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14-2  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

14-1 INTRODUCTION

Applications 
After a brief review of the fundamentals of ionizing radiation, this chapter provides 
an overview of biological effects of ionizing radiation, radiation standards, radiation 
exposure, radiation protection, and methods for managing radioactive waste. This 
chapter will provide you with tools to do the following:

 • Determine the radioactivity of a decaying isotope 

 • Determine the holding time to ensure a safe discharge of a liquid radioactive 
material

 • Estimate the distance to a safety line for a radioactive spill 

 • Select a barrier to attenuate a radioactive source

Atomic Structure*
We assume that you are familiar with the Bohr model of atomic structure. In this 
model the atom is described as consisting of a central nucleus surrounded by a number 
of electrons in closed orbits about the nucleus. The orbital electrons are grouped in shells.
 The nucleus itself can be considered as composed of two distinct kinds of parti-
cles: protons, which carry a positive unit charge, e1, and neutrons, which are un-
charged. In a particular atom there are Z electrons, each carrying a charge e2, orbiting 
around the nucleus, and a nucleus composed of N neutrons and P protons. The condi-
tion of electrical neutrality for the atom as a whole yields Pe 2 Ze 5 0, that is, the 
number of protons in the nucleus is equal to the number of orbital electrons.
 The number Z is the atomic charge or atomic number of the atom, and Z 1 N is 
the atomic mass number, usually denoted by A. The parameters A and Z completely 
define a particular atomic species, this being known as a nuclide.
 The masses of nuclides are measured in terms of the unified atomic mass unit, 
with the symbol u. This is defined as the unit of mass equal to one-twelfth the mass of 
an atom of carbon of atomic mass number 12. This gives 1 u as 1.6606 3 10227 kg. On 
this scale, the mass of the neutron is 1.0088665 u, the mass of the proton 1.0088925 u, 
and the mass of the electron 0.0005486 u.
 From the definition of the mass scale, giving proton and neutron masses of the 
order unity, it is clear that the atomic mass number will be a whole number approxima-
tion to the nuclidic mass in u. For example, a nuclide of magnesium that contains 12 
protons and 12 neutrons has A 5 24 and a nuclidic mass of 23.985045 u. The  difference 
between the nuclidic mass and the atomic mass number is called the mass excess.
 The chemical properties of the atom, and hence its designation as a particular ele-
ment, depend on the number of orbital electrons, that is, on the atomic number Z. 
Given Z, the element is uniquely defined. As an example, if a given atom has two or-
bital electrons, it must be helium (assuming that the atom is not ionized or in some 
similar nonequilibrium state). Similarly an atom with eight electrons must be oxygen.

*This discussion follows R. A. Coombe, 1968.
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IONIZING RADIATION  14-3

 A particular nuclide is denoted by A
ZX, where X takes the place of the element 

symbol. But as Z determines the element, Z and X denote the same thing. Thus, the 
shorthand can be amended to AX. For example, carbon has six neutrons and six pro-
tons. Therefore, this nuclide can be written 12C, or carbon-12.
 For each element (determined only by Z ) several nuclides (determined by Z and 
A) have the same Z value but different values of A. These different nuclides of the 
same element are called isotopes. Hydrogen with Z 5 1 has three isotopes with atomic 
mass numbers of 1, 2, and 3. As Z must remain constant at 1, this means that they have 
zero, one, and two neutrons, respectively. This is illustrated in Figure 14-1. These isotopes 
all act chemically as hydrogen, but their nuclidic masses are different. The nuclidic 
mass of 1H is 1.007825 u, that of 2H (known as deuterium) is 2.014102 u, and that of 
3H (known as tritium) is 3.016049 u.
 The atomic weight of an element is defined as the combined nuclidic masses of all 
the isotopes, weighted according to their natural relative abundances. It is denoted by A. 
In the case of hydrogen it follows that the atomic weight is

1.007825(0.9844) 1 2.014102(0.0156) 1 3.016049(0) 5 1.00797

The masses of the hydrogen isotopes are not obtained by simple addition of neutron 
masses. For example, the nuclidic mass of 1H plus a neutron is 2.016490 u, whereas 
the mass of deuterium is 2.014102 u. This difference of 0.002388 u is called the mass 
defect. This is because when a proton and a neutron are brought together to form a 
deuteron (the nucleus of deuterium), energy is released to bind them together. Con-
versely, energy must be supplied to split them apart. This required energy, the binding 
energy, is obtained from Einstein’s equation for the conversion of mass into energy,

 E 5 ¢mc2 (14-1)

where Dm is the mass defect and c is the speed of light.
 All energies of emitted radiation and particles, as well as the various atomic and 
nuclear energy levels, are quoted in terms of the electron volt, eV. This is the energy 
that would be acquired by an electron in falling through a potential difference of one 
volt. From this definition the following equivalent units of energy can be established:

1 eV 5 1.602 3 10212 erg 5 1.602 3 10219 J

 For nuclear energy levels and radiation energies, the electron volt is usually an in-
conveniently small unit. The units MeV and KeV are then used for 106 eV and 103 eV, 
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Hydrogen

Nucleus 11H, proton Nucleus 21H, deuteron Nucleus 31H, triton

Deuterium Tritium

FIGURE 14-1
Three isotopes of hydrogen. (Data Source: R. A. Coombe, 1968.)
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14-4  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

respectively. Using Equation 14-1, with the information that c 5 2.99793 3 108 m/s, 
and 1 u 5 1.6606 3 10227 kg, then the energy equivalent of 1 u is 931.634 MeV. In 
other words, this means that if an electron of mass 0.0005486 u were completely an-
nihilated, the energy released would be approximately 0.511 MeV.

Radioactivity and Radiation
By definition, isotopes have different ratios of neutrons to protons in the nucleus. 
Some ratios give rise to unstable conditions. This is usually because the neutron- 
to-proton ratio is too large. Because of this instability, the nucleus changes its state 
to attain equilibrium, and in so doing emits either a particle or electromagnetic ra-
diation to carry off the excess energy. This phenomenon of nuclear disintegration is 
known as radioactivity, and an isotope that displays such activity is known as a 
radioisotope.
 There are three types of isotopes. Some are stable, others are naturally radioactive, 
and the third group can be artificially produced and are also radioactive. These artifi-
cially produced radioisotopes are the isotopes most used in industrial application.
 Three major types of decay product carry off the surplus energy when a radioiso-
tope decays: alpha particles, beta particles, and gamma radiation.

Alpha-Particle Emission.  Conceptually, the source of the instability of the heavy 
elements is their size; their nuclei are too large. How can they become smaller? One 
method would be to eject protons or neutrons. Rather than doing this singly, the heavy-
element atoms expel them in “packages” containing two protons and two neutrons. 
This “package” is called an alpha particle (a). An alpha particle is equivalent to the 
nucleus of the helium-4 atom, that is, it is simply a body consisting of two protons and 
two neutrons bound together. Consequently, if an alpha particle is emitted, the nucleus 
must change to one that has a charge 2e less and a mass approximately 4 u less. The 
general expression is

 
A
ZX L A24

Z22X 1 4
2He (14-2)

 Atoms that eject the helium “package” are said to decay through emission of 
alpha radiation. Alpha-particle emission occurs mainly in radioisotopes whose 
atomic number is greater than 82. With increasing atomic number, the occurrence of 
alpha-particle decay increases rapidly, and it is a characteristic of the very heavy 
elements. It is particularly in evidence in the main decay chains of the natural radio-
active isotopes.
 You should note that an atom undergoing alpha-particle decay changes into a new 
element. It is a new element because the product nucleus (often called a daughter) 
contains two fewer protons than the parent atom. Through emission of an alpha parti-
cle, uranium becomes thorium. Similarly, radium becomes radon.

Beta-Particle Emission.  The instability that is the cause of beta-particle emission 
arises from the fact that the neutron-to-proton ratio in the nucleus is too high (there are 
too many neutrons in the nucleus). To achieve stability, a neutron in the nucleus can 
decay into a proton and an electron. The proton remains in the nucleus so that the 
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IONIZING RADIATION  14-5

 neutron-to-proton ratio is decreased, and the electron is ejected. This ejected electron 
is known as a beta particle (b). The general expression for the decay is

 
A
ZX L A

Z11X 1 b2 (14-3)

Note that we use the b2 to represent an electron of nuclear origin to differentiate it 
from electrons from other sources. The negative sign is used with the b if there is any 
chance of ambiguity, because a similar particle, called a positron, also exists that car-
ries a positive charge.
 Again, as in alpha radiation, emission of a beta particle changes the parent atom 
into a new element because the number of protons in the nucleus increases by one. If 
the daughter product also is radioactive, it will, in turn, emit a beta particle, becoming 
another new element, and so on, until finally a stable neutron-to-proton ratio is 
reached. Through such a series of changes, for example, the fission-product element 
krypton becomes rubidium which, in turn, becomes strontium, which finally converts 
to stable yttrium.

Example 14-1.  Identify the particles that are emitted in each step of the decay chain 
represented by

36
89KrS 37

89RbS 38
89SrS 39

89Y

Solution.  Because z increases by 1 in each case, the particle emitted in each step is 
a beta particle.

Gamma-Ray Emission.  Either alpha or beta particles may be accompanied by gamma 
radiation. Whereas alpha or beta radiation brings about a change in the size of the nu-
cleus or the number of a particular type of particle therein, the emission of gamma radia-
tion represents only a release of energy. This is the energy that remains in the newly 
formed nucleus after emission of the alpha or beta particle. Electromagnetic radiation in 
the form of gamma rays is emitted when a nucleus in an excited state transfers to a more 
stable state. The nucleus thus retains its original composition, the excess energy being 
radiated away. If the frequency of the radiation is v, and the nucleus changes from a state 
of energy E1 to a state of energy E2, then the two energies are related by the equation

 E1 2 E2 5 hv (14-4)

where h is Planck’s constant, having a value of 6.624 3 10227 ergs. The energy of the 
emitted gamma ray is thus hv. In equations, the gamma ray is represented by the Greek 
letter gamma (g).

X-Rays.  Gamma rays are similar to x-rays. Their difference lies only in their source. 
Gamma rays originate from a nucleus transferring from one nuclear excited state to an-
other, whereas x-rays originate from electrons transferring from a higher to a lower 
atomic energy state. As atomic energy levels are in general spaced much closer in terms 
of energy than nuclear levels, it follows from Equation 14-4 that the frequencies of 
x-rays are much less than those of gamma rays. As far as industrial applications are con-
cerned, the only difference between them is the penetrating power. Because penetrating 
power increases with frequency, gamma rays have more penetrating power than x-rays.
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14-6  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Multiple Emissions.  In the preceding discussions, only single emission has been 
considered. In practice, two or more different types of emission are possible, and in a 
great many cases several particles of the same type but of different energies are emit-
ted. This latter effect is due to the multiplicity of nuclear energy levels both in the 
original isotope nucleus and in the nucleus formed by particle emission.

Radioactive Decay
Each unstable (radioactive) atom will eventually achieve stability by ejecting an alpha or 
beta particle. This shift to a more stable form is called decay. Each radioactive decay 
process is characterized by the fact that only a fraction of the unstable nuclei in a given 
sample will decay in a given time. The probability that a particular nucleus in the sample 
will decay during a time interval dt is l dt, where l is the radioactive decay constant. It 
is defined as the probability that any particular nucleus will disintegrate in unit time.
 For a large number of like nuclei together, we make the assumption that l is inde-
pendent of the age of a nucleus and is the same for all nuclei. This means that l is a 
constant. If N is the number of nuclei present at a time t, then the number of decays 
occurring in a time dt can be written lNdt. As the number of nuclei decreases by dN in 
this time, we can write

 dN 5 2lNdt (14-5)

The negative sign denotes that N is decreasing with time. Equation 14-5 shows that the rate 
of decay is proportional to the number of nuclei present, that is, it is a first-order reaction.
 Equation 11-5 can be rearranged and integrated.

#
N

N0

 
dN

N
5 #

1

0

l dt

ln 
N

N0
5 2lt

or

 N 5 N0 exp(2lt) (14-6)

where N0 is the number of radioactive nuclei present at time t 5 0. Equation 14-6 
shows that radioactive decay follows an exponential form. In particular, the time 
taken for a given number of nuclei to decay to half that number, T1/2, is obtained 
from Equation 14-6 as

ln 
N0y2

N0
5 2lT1/2

Solving for T1/2 yields

 
T1/2 5

ln 2

l
5

0.693

l
 (14-7)

This equation relates two important parameters of a radioactive species: l and the half-
life, T1/2. These quantities are characteristic properties of a particular species. Half-lives 
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IONIZING RADIATION  14-7

of radioisotopes cover an enormous range of values, from microseconds to millions of 
years. To illustrate this, some values are given in Table 14-1.

Example 14-2.  Kal Karbonate has a vial containing 2.0 mCi/L of 45Ca that must be 
disposed of. How long must the radioisotope be held to meet an allowable sewer dis-
charge standard of 2.0 3 1024 mCi/mL?

