Radioactivity

Scientific work must not be considered from the point of view of the direct usefulness of it. It must be
done for itself, for the beauty of science, and then there is always the chance that a scientific discov-
ery may become like the radium, a benefit.

4.1 The Discovery

As previously discussed, in 1895 Rontgen discovered
x-rays as a result of the fluorescence they caused on a
screen coated with barium platinum cyanide noticed
that x-rays became fluorescent in the area where the
cathode rays (electrons) interacted with the glass.

Two months later, Henry Becquerel, Professor of
Physics at the Ecole Polytechnique in Paris, heard
about the discovery of x-rays and immediately thought
of a possible connection between x-rays and fluores-
cence. He quickly initiated a series of experiments to
test whether fluorescent substances emitted x-rays. In
February 1986, he was exploring the possibility that
sunlight might cause crystals to emit penetrating rays
like the x-rays. As luck would have it, he used uranium-—
potassium bisulfate (uranium salts were known to be
phosphorescent). These crystals were placed next to a
photographic plate that was wrapped in dark paper. If
sunlight causes the crystals to emit penetrating rays,
then these rays might penetrate the paper, and darken
the plate. Because the weather was cloudy, Becquerel
placed the unwrapped plate in the drawer of a cabinet,
but left the crystals on the cabinet. When he developed
the plate a couple of days later, to his surprise he found
an intense darkening on it, caused by exposure to radi-
ation. He immediately concluded that some invisible
rays from the uranium had penetrated the cabinet and
the dark paper covering the plate, and finally exposed
the photographic plate. For a few years, these rays
were known as Becquerel rays or rayons uranique.

Marie Curie

Becquerel soon discovered that the rays from the ura-
nium also ionized gases, thus, making them conduc-
tors. A crude and simple gold leafed electroscope was
used to measure the activity of this radiation.

In 1898, Maria Sklodowska Curie and Pierre Curie
discovered that thorium also emitted such rays. That
year, the phenomenon of penetrating radiation emitted
by uranium and thorium was given the name radioac-
tivity by the Curies. Marie observed that the uranium
ore, pitchblende, was much more active and discovered
that the increased activity was due to the presence of
two new radioactive elements, polonium and radium.

In 1900, the French chemist Paul Villard discovered
a form of radioactive emission that was extremely pen-
etrating and was not deflected by a magnetic field anal-
ogous to x-rays. This radiation was later given the
name, gamma rays.

4.2 Nuclear Disintegration

Ernest Rutherford and his coworkers at Cavendish
Laboratory in England distinguished three components
in the radiations from natural radioactive elements, which
he called o-rays, B-rays, and y-rays. These components
were eventually identified as helium nuclei, electrons
and high-energy photons, respectively (Fig. 4.1).

In 1903, Rutherford and Frederick Soddy explained
the cause and nature of radioactivity. They discovered
that when radioactive atoms emit o or B-rays, they
are changed into other varieties of atoms. They also
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Fig. 4.1 The three components of radioactive emissions origi-
nating from the unstable nuclei of natural radionuclides of ura-
nium and thorium: o, 3~ and vy, as they were called by Rutherford.

discovered the existence of atoms of the same element,
having different atomic weights. In 1913, Soddy intro-
duced the word isotopes to describe atoms of an ele-
ment that have different atomic weights, but the same
chemical properties. They proposed a nuclear disinte-
gration theory, which states that radioactivity is actu-
ally the changing of one chemical element into another
through the emission of o or B particles.

Nuclear transmutation is a phenomenon in which
an unstable atomic nucleus disintegrates, in order to
acquire a more stable state, by emitting subatomic par-
ticles and/or electromagnetic radiation. This phenom-
enon is called radioactivity or radioactive decay. One
of the most important points to understand is that the
energy liberated during the radioactive decay comes
from within the individual nuclei of a radioactive ele-
ment without any external excitation, unlike in the case
of atomic radiation.

The emission of positrons (B*) by radioactive iso-
topes was observed by Irene Curie and Frederick Joliot,
in 1934 and they discovered that radioisotopes can be
made artificially. With the discovery of nuclear fission,
by Otto Hahn in 1939, scientists realized that some
unstable nuclides with high atomic numbers may also
undergo spontaneous fission.

