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CHAPTER ONE

PHYSICS IN NUCLEAR MEDICINE

1 Structure of the Atom

1.1 Nucleus

Atom is the fundamental building block of elements, consists of nucleus and electrons. Nucleus is
located in the core of the atom, where most of its mass and all of its positive charge are concentrated. It
consists of positively charged protons' and electrically neutral neutrons” held together by the so-called
nuclear force. The number of protons in the nucleus, Z, is called the atomic number. This determines
what chemical element the atom is- The number of neutrons in the nucleus is denoted by N. A, atomic
mass of the nucleus, is equal to Z + N. A given element can have many different isotopes, which differ
from one another by the number of neutrons contained in the nucleus. At present, there are more than
100 known elements. Among the elements are approximately 270 stable isotopes, and more than 2 000
unstable isotopes.

1.2 Nuclide®’, Isotope*, Isomer’, Radionuclide

Nuclide: A nuclide is any individual atomic species, which can be distinguished by its atomic
weight, atomic number, and energy state. Thus  C, ;Be, ;Li, and JLi are all different nuclides.

Isotope: The isotopes of an element are nuclides having the same Z but different N. Because
isotopes have the same number of protons, they will have similar chemical properties. Some of the
isotopes of boron, for example, are :B, i'B, and ;’B. _

Isomer: Isomers are nuclides having the same mass number A and N, but different energy
state. Symbolically, they are designated by an m at the upper right corner. For example, 5, Tc™ and 53 Tc

are isomers.

Radionuclide: An unstable isotope of an element that decays or disintegrates spontaneously and
emits radiation.

2 Nuclear Decay

Nuclear decay is the change of one radioactive nuclide into a different nuclide by the spontaneous

proton : i F
neutron : q’ ?
nuclide : % &
isotope : [F] i &
isomer: R i R B &K

L
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emission of alpha, beta, or gamma rays, or by electron capture. The end product is a less energetic, more
stable nucleus. Each decay process has a definite half-life.

2.1 Alpha Decay

Heavy ﬁucleus tends to be unstable because they contain large numbers of protons that strongly
repel each other. Commonly, such a nucleus emits an alpha particle as a means of reducing the number
of protons. The alpha particle consists of two protons and two neutrons, identical to a 3He nucleus. The
emission of an a particle, or ;He nucleus, is a process called a decay

2Z—3,Y +3He +Q
e- g = Ra—2'Rn +;He +4.937 MeV

2.2 Beta Decay

Beta decay is an electron of either positive charge (B *) or negative charge (B ~), which has been
emitted by an atomic nucleus or neutron in the process of a transformation. Beta particles are more
penetrating than alpha particles but less than gamma rays or X-rays.

2.2.1 Beta-Minus Decay

A nucleus having excess of neutrons causes the unbalance between neutron and proton. Thereby, a
neutron in the nucleus can be transformed into a proton with the production of an electron B, and an
antineutrino®, and result v, which is a process called beta-minus decay, and in this process the daughter
nuclide is yielded with its mass number unchanged, but atomic number raised.

2Z—72.,Y +B +v+Q
| e g 1P—5S+B  +V+1.71 MeV
2.2.2 Beta-Plus Decay

A process that a proton in the nucleus can be transformed into a neutron with the emission of a
positron, B * and a neutrino’, v, is called B * or positron decay, which mainly occurs in nucleus having
excess of protons.

223, Y +B" +v+Q
eg sF 0+B" +v+0.66 MeV

The positron (or B* particle) is emitted with a certain amount of kinetic energy that loses as it
moves through its environment. When it comes to rest, it annihilates with a nearby electron to produce
two 511-keV annihilation photons moving in opposite directions in order that momentum be conserved.
This course is called annihilation radiation®.

