced gas pressure of about 70 to 200 mm Hg.20 The
gas-fill wvaries, but some type of self-quenching gas (see Section 11.G) is
used for survey-meter tubes. Depending upon the gas used and the tube
dimensions, the operating voltage may range from 250 to 1500 volts. Many
common types in present use require about 900 volts.

Pulses formed in the counter probe are fed to the count-

rate meter circuit. The meter reading then gives the average pulse rate in

the G-M tube. With these circuits, the device needs no zero control or
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warm-up period. In the past, some counters would "saturate" in a high
radiation field-approximately 2.58 mC/kgh (~ 10 R/h). That is, the pulse
rate becomes so high that the count-rate circuit fails to function
properly. As a result, the meter reads near zero rather than off-scale.
The condition of saturation can also quickly ruin the tube because of the
rapid loss of some types of quenching gas. Most newer counters will peg
off scale when saturated in high fields.

The G-M survey meter may be used to detect alpha, beta and
gamma, when an end window probe is wused. Figure 12.5 shows a typical
portable G-M survey meter with an end window probe. The tube wall
thickness 1is about 0.3 kg/m2 (30 mg/cmz). This 1is much too thick to
allow alpha penetration, but the device detects beta of E > 0.2 MeV and
photons of E > 12 keV incident on the tube wall. In an end window tube,
mica is quite often used as the window substance. Since the window is very
fragile (.01-.02 kg/m2 = 1 to 2 mg/cmz), care must be taken in using
these devices. Sometimes, the least contact with an object will "pop" the
window, even though they are supplied with a protective screen.

End window counters are used extensively to detect 140,
which gives off a low-energy beta. We must always be aware of the highly
directional beta response for both the end window type and other G-M
survey meters., The G-M survey meter only detects beta if the open area in
the sliding shield is facing the source. The sliding shield (approximately
15 kg/m2 = 1500 mg/cmz) rejects all beta from normal sources.

b. Energy Dependence

The G-M survey meter is mnot an accurate instrument for
exposure-rate measurements. The reéponse of this device is not directly
proportional to the energy absorbed in the sensitive volume.30 The
energy absorbed per unit mass in any medium is a function of the photon
energy  fluence ) and the mass energy absorption coefficient
(Fen/p), (see Section 4.4). This 1is true 1f the secondaries do

not have too high an energy. The count rate for a G-M survey meter depends
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Figure 12.5 Ludlum end window Geiger counter. (Courtesy of Ludlum Measurements, Inc.)
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upon the efficiency of the counter (counts per incident photon). This, in

turn, 1is a function of the cathode material.30

Regardless of the cathode
substance used, the count rate for a given exposure rate is not constant
as photon energy varies. Thus, the response of these instruments in terms
of exposure rate 1is a function of the photon energy.l To overcome this
energy dependence, the cathode material must have a response nearly
proportional to the photon energy. Then, we could calibrate a G-M survey
meter to correctly read the exposure rate regardless of photon energy.

No substance has been found that has the proper response
for all photon energy. Copper seems to be one of the better cathode sub-
stances. It gives a flat response within # 15% over the range of 0.3-3
MeV.31 Below about 0.1 MeV, the response of any cathode material is
highly energy-dependent, and none of the GM survey meters are suitable for
exposure-rate readings.

Shields placed around the GM tube improve the energy
response. However, the compensation is affected by the angular response of
the detector. Such shielded@ tubes will be geometry dependent when used
close to a source.

Wagner and Hurst32

reported the wuse of a halogen-filled
G-M tube, which can be used to measure gamma exposure rates. This requires
the use of a shield over the tube to correct for the energy dependence.
However, the use of energy compensated G-M tubes in survey instruments has
not gained wide acceptance as shown by the recent test results in
Reference 23. As a consequence, many commercially available G-M counters
are still highly energy dependent. Energy-compensated halogen quenched

tubes can be obtained from some commercial suppliers.

c. Application

At present, the G-M survey meter is best used as a device
to detect radiation. The G-M counter serves as a useful, low-level survey

device. Such counters are available from a number of commercial companies.
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Usually, these devices are supplied with a nominal scale range of 0-50
uG/kgh (0-approximately 200 mR/h), although higher ranges are
available. As stated, these counters are not suitable for radiation field
measurements so that scale units should be read in counts per minute,
rather than mR/h.