Following the discovery of the proton by Rutherford
in 1919, and the neutron by Chadwick in 1932, it
became clear that the neutron/proton ratio of any
nuclide, and the nuclear binding energy per nucleon

Y - ray

X - ray

Subsequently, two other decay modes, EC and positron emission
were identified. In contrast, characteristic x-rays originate from
the inner shells of electronic orbits

(Chap. 3) are the two most important characteristics
of any nuclide that would determine the stability of
an element, and the kind of radioactive decay it under-
goes in order to attain stability.

4.2.1 Types of Radioactive Decay

The radioactive decay processes fall into two catego-
ries: one that involves a change in the mass number A
of a radionuclide, and one in which both the parent and
the daughter radionuclides have the same mass num-
ber (isobaric decay). The five major types of radioac-
tive decay are shown in Table 4.1. The different
radioactive decay modes are shown in the decay
scheme diagram (Fig. 4.2).

4.2.1.1 Alpha (o)) Decay

Alpha decay (Fig. 4.2) is generally seen in high atomic
number elements such as 2*U, 2°Th and **°Ra. The
radionuclide ejects an o particle (two protons and two
neutrons) and, because it loses two protons, it is con-
verted into a nuclide with a lower atomic number. Alpha
particles are monoenergetic and may have kinetic ener-
gies in the range of 4-9 MeV. Radionuclides emitting o
particles may also emit y photons. Nuclides with A
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Table 4.1 Nuclear transmutations

Reason for instability

Decaymode of parent nucleus Transformation Example n/p ratio change
Alpha decay Too large 2X = 4+ la 20Ra — ZRn+io Increases
Beta decay Neutron rich AX = MY +e YC s UN+e +v Decreases
Positron emission Neutron deficient 4X — AV +et NC—"IB+e" +v Increases
Electron capture Neutron deficient AX+e - Y Mn+e — 'hcd Increases
Isomeric transition Excess energy AX* 5 Y 4y PnTek — PTe+y No change
Radionuclide
EC
B+
¥ EC ¥
Y —
Stable Nuclide Stable Nuclide Stable Nuclide

Fig. 4.2 The radioactive decay scheme diagram shows the
major decay modes. The parent radionuclide is shown above
while the lines to the left represent 3~ decay and the lines to the

>210 are so large, they need to eject o particles in order
to reduce their size and become relatively more stable.

Ra— “wRn+jo 4.1)

4.2.1.2 Beta (§~) Decay

In beta decay, neutron (n)- rich nuclides decay by emit-
ting an electron or B~ rays. In an unstable nucleus, a
neutron is converted into a proton (p), an electron, and
an antineutrino (v). Since only the electron and anti-
neutrino are ejected, the daughter is the next element
in the periodic table, with Z +1 protons, compared to
the parent.

n—pt+e +v 4.2)

right represent either 3* decay or EC. Gamma emission is repre-
sented by the perpendicular lines. The lines at the bottom repre-
sent the ground state energy of the nuclide
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Fig.4.3 The continuous 3~ energy spectrum showing the distri-
bution of B~ particles (relative number versus energy) emitted by
1C. The average energy is denoted by E_ﬁ, while the maximum
energy is denoted by Ej™
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The electron and proton do not exist in the neutron; they
together with the neutrino, are created at the moment of
decay. The kinetic energies of electrons ejected in the
beta decay vary continuously from 0 to a maximum
value of KE_ (E[‘;““), characteristic of the radionuclide
(Fig. 4.3). In an attempt to explain the continuous spec-
trum of B particle energies, Wolfgang Pauli, in 1930,
proposed that a neutral particle with zero or a very small
undetectable mass would carry off some of the energy
equal to the difference between KE_  and the actual
kinetic energy of the electron. This hypothetical particle
was later called neutrino by Enrico Fermi, and was
eventually detected in the 1950s by Reines and Cowan.
Typically, the average kinetic energy of the 3 particle
(Eﬁ), is about one third of Elg““‘. With certain beta-emit-
ting radionuclides, the daughter nuclide in an excited
state, which promptly reaches ground state by the emis-
sion of ¥ rays. For example, in case of “'I, 81% of the
daughter 'Xe atoms are in an excited state and emit y
photons (364 KeV). Since the emission of y photons fol-
lows almost immediately after the beta emission, this
sequential decay process is referred to as a 3,y decay.

