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FOREWORD

In the late 1990s the IAEA initiated for its Member States a systematic
and comprehensive plan to support the development of teaching programmes
in medical radiation physics. Multiple projects were initiated at various levels
that, together with the well known short term training courses and
specialization fellowships funded by the IAEA Technical Cooperation
programme, aimed at supporting countries to develop their own university
based master of science programmes in medical radiation physics.

One of the early activities of the IAEA in this period was the
development of a syllabus in radiotherapy physics, which had the goal of
harmonizing the various levels of training that the IAEA provided. This was
carried out during 1997-1998, and the result of this work was released as a
report used for designing IAEA training courses. In 1999-2000 a more detailed
teachers’ guide was developed, in which the various topics in the syllabus were
expanded to form a detailed ‘bullet list’ containing the basic guidelines of the
material to be included in each topic so that lectures to students could be
prepared accordingly. During the period 2001-2002 E.B. Podgorsak (Canada)
was appointed editor of the project and redesigned the contents so that the
book became a comprehensive handbook for teachers and students, with
coverage deeper than a simple teachers’ guide. The initial list of topics was
expanded considerably by engaging an enhanced list of international
contributors. The handbook was published as working material in 2003 and
placed on the Internet in order to seek comments, corrections and feedback.

This handbook aims at providing the basis for the education of medical
physicists initiating their university studies in the field. It includes the recent
advances in radiotherapy techniques; however, it is not designed to replace the
large number of textbooks available on radiotherapy physics, which will still be
necessary to deepen knowledge in the specific topics reviewed here. It is
expected that this handbook will successfully fill a gap in the teaching material
for medical radiation physics, providing in a single manageable volume the
largest possible coverage available today. Its wide dissemination by the IAEA
will contribute to the harmonization of education in the field and will be of
value to newcomers as well as to those preparing for their certification as
medical physicists, radiation oncologists, medical dosimetrists and radiotherapy
technologists.

Endorsement of this handbook has been granted by the following
international organizations and professional bodies: the International
Organization for Medical Physics (IOMP), the European Society for
Therapeutic Radiology and Oncology (ESTRO), the European Federation of
Organisations for Medical Physics (EFOMP), the World Health Organization



(WHO), the Pan American Health Organization (PAHO), the Canadian
Organization of Medical Physicists (COMP) and the Canadian College of
Physicists in Medicine (CCPM).

The following international experts are gratefully acknowledged for
making major contributions to the development of an early version of the
syllabus: B. Nilsson (Sweden), B. Planskoy (United Kingdom) and
J.C. Rosenwald (France). The following made major contributions to this
handbook: R. Alfonso (Cuba), G. Rajan (India), W. Strydom (South Africa)
and N. Suntharalingam (United States of America). The IAEA scientific
officers responsible for the project were (in chronological order) P. Andreo,
J. Izewska and K.R. Shortt.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information
contained in this publication, neither the IAEA nor its Member States assume any
responsibility for consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories,
of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated
as registered) does not imply any intention to infringe proprietary rights, nor should it be
construed as an endorsement or recommendation on the part of the [AEA.

The authors are responsible for having obtained the necessary permission for the
IAEA to reproduce, translate or use material from sources already protected by
copyrights.



PREFACE

Radiotherapy, also referred to as radiation therapy, radiation oncology or
therapeutic radiology, is one of the three principal modalities used in the
treatment of malignant disease (cancer), the other two being surgery and
chemotherapy. In contrast to other medical specialties that rely mainly on the
clinical knowledge and experience of medical specialists, radiotherapy, with its
use of ionizing radiation in the treatment of cancer, relies heavily on modern
technology and the collaborative efforts of several professionals whose
coordinated team approach greatly influences the outcome of the treatment.

The radiotherapy team consists of radiation oncologists, medical
physicists, dosimetrists and radiation therapy technologists: all professionals
characterized by widely differing educational backgrounds and one common
link — the need to understand the basic elements of radiation physics, and the
interaction of ionizing radiation with human tissue in particular. This
specialized area of physics is referred to as radiation oncology physics, and
proficiency in this branch of physics is an absolute necessity for anyone who
aspires to achieve excellence in any of the four professions constituting the
radiotherapy team. Current advances in radiation oncology are driven mainly
by technological development of equipment for radiotherapy procedures and
imaging; however, as in the past, these advances rely heavily on the underlying
physics.