For aid 1in detection, these devices also provide for the
use of headset earphones or have an audio attachment. These should always
be used when surveying since their response is much faster than the meter
indication. Also, the audible response does not fail even if the device

saturates and the meter indicates zero.

4, Proportional Counter Survey Meters

Proportional counters have many design features that differ from
G-M counters. The counter gas can be a simple mixture because a quenching
agent 1is nmnot needed.30 The counters may be operated at atmospheric
pressure or slightly above. In many cases, the gas is allowed to flow
through the chamber . 20 Methane, ethylene and other hydrocarbons are
popular gases for use in flow-type counters. The counter may take the form
of a cylindrical tube, a flat plate, or even a sphere. The device may
contain a window of nylon, rubber hydrochloride, or aluminized mylar for
alpha detection. These counters -can be used to detect neutrons if the
proper wall substance and gas are used.

The design factors for portable devices are more critical than
those for stationary units. Portable counters require special discrimina-
tor circuits, very stable high-voltage supplies, and, in some cases, very
sensitive amplifiers.

Trouble sometimes arises in counters that use air at atmospheric
pressure as the £fill gas. Changes in atmospheric pressure can induce
variations in the pulse size or calibration of the device. These counters

often suffer from humidity effects, which can cause erroneous discharges.

3
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The main advantage from the use of these devices is the ability
to discriminate between radiation types. In a mixed field, the pulses
formed in the counter gas have many sizes. The size of any pulse depends
upon the number of initial ions formed. The circuit can be designed to
count only pulses of a certain size or greater. In this way, the
proportional counter can measure a type of radiation based on its specific
energy loss. This then requires that we operate the counter within a given

voltage range to ensure that the right pulses are counted.

a. Air Proportional Alpha Counter

The Eberline PAC (proportional alpha counter) is used to
measure alpha activity. The chamber is in the form of a flat, plate-type
probe with air as the counter gas. Aluminized mylar 0.009 kg/m2 (0.9
mg/cmz) thick, forms the chamber window, which has an area of either
.006 or .01 m?. The probe is connected by cable to the small,
lightweight, approximately 1.9 kg (approximately 4% 1bs) case that houses
the count-rate meter and voltage supply. A jack enables earphones to be
used or the instrument can be supplied with a built-in audible response or
a speaker attachment.

The meter has four scale ranges, allowing measurements up
to 5x10° cts/min based upon approximately 50% geometry. The device
measures only alpha, even in the presence of beta-gamma. Both the dis-
criminator and high-voltage circuits can be adjusted to allow detection of
low-energy beta.

In the past, the use of air as the counting gas caused the
probe to be sensitive to pressure and humidity, which subjected the scale
reading to much fluctuation. Redesign and utilization of modern electronic

circuits has apparently overcome these problems.

b. Gas Proportional Alpha Counter

The Eberline Gas PAC employs essentially the same circuits

as the Eberline PAGC. In the Gas PAC shown in Figure 12.6, the chamber gas
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Figure 12.6 Eberline alpha counter with 0.005 m?2 probe.
(Courtesy of Eberline Corp.)
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is propane, and the device is used as a gas-flow counter. In this way, any
humidity and pressure effects can be overcome, and the probe gives a
higher counting efficiency than that for the air probe. Since propane
contains hydrogen, the Gas PAC also responds to a fast meutron field
because of the proton-recoil pulses.

Propane, in the liquid state, is supplied in bottles, which
are housed in a separate case. The case attaches to the bottom of the
meter case to make a compact unit weighing about 4.1 kg (approximately
9 1b.) The gas bottle holds about a 24 h supply of gas at normal flow. A
three-position gas flow control is provided.

To use this instrument, the flow control is pulled to the
flush position. The chamber should be flushed for about 2 minutes. The
control is then moved to the operating position, and the device is ready
for use. After use, the control is returned to its off position.