Solution.  From Table 14-1 find the half-life of 45Ca is 165 d. Calculate the value of 
l, using Equation 14-7:

l 5
0.693

165 d
5 4.20 3 1023 d21

Calculate the holding time, using Equation 14-6:

 2.0 3 1024 mCi/mL 5 (2.0 mCi/L)(1023 L/mL) exp [(24.20 3 1023) (t)]

 0.10 5 exp [(24.20 3 1023) (t)]

Taking the logarithm of both sides of the equation:

 ln (0.10) 5 ln 5exp [(24.20 3 1023) (t)]6

 22.30 5 (24.20 3 1023) (t)

 t 5 548.23, or 550 days

Specific Activity and the Becquerel.  The quantity N is called the activity of a sam-
ple. In SI units the becquerel (Bq) is the unit used for activity. One becquerel of radio-
active material is that quantity of unstable atoms whose frequency of decay is one 
disintegration per second. This definition covers all modes of disintegration for both 
single isotopes and mixtures.
 For many years the unit used for activity was the curie. One curie of radioactive mate-
rial is that quantity of unstable atoms whose frequency of decay is 3.700 3 1010 disintegra-
tions per second. One becquerel is equal to 2.7 3 10211 Ci. The curie is quite a large unit 

TABLE 14-1
Some radioisotope half-lives

Radioisotope Half-Life Radioisotope Half-Life

Polonium-212 3.04 3 1027 s Calcium-45 165 days
Carbon-10 19.3 s Cobalt-60 5.27 years
Oxygen-15 2.05 min Tritium 12.5 years
Carbon-11 20.4 min Strontium-90 28 years
Radon-222 3.825 days Cesium-137 30 years
Iodine-131 8.06 days Radium-226 1622 years
Phosphorus-32 14.3 days Carbon-14 5570 years
Polonium-210 138.4 days Potassium-40 1.4 3 109 years 
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14-8  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

for a lot of purposes. Millicuries (1 mCi 5 1023 Ci) or microcuries (1 mCi 5 1026 Ci) and 
even picocuries (1 pCi 5 10212 Ci) were chosen as more manageable units to work with.
 The specific activity of a radioisotope is the activity per gram of the pure radioiso-
tope. The number of atoms of a pure radioisotope in one gram is given by

 
N 5

NA

A
 (14-8)

where NA is Avogadro’s number (6.0248 3 1023) and A is the nuclidic mass. The spe-
cific activity S of a particular radioisotope is an intrinsic property of that radioisotope.

 
S 5
lNA

A
 disintegrations ? s21 (14-9)

Growth of Subsidiary Products.  In the process of decay, a new nuclide is formed, 
the daughter product. If the daughter product is stable, its concentration will gradually 
increase as the parent decays. On the other hand, if the daughter product is itself radio-
active, the variation in concentrations of parent, daughter, and granddaughter products 
will very much depend on the relative rates of decay.
 In several cases a radioactive isotope decays into another nuclide that is itself ra-
dioactive. This can continue for a large number of nuclides, resulting in a decay chain. 
The characteristics of any particular chain depend largely on the relative decay con-
stants of its various members.
 The simplest case is the growth of a radioactive daughter product from the parent 
atoms. Let us assume we begin with N1 parent atoms of decay constant l1, and N2 
daughter atoms of decay constant l2. The rate at which the daughter product is increas-
ing is then the difference between the rate at which it is produced by its parent and the 
rate at which it decays. This can be written as

 

dN2

dt
5 l1N1 2 l2N2 (14-10)

The rate of production of the daughter is simply the decay rate of the parent.
 Using Equation 14-6 with the notation that N1 is the number of nuclei of the parent 
and N10 is the initial number gives

N1 5 N10 exp(2l1t)

Substituting in Equation 14-10, we obtain

 

dN2

dt
5 l1N10 exp(2l1t) 2 l2N2 (14-11)

Rearranging, we get

 

dN2

dt
1 l2N2 5 l1N10 exp(2l1t) (14-12)

This equation can readily be solved by multiplying throughout by the factor el2t. Thus,

 
exp(l2t) 

dN2

dt
1 exp(l2t)l2(N2) 5 l1N10 exp(2l1t) exp(l2t) (14-13)
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IONIZING RADIATION  14-9

and

 

dN2e
l2t

dt
5 l1N10 exp[(l2 2 l10)t] (14-14)

On integration this yields

 
N2e

l2t 5
l1N10

l2 2 l1
  exp[(l2 2 l1)t] 1 C (14-15)

The integration constant C is determined from the boundary conditions. For this case, 
at t 5 0, there was no daughter product present, that is, N2 5 0 at t 5 0. Using these 
boundary conditions, Equation 14-15 reduces to

 
N2 5

l1N10

l2 2 l1
 (e2l1t 2 e2l2t) (14-16)

Characteristics of Daughter Products.  In the derivation of Equation 14-16, it was 
assumed that N2 was zero at zero time. Because the daughter nuclide itself decays, then 
at an infinite time, N2 will again be zero. Between these two times when N2 5 0, there will 
be a time, say t9, when N2 will reach a maximum. At this time, the rate of increase will be 
passing through a turning point, that is, dN2/dt 5 0. Using this fact, together with Equa-
tion 14-16, it can be shown that

 
t¿ 5

lnl2 2 lnl1

l2 2 l1
 (14-17)

Secular Equilibrium.  A limiting case of radioactive equilibrium in which l1 ,, l2 
and in which the parent activity does not decrease measurably during many daughter half-
lives is known as secular equilibrium. An example of this is 238U decaying to 234Th. In this 
case, a useful approximation of the value of N2 after a large number of half-lives is

 
N2 5 N10 

l1

l2
 (14-18)

Continuous Production of Parent.  The previous calculations assumed that at zero 
time a certain number of parent atoms were present and then decayed. In many cases 
of interest the parent is continuously replenished. Such cases occur for instance in 
nuclear reactors, where the parent nuclides are continuously being created by neutron 
bombardment. Another case is the continuous production of carbon-14 by cosmic rays 
incident on the nuclei present in the upper atmosphere.

End Products.  Any radioactive decay chain must finally arrive at a nuclide that is 
stable. The relevant equations can readily be obtained, for any stable nuclide has l 5 0. 
For example, consider the case of a radioisotope whose daughter is stable. For this, 
Equation 14-16 can be used with l2 5 0. Thus,

 N2 5 N10(1 2 e2l1t) (14-19)

Similar modifications can be made to other equations concerned with longer decay 
chains.
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14-10  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Radioisotopes
Naturally Occurring Radioisotopes.  Most of the 50 naturally occurring radioiso-
topes are associated with three distinct series: the thorium series, the uranium series, and 
the actinium series. Each one of these series starts with an element of high atomic mass 
 (uranium-238, thorium-232, and uranium-235, respectively*) and then decays by a long 
series of alpha- and beta-particle emissions to reach a stable nuclide (lead-206, lead-208, 
and lead-207, respectively). The three chains are associated with the heavy elements, and 
very few naturally occurring radioisotopes are found with atomic masses less than 82.
 The half-lives of the naturally occurring radioisotopes are very long. Presumably 
they were constituents of the earth at its formation and their activity has not yet died 
away beyond detection.
 Two other important isotopes that occur in the natural environment but that are not 
strictly naturally occurring are hydrogen-3 (tritium) and carbon-14. These radioisotopes 
are artificially produced by cosmic rays bombarding the upper atmosphere of the earth. 
At present the quantities of these isotopes are in equilibrium, their production rate by 
cosmic radiation being balanced by their natural decay rate. Because of this phenom-
enon these isotopes are of particular use in archaeological dating.

Artificially Produced Radioisotopes.  The artificial production of radioisotopes is 
mainly carried out either by nuclear reactors or by particle accelerators. The cyclotron 
is the accelerator in most general use because the required bombarding particle ener-
gies are easily obtained and the output is reasonably high. The transmutation of a sta-
ble isotope to a radioactive one is effected by bombarding a target nucleus with a 
suitable projectile, either electromagnetic or a particle, to produce the required isotope 
from the resultant nuclear reaction.
 When an accelerator is used, the bombarding particles are usually protons, deuter-
ons, or alpha particles. In the nuclear reaction brought about by the bombardment of 
zinc-64 with energetic deuterons from a cyclotron, the deuteron and zinc-64 nucleus 
combine to form a new element. The new element has a charge of 30e 1 e and an 
atomic mass number of 64 1 2. This compound nucleus is then 66Ga,  gallium-66. 
This intermediate nucleus disintegrates almost immediately by one of several possible 
modes of decay. If a proton is emitted, for example, the final nucleus must be left with 
a nuclear charge of 32e and an atomic mass number of 65, so it is 65Zn. This isotope 
does not occur in nature.
 For the production of radioisotopes for industrial application, the most common nu-
clear reactions used are those from thermal neutrons. A target sample, in a suitable con-
tainer, is inserted into the core of a reactor and left there for varying amounts of time. In the 
core of a reactor there is a copious supply of thermal neutrons. These interact with the 
target nucleus to produce the required radioisotope, a process known as neutron activation.

Fission
A nuclear reactor is an assembly of fissionable material (such as uranium-235, pluto-
nium-239, or uranium-233) arranged in such a way that a self-sustaining chain reaction 

*actinouranium (uranium-235) is the parent.
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IONIZING RADIATION  14-11

is maintained. When these nuclei are bombarded with neutrons of the appropriate en-
ergy, they split up, or fission, into fission fragments and neutrons. For the nuclear reac-
tion to continue, at least one of the neutrons produced must be available to produce 
another fission instead of escaping from the assembly or being used up in some other 
nuclear reaction. Thus, there is a minimum (critical) mass below which the reaction 
cannot be self-sustaining. Actual reactors are built with an excess mass to make large 
amounts of neutrons available. The excess neutron production is controlled by the use 
of moderators. The moderators are made of materials with large neutron-capture cross 
sections, such as boron, cadmium, or hafnium. These are formed into control rods that 
are moved in and out of the reactor to moderate the excess neutrons.
 The fission chain reaction is characterized by an enormous release of heat. This 
heat must be carried away by an efficient cooling system to prevent mechanical failure 
of the reactor assembly (meltdown) and, ultimately, an uncontrolled fission. The ulti-
mate uncontrolled reaction is, of course, an atomic explosion.
 The fission fragments are simply lower mass elements. There are, most commonly, 
two fission fragments from each nucleus with an energy of the order of 200 MeV 
shared between them. The uranium nucleus does not split into the same two fragments 
each time. The breakup is far from symmetrical and can occur in more than 30 different 
ways. The most commonly produced isotopes are grouped around the mass numbers 
95 and 139.
 The fragments produced from the fission process have very large neutron-to-
proton ratios so that they are highly unstable. Many transitions have to occur before a 
stable nucleus is finally achieved. These successive decays give rise to a decay chain.
 Fission fragments, because of their high mass and very high initial charge, have 
extremely short ranges in matter. Hence, they are contained within the fuel element 
when a uranium nucleus fissions. The spent nuclear reactor fuel elements thus provide 
a very intense radioactive source that presents many problems in the subsequent han-
dling and processing. Fission fragments themselves can sometimes be used as a radio-
active source for industrial application.

The Production of X-Rays*
X-rays were discovered in 1895 by Wilhelm Conrad Roentgen. During the course of 
some studies, he covered a cathode ray tube with a black cardboard box and  observed 
fluorescence on a screen coated with barium platinocyanide near the tube. After fur-
ther investigation of this phenomenon, he concluded that the effect was caused by 
the generation of new invisible rays capable of penetrating opaque materials and 
producing visible fluorescence in certain chemicals. He called these new invisible 
rays x-rays. Because of their discoverer, x-rays are also sometimes referred to as 
Roentgen rays.
 As pointed out previously, x-rays are electromagnetic waves and occupy the same 
portion of the electromagnetic spectrum as gamma rays. Like gamma rays, x-rays can 
pass through solid material. The mode of interaction of x-rays with matter is the same, 
as are the biological and photographic effects.

*This discussion follows U.S. PHS, 1968.
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14-12  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

 Whereas gamma rays come from within the nucleus of the atom, x-rays are gener-
ated outside the nucleus by the interaction of high-speed electrons with the atom. For 
this reason, there is a difference in the energy distribution of x- and gamma rays. 
Gamma rays from any single radionuclide consist only of rays of one or several dis-
crete energies. X-rays consist of a broad, continuous spectrum of energies. The con-
tinuous spectrum will be discussed in detail later.

The X-Ray Tube.  X-rays are produced whenever a stream of high-speed electrons 
strikes a substance. This is caused by their sudden stoppage or deflection by atoms 
within the target material. The x-ray tube (Figure 14-2) is designed to provide the 
high-speed electrons and the interacting material. Essential components of a x-ray 
tube are (1) a highly evacuated glass envelope containing the cathode and anode; (2) a 
source of electrons proceeding from a cathode; and (3) a target (or anode) placed in the 
path of the electron stream.
 The development of the hot filament tube by William D. Coolidge in 1913 was a 
major advance. Most x-ray tubes in use today are of this type. Here, the free electrons are 
“boiled out” of an incandescent filament within an evacuated tube and given their velocity 
by accelerating them through an electric field. In the hot filament tube, the quality and 
intensity of radiation can be controlled independently by simple electrical means. The 
intensity of radiation is directly proportional to the current and is proportional to the 
square of the voltage. This allows a much wider range of wavelengths and intensities, 
while the characteristics of the tube remain reasonably constant throughout its useful life.
 The high voltages required for x-ray tube operation are best obtained by step-up 
transformers, whose output is always alternating current. Because the electrons must 
flow only from cathode to anode within the tube some means of rectification is neces-
sary. A self-rectified tube acts as its own rectifier. When an alternating voltage is ap-
plied to such a tube, electrons flow only from the cathode to anode as long as the anode 
remains cool. If the anode becomes hot, the flow of electrons reverses during the second 
half- cycle and the cathode is damaged. Thus the self-rectified tube is limited to low 
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FIGURE 14-2
Typical x-ray tube in self-rectified circuit.
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currents and short periods of operation. The use of “valves” (rectifiers) in the power supply 
circuit eliminates the inverse voltage on the x-ray tube. Thus, more power can be handled 
by the x-ray tube, the radiation output is increased, and the time of exposure is shortened.