This book is dedicated to students and teachers involved in programmes
that train professionals for work in radiation oncology. It provides a
compilation of facts on the physics as applied to radiation oncology and as such
will be useful to graduate students and residents in medical physics
programmes, to residents in radiation oncology, and to students in dosimetry
and radiotherapy technology programmes. The level of understanding of the
material covered will, of course, be different for the various student groups;
however, the basic language and knowledge for all student groups will be the
same. The text will also be of use to candidates preparing for professional
certification examinations, whether in radiation oncology, medical physics,
dosimetry or radiotherapy technology.

The intent of the text is to serve as a factual supplement to the various
textbooks on medical physics and to provide basic radiation oncology physics
knowledge in the form of a syllabus covering all modern aspects of radiation
oncology physics. While the text is mainly aimed at radiation oncology
professionals, certain parts of it may also be of interest in other branches of
medicine that use ionizing radiation not for the treatment of disease but for the
diagnosis of disease (diagnostic radiology and nuclear medicine). The contents



may also be useful for physicists who are involved in studies of radiation
hazards and radiation protection (health physics).

This book represents a collaborative effort by professionals from many
different countries who share a common goal of disseminating their radiation
oncology physics knowledge and experience to a broad international audience
of teachers and students. Special thanks are due to J. Denton-MacLennan for
critically reading and editing the text and improving its syntax.

E.B. Podgorsak
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BASIC RADIATION PHYSICS

E.B. PODGORSAK
Department of Medical Physics,
McGill University Health Centre,
Montreal, Quebec, Canada

1.1. INTRODUCTION

1.1.1. Fundamental physical constants (rounded off to four
significant figures)

® Avogadro’s number: N, = 6.022 x 10% atoms/g-atom.

® Avogadro’s number: N, = 6.022 x 10 molecules/g-mole.

@ Speed of light in vacuum: ¢ = 299 792 458 m/s (=3 x 10°® m/s).
@ Electron charge: e = 1.602 x 10 C.

e Electron rest mass: m,- = 0.5110 MeV/c%.

e Positron rest mass: m,+ = 0.5110 Me V/c%.

e Proton rest mass: m,, = 938.3 MeV/c?.

e Neutron rest mass: m, = 939.6 MeV/c%.

e Atomic mass unit: u = 931.5 MeV/c%

@ Planck’s constant: /4 = 6.626 x 107 J's.

e Permittivity of vacuum: g, = 8.854 x 107! C/(V-m).

@ Permeability of vacuum: y, = 47 x 107 (V-s)/(A-m).

e Newtonian gravitation constant: G = 6.672 x 107! m¥kg™'s
e Proton mass/electron mass: m /m, = 1836.0.

e Specific charge of electron: e/m, = 1.758 x 10! C/kg.

-2

1.1.2. Important derived physical constants and relationships

e Speed of light in a vacuum:

1

Ve

c= ~3 x 108 m/s (1.1)
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e Reduced Planck’s constant x speed of light in a vacuum:

he = zic =197.3 MeV-fm =200 MeV- fm (1.2)
T

e Fine structure constant:

2
o= € i = L (13)
dre, he 137

@ Bohr radius:

he  4me, (he)?

a, = =0.5292 A 14
0 ocmec2 e? mec2 (14)
e Rydberg energy:
1 1 e ) my?
Eq=-myc?a? == ¢ =13.61eV (1.5)
2 2\ 4ne, ) (he)
e Rydberg constant:
E mycla? 1 €2 ? m.c?
=R T e =109 737 cm ™! (1.6)
2rhe  4rmhe  4m\4dme, ) (he)
o Classical electron radius:
2
r,=—————5=2.8181fm (1.7)
4ne m c
e Compton wavelength of the electron:
h ¢
Ac=—=0.0243 A (1.8)
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1.1.3.  Physical quantities and units

e Physical quantities are characterized by their numerical value
(magnitude) and associated unit.

e Symbols for physical quantities are set in italic type, while symbols for
units are set in roman type (e.g. m = 21 kg; E =15 MeV).

o The numerical value and the unit of a physical quantity must be separated
by a space (e.g. 21 kg and not 21kg; 15 MeV and not 15MeV).

o The currently used metric system of units is known as the Systeme inter-
national d’unités (International System of Units), with the international
abbreviation SI. The system is founded on base units for seven basic
physical quantities:

Length /: metre (m).