The PAC-4G-3 can also be supplied with a .01 m? probe
(100 cmz). The instrument has a high voltage switching mechanism so that
one can monitor alpha only, or switch to a higher voltage and monitor for
alpha, beta and gamma. The counter should be used with earphones while
performing surface surveys. The instrument can also be obtained with an
internal audible response or a speaker attachment. The linear ranges have
been replaced by a lin-log meter which allows readings from 0-5x10°
cts/min, without scale switching. A check source should be used to deter-

mine proper operation before the instrument is used for measuring.

c. BF4 Proportional Neutron Counter

Boron-lined or BF; gas proportional counters can be used
to measure thermal-neutron fluence rates. These instruments can be
designed to be insensitive to high gamma fields (approximately 10%
photons/n).33 The capture cross section of thermal neutrons in boron is
very high. The capture reaction can be traced mainly to the 10y isotope

which is about 20% abundant in natural boron. The reaction is
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0p 4 10711 + “ge

and has a cross section of about 3840 b for thermal neutrons. This cross
section varies with energy in such a manner that the count rate obtained
is proportional to the thermal-neutron fluence rate. The alpha and
recoil-lithium nucleus have enough energy to produce about 10° ion pairs
in the gas. The device is then operated in the proportional region to
count only the large pulses produced by the alpha and the lithium.

The boron may be used as a thin lining on the counter wall
or as the fill gas, boron trifluoride (BF3). The efficiency of these
devices depends upon the size of the sensitive volume, the number of 10y
atoms in the gas or wall, and the capture cross section. The boron-lined
counters allow the use of other counting gases, but do exhibit poorer
plateau behavior.1 These devices are often less efficient than the BF,
counters because of absorption of alpha and lithium in the counter wall.

The counters are most often of cylindrical design in which
the diameter, active length, and gas pressure are available in several
sizes. The signal from the tube may be fed to a pulse counter or to a
count-rate meter. The sensitivity is often expressed in terms of

cts/min/unit fluence rate when the device is calibrated in a known thermal

é.

d. Long Counter

BF5 detectors have been used not only to measure thermal
neutron fluence rate but also to detect fast neutrons after they have been
slowed down by a suitable moderator. Such a device, first developed by

34

Hanson and McKibben, is referred to as a "long counter." In this

design (see Figure 12.7), a BFy tube is embedded in a cylindrical
paraffin holder, called a tub. An incident beam of fast neutrons with a
spectrum of energies is slowed down to thermal energy. High-energy
neutrons penetrate deeper than the low-energy neutrons before they become

thermalized. Since the BF3 tube 1s parallel to the incident beam, the
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Figure 12.7 Typical setup for long counter applications.

neutron energy should affect only the depth in the counter at which they
are detected.33 In this way, we can detect fast neutrons with a device
that is efficient only for thermal neutrons.

, The special features of the long counter are found in the
paraffin tub. The - tub may be -a cylinder about 0.3 m long and 0.2 m in
diameter. An aluminum tube along fhe axis of the tub provides electrical
shielding for the BF3 tube. This tube protrudes slightly past the front
face of the paraffin and is covered by a cadmium cap. A set of concentric
holes (shown as dotted lines in Figure 12.7) increases low-energy meutron
response. That is, the paraffin reflects the lower-energy neutrons as they
impinge on the face of the tub. By removing some of the paraffin, we
decrease the probability of reflection for these neutrons.

The outside wall of the tub is enclosed in a cadmium
jacket. This jacket absorbs all neutrons with E<0.5 eV to remove all un-
wanted thermal neutrons.. Finally, a brass jacket, which provides
mechanical strength, is used as a cover for the cadmium jacket.

DePangher modified the design features of this device to

improve the performance. Some details about this device are contained in
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Reference 2. The basic principle of the long counter has also been used in
a smaller, more portable device, which is commercially available.3? This
instrument is useful for making relative measurements of the neutron field
in order to assess potential hazards. Another design, using a cylindrical
BFy counter surrounded by polyethylene, first suggested in Reference 36,

is used as a mneutron dose equivalent meter.36

This instrument has been
commercially marketed under the name "Snoopy."