4.2.1.3 Positron (3*) Decay

Nuclides that are deficient in neutrons are unstable,
and decrease the number of positive charges in the
nucleus (i.e., protons) by decaying either through posi-
tron emission or electron capture (EC). These two
decay modes are regarded as inverse beta decay. They
are alternatives to reach the ground state when an
unstable nucleus is neutron-deficient. Positron emis-
sion may be more common in elements with a lower
atomic number, while electron capture is seen mostly
in elements with high atomic numbers.

A positron is an antiparticle of an ordinary electron
(Fig. 4.2). In a proton-rich nuclide, a proton in the
nucleus is transformed into a neutron, positron, and a
neutrino (conversion of a proton into a neutron can
only happen inside a nucleus).

p—n+te +v 4.3)
In 1928, Paul Adrien Maurice Dirac predicted the exis-
tence of an antielectron or positron. This prediction
was unexpectedly confirmed in 1932 by the American
physicist, Carl Anderson, who detected high energy
positrons in cosmic radiation.

In 1934, Trene Curie and Frederick Joliot reported the
discovery of artificial radioactivity. More specifically,
when natural stable Al was bombarded with alpha parti-
cles,*P (7,, = 3min) was produced, following which posi-
tron emission decayed to stable *°Si, as shown below.

TAl+ Jo— 2P+n (4.4)

WP — iSite" +v (4.5)
Positron emission leads to a daughter nucleus of a lower
atomic number (Z-1), leaving the mass number
unchanged. Just as in B~ decay, the positron (3*) emission
spectrum is continuous, (Fig. 4.2) with positron energies
ranging from 0 to Eg™. The average energy of the posi-
tron is 1/3rd of the maximum. The difference between the
maximum energy and the actual energy of a positron is
carried off by the neutrino. One of the consequences of
positron emission is annihilation radiation, which is dis-
cussed in more detail in Chap. 6. Just as in 3~ decay, the
daughter nuclide may be in an excited state and as a result,
the sequential (%, y decay process involves emission of
gamma photons from the daughter nucleus. 'C, '®F, %Cu,
%Ga and ', used in developing molecular imaging
radiopharmaceuticals for PET, are the most important
radionuclides that decay by positron emission.

4.2.1.4 Electron Capture (Ec)

The unstable neutron-deficient nuclides may also reach
the ground state by decreasing the positive charge in
the nucleus by a process in which an orbital electron,
usually from a K-shell, is captured by the parent
nucleus, resulting in the conversion of one of the pro-
tons into a neutron. Since the energy of the parent
nuclide is high, a neutrino is also produced, taking
away some of the transition energy.

pte —>n+vy (4.6)
The electron capture (K-capture) decay process leads
to a daughter nucleus of a lower atomic number (Z-1),
leaving the mass number unchanged. As a vacancy is
created in the K-shell of the daughter nuclide, charac-
teristic x-rays and/or Auger electrons are ejected from
the daughter nuclide. Sometimes, the daughter nuclide
may also be in an excited state due to a change in the
n/p ratio. As a result, gamma photons and conversion
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electrons are emitted from the daughter nuclide in a
process known as EC, y decay mode. Ga, ''In, and
2] are the most important radionuclides with EC
decay mode that are useful for developing molecular
imaging radiopharmaceuticals for SPECT.

4.2.1.5 Isomeric Transition (IT)

When an unstable decay occurs by any of the decay
modes described above, the daughter nucleus may be
in an unstable long-lived metastable state. Transitions
or decays of such metastable nuclides (exist for >101-"
s) result in the emission of gamma photons (Fig. 4.2),
but leave both Z and A unchanged. The two nuclides of
an element that differ only in the energy content are
called isomers (different from the concept of isomers
in chemistry). The metastable states are called “iso-
meric states” (designated with letter m next to A), and
the decay process is known as “isomeric transition.”
As an alternative, the nucleus of a metastable nucleus
may transfer the energy to an orbital electron, also
known as a conversion electron, and eject it from the
atom. In contrast to beta decay, conversion electrons
do not display a continuous energy spectrum, but show
discrete energies. The most important radionuclide
decaying by isomeric transition is *"Tc¢ which is very

Table 4.2 Radionuclides and decay modes

useful for developing molecular imaging agents for
use with SPECT.