Mass m: kilogram (kg).

Time #: second (s).

Electric current I: ampere (A).
Temperature T: kelvin (K).
Amount of substance: mole (mol).
Luminous intensity: candela (cd).

All other quantities and units are derived from the seven base quantities
and units (see Table 1.1).

TABLE 1.1. THE BASIC AND SEVERAL DERIVED PHYSICAL
QUANTITIES AND THEIR UNITS IN THE INTERNATIONAL SYSTEM
OF UNITS AND IN RADIATION PHYSICS

Physical Unit  Units used in

quantity Symbol in SI radiation physics Conversion

Length l m  nm, A, fm 1m=10°nm=10""A =10" fm
Mass m kg  MeV/ic 1 MeV/c?=1.78 x 10 kg

Time t s ms, s, ns, ps 1s=10°ms=10° us=10° ns = 102 ps
Current 1 A mA, UA, nA, pA 1A =10"mA =10° uA =10°nA
Charge (0] C e le=1.602x10"C

Force F N 1N =1kgms?

Momentum  p N-s 1N-s=1kgm-s!

Energy E J eV,keV,MeV  1eV=1602x10"J=10"keV
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1.1.4. Classification of forces in nature

There are four distinct forces observed in the interaction between various
types of particle (see Table 1.2). These forces, listed in decreasing order of
strength, are the strong force, electromagnetic (EM) force, weak force and
gravitational force, with relative strengths of 1, 1/137, 10° and 107,
respectively.

e The ranges of the EM and gravitational forces are infinite (1/7?
dependence, where r is the separation between two interacting particles);

e The ranges of the strong and weak forces are extremely short (of the
order of a few femtometres).

Each force results from a particular intrinsic property of the particles, such as:

— Strong charge for the strong force transmitted by massless particles called
gluons;

— Electric charge for the EM force transmitted by photons;

— Weak charge for the weak force transmitted by particles called W and Z°;

— Energy for the gravitational force transmitted by hypothetical particles
called gravitons.

1.1.5. Classification of fundamental particles
Two classes of fundamental particle are known: quarks and leptons.
e Quarks are particles that exhibit strong interactions. They are constit-
uents of hadrons (protons and neutrons) with a fractional electric charge
(2/3 or —1/3) and are characterized by one of three types of strong charge

called colour: red, blue and green. There are six known quarks: up, down,
strange, charm, top and bottom.

TABLE 1.2. THE FOUR FUNDAMENTAL FORCES IN NATURE

Force Source Transmitted particle Relative strength
Strong Strong charge Gluon 1

EM Electric charge Photon 1/137
Weak Weak charge W and Z° 107
Gravitational Energy Graviton 10
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e Leptons are particles that do not interact strongly. Electrons (e), muons
(1), taus (7) and their corresponding neutrinos (V,, v,, V,) are in this
category.

1.1.6. Classification of radiation

As shown in Fig. 1.1, radiation is classified into two main categories, non-
ionizing and ionizing, depending on its ability to ionize matter. The ionization
potential of atoms (i.e. the minimum energy required to ionize an atom) ranges
from a few electronvolts for alkali elements to 24.5 eV for helium (noble gas).

e Non-ionizing radiation (cannot ionize matter).
@ Ionizing radiation (can ionize matter either directly or indirectly):
—Directly ionizing radiation (charged particles): electrons, protons,
o particles and heavy ions.
—Indirectly ionizing radiation (neutral particles): photons (X rays and
y rays), neutrons.

Directly ionizing radiation deposits energy in the medium through direct
Coulomb interactions between the directly ionizing charged particle and
orbital electrons of atoms in the medium.

Indirectly ionizing radiation (photons or neutrons) deposits energy in the
medium through a two step process:

e In the first step a charged particle is released in the medium (photons
release electrons or positrons, neutrons release protons or heavier ions);

e In the second step the released charged particles deposit energy to the
medium through direct Coulomb interactions with orbital electrons of the
atoms in the medium.

/ Non-ionizing

Radiation
\ Directly ionizing (charged particles)

electrons, protons, etc.

lonizing
\ Indirectly ionizing (neutral particles)
photons, neutrons

FIG. 1.1. Classification of radiation.
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Both directly and indirectly ionizing radiations are used in the treatment
of disease, mainly but not exclusively for malignant disease. The branch of
medicine that uses radiation in the treatment of disease is called radiotherapy,
therapeutic radiology or radiation oncology. Diagnostic radiology and nuclear
medicine are branches of medicine that use ionizing radiation in the diagnosis
of disease.