The long counter derives its name from the fact that the
response 1is relatively flat over a wide neutron-energy range (see Figure
12.8). In this curve, the ordinate can be taken as a measure of the rela-
tive sensitivity. At thermal energy, the relative sensitivity is about
0.85 of that at 1 MeV.3/ For this reason, the long counter can be used

for fluence rate measurements in neutron beams of wide spectrum

variations.
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Figure 12.8 Long counter response (from Reference 2).
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The 1long counter must be calibrated for both fast and
thermal fluence rate. For thermal neutrons, the'Bﬁg,tubé is removed from
the paraffin tub and calibrated in a uniform known:field. The device is
calibrated for fast neutrons with a source facing the front of the tub on
the axis of the cylinder. The effective center of the counter depends upon
neutron energy. For this reason, the response at a given distance from a
source varies with the source energy. We can find the effective center for
a given source by observing count rate versus distance.?l The response
is given as cts/min/unit fluence rate when the long counter is calibrated
with a known fast neutron source.

Since the response is not isotropic, the long. counter must
be used with the front £face of the tub facing the source. Both air and
wall scattering can greatly affect the long counter readings obtained.
Although designed to measure only neutrons, the device will respond to
high gamma fields (approximately 0.1 Gy/h = 10 rad/h}.

The 1long countér measures only the ffuence rate and aoes so
without regard to mneutron energy. For this reason, we cannot use the
instrument to measure the absorbed dose. To evaluate the dose properly, we
would mneed to know the energy spectrum of the neutron field. If we can
estimate the spectrum, then the fluence rate factors in Table 4.3 may be
used to estimate the dose equivalent rates. This approach should lead to

conservative results.

e. Other Proportional Neutron Survey Meters

Other proportional neutron survey meters have been designed

that approximate the absorbed dose? 11 36,38 The

or dose equivalent.
device mentioned in Reference 38 1is available commercially, see Figure
12.9, and was adapted from another device using a scintillator in a poly-

ethylene sphere (see Section 12.B.4.c). This device features a 0.23 m
(9-inch) diameter polyethylene sphere with a 16 mm by 25 mm BF3 tube at
the sphere center, surrounded by a thin Cd shield. The response closely

follows the shape of the theoretical neutron dose equivalent curve from
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Figure 12.9 Ludlum neutron counter. (Courtesy

of Ludlum Measurements, Inc.)
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thermal to about 10 MeV. The BF3 tube also provides excellent gamma
discrimination. The instrument is supplied with 4 counting ranges

reportedly covering from 0 to 0.1 Sv/h (0-10 rem/h).

5. Scintillation Survey Meters

Scintillation counters are used extensively in many phases of
radiation measurements.zo’21 Many devices -  have been developed to fill a
special mneed 1in regard to a certain application. Our concern at this time
is with the devices that can be used as survey meters. The use of the
scintillation method for energy analysis is taken up later in this section

(see Section 12.D.2.0).

a. General Features -

,

Although the scintillation method can be used for all types
of radiation, portable scintillation counters are most useful for alpha,
neutrons, and low-level gamma. These devices will  contain a suitable
phosphor for the given type of radiation. In most cases, this will be ZnS
for alpha and NaI(Tl) for gamma. Several substanceszo’39.can be used for
neutrons, depending upon the energy spectrum of the radiation field.

The phosphor is optically coupled to a photomultiplier
tube, and the entire system can be mounted as a probe unit. In this case,

the rest of the circuit is mounted in the instrument case. The circuit

consists of an amplifier, a count-rate meter, and a battery supply.
b. Gamma Scintillation Counters

For gamma devices, the instrument is best used simply to
detect radiation. Typically, two types of design are used. One, called a
micro R (pwR) meter, utilizes a 25 mm diameter by 25 mm high Nal

crystal contained in the instrument case. The response of these counters

’
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to gamma is such that maximum readings are 1limited to about 1.29
#C/kgh (5 mR/h). The energy dependence of these devices precludes
their general wuse as exposure rate meters. Because of their sensitivity,
these wunits have found widespread use. Applications such as trash surveys,
ambient background determinations and elevated environmental levels all
lend themselves to determinations by micro-R meters. At the levels for
which these instruments are most useful, the absolute accuracy of the
scale reading is generally irrelevant.