BT +B —v+v+511 keV

The positron travels only a short distance in tissue before annihilating with an electron to produce

¢ antineutrino: X P F
" peutrino: T
®  annihilation radiation: ¥ ¥ #8 $t
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two 511-keV photons.
2.2.3 Electron Capture’

There is an alternative to beta-plus decay called electron capture that accomplishes the same
result. Because inner-shell electrons orbit close to the nucleus even pass through it from time to time, it
is possible for the nucleus to capture an orbiting electron and combine it with a proton to produce a
neutron. Only a neutrino is ejected from the nucleus:

X +%, e X +v
e g 2Fe+%,e—hMn+v
The capture of the electron leaves a vacancy in the electron shell, which will be filled by an outer

shell electron with the production of characteristic X ray or Auger electrons .

2.3 Gamma Decay

Gamma rays are a type of electromagnetic radiation. The course that an excited nucleus returns to
the ground state and emits gamma rays is a process called gamma decay. Neither the mass number nor
the atomic number is changed when a nucleus emits a <y ray in vy decay

X2 +y
e g aTc"—nTc+y

2.4 Internal Conversion'

When the nucleus moves from a higher to a lower energy level, either a gamma ray is produced or

the energy is used to eject an orbiting electron. This latter process is called internal conversion.

3 Law of Nuclear Decay

Radioactive nuclei will transform themselves to stable nuclei by the emission of radiation with
time. Radioactive nuclei N, are removed from which a certain fraction A per unit time by decay. Then,
the number of nuclei N that has not yet decayed after a time  has passed is expressed by the equation:

N =Ny, ™

Where N, = the number of radioactive nuclei present at the time zero

¢t = time that has passed,
A =fraction of nuclei decaying per unit time
e=2.718

Also, A is called the decay constant'” of the radionuclide. Each radionuclide has a unique decay
constant. '

° Electron Capture : L F{} 3k
0 Auger electrons: fR ¥ F
! Internal Conversion: P35 #:
2 decay constant: 37 ¥ ¥
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3.1 Half-Life

The time required for half of the atoms in any given quantity of a radioactive isotope to decay is
the half-life of that isotope. Each particular isotope has its own half-life- T,, is related to the decay
constant by:

T,,=0.693/A

It is easy to show that:

A =Aoe_“ =Aoe_(o.693/rl/2)x

Where A is the activity of the sample at time ¢ and A, is the activity at time zero.

3.2 Radioactivity (A)

Radioactivity is defined as the amount of radioactivity decay per unit time. The original unit was
the curie (Ci)”- In the International System of Units (SI), the curie has been replaced by the Becquerel
(Bq)”- It is defined as 1 radioactive decay per second.

1 Ci=3.7x10" Bq
1 Bg=2.703 x10 " Ci

4 Interaction of Electrons with Materials

4.1 Ionization” and Excitation'®

When charged particle (a-ray or B-ray) move through materials, it interacts on the orbit electron of
the material. Electrons orbiting in the atoms that constitute the material are either excited to higher

energy orbits (atomic excitation) or removed from the atom entirely (ionization).
4.2 Bremsstrahlung"’

Bremsstrahlung is the classic way to produce electromagnetic radiation and photons. When a high
energy electron traversing a material, it may sharply deflect in its path and lose energy due to its

attraction to the protons. This deceleration of the electron may produce what is termed a bremsstrahlung

photon.' A bremsstrahlung photon may have any energy between zero and the energy that the electron
initially possesses.

4.3 Scatter'®

It is possible for the incoming electron to be deflected in its trajectory past the nucleus without the

B curie (Ci): BB

4 Becquerel (Bq): M 7 #1 /R
ionization : Hi B

excitation : } &

' bremsstrahlung : ¥ B % &t
' scatter: [ &0
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production of bremsstrahlung. This is called elastic scatter, a term which means that the total kinetic
energy of the colliding bodies is the same before and after the collision. None of the kinetic energy goes
into the production of other radiation or into excitation processes.

In the elastic collision of a light object (electron) with a heavy stationary object (the protons of the
nucleus), the light object retains all its kinetic energy while the heavy object remains in place. Although
the electron dose not lose energy, it may suffer a large deflection that greatly affects its direction of

motion. Elastic nuclear scatter of electrons occurs relatively frequently.