1.1.7.  Classification of ionizing photon radiation

e Characteristic X rays: resulting from electron transitions between atomic
shells.

e Bremsstrahlung: resulting from electron-nucleus Coulomb interactions.

e v rays: resulting from nuclear transitions.

e Annihilation quanta: resulting from positron—electron annihilation.

1.1.8.  Einstein’s relativistic mass, energy and momentum relationships

m(v) = my — = m = =ym, (1.9)
- (v) J1-p
c
E = m(v)c? (1.10)
E, = my* (1.11)
Ex=E-E,=(y-1)E, (1.12)
E?=E2 +p°c® (1.13)
where
v is the particle velocity;
c is the speed of light in a vacuum;
B is the normalized particle velocity (i.e. f = v/c);
m(v) is the particle mass at velocity v;
m, is the particle rest mass (at velocity v = 0);
E is the total energy of the particle;
E, is the rest energy of the particle;
Ey is the kinetic energy of the particle;
P is the momentum of the particle.
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e For photons, E = hv and E, = 0; thus using Eq. (1.13) we obtain p = hv/c =
h/2, where v and A are the photon frequency and wavelength, respec-
tively.

1.1.9. Radiation quantities and units

The most important radiation quantities and their units are listed in
Table 1.3. Also listed are the definitions of the various quantities and the
relationships between the old and the SI units for these quantities.

1.2. ATOMIC AND NUCLEAR STRUCTURE
1.2.1. Basic definitions for atomic structure

The constituent particles forming an atom are protons, neutrons and
electrons. Protons and neutrons are known as nucleons and form the nucleus of
the atom.

e Atomic number Z: number of protons and number of electrons in an
atom.

e Atomic mass number A: number of nucleons in an atom (i.e. number of
protons Z plus number of neutrons N in an atom: A = Z + N).

e There is no basic relation between A and Z, but the empirical relationship

~ A
1.98 +0.0155A42/3

(1.14)

furnishes a good approximation for stable nuclei.

e Atomic mass M: expressed in atomic mass units u, where 1 u is equal to
1/12 of the mass of the '2C atom or 931.5 MeV/c?. The atomic mass M is
smaller than the sum of the individual masses of constituent particles
because of the intrinsic energy associated with binding the particles
(nucleons) within the nucleus.

e Atomic g-atom (gram-atom): number of grams that correspond to N,
atoms of an element, where N, = 6.022 x 10* atoms/g-atom (Avogadro’s
number). The atomic mass numbers of all elements are defined such that
A grams of every element contain exactly N, atoms. For example: 1
g-atom of ®Co is 60 g of ®°Co. In 60 g of ®°Co (1 g-atom) there is
Avogadro’s number of ®°Co atoms.
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TABLE 1.3. RADIATION QUANTITIES, UNITS AND CONVERSION
BETWEEN OLD AND SI UNITS

Quantity Definition SI unit Old unit Conversion

4 4
Exposure A0 55, JOOCp lew g5, 107C
(X) Am, kg air cm” airgrp kg air
Dose (D)  p=2Ew  1gy-1 L 1rad =1008 1 Gy =100 rad

Am kg g
Equivalent  H =Dwy 1Sv 1 rem 1Sv=100rem
dose (H)
.. 71 . 10 ,1 1 Ci
Activity (1) A=AN 1Bq=1s 1Ci=37%x10"s" 1Bq =———
3.7x10"

AQ  is the charge of either sign collected;
Amy;, is the mass of air;

AE,, isthe absorbed energy;

Am is the mass of medium;

Wg is the radiation weighing factor;

A is the decay constant;

N is the number of radioactive atoms;
R stands for roentgen;

Gy  stands for gray;

Sv stands for sievert;
Bq  stands for becquerel;
Ci stands for curie;

STP  stands for standard temperature (273.2 K) and standard pressure (101.3 kPa).

o Number of atoms N, per mass of an element:

Na_NA
m A

o Number of electrons per volume of an element:

N N N
Z —2=pZ—2=pZ—*H
m A




BASIC RADIATION PHYSICS

o Number of electrons per mass of an element:

LMl Zy

m A
Note that (Z/A) = 0.5 for all elements, with the one notable exception of
hydrogen, for which (Z/A) = 1. Actually, (Z/A) slowly decreases from 0.5
for low Z elements to 0.4 for high Z elements.