X-Ray Production Efficiency.  On average, the fraction of the electron energy emit-
ted as electromagnetic radiation increases with the atomic number of the atoms of the 
target and the velocity of the electrons. This fraction is very small and can be repre-
sented by the following empirical equation:

 F 5 1.1 3 1029 ZV  (14-20)

where  F 5 fraction of the energy of the electrons converted into x-rays
 Z 5 atomic number of the target
 V 5 energy of the electrons (in volts)*

 Typically, less than 1 percent of the electrical power supplied is converted into x-
ray energy. The remaining energy (over 99 percent) appears as heat produced at the 
target (largely through ionization and excitation). As a result, electron bombardment of 
the target raises it to a high temperature and, if the heat produced is not dissipated fast 
enough, the target will melt. This heat production is a serious factor in limiting the 
capacity of a x-ray tube.
 A suitable target must have the following characteristics:

 1. A high atomic number because efficiency is directly proportional to Z

 2. A high melting point because of the high temperatures involved

 3. A high thermal conductivity to dissipate the heat

 4. Low vapor pressure at high temperatures to prevent target evaporation

The Continuous Spectrum.  When high-speed electrons are stopped by a target, the 
radiation produced has a continuous distribution of energies (wavelengths). As the fast-
moving electrons enter the surface layers of the target, they are abruptly slowed down 
by collision with the strong Coulomb field of the nucleus and are diverted from their 
original direction of motion. Each time the electron suffers an abrupt change of speed, 
a change in direction, or both, energy in the form of x-rays is radiated. The energy of 
the x-ray photon emitted depends on the degree of deceleration. If the electron is 
brought to rest in a single collision, the energy of the resulting photon corresponds to 
the kinetic energy of the electron stopped and will be a maximum. If the electron suffers 
a less drastic collision, a lower energy photon is produced. Because a variety of types of 
collisions will be occurring, photons of all energies up to the maximum will be pro-
duced. This accounts for the continuous distribution of an x-ray spectrum. The maximum 
intensity (peak of the curve) occurs at a wavelength about 1.5 times the minimum 
wavelength. The total intensity of radiation from a given x-ray tube is represented by 
the area under the spectral curve. The intensity has been found, as might be expected, to 
be directly proportional to the electron current (number of electrons striking the target).

*The electron energy is generally expressed in terms of the voltage applied across the tube.
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14-14  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Radiation Dose†

Fundamentally, the harmful consequences of ionizing radiations to a living organism 
are due to the energy absorbed by the cells and tissues of the organism. This absorbed 
energy (or dose) produces chemical decomposition of the molecules present in the 
living cells. The mechanism of the decomposition appears to be related to ionization 
and excitation interactions between the radiation and atoms within the tissue. The 
amount of i  onization or number of ion pairs produced by ionizing radiations in the 
cells or  tissues provides some measure of the amount of decomposition or physiolog-
ical damage that might be expected from a given quantity or dose. The ideal basis for 
radiation dose measurement could be, therefore, the number of ion pairs (or ioniza-
tions) taking place within the medium of interest. For certain practical reasons, the 
medium chosen for defining exposure dose is air.

Exposure Dose—the Roentgen.  The exposure dose of x- or gamma radiation within 
a specific volume is a measure of the radiation based on its ability to produce ionization 
in air. The unit used for expressing the exposure to x- or gamma radiation is the roent-
gen (R). Its merit lies in the fact that the magnitude of the exposure dose in roentgens 
can usually be related to the absorbed dose, which is of importance in predicting or 
quantifying the expected biological effect (or injury) resulting from the radiation.
 The roentgen is an exposure dose of x- or gamma radiation such that the associ-
ated corpuscular emission per 0.001293 g of air* produces, in air, ions carrying one 
electrostatic unit (esu) of quantity of electricity of either sign. Because the ionizing 
property of radiation provides the basis for several types of detection instruments and 
methods, such devices may be used to quantify the exposure dose. Note that this is a 
unit of exposure dose based on ionization of air; it is not a unit of ionization, nor is it 
an absorbed dose in air.

Absorbed Dose—the Gray. The absorbed dose of any ionizing radiation is the en-
ergy imparted to matter by ionizing radiations per unit mass of irradiated material at the 
place of interest. The SI unit of absorbed dose is the gray (Gy). One gray is equivalent to 
the absorption of 1 J/kg (joule per kilogram). The former unit of absorbed dose was the 
rad. One rad is equivalent to the absorption of 100 ergs/g. One Gy 5 100 rads. It should 
be emphasized that although the roentgen unit is strictly applicable only to x- or gamma 
radiation, the gray may be used regardless of the type of ionizing radiation or the type of 
absorbing medium.
 To make a conversion from roentgens to grays two things must be known: the energy 
of the incident radiation and the mass absorption coefficient of the absorbing material.

Example 14-3.  A dose of 1.0 R of gamma radiation was measured in air. From em-
pirical studies it is known that, on the average, 34 eV of energy is transferred (or ab-
sorbed) in the process of forming each ion pair in air. What is the equivalent absorbed 
dose in 1.0 cm3 of air?

†This discussion follows U.S. PHS, 1968.
*One cubic centimeter of air at STP has a mass of 0.001293 g.
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Solution.  To form 1 esu per 0.001293 g of air (mass of 1 cm3 at STP), the radiation 
must produce 1.61 3 1012 ion pairs when absorbed in air. Thus, using the empirical 
estimate, we find that the total energy absorbed is

(34 eV/ion pair) (1.61 3 1012 ion pairs/g) 5 5.48 3 1013 eV/g

In ergs rather than electron volts,

(5.48 3 1013 eV/g)(1.602 3 10212 erg/eV) 5 87 ergs/g

Because 1 erg 5 1 3 1027 J, 1 R of exposure dose to 1.0 cm3 of air at standard con-
ditions results in the absorbed dose of

(87 erg/g)(1027 J/erg)(103 g/kg) 5 8.7 3 1023 J/kg 5 8.7 3 1023 Gy

Relative Biological Effectiveness (Quality Factor).  Although all ionizing radia-
tions are capable of producing similar biological effects, the absorbed dose, measured 
in grays, that will produce a certain effect may vary appreciably from one type of ra-
diation to another. The difference in behavior, in this connection, is expressed by 
means of a quantity called the relative biological effectiveness (RBE) of the particular 
radiation. The RBE of a given radiation may be defined as the ratio of the absorbed 
dose (grays) of gamma radiation (of a specified energy) to the absorbed dose of the given 
radiation required to produce the same biological effect. Thus, if an absorbed dose of 
0.2 Gy of slow neutron radiation produces the same biological effect as 1 Gy of gamma 
radiation, the RBE for slow neutrons would be

RBE 5
1 Gy

0.2 Gy
5 5

The value of the RBE for a particular type of nuclear radiation depends on several 
factors, such as the energy of the radiation, the kind and degree of the biological 
damage, and the nature of the organisms or tissue under consideration.

Tissue Weighting Factor (WT).  The tissue weighting factor (WT) is a modifying 
factor used in dose calculations to correct for the fact that different tissues and organs 
have varying degrees of radiosensitivity depending on the radioisotope and the chemical 
form of the radioisotope. Some tissues and organs are very sensitive; others are not 
radiosensitive at all. For example, because iodine is easily incorporated in thyroid 
tissue, the thyroid gland is very sensitive to the radioiodines. The WT is, therefore, 
high for the radioiodines. When the tissue or organ is not radiosensitive, the value of 
WT may be very small or zero for that tissue.

The Sievert.  With the concept of the RBE in mind, it is now useful to introduce an-
other SI unit, known as the sievert (Sv). One sievert equals the radiation dose having 
the same biological effect as a gray of gamma radiation. This was formerly know as 
the rem, an abbreviation of “roentgen equivalent man” (1 Sv 5 100 rem). The gray is 
a convenient unit for expressing energy absorption, but it does not take into account 
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14-16  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

the biological effect of the particular nuclear radiation absorbed. The sievert, however, 
which is defined by

Dose in Sv 5 RBE 3 dose in grays 3 WT

provides an indication of the extent of biological injury (of a given type) that would result 
from the absorption of nuclear radiation. Thus, the sievert is a unit of biological dose.

14-2 BIOLOGICAL EFFECTS OF IONIZING RADIATION*

The fact that ionizing radiation produces biological damage has been known for 
many years. The first case of human injury was reported in the literature just a few 
months following Roentgen’s original paper in 1895 announcing the discovery of 
x-rays. As early as 1902, the first case of x-ray induced cancer was reported in the 
literature.
 Early human evidence for harmful effects as a result of exposure to radiation in 
large amounts existed in the 1920s and 1930s based on the experience of early radiolo-
gists, persons working in the radium industry, and other special occupational groups. 
The long-term biological significance of smaller, chronic doses of radiation, however, 
was not widely appreciated until the 1950s, and most of our current knowledge of the 
biological effects of radiation has been accumulated since World War II.

Sequential Pattern of Biological Effects
The sequence of events following radiation exposure may be classified into three peri-
ods: a latent period, a period of demonstrable effect, and a recovery period.

Latent Period.  Following the initial radiation event, and often before the first de-
tectable effect occurs, there is a time lag referred to as the latent period. There is a vast 
time range possible in the latent period. In fact, the biological effects of radiation are 
arbitrarily divided into short-term, or acute, and long-term, or delayed, effects on this 
basis. Those effects that appear within a matter of minutes, days, or weeks are called 
acute effects and those that appear years, decades, and sometimes generations later are 
called delayed effects.

Demonstrable Effects Period.  During or immediately following the latent period, 
certain discrete effects can be observed. One of the phenomena seen most frequently 
in growing tissues exposed to radiation is the cessation of mitosis or cell division. This 
may be temporary or permanent, depending on the radiation dosage. Other effects 
observed are chromosome breaks, clumping of chromatin, formation of giant cells or 
other abnormal mitoses, increased granularity of cytoplasm, changes in staining char-
acteristics, changes in motility or ciliary activity, cytolysis, vacuolization, altered vis-
cosity of protoplasm, and altered permeability of the cell wall. Many of these effects 
can be duplicated individually with other types of stimuli. The entire gamut of effects, 
however, cannot be reproduced by any single chemical agent.

*This discussion follows U.S. PHS, 1968.
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IONIZING RADIATION  14-17

Recovery Period.  Following exposure to radiation, recovery can and does take place 
to a certain extent. This is particularly manifest in the case of the acute effects, that is, 
those appearing within a matter of days or weeks after exposure. There is, however, a 
residual damage from which no recovery occurs, and it is this irreparable injury which 
can give rise to later delayed effects.

Determinants of Biological Effects
The Dose-Response Curve.  For any biologically harmful agent, it is useful to corre-
late the dosage administered with the response or damage produced. “Amount of dam-
age” in the case of radiation might be the frequency of a given abnormality in the cells 
of an irradiated animal, or the incidence of some chronic disease in an irradiated hu-
man population. In plotting these two variables, a dose-response curve is produced. 
With radiation, an important question has been the nature and shape of this curve. Two 
possibilities are illustrated in Figures 14-3 and 14-4.
 Figure 14-3 is a typical “threshold” curve. The point at which the curve intersects 
the abscissa is the threshold dose, that is, the dose below which there is no response. If 
an acute and easily observable radiation effect, such as reddening of the skin, is taken 
as “response,” then this type of curve is applicable. The first evidence of the effect 
does not occur until a certain minimum dose is reached.
 Figure 14-4 represents a linear, or nonthreshold, relationship, in which the curve 
intersects the abscissa at the origin. Here any dose, no matter how small, involves 
some degree of response. There is some evidence that the genetic effects of radiation 
constitute a nonthreshold phenomenon, and one of the underlying (and prudent) as-
sumptions in the establishment of radiation protection guidelines and in radiation con-
trol activities in public health programs has been the assumption of a nonthreshold 
effect. Thus, some degree of risk is assumed when large populations of people are ex-
posed to even very small amounts of radiation. This assumption often makes the estab-
lishment of guidelines for acceptable radiation exposure an enormously complex task, 
because the concept of “acceptable risk” comes into play, in which the benefit to be 
accrued from a given radiation exposure must be weighed against its hazard.
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FIGURE 14-3
Dose-response curve depicting “threshold” dose.
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FIGURE 14-4
Dose-response curve depicting “no threshold” dose.
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14-18  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

Rate of Absorption.  The rate at which the radiation is administered or absorbed is 
most important in the determination of what effects will occur. Because a considerable 
degree of recovery occurs from the radiation damage, a given dose will produce less of 
an effect if divided (thus allowing time for recovery between dose increments) than if 
it were given in a single exposure.

Area Exposed.  Generally when an external radiation exposure is referred to without 
qualification as to the area of the body involved, whole-body irradiation is assumed. 
The portion of the body irradiated is an important exposure parameter because the 
larger the area exposed, other factors being equal, the greater the overall damage to the 
organism. Even partial shielding of the highly radiosensitive blood-forming organs 
such as the spleen and bone marrow can mitigate the total effect considerably. An ex-
ample of this phenomenon is in radiation therapy, in which doses that would be lethal 
if delivered to the whole body are commonly delivered to very limited areas, such as to 
tumor sites.

Variation in Species and Individual Sensitivity.  There is a wide variation in the 
radiosensitivity of various species. Lethal doses for plants and microorganisms, for 
example, are usually hundreds of times larger than those for mammals. Even among 
different species of rodents, it is not unusual for one to demonstrate three or four times 
the sensitivity of another.
 Within the same species, biological variability accounts for a difference in sensi-
tivity among individuals. For this reason the lethal dose for each species is expressed 
in statistical terms. The LD50 for that species, or the dose required to kill 50 percent of 
the individuals in a large population, is the standard statistical measure. For people, the 
LD50 is estimated to be approximately 450 R.