5 Interaction of Photons with Matter

What happens to ganmma rays and X rays as they move through materials? For the photon energies
we ordinarily encounter in nuclear medicine only three interactions are of much importance: Compton

scatter””, photoelectric absorption”, and pair production”'.

5.1 Compton Scatter

To “scatter” means to change direction after a collision. In Compton scatter, a photon interacts
with an outer shell electron in an atom of the material that the photon is traversing- The photon scatters
from the electron, the electron is knocked away from the atom, and the photon loses whatever energy the
electron acquires.

5.2 Photoelectric Absorption

The absorption of a particle in an interaction implies the complete loss of energy of the particle. In
photoelectric absorption, a photon interacts with the atom, losing all its energy in the process. An inner
shell electron (usually a K shell electron) is ejected from the atom, leaving a vacancy in the inner
shell: When the vacancy is filled by another electron, characteristic X rays will be emitted- The energy
of the ejected electron (the photoelectron ™) is just the initial energy that the photon has minus the
binding energy of the electron.

Photoelectric absorption, then, depends critically on the existence of strong binding between the
nucleus and the inner-shell electron ejected from the atom. Unless the binding energy is large or the

energy of the incident photon is small, photoelectric absorption will not take place.
5.3 Pair Production
The third way in which photons can interact with matter is called pair production. A photon

interacts, not with the atomic electrons, but with the electric field of the nucleus. In the process the

energy of the photon is converted into an electron and positron pair.

¥ ‘Compton scattering : 5% ¥ 4 8 F (3% 57 )
% photoelectric absorption : I #8 HE d (3 K )
' pair production : B F Xf 4 i,

2 photoelectron : Yo HL F
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6 Units of Radioactivity

6.1 Absorbed Dose

The absorbed dose , sometimes also known as the physical dose, is defined by the amount of
energy deposited in a unit mass in human tissue or other media. The original unit is the rad” [100 erg/g];
it is now being widely replaced by the SI unit, the gray” (Gy) [1 J/kgl-

1 Gy =100 rad

6.2 Dose Equivalent

Dose equivalent’™ is a biological dose that reflects the fact that the biological damage caused by a
particle depends not only on the total energy deposited but also on the rate of energy loss per unit
distance traversed by the particle, taking into account the type of radiation (alpha, beta, gamma) and the
nature of the tissues concerned.

It is expressed in units of rem or, in the SI system, sievert (Sv)- 7

' 1 Sievert (Sv) =100 rem

% absorbed dose : B W5 &
% pad:hrfE

3 gray: R H

% dose equivalent: | i X4 &
Y sievert (Sv): 7 K%
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CHAPTER TWO

NUCLEAR MEDICINE
INSTRUMENTATION

Nuclear medicine instrumentation means some special systems, which measure and detect the

amount or number of ionizations or excitation events.
1 Principle to Detect and Measure the Radiation

There are several effects caused by ionizing radiation, which allows us to detect and measure the

radiation and these are as follows.

1.1 Ionization

Ionization is caused by radiation. The number of ion pairs collected can be related to the amount of
radiation causing the ionization. Many radiation-monitoring instruments use ionization as the detection

mechanism, e. g- Ion chamber; Geiger-Miiller counter-

1.2 Scintillation®™

Scintillation is the production of light following the movement of electrons from high energy levels
orbits to lower energy levels within an absorbing material. The electrons have moved into higher energy
orbits by the process of excitation. The light released can be converted to an electrical signal- The size of
the electrical signal depends on the number of electrons moved into higher energy orbits and can
therefore be related to the amount of radiation causing the scintillation. Scintillation is a very important
detection mechanism for radiation monitoring and detectors, scintillation detectors are commonly made
through this mechanism.

1.3 Chemical Mechanism

Ionizing radiation reacts with photographic film in the same way as visible light i. e. , exposure to
radiation blackens the film. This effect is observed in the use of photographic film for personal
dosimetry, medical X-rays and industrial radiography.

2 Detector

The types of detector used in radiate detection and measurement devices include scintillation

detectors; ion chamber; Geiger-Mueller tubes; semi-conductors and so on.

% Scintillation : (A%