e In nuclear physics the convention is to designate a nucleus X as 4X, where
A is the atomic mass number and Z is the atomic number; for example,
the “’Co nucleus is identified as $)Co, the *Ra nucleus as *3Ra.

e In ion physics the convention is to designate ions with + or — superscripts.
For example, He" stands for a singly ionized “He atom and jHe** stands
for a doubly ionized “He atom, which is the « particle.

o If we assume that the mass of a molecule is equal to the sum of the masses
of the atoms that make up the molecule, then for any molecular
compound there are N, molecules per g-mole of the compound, where
the g-mole (gram-mole or mole) in grams is defined as the sum of the
atomic mass numbers of the atoms making up the molecule; for example,
a g-mole of water is 18 g of water and a g-mole of CO, is 44 g of CO,. Thus
18 g of water or 44 g of carbon dioxide contain exactly N, molecules (or
3N, atoms, since each molecule of water and carbon dioxide contains
three atoms).

1.2.2. Rutherford’s model of the atom

The model is based on the results of an experiment carried out by Geiger
and Marsden in 1909 with o particles scattered on thin gold foils. The experiment
tested the validity of the Thomson atomic model, which postulated that the
positive charges and negative electrons were uniformly distributed over the
spherical atomic volume, the radius of which was of the order of a few angstrom.
Theoretical calculations predict that the probability for an o particle to be
scattered on such an atom with a scattering angle exceeding 90° is of the order of
10735 while the Geiger-Marsden experiment showed that approximately 1 in
10* a particles was scattered with a scattering angle 8> 90° (probability 107*).

From the findings of the Geiger—-Marsden experiment, Rutherford in
1911 concluded that the positive charge and most of the mass of the atom are
concentrated in the atomic nucleus (diameter a few femtometres) and negative
electrons are smeared over on the periphery of the atom (diameter a few
angstroms).

In «a particle scattering the positively charged o particle has a repulsive
Coulomb interaction with the more massive and positively charged nucleus.
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The interaction produces a hyperbolic trajectory of the « particle, and the
scattering angle 0 is a function of the impact parameter b. The limiting case is a
direct hit with » = 0 and 0 = & (backscattering) that, assuming conservation of
energy, determines the distance of closest approach Dy in the backscattering
interaction:

7,7 e? 7, Z e’
Ey(a)=—¢"_ = p =-—9N _ (1.15)
4ne D, _« dne Ey (o)
where
Zg is the atomic number of the o particle;
Zy is the atomic number of the scattering material;

Ey(0) is the initial kinetic energy of the « particle.

The repulsive Coulomb force between the o particle (charge +2¢) and the
nucleus (charge +Ze) is governed by 1/7* as follows:

F _ 2262 1.16
Coul 47[80}’2 ( . )
resulting in the following b versus @relationship:
1 0
bZEDa—N COtE (117)

The differential Rutherford scattering cross-section is then expressed as
follows:

do) _(Dyn) 1
(dQ]R_( ) sin*(6/2) (1.18)

1.2.3. Bohr’s model of the hydrogen atom

Bohr expanded Rutherford’s atomic model in 1913 and based it on four
postulates that combine classical, non-relativistic mechanics with the concept
of angular momentum quantization. Bohr’s model successfully deals with one-
electron entities such as the hydrogen atom, singly ionized helium atom, doubly
ionized lithium atom, etc.

10
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The four Bohr postulates are as follows:

e Postulate 1: Electrons revolve about the Rutherford nucleus in well
defined, allowed orbits (shells). The Coulomb force of attraction F; =
Ze?/(4meyr*) between the negative electrons and the positively charged
nucleus is balanced by the centrifugal force F,,, = m vU*/r, where Z is the
number of protons in the nucleus (atomic number), r is the radius of the
orbit, m, is the electron mass and v is the velocity of the electron in the
orbit.

e Postulate 2: While in orbit, the electron does not lose any energy despite
being constantly accelerated (this postulate is in contravention of the
basic law of nature, which is that an accelerated charged particle will lose
part of its energy in the form of radiation).

e Postulate 3: The angular momentum L = m_,vr of the electron in an
allowed orbit is quantized and given as L=nh, where n is an integer
referred to as the principal quantum number and & =h/(27x), where £ is
Planck’s constant. The simple quantization of angular momentum
stipulates that the angular momentum can have only integral multiples of
a basic value (%).

e Postulate 4: An atom or ion emits radiation when an electron makes a
transition from an initial orbit with quantum number »; to a final orbit
with quantum number n; for n; > n,.