Variation in Cell Sensitivity.  Within the same individual, a wide variation in sus-
ceptibility to radiation damage exists among different types of cells and tissues. In 
general, cells that are rapidly dividing or have a potential for rapid division are more 
sensitive than those that do not divide are. Furthermore, nondifferentiated cells (i.e., 
primitive, or nonspecialized) are more sensitive than highly specialized cells. Within 
the same cell families then, the immature forms, which are generally primitive and 
rapidly dividing, are more radiosensitive than the older, mature cells, which have spe-
cialized in structure and function and have ceased to divide.

Acute Effects
An acute dose of radiation is one delivered to a large portion of the body during a very 
short time. If the amount of radiation involved is large enough, acute doses may result 
in effects that can manifest themselves within a period of hours or days. Here the 
 latent period, or time elapsed between the radiation insult and the onset of effects, is 
 re  latively short and grows progressively shorter as the dose level is raised. These 
 short-term radiation effects are composed of signs and symptoms collectively known 
as acute radiation syndrome.
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 The stages in acute radiation syndrome may be described as follows:

 1. Prodrome. This is the initial phase of the syndrome and is usually character-
ized by nausea, vomiting, and malaise. It may be considered analogous to the 
prodrome state in acute viral infections in which the individual is subject to 
nonspecific systemic reactions.

 2. Latent stage. During this phase, which may be likened to the incubation pe-
riod of a viral infection, the subjective symptoms of illness may subside, and 
the individual may feel well. Changes, however, may be taking place within 
the blood-forming organs and elsewhere that will subsequently give rise to the 
next aspect of the syndrome.

 3. Manifest illness stage. This phase reflects the clinical picture specifically as-
sociated with the radiation injury. Among the possible signs and symptoms 
are fever, infection, hemorrhage, severe diarrhea, prostration, disorientation, 
and cardiovascular collapse. Which, if any, of the foregoing phenomena are 
observed in a given individual largely depend on the radiation dose received.

 4. Recovery or death.

Relation of Dose to Type of Acute Radiation Syndrome
As mentioned earlier, each kind of cell has a different sensitivity to radiation. At rela-
tively low doses, for example, the most likely cells to be injured are those with greatest 
sensitivity, such as the immature white blood cells of lymph nodes and bone marrow. 
At low doses the observable effects during the manifest illness stage would be in these 
cells. Thus, you would expect to observe fever, infection, and hemorrhage. This is 
known as the hematopoietic form of the acute radiation syndrome.
 At higher doses, usually over 6 Gy cells of somewhat lower sensitivity will be in-
jured. Of particular importance are the epithelial cells lining the gastrointestinal tract, for 
when these are destroyed a vital biological barrier is broken down. As a result, fluid loss 
may occur, as well as overwhelming infection and severe diarrhea in the gastrointestinal 
form of the acute radiation syndrome.
 In the cerebral form, which may result from doses of 100 Gy or more, the rela-
tively resistant cells of the central nervous system are damaged, and the affected indi-
vidual undergoes a rapid illness, characterized by disorientation and shock.
 Considering the large degree of individual variation that exists in the manifestation of 
radiation injury, it is difficult to assign a precise dose range to each of these forms of the 
syndrome. The following generalizations, however, may serve to provide a rough indica-
tion of the kinds of doses involved. At 0.5 Gy or less, ordinary laboratory or clinical meth-
ods will show no indications of injury. At 1 Gy, most individuals show no symptoms, 
although a small percentage may show mild blood changes. At 2 Gy, most persons show 
definite signs of injury; this dose level may prove fatal to those individuals most sensitive 
to the effects of radiation. At 4.5 Gy, the mean lethal dose has been reached, and 50 per-
cent of exposed individuals will succumb. Approximately 6 Gy usually marks the thresh-
old of the gastrointestinal form of the acute radiation syndrome, with a very poor 
prognosis for all individuals involved. A fatal outcome may well be certain at 8–10 Gy.
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Delayed Effects
Long-term effects of radiation are those that may manifest themselves years after the 
original exposure. The latent period, then, is much longer than that associated with 
acute radiation syndrome. Delayed radiation effects may result from previous acute, 
high-dose exposures or from chronic, low-level exposures over a period of years.
 No unique disease is associated with the long-term effects of radiation. These ef-
fects manifest themselves in human populations simply as a statistical increase in the 
incidence of certain already existing conditions. Because of the low incidence of these 
conditions, it is usually necessary to observe large populations of irradiated persons to 
measure these effects. Biostatistical and epidemiological methods are then used to in-
dicate relationships between exposure and effect. In addition to the large numbers of 
people needed for human studies of delayed radiation effects, the situation is further 
complicated by the latent period. In some cases, a radiation-induced increase in a dis-
ease may go unrecorded unless the study is continued for many years.
 Also note that although it is possible to perform true experiments with animal 
populations, in which all factors with the exception of radiation exposure are kept 
identical in study populations, human data are limited to “secondhand” information 
accrued from populations irradiated for reasons other than radiobiological informa-
tion. Often a special characteristic of irradiated human populations is the presence of 
some preexisting disease that makes it extremely difficult to draw meaningful conclu-
sions when these groups are compared with nonirradiated ones.
 Despite these difficulties, many epidemiologic investigations of irradiated human 
beings have provided convincing evidence that ionizing radiation may indeed result in 
an increased risk of certain diseases long after the initial exposure. This information 
supplements and corroborates that gained from animal experimentation that demon-
strates these same effects.
 Among the delayed effects thus far observed have been somatic damage, which 
may result in an increased incidence of cancer, embryological defects, cataracts, 
 lifespan shortening, and genetic mutations. With proper selection of animal species 
and strains, and of dose, ionizing radiation may be shown to exert an almost universal 
carcinogenic action, resulting in tumors in a great variety of organs and tissues. There 
is human evidence as well that radiation may contribute to the induction of various 
kinds of neoplastic diseases (cancers).

Human Evidence.  Both empirical observations and epidemiologic studies of irradi-
ated individuals have more or less consistently demonstrated the carcinogenic proper-
ties of radiation. Some of these findings are summarized here.
 Early in the 1900s, when delayed radiation effects were little recognized, lumi-
nous numerals on watches and clocks were painted by hand with fine sable brushes, 
dipped first in radium-containing paint and then often “tipped” on the lips or tongue. 
Young women commonly were employed in this occupation. Years later, studies of 
these  individuals who had ingested radium paint have disclosed an increased incidence 
of bone sarcomas and other malignancies resulting from the burdens of radium that 
had accumulated in their bones.
 Some early medical and dental users of x-rays, largely unaware of the hazards in-
volved, accumulated considerable doses of radiation. As early as the year 1910, there 
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were reports of cancer deaths among physicians, presumably attributable to x-ray 
exposure. Skin cancer was a notable finding among these early practitioners. Dentists, 
for example, developed lesions on the fingers with which they repeatedly held dental 
films in their patients’ mouths.
 Early in the 1900s, certain large mines in Europe were worked for pitchblende, a 
uranium ore. Lung cancer was highly prevalent among the miners as a result of the 
inhalation of large quantities of airborne radioactive materials. It was estimated that 
the risk of lung cancer in the pitchblende miners was at least 50 percent higher than 
that of the general population.
 One of the strongest supports for the concept that radiation is a leukemogenic 
agent in people comes from the epidemiologic studies of the survivors of the atomic 
bombing in Hiroshima, Japan. Survivors exposed to radiation above an estimated 
dose of approximately 1 Sv showed a significant increase in the incidence of leuke-
mia. In addition, leukemia incidence correlated well with the estimated dose (ex-
pressed as distance from the detonation point), thus strengthening the hypothesis 
that the excess leukemia cases were indeed attributable to the radiation exposure. 
There is also some indication of an increase in thyroid cancer among the heavily 
 irradiated survivors.
 A pioneering study of children of mothers irradiated during pregnancy purported 
to show an increased risk of leukemia among young children if they had been irradi-
ated in utero as a result of pelvic x-ray examination of the mother. Mothers of leuke-
mic children were questioned as to their radiation histories during pregnancy with 
the child in question, and these responses were compared with those of a control 
group, consisting of mothers of healthy playmates of the leukemic children. Origi-
nally this work received much criticism, based partly on the questionnaire technique 
used to elicit the information concerning radiation history. It was believed that dif-
ferences in recall between the two groups of mothers might have biased the results. 
A larger subsequent study designed to correct for the objections to the first one cor-
roborated its essential findings and established the leukemogenic effect on the fetus 
of prenatal x-rays.
 Considering the fact that immature, undifferentiated, and rapidly dividing cells are 
highly sensitive to radiation, it is not surprising that embryonic and fetal tissues are readily 
damaged by relatively low doses of radiation. It has been shown in animal experiments that 
deleterious effects may be produced with doses of only 0.10 Gy delivered to the embryo. 
There is no reason to doubt that the human embryo is equally susceptible.
 The majority of the anomalies produced by prenatal irradiation involve the central 
nervous system, although the specific type of damage is related to the dose and to the 
stage of pregnancy during which irradiation takes place. In terms of embryonic death, 
the very earliest stages of pregnancy, perhaps the first few weeks in human beings, are 
most radiosensitive. From the standpoint of practical radiation protection, this very 
early sensitivity is of great significance, because it involves a stage in human embry-
onic development in which pregnancy may well be unsuspected. For this reason, the 
International Committee on Radiological Protection has recommended that routine non-
emergency diagnostic irradiation involving the pelvic area of women in the childbearing 
years be limited to the 10-day interval following the onset of menstruation. Such precau-
tions would virtually eliminate the possibility of inadvertently exposing a fertilized egg.
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 The period from approximately the second through the sixth week of human ges-
tation, when pregnancy could still be unsuspected, is the most sensitive for the produc-
tion of congenital anomalies in the newborn. During this period, embryonic death is 
less likely than in the extremely early stage, but the production of morphological de-
fects in the newborn is a major consideration.
 During later stages of pregnancy, embryonic tissue is more resistant to gross and 
easily observable damage. However, functional changes, particularly those involving 
the central nervous system, may result from such late exposures. These would be dif-
ficult to measure or evaluate at birth. They usually involve subtle alterations in such 
phenomena as learning patterns and development and may have a considerable latent 
period before they manifest themselves. There is some evidence that the decreasing 
sensitivity of the fetus to gross radiation damage as pregnancy progresses may not ap-
ply for the leukemogenic effects of prenatal irradiation. Another important factor to be 
considered in evaluating the radiation hazard during late pregnancy is that irradiation 
may produce true genetic mutations in the immature germ cells of the fetus for which 
no threshold dose has been established.

Lifespan Shortening.  In a number of animal experiments, radiation has been dem-
onstrated to have a lifespan-shortening effect. The aging process is complex and 
largely obscure, and the exact mechanisms involved in aging are as yet uncertain. 
Irradiated animals in these investigations appear to die of the same diseases as the 
nonirradiated controls, but they do so at an earlier age. How much of the total effect is 
due to premature aging and how much to an increased incidence of radiation-induced 
diseases is still unresolved.

Genetic Effects
Background.  The fertilized egg is a single cell resulting from the union of sperm and 
egg; millions of cell divisions develop it into a complete new organism. The informa-
tion that produces the characteristics of the new individual is carried in the nucleus of 
the fertilized egg on rod-shaped structures called chromosomes, arranged in 23 pairs. 
In each pair, one member is contributed by the mother and the other by the father. With 
each cell division that the rapidly developing embryonic tissue undergoes, all of this 
information is faithfully duplicated, so that the nucleus in each new cell of the devel-
oping organism contains essentially all of the information. This, of course, includes 
the germ cells in the new organism, which are destined to become sperm or eggs, and 
thus the information is transmitted from one generation to the next. This hereditary 
information is often likened to a template or to a code, which is reproduced millions of 
times over with remarkable accuracy. It is possible to damage the hereditary material 
in the cell nucleus by means of external influences, and when this is done the garbled 
or distorted genetic information will be reproduced just as faithfully when the cell 
divides as was the original message. When this kind of alteration occurs in those cells of 
the testes or ovaries that will become mature sperm or eggs, it is referred to as genetic 
mutation; if the damaged sperm or egg cell is then used in conception, the defect is 
reproduced in all of the cells of the new organism that results from this conception, 
including those that will become sperm or eggs, and thus whatever defect resulted 
from the original mutation can be passed on for many generations.
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 Most geneticists agree that the great preponderance of genetic mutations are harm-
ful. By virtue of their damaging effects, they can be gradually eliminated from a popu-
lation by natural means because individuals afflicted with this damage are themselves 
less likely to reproduce successfully than are normal individuals. The more severe the 
defect produced by a given mutation, the more rapidly it will be eliminated and vice 
versa; mildly damaging mutations may require a great many generations before they 
gradually disappear.
 As a balance to this natural elimination of harmful mutations, fresh ones are con-
stantly occurring. A large number of agents have mutagenic properties, and it is prob-
able that our current knowledge includes just a fraction of these. In addition, mutations 
can arise within the germ cells of an organism without external insult. Among the 
various external influences found to be mutagenic are a wide variety of chemicals, 
certain drugs, and physical factors such as elevated temperatures and ionizing radia-
tion. Natural background radiation probably accounts for a small proportion of natu-
rally occurring mutations. For people, it has been estimated that background radiation 
probably produces less than 10 percent of these. Anthropogenic radiation, of course, 
if delivered to the gonads, can also produce mutations over and above those that 
occur spontaneously. Radiation, it should be noted, is not unique in this respect and 
is probably one of a number of environmental influences capable of increasing the 
mutation rate.