4.2.1.6 Multiple Decay Mode

Certain radionuclides decay by a single decay mode
while some decay by multiple decay modes. As
mentioned earlier, neutron deficient radionuclides
may decay by EC or by positron emission. However,
for a radionuclide to emit both B~ and B* particles, the
n/p ratio must be very close to that of the stable isotope
of that element (Table 4.2). Every decay mode may
also involve emission of y photons.

4.2.2 Radioactive Decay Series

Often an unstable radionuclide, especially one with a
high atomic number, cannot reach a stable ground state
through a single decay process. In such a case a decay
series occurs until a stable nuclide is formed. A well-
known example of this is the decay series that starts
with ##U and ends with stable ***Pb. During this pro-
cess eight alpha particles and six beta particles are
emitted before reaching the ground state, after losing
ten protons and 22 neutrons.

% Decay
abundance
Element z Isotope n/p Stability B- B* EC
Carbon 6 1nc 1.8333 Radioactive - 99 1 *
2C 1.0 Stable (98.9%) - - - -
BC 1.1666 Stable (1.1%) - - - -
14C 1.3333 Radioactive 100 - - -
Fluorine 9 ISp 1.0 Radioactive - 97 3
YR 1.1111 Stable (100%) - - - -
2F 1.2222 Radioactive 100 - - ®
Copper 29 ICu 1.1035 Radioactive - 100 - #*
2Cu 1.1379 Radioactive - 98 2 -
SCu 1.1724 Stable (69.17%) - - - -
%Cu 1.2069 Radioactive 39 19 41 *
65Cu 1.2414 Stable (30.83%) - - - -
Cu 1.3103 Radioactive 100 - - *
Gallium 31 Ga 1.1290 Radioactive - 56 43 ®
“Ga 1.1613 Radioactive - - 100 *
%Ga 1.1935 Radioactive - 90 10 *
“Ga 1.2258 Stable (60.1%) - - - -
Ga 1.2903 Stable (39.9%) - - - -
2Ga 1.3226 Radioactive 100 - - *
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With some radionuclides, the series may involve
only two or three decays before reaching a stable
ground state. For example, the unstable *Mo reaches
stable *Ru as shown below. The intermediate **Tc
has a long half-life (2.1 x 10° year).

99 B 99m T 9 B 9
»Mo slc slcC wRu

A7)

4.2.3 Nuclear Fission

Nuclear fission is the division or break-up of a heavy
unstable nucleus into two lighter nuclei in order to
reduce its size. Spontaneous fission may occur in heavy
nuclides, but the probability is very low. For example,
25U undergoes spontaneous fission with a very long
half-life (2 x 10" year).

In 1938, Otto Hahn, a German radiochemist, discov-
ered that >°U undergoes fission when struck by a slow
neutron. It is not the impact of the neutron that induces
fission. Instead, following absorption of the neutron, the
26U nucleus is so unstable that almost at once it explodes
into two lighter nuclei known as fission fragments. In
addition, an enormous amount of energy (=200MeV)
and 2-3 high energy neutrons, per nuclear fission, are
also released. Lise Meitner, a nuclear physicist, coined
the name fission to describe the splitting of a uranium
atom into two lighter elements.

fission 4

o U+n— Uk 5 X e+ Sr+2n+Energy  (4.8)

PU+n— U0 5 W Bay 2 Kr+3n+Energy (4.9)
The above processes are only a couple of examples of the
many fission fragments that 23U can produce. In fact, over
200 different radio isotopes of 35 different elements have
been observed among fission products. Most of these frag-
ments are neutron rich and decay by beta decay.

4.3 Radioactive Decay Equations

4.3.1 Exponential Decay

Radioactive decay or transformation is a statistical
process that obeys the laws of chance. No cause—effect
relationship is involved in the decay of a radionuclide,
only a certain probability per unit time.

The activity (A) of a sample of a radionuclide is the
rate at which the nuclei of its constituent atoms (N)
decay. Also the activity or the disintegration rate of a
radionuclide at any time is proportional to the total
number of radioactive atoms present at that time.
Mathematically, the rate of decay (A) is given by

a=_9N N (4.10)
dt
AN

P 411
r 4.11)

Where N is the number of radioactive atoms and A is
the decay constant (or proportionality constant) which
is defined as the probability of disintegration per unit
time. The minus sign indicates that the number of
atoms is decreasing with time. The above equation for
the rate of decay is the rate law for a first order process.
Upon integration, the formula for “radioactive decay”
is given by

N=Nge™ (4.12)
The formula for the time variation of activity or activ-
ity at any time ¢ is given by

A =A™ (4.13)
The above equations represent the exponential decay
of any radionuclide in which A, is the decay constant
of the radionuclide and the factor €™ is known as the
decay factor, which is the fraction of original activity
A, remaining after time 7.