The radius r, of a one-electron Bohr atom is given by:

I’l2 Q I’l2
=ay| = |=0529 A| =
T “0( Z] ? (ZJ (1.19)

where a, is the Bohr radius (a, = 0.529 A).
The velocity v, of the electron in a one-electron Bohr atom is:

v, =ac(%)=§(%) (1.20)

where o is the fine structure constant (o = 1/137).
The energy levels for orbital electron shells in monoelectronic atoms (e.g.
hydrogen, singly ionized helium and doubly ionized lithium) are given by:

2 2
E, =-Eq (%) =-136¢eV (%) (1.21)

11
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where

Er isthe Rydberg energy (13.61 eV);

is the principal quantum number (n = 1, ground state; n > 1, excited state);

Z  isthe atomic number (Z =1 for a hydrogen atom, Z = 2 for singly ionized
helium, Z = 3 for doubly ionized lithium, etc.).

S

The wave number k of the emitted photon is given by:

k:lszZZ iz—iz =109 737 cm~'Z? iz—iz (1.22)
A n;y n; ng n;

where R_, is the Rydberg constant.
Bohr’s model results in the energy level diagram for the hydrogen atom
shown in Fig. 1.2.

1.2.4. Multielectron atoms

For multielectron atoms the fundamental concepts of the Bohr atomic
theory provide qualitative data for orbital electron binding energies and
electron transitions resulting in emission of photons. Electrons occupy allowed
shells, but the number of electrons per shell is limited to 2n% where n is the shell
number (the principal quantum number).

o The K shell binding energies Eg(K) for atoms with Z > 20 may be
estimated with the following relationship:

Eg(K)=ERZ% =Ex(Z-5)* =ERx(Z-2)? (1.23)

where Z_, the effective atomic number, is given by Z ;= Z — s, where s is
the screening constant equal to 2 for K shell electrons.

e Excitation of an atom occurs when an electron is moved from a given
shell to a higher n shell that is either empty or does not contain a full
complement of electrons.

@ lonization of an atom occurs when an electron is removed from the atom
(i.e. the electron is supplied with enough energy to overcome its binding
energy in a shell).

e Excitation and ionization processes occur in an atom through various
possible interactions in which orbital electrons are supplied with a given
amount of energy. Some of these interactions are: (i) Coulomb

12
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FIG. 1.2. Energy level diagram for a hydrogen atom (ground state: n = 1, excited states: n > 1).

interaction with a charged particle; (ii) the photoelectric effect; (iii) the
Compton effect; (iv) triplet production; (v) internal conversion; (vi)
electron capture; (vii) the Auger effect; and (viii) positron annihilation.

e An orbital electron from a higher # shell will fill an electron vacancy in a
lower n atomic shell. The energy difference between the two shells will be
either emitted in the form of a characteristic photon or it will be
transferred to a higher n shell electron, which will be ejected from the
atom as an Auger electron.

e Energy level diagrams of multielectron atoms resemble those of one-
electron structures, except that inner shell electrons are bound with much
larger energies, as shown for a lead atom in Fig. 1.3.

o The number of characteristic photons (sometimes called fluorescent
photons) emitted per orbital electron shell vacancy is referred to as
fluorescent yield w, while the number of Auger electrons emitted per orbital

13
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electron vacancy is equal to (1 — w). The fluorescent yield depends on the
atomic number Z of the atom and on the principal quantum number of a
shell. For atoms with Z < 10 the fluorescent yield wy = 0; for Z = 30 the
fluorescent yield wy = 0.5; and for high atomic number atoms wy = 0.96,
where wy refers to the fluorescent yield for the K shell (see Fig. 1.9).

1.2.5. Nuclear structure

Most of the atomic mass is concentrated in the atomic nucleus consisting
of Z protons and (A — Z) neutrons, where Z is the atomic number and A is the
atomic mass number of a given nucleus.