Animal Evidence.  The mutagenic properties of ionizing radiation were first discov-
ered in 1927, using the fruit fly as the experimental animal. Since that time, experi-
ments have been extended to include other species, and many investigations have been 
carried out on mice. Animal experimentation remains our chief source of information 
concerning the genetic effects of radiation, and as a result of the intensive experimen-
tation, certain generalizations may be made. Among those of health significance are 
(1) there is no indication of a threshold dose for the genetic effects of radiation, that is, 
a dose below which genetic damage does not occur; and (2) the degree of mutational 
damage that results from radiation exposure seems to be dose-rate dependent, so that a 
given dose is less effective in producing damage if it is protracted or fractionated over 
a long period.

Human Evidence.  A major human study on genetic effects was made with the 
Japanese who survived the atomic bomb in 1945. As the index of a possible increase 
of the mutation rate, the sex ratio in the offspring of certain irradiated groups (families, 
for example, in which the mother had been irradiated but the father had not) was 
observed. Assuming that some of the mutational damage in the mothers would be re-
cessive, lethal, and sex-linked, a shift in the sex ratio among these families might be 
expected in the direction of fewer male births than in completely nonirradiated groups, 
and this seemed to be the case in early reports. Later evaluation of more complete data, 
however, did not bear out the original suggestion of an effect on the sex ratio.
 The preconception radiation histories of the parents of leukemic children com-
pared with those of normal children was a part of the subject of another investigation. 
From the results, it would appear that there is a statistically significant increase in leu-
kemia risk among children whose mothers had received diagnostic x-rays during this 
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14-24  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

period. The effect here is apparently a genetic rather than an embryonic one because 
the irradiation occurred prior to the conception of the child.
 A somewhat similar study ascertained the radiation exposure histories of the par-
ents of children with Down syndrome. Most of this exposure was prior to the concep-
tion of the child. A significantly greater number of the mothers of children with Down 
syndrome reported receiving fluoroscopy and x-ray therapy than did mothers of the 
normal children in the control group.
 The findings of these two studies may provide evidence that ionizing radiation is 
a mutational agent in people. However, the findings should be viewed with some res-
ervations because there could be significant differences to begin with between popula-
tions of people requiring x-rays and those who do not. These differences alone might 
account for a slightly higher incidence of leukemia or Down syndrome in the offspring 
of the former group, irrespective of the radiation received. To date, there has been no 
incontrovertible evidence found of genetic effects in humans from radiation exposure.

14-3 RADIATION STANDARDS

Two population groups are given distinctly different treatment in the establishment of 
exposure—dose guidelines and rules. Standards are set for those occupationally en-
gaged in work requiring ionizing radiation and for the general public. Although there 
are many standard-setting bodies, in general, the limits are consistent between groups. 
The Nuclear Regulatory Commission (NRC) has published guidelines in the Code of 
Federal Regulations (10 CFR 20) that serve as the standard in the United States. The 
dose guidelines are in addition to the natural background dose.
 The allowable dose for occupational exposure is predicated on the following 
assumptions: the exposure group is under surveillance and control; it is adult; it is 
knowledgeable of its work and the associated risks; its exposure is at work, that is, 
40 h/week; and it is in good health. On this basis, no individual is to receive more than 
0.05 Sv per year of radiation exposure.
 For the population at large, the allowable whole body dose in one calendar year is 
0.001 Sv. This dose does not include medical and dental doses that, for diagnostic and 
therapeutic reasons, may far exceed this amount.
 In addition to these dose rules, the NRC has set standards for the discharge of ra-
dionuclides into the environment. Table 14-2 is an extract from that list. These concen-
trations are measured above the existing background concentration and are annual 
averages. Discharges must be limited such that the amounts shown are not  exceeded in 
ambient air or natural waters. If a mixture of isotopes is released into an unrestricted 
area, the concentrations shall be limited so that the following relationship exists:

 

CA

MPCA
1

CB

MPCB
1

CC

MPCC
# 1 (14-21)

where  CA, CB, CC  5  concentrations of radionuclides A, B, and C, respectively 
(in mCi/mL)

MPCA, MPCB, MPCC 5  maximum permissible concentrations of radionuclides A, 
B, and C from Table II of Appendix B, Part 20 of the CFR 
(10 CFR 20)
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Radon.  Unlike the standards for exposure and releases to the environment, those for 
radon in indoor air are established by the EPA. This is because radon is not the result 
of anthropogenic activity but rather occurs naturally. The EPA guidelines suggest that 
the annual average radon exposure be limited to 4 pCi/L of air.

14-4 RADIATION EXPOSURE

External and Internal Radiation Hazards
External radiation hazards result from exposure to sources of ionizing radiation of suf-
ficient energy to penetrate the body and cause harm. Generally speaking, it requires an 
alpha particle of at least 7.5 MeV to penetrate the 0.07 mm protective layer of the skin. 
A beta particle requires 70 keV to penetrate the same layer (U.S. PHS, 1970). Unless 
the sources of alpha or beta radiation are quite close to the skin, they pose only a small 
external radiation hazard. X-rays and gamma rays constitute the most common type of 
external hazard. When of sufficient energy, both are capable of deep penetration into the 
body. As a result no radiosensitive organ is beyond the range of their damaging power.
 Radioactive materials may gain access to the body by ingestion, by inhalation of 
air containing radioactive materials, by absorption of a solution of radioactive materi-
als through the skin, and by absorption of radioactive material into the tissue through 
a cut or break in the skin. The danger of ingesting radioactive materials is not neces-
sarily from swallowing a large amount at one time, but rather from the accumulation 
of small amounts on the hands, on cigarettes, on foodstuffs, and other objects that 
bring the material into the mouth.
 Any radioactive material that gains entry into the body is an internal hazard. The 
extent of the hazard depends on the type of radiation emitted, its energy, the physical 
and biological half-life of the material, and the radiosensitivity of the organ where the 
isotope localizes. Alpha and beta emitters are the most dangerous radionuclides from 
the standpoint of internal hazard because their specific ionization is very high. Radio-
nuclides with half-lives of intermediate length are the most dangerous because they 
combine fairly high activity with a half-life sufficiently long to cause considerable 
damage. Polonium is an example of a potentially very serious internal hazard. It emits 
a highly ionizing alpha particle of energy 5.3 MeV and has a half-life of 138 days.

Natural Background
People are exposed to natural radiation from cosmic, terrestrial, and internal sources. 
Typical gonadal exposures from natural background are summarized in Figure 14-5. 
Cosmic radiation is that originating outside of our atmosphere. This radiation consists 
predominately, if not entirely, of protons whose energy spectrum peaks in the range of 
1 to 2 GeV. Heavy nuclei are also present. The impact of primary and very high energy 
secondary cosmic rays produces violent nuclear reactions in which many neutrons, 
protons, alpha particles, and other fragments are emitted. Most of the neutrons pro-
duced by cosmic rays are slowed to thermal energies and, by n, p (neutron–proton) re-
action with 14N, produce 14C. The lifetime of carbon-14 is long enough that it becomes 
thoroughly mixed with the exchangeable carbon at the earth’s surface (carbon dioxide, 
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IONIZING RADIATION  14-27

dissolved bicarbonate in the oceans, living organisms, etc.). Some of the cosmic radia-
tion penetrates to the earth’s surface and contributes directly to our whole body dose. 
Terrestrial radiation exposure comes from the 50 naturally occurring radionuclides 
found in the earth’s crust. Of these, radon has come to have the most significance as a 
common environmental hazard to the general public.
 Radon is the product of the radioactive decay of its parent, radium. Radium is 
produced from each of the three major series: 235U, 238U, and 232U. The radon iso-
topes produced are 222Rn, 220Rn, and 219Rn. These have half-lives of 3.8 days, 
55.6 s, and 3.92 s, respectively. 222Rn, because of its longer half-life and the abun-
dance of its parent uranium in geologic materials, is generally more abundant and, 
hence, is considered the greater environmental hazard. Because the half-life of ra-
dium and its parents is so long, the source is essentially undiminished over human 
time scales.
 The hazard of radon does not come from radon itself but from its radioactive decay 
products (218Po, 214Po, 214Bi). The decay products are charged atoms of heavy metals 
that readily attach themselves to airborne particulates. The main health problem stems 
from the inhalation of unattached decay products and these particulates. The decay 
products and particulates become lodged in the lung. As they continue to decay, they 
release small bursts of energy in the form of alpha, beta, and gamma radiation that dam-
age the lung tissue and could ultimately lead to lung cancer (Kuennen and Roth, 1989).
 Radon is a gas. It is colorless, odorless, and generally chemically inert like other 
noble gases such as helium, neon, krypton, and argon. It does not sorb, hydrolyze, 
oxidize, or precipitate. Thus, its movement through the ground is not inhibited by 
chemical interaction with the soil.
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Medical 15%

Total � 3.60 mSv/y

External background
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0.04 mSv House construction 1%

FIGURE 14-5
Average dose per year to person living in the United 
States. (Data Source: NCRP, 1987)
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 Migration of radon occurs by two mechanisms: diffusion as a gas through the pore 
spaces in the soil and by dissolution and transport in the groundwater. The rate of dif-
fusion or transport is a function of the emanation rate, porosity, structural channels, 
moisture content, and hydrologic conditions. These migration routes lead to two mech-
anisms of effect on people. Buildings constructed in areas of high radon emanation 
may have radon gas penetrate the structure through natural construction openings such 
as floor drains or joints (Table 14-3) or through structural failures such as cracks that 
develop from foundation settlement. In areas where the public water supply is drawn 
from an aquifer that has radon emanation, shower water may release radon. One rule of 
thumb is that a radon concentration of 10,000 pCi/L of water, when heated and agi-
tated, will produce about 1 pCi/L of air (Murane and Spears, 1987).

X-Rays
X-ray machine use is widespread in industry, medicine, and research. All such uses are 
potential sources of exposure.

Medical and Dental Use.  In addition to the 300,000–400,000 medical-technical 
personnel that are occupationally exposed to radiation in the use of these machines, a 
considerable portion of the general population is also exposed. A large portion of the 
2,500,000 persons seen daily by physicians have some x-ray diagnostic procedure per-
formed on them.

Industrial Uses.  Industrial x-ray devices include radiographic and fluoroscopic 
units used for the determination of defects in castings, fabricated structures, and welds, 
and fluoroscopic units used for the detection of foreign material in, for example, air-
line luggage. Use of these units may result in whole body exposure to the operators 
and people who are nearby.

Research Use.  High-voltage x-ray machines are becoming familiar features of re-
search laboratories in universities and similar institutions. Other x-ray equipment used 

TABLE 14-3
Radon gas measurements in the floor drains and in the basement air of 
seven houses

 Radon Concentration  Radon Concentration  Ratio 
House No. in Floor Drain (pCi/L) in Basement Air (pCi/L) Drain/Basement

 1 169.3 2.51 67.5
 2 98.4 2.24 43.9
 3 91.4 1.43 63.9
 4 413.3 1.87 221
 5 255.4 3.95 64.7
 6 173.4 3.02 57.4
 7 52.1 9.63 5.4
  Average  179.0 3.52
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in research includes x-ray diffraction units used for crystal analysis, electron micro-
scopes, and particle accelerators.

Radionuclides
Naturally Occurring.  Thousands of becquerels of radium is in use in the medical 
field. In this use, many individuals besides the patient, including other patients, nurses, 
technicians, radiologists, and physicians, are potentially exposed to radiation.
 Static eliminators, employing polonium or radium as the radioactive source, have 
been widely used in industry. Typical industries where they may be found are the tex-
tile and paper trades, printing, photographic processing, and telephone companies.

Artificially Produced.  Over 6,000 universities, hospitals, and research laboratories 
in the United States are using radionuclides for medical, biological, industrial, agricul-
tural, and scientific research and for medical diagnosis and therapy. Over a million 
people in the United States receive radiotherapy treatment each year. Possible exposure 
from such radionuclides is involved with their preparation, handling, application, and 
transportation. Exposures, internal and external, might also arise through contamina-
tion of the environment by wastes originating from the use of these materials.

Nuclear Reactor Operations
Sources of radiation exposure associated with nuclear reactor operations include the 
reactor itself; its ventilation and cooling wastes; procedures associated with the re-
moval and reprocessing of its “spent” fuel and the resulting fission-product wastes; 
and procedures associated with the mining, milling, and fabrication of new fuels.

Radioactive Wastes
There are three principal sources of radioactive wastes: reactors and chemical process-
ing plants, research facilities, and medical facilities. Regulations for the handling and 
disposal of radioactive wastes are designed to minimize exposure to the general public, 
but the regulations obviously provide less protection to those handling the waste.

14-5 RADIATION PROTECTION*

The principles discussed here are generally applicable to all types or energies of radia-
tion. Their application will vary however, depending on the type, intensity, and energy 
of the source. For example, beta particles from radioactive materials require different 
shielding from that for high-speed electrons from an accelerator. Ideally, we would like 
to provide protection that results in a radiation exposure of zero. In actuality, technical 
and economic limitations force us to compromise so that the risks are small compared 
with the benefits obtained. The radiation standards set the limit above which the risk is 
deemed to be too great.

*This discussion follows U.S. PHS, 1968.
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Reduction of External Radiation Hazards
Three fundamental methods are employed to reduce external radiation hazards: dis-
tance, shielding, and reduction of exposure time.

Distance.  Distance is not only very effective, but also in many instances the most 
easily applied principle of radiation protection. Beta particles of a single energy have 
a finite range in air. Sometimes the distance afforded by the use of remote control han-
dling devices will supply complete protection.
 The inverse square law for reduction of radiation intensity applies for point 
sources of x-, gamma, and neutron radiation. The inverse square law states that radia-
tion intensity from a point varies inversely as the square of the distance from the 
source.