The second type utilizes a very thin (approximately 1-2 mm
thick) Nal crystal, of diameter varying from 25 to 180 mm in a probe unit.
Because of the thin crystal, the efficiency for high energy photons is
poor. So, this survey instrument is wuseful in situations requiring a
sensitive instrument for 1low levels of low energy photons. The Eberline
PRM-5-3 is one of the commercially available instruments of this type. A
pulse height analysis capability is included to respond to only certain
calibrated energies of photon emitters. Because of its sensitivity, this
instrument is also a valuable tool in locating contamination and

discovering activity levels.

c. Alpha Scintillation Counters

In the alpha scintillation counters, the ZnS can be found
as a coating on the photomultiplier tube itself or on Lucite that serves
as a light pipe. To protect the ZnS coating from light, the device is
supplied with an alpha window. This may be a mylar film, which has been
aluminized on both sides. The thickness may be as much as 0.015 kg/mz.
The active probe area of these instruments (approximately .006 m2) tends
to be non-uniform in response near the edges. This may be due to poor
light transfer by the light pipe. Also, one must protect the light-tight
screen from damage, since even a pinhole admits enough light to give an
erroneous reading.

The meter gives a reading in cts/min and may provide a

choice of three or four ranges (up to 2x106 cts/min). Some of these
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devices tend to saturate in a high alpha field. This occurs when the pho-
tomultiplier can no longer resolve the pulses. The instrument should
include an earphone jack to provide an aural indication, or an internal

audible response or external speakers.

d. Neutron Scintillation Counter

Many substances have been employed to measure neutron
fields with scintillation counters. Some of these have been modified so
that the response to fast neutrons approximates the tissue-absorbed dose.
These methods fall roughly into two main types for fast neutrons: (1) The
scintillator is used in conjunction with an hydrogenous substance and
detects the proton recoils;11 or (2) the neutrons are slowed down and
then detected with a thermal neutron scintillator. The latter method has
been quite useful when the intermediate-energy neutrons may be
important.40 The former method has been used mostly for fast mneutron
measurements.

One example of this type of device grew out of studies
directed toward meutron-spectrum measurements.‘"l The phosphor was a
small 6LiI(Eu) crystal, which makes use of the b1 (n,x) 34
reaction. This process has a high capture cross section for thermal
neutrons (approximately 1000 b), and the alpha and the recoil triton lead
to a large light pulse. To use this crystal to detect fast neutrons, a
moderator must be employed.

As a beam of fast neutrons moves into the moderator
substance, the elastic collisions that take place reduce the energy of the
neutrons. If enough elastic interactions occur, or in other words, if
enough H is present, elastic collisions result in a large AE, and the
energy of the neutrons are quickly reduced, leading to a distribution of
thermal neutrons shown as E; in Figure 12.10. The location of the max-
imum of the distribution will be dependent upon the energy of the incident
neutron. If one places a phosphor in the moderator at some depth which

corresponds to the maximum thermal neutron distribution from E;, the

b
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Figure 12.10 Variation in detector response for
different initial neutron energy.

response of the phosphor will be 1less for the case of initial neutron
energy, E,. Also, the response will vary with the location of the phos-
phor in the moderator. If one uses spherical geometry, the response should
be relatively non-directional.

In the original study, the crystal was mounted at the
center of several cadmium covered polyethylene spheres. The instrument was
similar in appearance to the one shown in Figure 12.9. The light produced
in the phosphor was then guided by a lucite light pipe to the photomulti-
plier tube. The output of the tube was recorded on a scaler.

The spheres wvaried in diameter from 0.05-0.3 m (2-12
inches). The response of a given diameter sphere was studied as the
neutron energy was varied. The response curve for the 0.3 m-diameter
sphere had about the same shape as the dose equivalent curve (see Figure
12.12 later). This aspect was investigated for a 0.25 m-diameter sphere.
The response of this device approximated the dose-equivalent curve in the
energy range from thermal to 7 Mev.%2 1n this device, the scaler was
replaced by a count-rate meter. The method has seen adoption in the use of
several different diameter spheres (called Bonner spheres) to utilize the

different response of any one sphere to an incident neutron energy.l

By
using several spheres(5-7), of varying diameter, a crude neutron spectrum

may be obtained, as well as fluence and dose equivalent information.
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As was mentioned in 12.B.4.e above, this method has been
adapted to take advantage of the relative response of the 0.23 m diameter
sphere. The response of this device approximates the dose equivalent curve
over a wide energy range, but over-responds in the region of intermediate
neutrons.