Continuum
of electron
kinetic
energies

— 0 _X_
. n=3 M Eighteen electrons

Excited -3 keV

states

n>1

n=2 L Eightelectrons
r_ -15 keV

Discrete
energy

levels
Electron

bound
states

Ground

! state n=1 K Two electrons 88 keV _v

n=1

FIG. 1.3. Energy level diagram for a multielectron atom (lead). The n=1, 2, 3, 4... shells
are referred to as the K, L, M, O... shells, respectively. Electronic transitions that end in
low n shells are referred to as X ray transitions because the resulting photons are in the
X ray energy range. Electronic transitions that end in high n shells are referred to as
optical transitions because they result in ultraviolet, visible or infrared photons.

14
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@ The radius r of the nucleus is estimated from:
= ro%/Z (1.24)

where r, is a constant (~1.4 fm) assumed equal to % of r,, the classical
electron radius.

o Protons and neutrons are commonly referred to as nucleons and are
bound in the nucleus with the strong force. In contrast to electrostatic and
gravitational forces, which are inversely proportional to the square of the
distance between two particles, the strong force between two nucleons is
a very short range force, active only at distances of the order of a few
femtometres. At these short distances the strong force is the predominant
force, exceeding other forces by several orders of magnitude.

e The binding energy Ej per nucleon in a nucleus varies slowly with the
number of nucleons A, is of the order of ~8 MeV/nucleon and exhibits a
broad maximum of 8.7 MeV/nucleon at A = 60. For a given nucleus it may
be calculated from the energy equivalent of the mass deficit Am as follows:

E
—B = Amc?*A=[Zm c*+(A-Z)m c*—Mc*]/A (1.25)
nucleon P

where
M is the nuclear mass in atomic mass units u (note that uc® =
931.5 MeV);
2 .
myc ¥s the proton rest energy;
mnc2 is the neutron rest energy.

1.2.6. Nuclear reactions

Much of the present knowledge of the structure of nuclei comes from
experiments in which a particular nuclide A is bombarded with a projectile a.
The projectile undergoes one of three possible interactions: (i) elastic
scattering (no energy transfer occurs; however, the projectile changes
trajectory); (ii) inelastic scattering (the projectile enters the nucleus and is re-
emitted with less energy and in a different direction); or (iii) nuclear reaction
(the projectile a enters the nucleus A, which is transformed into nucleus B and
a different particle b is emitted).

15
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o Nuclear reactions are designated as follows:
a+A—>B+b or A(a,b)B (1.26)

e A number of physical quantities are rigorously conserved in all nuclear
reactions. The most important of these quantities are charge, mass
number, linear momentum and mass—energy.

o The threshold energy for a nuclear reaction is defined as the smallest
value of a projectile’s kinetic energy at which a nuclear reaction can take
place. The threshold kinetic energy Eg"(a) of projectile a is derived from
relativistic conservation of energy and momentum as:

2)? —(mAc2 +mac2)2

2

myc? +myc
E;(hr(a):( B b (1.27)

2m,c

where m,, m,, my and m,, are the rest masses of the target A, projectile a
and products B and b, respectively.

1.2.7. Radioactivity

Radioactivity is characterized by a transformation of an unstable nucleus

into a more stable entity that may be unstable and will decay further through a
chain of decays until a stable nuclear configuration is reached. The exponential
laws that govern the decay and growth of radioactive substances were first
formulated by Rutherford and Soddy in 1902 and then refined by Bateman in
1910.

16

e The activity 4(¢) of a radioactive substance at time ¢ is defined as the
product of the decay constant A and the number of radioactive nuclei
N(1):

A(t) = AN(t) (1.28)

e The simplest radioactive decay is characterized by a radioactive parent
nucleus P decaying with a decay constant A, into a stable daughter
nucleus D:

A
P - D (1.29)

—The number of radioactive parent nuclei Np(¢) as a function of time ¢ is
governed by the following relationship:



BASIC RADIATION PHYSICS

Np(t) = Np(0)e ™" (1.30)

where Np(0) is the initial number of parent nuclei at time ¢ = 0.
—Similarly, the activity of parent nuclei 4,(¢) at time ¢ is given as:

Ap(t) = Ap(0)e ! (1.31)

where A4,(0) is the initial activity of parent nuclei at time ¢ = 0.
o The half-life ¢,, of a radioactive substance is the time during which the
number of radioactive nuclei decays to half of the initial value Np(0)
present at time ¢ = 0:

Np(t=t,,,)=1/2)Np(0)= N (0)e *'r2 (1.32)

o The decay constant A, and half-life (¢,,), for the parent are thus related as
follows:

Ay = In2 (1.33)