 

I1

I2
5

(R2)2

(R1)2 (14-22)

where I1 is the radiation intensity at distance R1 from the source, and I2 is the radiation 
intensity at distance R2 from the source. Inspection of this formula will show that in-
creasing the distance by a factor of 3, for example, reduces the radiation intensity to 
one-ninth of its value. The inverse square law does not apply to extended sources or to 
radiation fields from multiple sources.
 X-ray tubes act sufficiently like point sources so that reduction calculations by this 
law are valid. Gamma ray sources whose dimensions are small in comparison with the 
distances involved may also be considered point sources, as can capsule neutron 
sources.

Shielding.  Shielding is one of the most important methods for radiation protection. 
It is accomplished by placing some absorbing material between the source and the per-
son to be protected. Radiation is attenuated in the absorbing medium. When so used, 
“absorption,” does not imply an occurrence such as a sponge soaking up water, but 
rather absorption here refers to the process of transferring the energy of the radiation 
to the atoms of the material through which the radiation passes. X- and gamma ra-
diation energy is lost by three methods: photoelectric effect, Compton effect, and pair 
production.
 The photoelectric effect is an all-or-none energy loss. The x-ray, or photon, imparts 
all of its energy to an orbital electron of some atom. This photon, because it consisted 
only of energy in the first place, simply vanishes. The energy is imparted to the orbital 
electron in the form of kinetic energy of motion, and this greatly increased energy 
overcomes the attractive force of the nucleus for the electron and causes the electron to 
fly from its orbit with considerable velocity. Thus, an ion pair results. The high- 
velocity electron (which is called a photoelectron) has sufficient energy to knock other 
electrons from the orbits of other atoms, and it goes on its way producing secondary 
ion pairs until all of its energy is expended.
 The Compton effect provides a means of partial energy loss for the incoming x- 
or gamma ray. Again the ray appears to interact with an orbital electron of some 
atom, but in the case of Compton interactions, only a part of the energy is transferred 
to the electron, and the x- or gamma ray “staggers on” in a weakened condition. The 
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high-velocity electron, now referred to as a Compton electron, produces secondary 
ionization in the same manner as does the photoelectron, and the weakened x-ray 
continues on until it loses more energy in another Compton interaction or disappears 
completely via the photoelectric effect. The unfortunate aspect of Compton interac-
tion is that the direction of flight of the weakened x- or gamma ray is different from 
that of the original. In fact, the weakened x- or gamma ray is frequently referred to 
as a “scattered” photon, and the entire process is known as Compton scattering. By this 
mechanism of interaction, the direction of photons in a beam may be randomized, so 
that scattered radiation may appear around corners and behind shields although at a 
lesser intensity.
 Pair production, the third type of interaction, is much rarer than either the pho-
toelectric or Compton effect. In fact, pair production is impossible unless the x- or 
gamma ray possesses at least 1 MeV of energy. (Practically speaking, it does not 
become important until it possesses 2 MeV of energy.) Pair production may be 
thought of as the lifting of an electron from a negative to a positive energy state. 
The pair is a positron–electron pair that results from the photon ejecting an elec-
tron and leaving a “hole” in the positron. If there is any excess energy in the photon 
above the 1 MeV required to create two electron masses, it is simply shared be-
tween the two electrons as kinetic energy of motion, and they fly out of the atom 
with great velocity. The negative electron behaves in exactly the ordinary way, 
producing secondary ion pairs until it loses all of its energy of motion. The posi-
tron also produces secondary ionization so long as it is in motion, but when it has 
lost its energy and slowed almost to a stop, it encounters a free negative electron 
somewhere in the material. The two are attracted by their opposite charges, and, 
upon contact, annihilate each other, converting both their masses into pure energy. 
Thus, two gamma rays of 0.51 MeV arise at the site of the annihilation. The ulti-
mate fate of the annihilation gammas is either photoelectric absorption or Compton 
scattering followed by photoelectric absorption.
 Because the energy of the photon must be greater than 1 MeV for pair production 
to occur, this process is not a factor in the absorption of x-rays used in dental and 
medical radiography. The energies of x-rays used in this type of radiography are rarely 
more than 0.1 MeV.
 The predominating mechanism of interaction with the shielding material depends 
on the energy of the radiation and the absorbing material. The photoelectric effect is 
most important at low energies, the Compton effect at intermediate energies, and pair 
production at high energies. As x- and gamma ray photons travel through an absorber, 
their decrease in number caused by the above-mentioned absorption processes is gov-
erned by the energy of radiation, the specific absorber medium, and the thickness of 
the absorber traversed. The general attenuation may be expressed as follows:

 

dI

dx
5 2uI0 (14-23)

where dI 5 reduction of radiation
 I0 5 incident radiation
 u 5 proportionality constant
 dx 5 thickness of absorber traversed
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Integrating yields

 I 5 I0 exp(2ux) (14-24)

Using this formula it is easy to calculate the radiation intensity behind a shield of 
thickness x, or to calculate the thickness of absorber necessary to reduce radiation 
intensity to a desired level, if the factor u is known. This factor is called the linear 
absorption coefficient when x is a linear dimension. The value of u depends on the 
energy of the radiation and the absorbing medium. The ratio I/I0 is sometimes called the 
transmission. Tables and graphs are available that give values of u determined experi-
mentally or that give transmission values for varying thickness or different shielding 
materials (Figures 14-6 through 14-9).
 If the radiation being attenuated does not meet narrow-beam conditions, or thick 
absorbers are involved, the absorption equation becomes

 I 5 BI0 exp(2ux) (14-25)

where B is the buildup factor that takes into account an increasing radiation intensity 
due to scattered radiation within the absorber.
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 For alpha and beta emissions from radionuclides (not accelerators), substantial 
attenuation can be achieved with modest shielding. The amount of shielding re-
quired is, of course, a function of the particle energy. For example, a 10-MeV al-
pha particle has a range of 1.14 m in air, whereas a 1-MeV particle has a range of 
2.28 cm. Virtually any solid material of any substance can be used to shield alpha 
particles. Beta particles can also be shielded relatively easily. For example a 32P 
beta at 1.71 MeV can be attenuated 99.8 percent by 0.25 cm of aluminum. How-
ever, materials with high atomic numbers, such as metals, should not be used for 
high- energy beta shielding due to the production of Bremsstrahlung radiation (ra-
diation produced by stopping another kind of radiation). In materials with high 
atomic numbers, the beta particle is absorbed, but the excess “trapped” energy is 
released in the form of an x-ray. For this reason, Plexiglas or Lucite, typically 
6–12 mm thick, is often used.
 Fast neutrons are poorly absorbed by most materials. Therefore, it is necessary to 
slow them down for efficient absorption. Because the greatest transfer of energy takes 
place in collisions between particles of equal mass, hydrogenous materials are most 
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effective for slowing down fast neutrons. Water, paraffin, and concrete are all rich in 
hydrogen, and thus, important in neutron shielding. Once the neutrons have been re-
duced in energy, they may be absorbed by either boron or cadmium. When a boron 
atom captures a neutron, it emits an alpha particle, but because of the extremely short 
range of alpha particles, no additional hazard results. Neutron capture by cadmium 
results in the emission of gamma radiation. Lead or a similar gamma absorber must be 
used as a shield. A complete shield for a capsule-type neutron source may consist of, 
first, a thick layer of paraffin to slow down the neutrons, then a surrounding layer of 
cadmium to absorb the slow neutrons, and finally, an outer layer of lead to absorb both 
the gammas produced in the cadmium and those emanating from the capsule.
 Some care must be exercised in using shielding to reduce exposure. People outside 
the “shadow” cast by the shield are not necessarily protected. A wall or partition is not 
necessarily a safe shield for persons on the other side. Their allowable dose may be less 
than conceived in the design of the barrier. Radiation can “bounce around corners” be-
cause it can be scattered.
 Scattered radiation is present to some extent whenever an absorbing medium is in the 
path of radiation. The absorber then acts as a new source of radiation. Frequently, room 
walls, the floor, and other solid objects are near enough to a source of radiation to make 
scatter appreciable. When a point source is used under these conditions, the inverse square 
law is no longer completely valid for computing radiation intensity at a distance. Measure-
ment of the radiation is then necessary to determine the potential exposure at any point.

Reduction of Exposure Time.  By limiting the duration of exposure to all radiation 
sources and by providing ample recuperative time between exposures, the untoward 
effects of radiation can be minimized. Recognition of the zero threshold theory of 
damage warrants that exposures, no matter how small, be minimized. The standards 
established by the NRC are upper bounds to be avoided and not goals to be achieved.
 In emergency situations it may occasionally be necessary to work in areas of very 
high dose rates. This can be done with safety by limiting the total exposure time so that 
the average permissible value for a day based on the radiation protection guide dose of 
1 3 1023 Gy (0.1 rad) per week is not exceeded. This does not imply that a worker 
should be allowed to extend this practice beyond receiving 1 3 1023 Gy in a short 
period of time, that is, a dose of 1 3 1023 Gy one day and no dose for 6 days would 
comply with the rule but would be considered excessive. Repetitions of this cycle 
would be unacceptable. Emergency situations may require that work be done in relays 
of several people in the same job so that the value of the radiation protection guide is 
not exceeded by any one person.

Reduction of Internal Radiation Hazards
Occupational.  The prevention and control of contamination is the most effective 
way to reduce internal hazards in the workplace. The use of protective devices and 
good handling techniques affords a large measure of protection. Dust should be kept 
to a minimum by elimination of dry sweeping. Laboratory operations should be car-
ried out in a hood. The exhaust air from the hood must be filtered with a high- 
efficiency filter. The filter must be replaced regularly in an approved manner. Protective 
clothing should be worn so that normal street clothes do not become con taminated. 
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Respirators should be worn during emergency operations or when dust is generated. 
Eating must not be permitted in areas where radioactive materials are handled. Proper 
training in the care and handling of radioactive materials is, perhaps, the most  important 
method for reducing the potential for internal radiation exposure in the workplace.

Radon.  The most likely nonoccupational internal radiation hazard is from radon in 
private dwellings. Because the radon primarily originates in the soil beneath the house, 
control efforts are aimed at the basement or crawl space.
 The EPA suggests two major approaches for new construction: reduction of the 
pathways for radon entry and reduction of the draft of the house on surrounding and 
underlying soil. The methods to reduce the pathways for entry are summarized in 
Figure 14-10. Of particular concern are penetrations into the foundation such as floor 
drains (see Table 14-3) and cracks in the floor. The use of a polyethylene sheet below 
the slab is particularly effective for controlling leaks that result from slab cracks that 
develop as the house settles. Because heat in the upper floors tends to rise, creating a 
draft much like a chimney, the house has a tendency to create a negative pressure on 
the basement and, hence, “suck in” radon from the soil pore spaces. Figure 14-11 
shows some techniques to minimize the draft effect (Murane and Spears, 1987).
 For existing structures, the remedies are more difficult to install, will be expen-
sive, and may not yield satisfactory results. If drain tiles are present around the outside 
or inside of the perimeter footings, these are ideally located to permit vacuum to be 
drawn near some of the major soil gas entry routes (the joint between the slab and the 
foundation wall and the footing region where the radon can enter the voids in the block 
walls). Other efforts have included drilling holes in the slab itself and creating a vac-
uum system beneath the whole slab. Several suction points (three to seven) are re-
quired for this technique to work (Henschel and Scott, 1987). One demonstration 
project showed that jacking the house off the foundation and sealing the block walls 
was effective. In addition, a proprietary epoxy coating was applied to the floor and 
walls (Figure 14-12) (Ibach and Gallagher, 1987).
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FIGURE 14-10
Methods to reduce pathways for radon entry.
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Methods to reduce the vacuum.
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Interior membrane linings and sealants to prevent radon gas infiltration. (Source: Ibach and Gallagher, 1987.)
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14-6 RADIOACTIVE WASTE

Types of Waste
No single scheme is satisfactory for classifying radioactive waste in a quantitative 
way. Usage has led us to categorize wastes into “levels.” High-level wastes are those 
with activities measured in curies per liter; intermediate-level wastes have activities 
measured in millicuries per liter; low-level wastes have activities measured in micro-
curies per liter. Other classifications skip the intermediate-level wastes and use the 
terms high-level, transuranic, and low-level. The high-level wastes (HLW) are those 
resulting from reprocessing of spent fuel or the spent fuel itself from nuclear reac-
tors. Transuranic wastes are those containing isotopes above uranium in the periodic 
table. They are the by-products of fuel assembly, weapons fabrication, and repro-
cessing. In general their radioactivity is low but they contain long-lived isotopes 
(those with half-lives greater than 20 years). The bulk of low-level wastes (LLW) 
has relatively little radioactivity. Most require little or no shielding and may be han-
dled by direct contact.

Management of High-Level Radioactive Waste
In 2010, there were about 104 operating reactors in the United States (EIA, 2005). 
Roughly 10 m3 of spent fuel is generated annually from each of these reactors. The 
construction of the fuel assembly results in considerably less fission product waste. 
Approximately 0.1 m3 of the 10 m3 is fission product waste. Of course, it is evenly 
distributed throughout the assembly and cannot be easily separated. The management 
choices are (1) store it indefinitely in the form in which it was removed from the 
reactor, (2) reprocess it to extract the fission products and recycle the other materials, 
or (3) dispose of it by burial or other isolation technique.
 Under the Nuclear Waste Policy Act of 1987, Congress has prescribed that a stor-
age facility be constructed that will not become permanent. President George W. Bush, 
on July 23, 2002, designated the monitored retrievable storage facility to be sited at 
Yucca Mountain, Nevada. The NRC has detailed the rules for the site in the Code of 
Federal Regulations (10 CFR 60.113). Some of the important provisions are summa-
rized here (Murray, 1989).