The decay factor is an exponential function of time

t. The exponential decay is characterized by the trans-
formation of a constant fraction of the number of atoms
or activity present per unit time interval. When the
decay factor, number of atoms, or activity is plotted
against time, it is a curve approaching zero on a linear

plot, but is a straight line in a semilogarithmic plot
(Fig. 4.4).

4.3.2 Units of Activity

The ST unit of radioactivity is named after Becquerel

1 Becquerel = 1 Bq = 1 decay/s (4.14)
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Fig. 4.4 The decay of radioactivity as a function of time (half-lives) plotted on a linear scale (a) and semilogarithmic scale (b)

The traditional unit of activity is the Curie (Ci), which
was originally defined as the activity of one g radium,
226Ra. Curie is now defined as

1Curie=1Ci=3.7x10"" dps=37GBq  (4.15)

1 milliCurie = 1 mCi = 3.7x10” dps = 37 MBq (4.16)

1 microCurie = 1 uCi = 3.7x10* dps = 37 KBq (4.17)

4.3.3 Half-Life and Average Life Time

Every radionuclide has a characteristic half-life (7)),
which is the time required for the activity to decay to
50% of its original value. That is, A, is reduced to A0/2
in one half-life, A0/22 in 2 half-lives, and A0/2” inn
half-lives. The activity A, of a radionuclide at any time
t is given by

0

A _ A

A = on = 2([/T1/z)

1

(4.18)

The half-life and the decay constant of a radionuclide
are related

_In(02) _0.693

=" N (4.19)

In a given sample of radionuclide, not all atoms decay
with the same half-life; some atoms may have a shorter

and some atoms may have a longer life span than one
half-life. The average, or mean life (T) of a radionu-
clide is, therefore, defined as the average of all indi-
vidual life times of the atoms in a sample of radionuclide
experience. The mean life is related to the decay con-
stant and half-life

1_ Tl/2

T=—=
A 0.693

—144T,, (4.20)

4.3.4 Specific Activity

The specific activity (SA) of a radioactive sample is
defined as its activity per unit mass. The SA is the ratio
of activity to the total mass of the element present. It
has units of Ci g!, Ci mmole™', or GBq mmole™'.

Many elements have several isotopes and some of
the isotopes of an element can also be stable. The ele-
ment carbon has four isotopes as shown below:

11 12 13 14
6C’ 6C’ 6C’ 6C

12C and *C are stable and, in nature, most of the carbon
is *C (99% abundance). “C (T,, = 5,760 year) decays
by beta decay while "'C (7,, = 20min) decays by posi-
tron emission. When stable isotopes of an element are
present along with the radioactive isotope, then the
stable isotopes are called carrier. When the radioactiv-
ity of the sample is said to be with the carrier and the
SA of such a radioisotope is low, because the total mass
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of the element includes the mass of radioisotope and
also that of the carrier. A radioactive sample that does
not contain the carrier is called carrier-free. The high-
est possible SA of a radionuclide is its carrier-free SA
(CFSA). It is also known as the theoretical SA, and
may not necessarily be achieved practically by radio-
nuclide production methods.

CFSA can be calculated since there is a well-defined
Activity—Mass relationship based on the following
mathematical relationships:

e Based on T, decay constant (M) can be calculated
as A =0.693/T,,

e Knowing the activity (Ci or GBq, etc.) and A, the
number of atoms (N) in a sample of radioactivity can
be determined based on the activity law, A = AN

e Based on N, the mass (g or moles) of a radioisotope
can be determined because one mole (gram atomic
weight) of any element contains 6.022 x 10%* atoms
(Avogadro’s number).

For a number of radioisotopes the carrier-free SA are
shown in Table 4.3. The SA calculations for ''C are
shown below.