In addition, it is possible to use the ratio of the
response of two different diameter-spheres to gain some -information about

the neutron spectrum in a given location.43

6. Activation Unit Survey Meters

At present, only a few devices that use the activation principle
may be classed strictly as survey instruments. In this type, the substance
to be activated is usually combined with some means to detect the activa-
tion products. Then, we can obtain a reading of the field based upon the
response of the entire unit. To be of value, these .applications require a
high fluence rate. The more common type uses the substance to detect the
radiation field, and then the activation products are counted by some
other means. In this way, the activation detectors can be used for pulsed
sources as well as for steady-state fields. In this method, the device
departs from the concept of the survey meter.

Two common approaches use the 1étter method: (1) Threshold de-
tectors can be used in conjunction with some other substance or as a

11,28,31 We can then measure the total fluence above the

combined unit.
threshold energy or the fluence between any two thresholds. (2) Thermal-
activation detectors can be used to detect thermal fluence or placed in a

moderator to measure thermalized fast‘fluence.28

a. Hich Energy Neutron Monitor

The threshold detector technique has been used in a device
to monitor high energy neutrons and protons.44 In this method, a
cylinder ~of Pilot-B plastic scintillator of 0.13 m diameter and 0.13 m
height 1is wused. The 12C(n,2n)110 and 12C(p,pn)l]'C reactions in the

carbon of the plastic lead to the 1 MeV positron emitter. Carbon-11 has a
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half 1ife of 20.5 minutes. The absorption of the positron and most of the
annihilation gamma energy leads to light pulses. These light pulses can
then be counted on a scintillation spectrometer. This method is useful in
the energy range 20 < E < 400 MeV.

The scintillator sample 1is exposed in the radiation area
for a known time and is then brought back to the counting system. Such a
system is generally a multichannel analyzer. In this case, we obtain a
measure of the fluence above the threshold of 20 MeV. The device can be
used with other total-fluence devices to give an estimate of the

fractional fluence above 20 MeV in certain energy ranges.

b. Spherical Neutron Foil Monitor

A device that uses thermal-activation foils in a spherical
paraffin moderator has been developed at ANL.%> This spherical neutron

foil monitor is shown in Figure 12.11. The diameter of the sphere is 0.3 m

SENSORS

LUCITE PLUG

Figure 12.11 Sensor geometry for the Spherical Neutron
Foil Monitor (from ANL-7085%).

and a symmetrical array of three sensors is placed at the center. Six
other sensors (0.05 m in diameter) are located on the rectangular co-
ordinate axes at the same distance from the center. In this design, the

foils are 0.03 m below the moderator surface and 0.13 m from the sphere
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center. The actual detector is composed of two 0.3 m diameter, hemi-
spherical aluminum shells, which are filled with paraffin. This allows
easy access to the central foil array. The other six foils are placed in
lucite holders located at the proper positions in the sphere. Lucite plugs
hold the foils in place.

For a large enough sphere, the response of the symmetri-
cally placed outside sensors is fairly independent of the energy of the
incident neutrons.45 The outside array can thus be used as a flat-
response counter to measure fluence. If we use the sum of the foil counts
to measure the activation, then the response should also be relatively
nondirectional. In actual tests, the response was flat within 10% and
nondirectional within 5%.

The central sensor provides a response that approximates
the shape of the dose-equivalent curve. In this way, it somewhat resembles
the device described in Section 12.B.5.D. In the foil monitor, the foil
array replaces the 6LiI(Eu) scintillator as the thermal fluence detect-
or. The response of the ANL device is compared to the dose-equivalent rate
curve in Figure 12.12. Also shown are the response curves for the other

spherical detectors of Bramblett et gl41 and Hankins.42
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Figure 12.12 Response curves for three spherical neutron detectors
compared to the dose equivalent rate function (trom
ANL-7085%9),
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The central sensor should also be' nondirectional in
response, but a 10% directional effect was noted.#> The central array
can still be used to measure an approximate dose equivalent.