 1. The design and operation of the facility should not pose an unreasonable risk to 
the health and safety of the public. The radiation dose limit is a small fraction of 
that due to natural background.

 2. A multiple barrier is to be used.

 3. A thorough site study must be made. Geologic and hydrologic characteristics 
of the site must be favorable.

 4. The repository must be located where there are no attractive resources, be far 
from population centers, and be under federal control.

 5. High-level wastes are to be retrievable for up to 50 years from the start of 
 operations.
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14-38  INTRODUCTION TO ENVIRONMENTAL ENGINEERING

 6. The waste package must be designed to take into account all of the possible 
effects from earthquakes to accidental mishandling.

 7. The package is to have a design life of 300 years.

 8. Groundwater travel time from the repository to the source of public water is to 
be at least 1,000 years.

 9. The annual release of radionuclides must be less than one part in 100,000 per 
year of the amount of the radioactivity that is present 1,000 years after the 
repository is closed.

Waste Isolation Pilot Plant
The waste isolation pilot plant (WIPP) project was authorized by Congress in 1979. 
After much political negotiation, the WIPP was authorized as a military transuranic 
waste facility exempt from licensing by the NRC. The facility consists of 16 km of 
shafts and tunnels 650 m below ground in southeast New Mexico. The geologic mate-
rial is a Permian salt basin. It began accepting waste in March 1999.

Management of Low-Level Radioactive Waste
Historical Perspective.  Between 1962 and 1971, six commercial waste disposal 
sites were licensed. Three were subsequently closed because they failed. The three 
sites (Maxey Flats, Kentucky; Sheffield, Illinois; and West Valley, New York) all expe-
rienced similar problems. They used shallow land burial to dispose of the waste. This 
was accomplished by excavating a trench about 3–6 m deep and placing the drums and 
other containers (often cardboard boxes) of radionuclides in the trench and covering 
them with excavated soil. The completed trench was covered with a mound of earth 
and seeded.
 Water seeped through the cover material and animals burrowed through it. The 
heavy clay sites chosen precisely to limit passage to the groundwater system served as 
holding ponds for the rainwater and ultimately accelerated the corrosion of the drums. 
At West Valley, when increased radioactivity called attention to this phenomenon, the 
trenches were opened and pumped to the nearest stream! Concurrently, it was discov-
ered that the drums were often 30–50 percent empty. This, combined with the fact that 
the backfill material was heavy clay that did not completely fill the void spaces between 
the drums, allowed significant settlement of the cover material. This enhanced the col-
lection of precipitation that contributed to the corrosion and failure of the drums.
 These episodes led to a major rethinking about how we should manage our radio-
active wastes. One result was that in 1980, Congress enacted the Low-Level Waste 
Policy Act. It says that each state is responsible for providing for the availability of 
capacity either within or outside of the state for disposal of low-level radioactive waste 
generated within its borders. The law provided for the formation of compacts between 
states to allow a regional approach to management. As of March 2004, the compact 
organization was as shown in Figure 14-13. The compacts decide what facilities are 
required and which states will serve as hosts. Although the compacts were supposed to 
begin accepting waste in 1986, the negotiation process has taken longer than expected 
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and the deadline has been extended to beyond 2010. Many compacts have yet to select 
sites, let alone begin construction. The three currently available sites will soon run out 
of capacity, so there is some urgency to solve the problem.

Waste Minimization.  As with all waste problems we have dealt with in this text, the 
first step in managing low-level radioactive waste is to minimize its production. Since 
1980, considerable strides have been made in reducing the volume of LLRW (Figure 
14-14). A number of procedures can be effectively employed.
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FIGURE 14-13
Low-level radioactive waste compacts. Data as of March 2004. (Source: Nuclear Regulatory Commission.)
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 Immediate sorting of solid radioactive waste from nonradioactive waste is an es-
sential initial step in any scheme for the reduction of the volume of that waste and for 
the recovery of radionuclides from uranium and transuranium waste. It is optimistic to 
expect much reduction of that volume of waste by sorting out uncontaminated waste 
unless it is done at the point of origin. Training plant personnel to do this work at the 
point of origin has been reasonably successful. To ask radioactive waste management 
personnel to do the sorting of an unknown mixture of wastes at a subsequent time and 
place creates an unacceptable hazard of exposure to radiation by inhalation, injury, or 
ambient external exposure.
 Often material only suspected of being radioactively contaminated is labeled and 
disposed of as such without necessarily actually being radioactive. Much of the so-called 
radioactive waste fits into such a category merely because of the place where it was gen-
erated. The cost of assaying such suspected low-level solid wastes to determine their true 
radioactive content is such that it is often cheaper to combine suspected waste with 
known radioactive waste than to separate it. This suspicious but not always radioactive 
waste takes up burial space unnecessarily. Time, effort, and money are needlessly ex-
pended in putting these nonradioactive wastes in the special radioactive waste landfills.
 It has been a general practice to assume that all waste is radioactive if it has been 
generated in a laboratory using radioactive materials or by a radiochemical or similar 
processing activity. It is termed “radiation zone” or “contaminated area” wastes. Thus, 
waste that is suitable for disposal in a municipal landfill is mixed with contaminated 
waste. The burden of proof that the waste is not radioactive is on the person certifying 
or releasing the waste. Testing of the waste is time-consuming and is often omitted.
 Probably the method most likely to succeed in reducing the amount of nonradioac-
tive waste is a careful delineation and reduction of the so-called radiation zone and con-
tamination areas. It is now common to define such areas rather broadly and to include 
certain zones and areas from which it should be obvious that the waste would not be ra-
dioactive. An example would be the office and administrative areas within a radiation 
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FIGURE 14-14
Low-level radioactive waste disposal. (Source: www.nrc.gov/waste/llw_disposal/
statistics.html.)
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zone. Such areas produce much nonradioactive waste that is often included for conve-
nience in the low-level solid radioactive waste from the technical areas. In laboratory 
situations where nonradioactive wastes are generated alongside the radioactive waste, 
point source segregation can result in minimal radioactive waste generation.
 Separation of combustible or compactible waste at the point of origin both im-
proves waste handling and reduces volume. By sorting, wastes that are not compatible 
for incineration do not have to be handled at the incinerator. Because the volume re-
duction in an incinerator is greater than that in a compactor, the more wastes that are 
capable of incineration that reach the incinerator rather than the compactor, the greater 
the volume reduction.

Volume Reduction by Compression.  Compression of solid low-level radioactive 
waste is suitable for about half the waste generated. There are three kinds of compres-
sion devices: compactors, balers, and baggers.
 Compactors force material into the final storage, shipping, or disposal container. A 
favorite container is the 0.21 m3 drum. Some space saving is possible. A variant of the 
compactor is called the packer. In this device, the material is compressed into a reusable 
container. At the burial grounds, the compacted material is dumped directly without any 
effort to retain its compacted form. Space saving is minimal with packer systems.
 Balers compress the waste into bales that are wrapped, tied, or banded and then 
stored, shipped, or disposed of in burial grounds. Considerable space saving is possi-
ble with balers.
 Baggers compress waste into a predetermined shape that is injected into round or 
rectangular bags, boxes, or drums before storage, shipment, or disposal. Some space 
saving is possible with this method of compaction.
 These three techniques may be suited to general and sometimes even to unique 
situations. Unfortunately, such treatment does not reduce the possibility of burning 
while in storage, and only certain materials are suitable for compaction. These include 
paper, cloth, rubber, plastics, wood, glass, and small light metal objects. Large, rigid 
metal objects must be excluded because they are usually relatively incompressible and 
can damage the container and compressing machinery. Moisture (free or absorbed in 
large quantities by blotting paper or rags) has to be avoided because of its potential 
forcible release under high pressure, creating a great hazard to operators. Obviously, 
corrosive, pyrophoric, and explosive waste must be excluded from such processing, 
whether it is organic or inorganic.
 The compression machinery must be economical, reliable, and easy to operate. 
Many commercial devices are available, but all must be modified by providing air 
containment, off-gas ventilation, often filtration, and, if necessary, shielding.

Volume Reduction by Incineration.  Reduction of volumes of solid radioactive 
waste by incineration has interested managers of low-level radioactive waste, particu-
larly in those parts of the world where land area is at a premium and costs are high. 
 Under these conditions, the advantages of volume reduction are so great that the draw-
backs seem only obstacles to be surmounted. In Europe, where land is scarce and more 
revered, the incineration of solid combustible radioactive waste is a common and ap-
parently satisfactory method of pretreatment before final disposal.
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 There are certain advantages, such as volume reductions of 80–90 percent, re-
ported for selected burnable waste. This may be a high estimate if such factors as resi-
dues from off-gas treatment and refractory changes are considered. This would 
represent a considerable saving in land used for burial, in transportation, and in long-
term monitoring. In addition, it would free us from the nagging worry about the pos-
sible problem of long-burning subterranean fires. Special attention should be given 
to the problems of burning organic matter (solvents, ion-exchange resins, etc.) and 
putrescible biological material (animal cadavers, excreta, etc.). Incineration of radio-
active waste must be carried out under controlled conditions to prevent the formation 
of radioactive aerosols and must comply with both RCRA and NRC rules if the wastes 
are RCRA wastes as well as being radioactive.

Long-Term Management and Containment
Site Selection.  One concern in the burial of radioactive waste is that groundwater 
or infiltrating surface water will leach the waste and mobilize the radioactive materials. 
The radionuclides would be carried by this water back to the surface as a part of 
natural groundwater discharge or through a water well. Because of this concern, 
hydrogeologic and hydrochemical considerations in site selection become 
paramount.
 The types of hydrogeologic and hydrochemical data that may be needed to deter-
mine whether or not a site is adequate include (Papadopulos and Winograd, 1974):

 1. Depth to water table, including perched water tables, if present

 2. Distance to nearest points of groundwater, spring water, or surface water usage 
(including well and spring inventory, and, particularly, wells available to the 
public)

 3. Ratio of pan evaporation to precipitation minus runoff (by month for a period 
of at least 2 years)

 4. Water table contour map

 5. Magnitude of annual water table fluctuation

 6. Stratigraphy and structure to base of shallowest confined aquifer

 7. Baseflow data on perennial streams traversing or adjacent to storage site

 8. Chemistry of water in aquifers and aquitards and of leachate from the waste 
trenches

 9. Laboratory measurements of hydraulic conductivity, effective porosity, and 
mineralogy of core and grab samples (from trenches) of each lithology in 
unsaturated and saturated (to base of shallowest confined aquifer) zone- 
hydraulic conductivity to be measured at different water contents and tensions

 10. Neutron moisture meter measurements of moisture content of unsaturated 
zone measurements to be made in specially constructed holes (at least 2 years’ 
record needed)
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 11. In situ measurements of soil moisture tension in upper 4.5–9 m of unsaturated 
zone (at least 2 years’ record needed)

 12. Three-dimensional distribution of head in all saturated hydrostratigraphic 
units to base of shallowest confined aquifer

 13. Pumping, bailing, or slug tests to determine transmissivity and storage coef-
ficients

 14. Definition of recharge and discharge areas for unconfined and shallowest con-
fined aquifers

 15. Field measurements of dispersivity coefficients

 16. Laboratory and field determination of the distribution coefficient for move-
ment of critical nuclides through all hydrostratigraphic units

 17. Rates of denudation or slope retreat

These data are necessary for a complete definition of flow and nuclide transport 
through both the unsaturated and saturated zones.
 It is not possible to immobilize a radioactive contaminant in a burial site for long 
periods of geologic time (i.e., for millions of years) with complete certainty. However, 
there appear to be hydrogeologic environments in which these contaminants can be 
kept below the surface and away from people until they have decayed to acceptable 
levels.
 The problem is not merely a matter of ensuring optimum confinement, but also 
one of ensuring confinement for a minimum but specified time or describing and pre-
dicting the performance of these radioactive contaminants in the subsurface until this 
period has elapsed. For this reason, burial sites having complex hydrogeology in which 
such predictions are difficult or impossible are probably not suitable for storing radio-
active waste.
 From a geological standpoint, there appear to be two basic approaches to the long-
term control of buried radioactive waste. The simplest approach is to prevent water 
from reaching the waste and thereby to eliminate the possibility of contaminants in the 
waste being mobilized. In arid climates, where there is little or no infiltration, this ap-
pears to be feasible.
 In humid climates, where there is infiltration, some sort of engineered container or 
facilities that would isolate the waste from the water for hundreds of years is necessary. 
Whether or not such a facility can be designed, constructed, and demonstrated remains 
to be seen.
 The second approach to long-term control involves burying the waste in a hydro-
geologic environment that can be demonstrated to be safe despite the fact that radioac-
tive contaminants can and will be mobilized. Demonstrating that such sites are, in fact, 
safe requires a quantitative evaluation of the factors influencing contaminant move-
ment. Such an evaluation may be quite difficult but appears to be our only option if we 
wish to bury radioactive waste in humid climates or in climates where infiltration is 
capable of mobilizing or leaching the buried waste.
 It is also important to give attention to the possible biological and microbiological 
environment of a burial site. Soil microorganisms, earthworms, larger burrowing  animals, 
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and the deep taproots of plants seeking water and nourishment (particularly in desert 
areas) can all be factors in moving components of waste out of a burial place into the 
biosphere. Some organisms can release organic compounds into the soil that can serve as 
complexing agents to mobilize otherwise insoluble contaminants. Some organisms can 
concentrate radionuclides by surprisingly high factors from their environment and so can 
change both the biochemical availability and the distribution of a radionuclide.