Carrier-free Specific Activity (CFSA) of "'C

1 mole of ""C (11g) contains 6.022 x 10> atoms (N)
Since T% of '"C = 20 min,

0.693

= =5775x107
20 Minsx60s

Activity (Bq) in 1 mole:
B, =5.775% 107 x6.022x10% =3.478x10"

since 1 Ci = 3.7 x 10'° Bq,

3.478x10"

37107 =9.4x10*Cimole™
Ix

since 1 GBq = 10° Bq,

19
%:3.478%010 GBqgmole™
CFSA of '"C = 9,400Ci pumole™ or 9.4 x 10°
Ci pumole™

A similar calculation shows that CFSA of “C = 6.205 x
1075 Ci pmole™

4.3.5 Serial Radioactive Decay

When a sample of radioactivity consists of a pair of
parent and daughter radionuclides, the parent activity
(A, atany time, is given by the equation 4.13. Because
the daughter is continuously produced by the decay of
the parent and at the same time the daughter activity is
also decaying, estimating the daughter activity (A,) at
any time really depends on the decay constant or the
T,, of the daughter radionuclide. The Bateman equa-

Table 4.3 Radionuclides for PET and SPECT: Half-life and specific activity (SA)*

Radionuclides for PET Radionuclides for SPECT
Nuclide T,, (min) SA (Ci pmol™) Nuclide T,, (min) SA (Ci umol™)
82Rb 1.20 150,400

50 2.07 91,730

122 3.62 51,912

2Cu 9.76 19,310

BN 10.0 18,900

1nc 20.4 9,220

94mTe 52.0 3,614 9mT¢ 360 522
%8Ga 68.3 2,766

Br 96.0 1,960

18R 110 1,708

Ga 567 331 Ga 4,320 40
%Cu 768 245

80y 884 213 "n 4,020 47
87r 4709 39.9

124 6,048 31.0 1231 780 237

“Maximum theoretical specific activity (SA)
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Fig. 4.5 In a parent—-daughter decay, following the buildup of the daughter activity, the parent and daughter activities are said to be

in secular equilibrium (a) or in transient equilibrium (b)

tion describes the parent—daughter relationship and
provides an estimate of A ..

)'d

=A — (e
a0 = o)
A=A,

—e My Ad(,o)e-“’ 4.21)

At equilibrium, the parent and daughter activities
appear to decay with the same rate, even if the two
nuclides have different half-lives. Two different
equilibrium conditions, however, may exit, depend-
ing on how short lived the daughter radionuclide is,
compared to the parent. If the parent is short lived
compared to the daughter, then there is no equilib-
rium at all.

4.3.5.1 Secular Equilibrium

When the daughter radionuclide is very short lived,
compared to the parent (T, << T,/zp), secular equilib-
rium is said to exist. The activity of the daughter
builds up to that of the parent in about seven half-
lives of the daughter. At equilibrium, A = A (Fig. 4.5
(a)). The activity of the daughter at any time, how-
ever, is given by
A

_ —Adt

G = Ap(to)(l —e) (4.22)
Two importantexamples are ®Ge (7, =270 days)—%Ga
(T,, = 68 min) generator and ¥Sr (7, = 25 days)—*Rb

(T,,=75s) generator.

4.3.5.2 Transient Equilibrium

When the parent half-life is longer than the daughter

half-life (T%p > T, ), the daughter activity increases

while the parent activity slowly decreases. The daugh-
ter activity reaches a maximum and is slightly greater
than that of the parent. Once the fransient equilibrium
is reached (~7 T,, of daughter), both radionuclides
appear to decay with the same rate, the decay rate of
the parent (Fig. 4.5(b)). The daughter activity (A,) at
any time t is given by

A

A _"d
1)
p( )“d _ )’p

A (4.23)

an =

An example of transient equilibrium is Mo (T, =
66h)—*"Tc (T,, = 6h) generator.

Additional Reading

Beiser A (1995) Concepts of modern physics, Sth edn. McGraw-
Hill, New York

Bushberg JT, Seibert JA, Leidholdt Jr EM (2002) The essential
physics of medical imaging, 2nd edn. Lippincott,
Philadelphia

Emsley J (1998) The elements, 3rd edn. Oxford University
Press, Oxford

Saha G (2004) Fundamentals of nuclear pharmacy, 5th edn.
Spriger, New York

Sorensom JA, Phelps ME (1987) Physics in nuclear medicine.
Saunders, Philadelphia

Turner JE (1995) Atoms, radiation, and radiation protection, 2nd
edn. Wiley, New York