Now, since we have two detectors, whose energy response
differs in a given field, we can find an effective energy. We can plot the
ratio of the summed activity for the outer foils to that for the inner
foils as a function of the known neutron energy. The resulting curve can
then be used to find the effective energy when the foil monitor is used in
an unknown field.

This device is used to obtain a simultaneous measure of the
fluence, dose-equivalent, and effective neutron energy. The unit may be
used to measure fields as low as a few tens of pSv/h (a few mrem/h).
However, since the foils must be removed and counted, the results of a
survey are delayed. The technique has been used in remote monitors by

using small, silver-wrapped G-M counters in place of the foils.

C. Microprocessoxr Applications

With the development of microprocessors, the capabilities of the
readout Iinstrumentation for portable instruments have been greatly in-
creased without significant increase in size and cost (see Figure 12.13).
Microcomputers can be incorborated into the electronics package and these
allow several pre-programmed functions to be selected from a menu.
Selection is performed from the seven button keypad.

The /Eberline unit in the figure is designed to operate with several
different probes - G-M, scintillation and proportional - so it can be used
to detect alpha,beta, x, gamma and neutron.‘The readout can be either as a
ratemeter or a scaler. Supplied with an 8 kilobyte memory, about 500 data
points can be logged in the memory for either transfer to a personal
computer or to a printer to produce a hard copy. In this way, the survey
results for an entire large room area can be récorded and maintained
during the survey. An additional feature, called the "peak trap" allows

one to store only the maximum reading in a series of readings taken in a
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given area. Readings are corrected for coincidence loss in the case of
high count rates. A single channel pulse height analysis option is also
available.

The entire package size is .13 m by .13 m by .26 m (5-in. by 5-in by
10%-in.), and weighs 1.75 kg (3.8 1lbs). The instrument is supplied with an
internal speaker which can be set to alarm at a certain level. An audio

headset can also be used.

D. Special Purpose Instruments

Along with survey instruments, some special devices are also useful
in a radiation safety program. These units provide a complement to the
survey devices and in some cases may supply information that survey
instruments cannot supply. We will treat only a few of these special-

purpose units, which are of use at the present time.

1. Extrapolation Chamber

The extrapolation chamber was devised by Failla?® to study the
effect of cavity size in Bragg-Gray chambers. In essence, the device is a
parallel-plate ion chamber in which the plate spacing may be varied (see
Figure 12.14). A thin foil (doubly aluminized mylar) serves as the
accelerating electrode of the chamber. This foil is clamped between two
brass rings, which are attached to a hollow lucite cylinder. We can move
this entire unit up or down. The other electrode is formed by coating the
surface of a cylindrical 1lucite block with Aquadag. A thin copper lead
passes through the 1lucite and makes contact with the graphite surface.
This electrode is divided into a small collecting area and a large
guard-ring area (see Figure 12.14b). A source is placed on a platform
(see Figure 12.14a) and moved up to the foil. The entire unit may then be
moved up close to the other electrode. We measure the current produced in
the small collecting volume (see Figure 12.14a) as a function of the plate
spacing. The currents are very small (approximately 10-13 A) so that the

current output is read on a vibrating-reed electrometer.
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Figure 12.14 Extrapolation chamber for surtace
dose rate measurements.

The current may then be plotted as a function of the plate
spacing (see Figure 12.15). When the plate spacing is very small, the
curve approaches a straight 1line. The current that is collected is pro-
portional to the rate of energy absorption in the chamber volume. Thus,
the slope of the straight 1line in Figure 12.15 is proportional to the
absorbed dose rate. The value of the proportionality constant depends upon
the design features of the device.

The chamber has been most useful £for measuring surface dose
rates of beta and soft x rays (< 30 keV). For beta, lucite or acrylic pro-
vides a good tissue-like scattering pattern. In this way, we can measure
an approximate skin dose rate. Surface dose rate can be measured if the
source dimensions are larger than the collecting area of the plate.

The wunit described above is a stationary unit. The PIW
extrapolation chamber is a portable unit which can be used for field
measurements. The chamber is shaped like a flat cylinder. One plate is the
entrance foil, a graphite coated film (.026 kg/m2 thick), while the
other, made of acrylic, is part of a micrometer mechanism which allows
adjustment o