Site Selection Criteria.  Michigan’s site selection criteria serve to illustrate the fac-
tors that need to be considered in selecting disposal sites.
 The first objective is to avoid population centers and conflicts with human activi-
ties. Michigan established an isolation distance of 1 km and required that projected 
population growth must not infringe to the extent that it would interfere with health 
and safety performance objectives of environmental monitoring.
 Areas within 1.6 km of a fault where tectonic movement has occurred within the 
last 10,000 years are excluded as candidate sites. Likewise excluded are areas where 
significant earthquake intensity has been measured and flood plains exist. Mass wast-
ing, erosion, and similar geologic processes are to be evaluated for possible damage to 
the facility.
 Areas where groundwater flows from sites more than 30 m in 100 years or where 
groundwater could reach an aquifer in less than 500 years are excluded. The criteria 
also exclude areas over sole source aquifers and areas where groundwater discharges to 
the surface within 1 km. The facility may not be built within 16 km of the Great Lakes.
 The criteria specify that the safest transportation net will be used. Highways with 
low accident rates located away from population centers are favored.
 The site must have no complex meteorological characteristics and must avoid 
resource development conflicts. Likewise, environmentally sensitive areas such as 
wetlands and shorelands must be avoided. Areas that have formally proposed or ap-
proved development plans as of January 1, 1988, are excluded.
 These criteria are extremely rigorous. Because of these constraints and the more 
serious problem of public opposition, no new sites have been finalized in the United 
States. Some compacts have had severe problems and conflicts that have resulted in 
the expulsion of one of the states. For example, after being selected as the host state, 
Michigan failed to identify an acceptable site and was expelled from the Midwest 
Compact.
 A few compacts are proceeding quite well. These compacts are involving the 
 public, community officials, regulators, and generators in joint efforts to identify sites, 
complete licensing applications, secure contractors, and construct the site. The most 
successful approach appears to be one of identification of actual candidate sites fol-
lowed by a volunteer applicant.
 The three currently operating sites in the United States are at Hanford, Washington; 
Envirocare in Utah; and Barnwell, South Carolina. These sites are accepting low-level 
radioactive waste from across the United States. There is a tremendous financial 
advantage to them in doing so. In 2005, the total cost ranged between $400/ft3 for 
compact members to $1,625/ft3 for noncompact users. Many generators have been stor-
ing this waste for several years (e.g., in Michigan, 55 generators have been storing 
waste for five years) and they are willing to pay these prices because of the lack of space.
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Engineered Containment Structures.  As mentioned above, in humid climates, land 
burial is not acceptable. Michigan, as an example, has passed a statute that prohibits it. 
The alternative is an engineered structure. Engineered structures for the containment of 
waste must be designed with the intent to keep water, which can mobilize the contami-
nants, out of the facility. The Michigan statute specifies that each technology considered 
fulfills three requirements:

 1. Maximum containment until the waste naturally decays to nonhazardous levels;

 2. Capability to identify and retrieve wastes if necessary; and

 3. Comprehensive monitoring of the facility and its environment.

 There are four conceptual designs being considered by the Midwest Compact that 
would typify the various possible approaches. They are (1) aboveground vault, (2) below-
ground vault, (3) aboveground modular concrete canister, and (4) belowground concrete 
canister.
 An aboveground vault is a large, reinforced concrete structure with access through 
the top or side walls for placing the waste inside (Figure 14-15). When a cell is filled, 
the vault will be sealed with a roof of concrete or some other suitable material. It must 
be designed to withstand earthquakes, tornadoes, floods, and fire.
 The belowground vault is similar to the aboveground vault except that it is located 
below ground (Figure 14-16). A compacted clay cover serves as part of the seal.
 The aboveground concrete canister method consists of placing the low-level radio-
active waste in large, precast concrete containers that are then stacked in an engineered 
structure (Figure 14-17).
 The belowground concrete canister method follows the same principles as the 
aboveground system, but the canisters are placed in a vault below ground (Figure 
14-18).

FIGURE 14-15
Aboveground vault for low-level radioactive waste disposal/storage.
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Monitoring Systems.  A monitoring system must operate both at permanent burial 
sites and at storage sites so that surface or air contamination will be detected quickly. 
Ground and surface water beneath or very near to the burial facilities should be moni-
tored sufficiently often to give the earliest practical warning of failure of any facilities. 
“Failure” is defined as significant contamination of the ground or surface water in ex-
cess of standards that have been set for the disposal site.
 Early detection of contamination is most important. Unlike surface water, ground-
water usually moves slowly, and if contaminants move unexpectedly, we must know 
about it before significant amounts have left the disposal site. Interception of the 

FIGURE 14-16
Belowground vault for low-level radioactive waste disposal/storage.

FIGURE 14-17
Aboveground canister storage for low-level radioactive waste.
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 contaminants is not likely to be simple or prompt if this has not been considered in 
selection of the site or the design of facilities.
 Should it be necessary to take remedial measures to eliminate further discharges, 
the smaller the amount of waste involved, the simpler these measures are likely to be. 
Early detection of contaminants generally requires that monitoring points be placed as 
close as possible to the waste.
 Air monitoring should be provided around the site. Likewise, monitoring should 
also include adequate biological and ecological sampling to detect entrance of radio-
nuclides into the local biosphere.

Contingency Plan.  Contingency plans must be made to cover all foreseeable acci-
dents or failures. They must include plans for corrective action in the event that moni-
toring shows a hazardous spread of contamination. These plans should include natural 
disaster precautions as well as more chronic types of failures.

Records Management.  Duplicate records of the types, quantities, and concentra-
tions of radioactive waste nuclides delivered to a burial site must be made and filed 
with more than one record bank. Reports on monitoring results and significant inci-
dents, such as spills or unanticipated release of waste, must be filed with more than 
one record bank. These records should show the real (that is, observed, not calculated) 
level of contamination of the environment (including the ground area). These records 
must be in such a form that they will be useful and available for the effective length of 
time that the waste burial facility will require human attention.

Nonexhumation of Radioactive Wastes.  Exhumation of waste originally buried 
without any intent of later retrieval is potentially a very hazardous operation. The 

FIGURE 14-18
Belowground canister storage for low-level radioactive waste.
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 National Academy of Science recommends that exhumation not be made unless there is 
a credible reason to believe that a significant radiation hazard could arise from leaving 
the waste where it is and that the wastes can be exhumed safely (National Research 
Council, 1976). As a corollary to this recommendation, radioactive waste should not be 
exhumed and put into temporary engineered storage where the material must await a 
 final decision on permanent disposal. Experience has shown that “temporary” storage 
may in reality be permanent storage because of the political realities in being able to 
relocate it.

14-7  CHAPTER REVIEW

When you have completed studying this chapter, you should be able to do the following 
without the aid of your textbook or notes:

 1. Explain what an isotope is.

 2. Explain why some isotopes are radioactive and others are not.

 3. Explain how alpha, beta, x-ray, and gamma ray emissions occur and how 
they differ.

 4. Define the unit becquerel.

 5. Explain the process of fission in a nuclear reactor.

 6. Explain how x-rays are produced in an x-ray machine.

 7. Define the concept of radiation dose and the units of roentgen, rad, Gy, Sv, 
and rem.

 8. Explain the concepts of RBE and WT.

 9. List the pattern of biological effects of radiation.

 10. Discuss the determinants of biological effects.

 11. Discuss the difference between acute and delayed biological effects of  radiation.

 12. List three possible delayed effects of radiation exposure.

 13. State the acceptable occupational and nonoccupational dose of radiation as 
established by the NRC.

 14. Explain the difference between internal and external radiation hazard.

 15. Select a material and its thickness to protect against alpha or beta radiation.

 16. Describe the sources of background radiation.

 17. Explain why radon is a hazard and the mechanism by which the hazard is 
 realized.

 18. List three fundamental methods of reducing external radiation hazard.

 19. Explain how to reduce occupational exposure to internal radiation hazards.
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 20. Describe how radon enters a house and give some techniques that may be 
used to inhibit radon entry.

 21. List and describe the three types of radioactive waste (HLW, transuranic, and 
LLW).

 22. Describe how each type of radioactive waste is to be disposed of.

 23. Discuss waste minimization practice in reducing the volume of LLW.

With the aid of this text, you should be able to do the following:

 24. Determine what particles are emitted in a given decay chain.

 25. Determine the activity of a radioisotope given the original activity and the 
time interval.

 26. Determine the activity resulting from the growth of a daughter product from 
a parent radionuclide.

 27. Determine the time to achieve maximum activity of a daughter product.

 28. Apply the inverse square law to determine radiation intensity.

 29. Determine whether a combination of radionuclides exceeds the permissible 
concentrations.

 30. Calculate the radiation intensity behind a shielding material or the 
desired thickness of a shielding material to achieve a reduction of radiation 
intensity.

14-8 PROBLEMS

14-1. What are the elements 40
18X and 14

7X?

Answer: Argon and nitrogen

14-2. What are the elements 84X and 238
92X?

14-3. What particle is emitted in the decay chain represented by

14
6CS 14

7N

Answer: Beta

14-4. What particle is emitted in the decay chain represented by

32
15PS 32

16S

14-5. What particles are emitted in each step in the decay chain represented by

226
88RaS 222

86RnS 218
84PoS 214

82Pb

Answer: Alpha particle in each case
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14-6. What particles are emitted in each step in the decay chain represented by

214
82PbS 214

83BiS 214
84PoS 210

82PbS 210
83BiS 210

84PoS 206
82Pb

14-7. What particles are emitted in each step in the decay chain represented by

238
92US 234

90ThS 234
91PaS 234

92U

14-8. Show that if a positron and electron are annihilated, then an energy of 
1.02 MeV is released.

14-9. A laboratory solution containing 0.5 mCi/L of 32P is to be disposed of. 
How long must the radioisotope be held to meet the allowable discharge 
activity?

14-10. An accident has contaminated a laboratory with 45Ca. The radiation level 
is 10 times the tolerance level. How long must the room be isolated before 
the tolerance level is reached?

14-11. A hospital waste containing 100 mCi/L of 131I is to be disposed of. How 
long must the radioisotope be held to meet the allowable discharge activity?

14-12. If in August 1911, Mme. Curie prepared an international standard contain-
ing 20.00 mg of RaCl2, what was the radium content of this standard in 
 August 2010?

14-13. What is the mass of a 50 mCi sample of pure 131I?

Answer: 4.04 3 10210 g

14-14. By emitting an alpha particle, 210Po decays to 206Pb. If the half-life of 
210Po is 138.4 d, what volume of 4He will be produced in 1 year from 
50 Ci of 210Po? Assume the gas is at standard temperature and pressure.

14-15. Using a spreadsheet program you have written, calculate and plot the 
growth curve of 222Rn from an initially pure sample of 226Ra. Assume no 
222Rn is present initially.

14-16. When an x-ray unit is operated at 70 kV and 5 mA, it produces an inten-
sity of D R/min at 1.0 m from the source. What intensity will it produce 
2.0 m from the source?

14-17. If the source of x-rays in Problem 14-16 is operated at 15 mA, what inten-
sity will be produced 2.0 m from the source?

Answer: 0.75 D

14-18. What thickness (in cm) of lead is required to shield a 60Co source so that 
the transmission is reduced 99.6 percent?

14-19. What is the equivalent thickness (in cm) of concrete to accomplish the 
same attenuation as the lead in Problem 14-18?

Answer: ~55 cm
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14-20. An existing concrete wall that is 25 cm thick is to be used to shield a 60Co 
source so that the transmission is reduced 99.6 percent. What additional 
thickness (in cm) of lead is required to achieve this transmission reduction?

14-21. Determine the proportionality constant u for lead when it is used to 
shield 137Cs.

14-22. Determine the proportionality constant u for iron when it is used to 
shield 137Cs.

Answer: u 5 0.391

14-9 DISCUSSION QUESTIONS

14-1. Explain why an archaeological artifact such as wood or bone may be dated 
by measuring its concentration of carbon-14.

14-2. Would you expect the tissue weighting factor (WT) for x-rays to the big toe 
to be greater than, less than, or the same as that for radioiodine to the thy-
roid? Explain your choice.

14-3. What kind of radionuclide emitter (alpha, beta, gamma, or x-ray) is most 
dangerous from an internal hazard point of view? Explain why.

14-4. A laboratory worker has requested your advice on a shield for work she is 
doing with high-energy beta particles. What would you recommend?

14-5. You have an opportunity to purchase an older home with a basement that 
is serviced by a floor drain. What measures might you request to limit the 
migration of radon into the basement?

14-6. What is the status of the proposed Yucca Mountain disposal site? How 
much money has been spent to determine if this site is acceptable.

14-10 FE EXAM FORMATTED PROBLEMS

 14-1. The radioactive intensity measured 12 m from a spill is 18,000 times the 
safe level. At what distance must a safe perimeter be established to prevent 
access during thecleanup?

   a. 2.59 3 106 m b. 1.61 3 103 m
   c. 2.16 3 105 m d. 1.93 3 104 m

 14-2. Determine the radioactive decay constant for radon. The half-life is 3,825 d.

   a. 0.181 d21 b. 5.52 d21

   c. 7.65 d2l d 0.693 d21

 14-3. If the sewer discharge standard for phosphorus-32 is 9 3 1026 mCi/mL, 
how long must a solution containing 0.60 mCi/L be held to meet the 
 discharge standard? The half-life of phosphorus-32 is 14.3 d.

   a. 88 d b. 0.29 d
   c. 231 d d. 98 d
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 13.4. What particle is emitted in the decay shown below?

 238
92US 234

90Th

   a. Beta b. Gamma
   c. X-ray d. Alpha
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