[1/2

o The specific activity a is defined as the parent’s activity per unit mass:

_Ap _ AN _

jpNa_ Naln2 (1.34)
m m Ap  Ap (110)p

where N, is Avogadro’s number and A, is the parent’s atomic mass
number.

e The average (mean) life 7, of a radioactive substance represents the
average life expectancy of all parent radioactive atoms in the substance at
time t = 0:

/'lp ()

P

Ap(0)7, j Ap(0)e 'dr = (1.35)

e The decay constant A, and average life 7, are thus related as follows:
=11 (1.36)

resulting in the following relationship between (¢,,,)p and 7:

17
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(tip)p=7pIn2 (1.37)

o A more complicated radioactive decay occurs when a radioactive parent
nucleus P decays with a decay constant A, into a daughter nucleus D
which in turn is radioactive and decays with a decay constant A, into a
stable granddaughter G:

Z‘P 2‘D
P > D —> G (1.38)

—The activity of the daughter 4 () may then be expressed as:

;l’D
2'D - A’P

Ap ()= Ap(0)(e M o) (139)

where Ap(0) is the initial activity of the parent nuclei present at time
t=0 (i.e. 4p(0) = ApNp(0), where N,(0) is the number of parent nuclei
att=0).

—The maximum activity of daughter nuclei occurs at time ¢,,,, given by:

In(Ap/
max _ ntp/tp) (1.40)
Ap —Ap
under the condition that N, = 0 at time ¢ = 0.
e Special considerations in parent — daughter — granddaughter relation-
ships:

—For Ay < A or (f,)p > (f,)p We obtain the following general

relationship:
%=%[1— e~ o=t (1.41)
P D~ p

—For A > Ap or (¢,,,)p < (#;,,)p We Obtain transient equilibrium with:

Ap Ap
——=—— for t>>t 1.42
Ap  Ap—72p max ( )

—For Ap >> Ap or (¢,,)p << (t,,)p We obtain secular equilibrium and

AplAp=1 (1.43)
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1.2.8. Activation of nuclides

Activation of nuclides occurs when a stable parent isotope P is
bombarded with neutrons in a nuclear reactor and transforms into a
radioactive daughter D that decays into a granddaughter G:

op Ap
P - D — (1.44)

The probability for activation is determined by the cross-section o for the

nuclear reaction, usually expressed in barns per atom, where 1 barn = 102* cm?.

o Activity of the daughter 4 (¢) is expressed as:

0P
Ap =09

p (1) = Np(O)(e —eo!) (1.43)

where Np(0) is the initial number of parent nuclei.

o This result is similar to the P — D — G relationship above (Eq. (1.39)) in
which an unstable parent P decays into an unstable daughter D that in
turn decays into granddaughter G. However, the decay constant A in the
P - D — G decay relationship is replaced by o¢, where o is the cross-
section for activation of the parent nuclei (cm*atom) and ¢ is the fluence
rate of neutrons in the reactor (cm=s™).

o The time ¢, at which the maximum activity 4, occurs in the activation
process is then, similarly to Eq. (1.40), given by:

o = — 22 (1.46)

e In situations where o0¢ << Ap, the daughter activity relationship of
Eq. (1.45) transforms into a simple exponential growth relationship:

Ap(t) =09N p(0)(1—e~*0") (1.47)

e An important example of nuclear activation is the production of the °Co
isotope by bombarding *’Co with thermal neutrons in a nuclear reactor:

»Co+n — PCo+y (1.48)
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or in shorthand notation 37Co(n, 7)$Co, with an activation cross-section &
of 37 x 107%* cm?/atom (37 barn/atom with 1 barn = 107* cm?) and typical
reactor neutron fluence rates ¢ of the order of 10" cm™=-s7..
1.2.9. Modes of radioactive decay
A radioactive parent X with atomic number Z and atomic mass number A
decays into a daughter Y through the following possible modes of decay: a, 3,
B, electron capture y and internal conversion.
adecay:

2X = 24Y + jHe(a) (1.49)

where jHe() is a “He nucleus referred to as an « particle. An example of «
decay is the decay of **Ra into *’Rn with a half-life of 1600 years:

2Ra — *2Rn+ jHe (1.50)
B~ decay:
IX > LAY+ +V, (1.51)

A neutron transforms into a proton, and an electron 5~ and antineutrino
v, sharing the available energy, are ejected from the nucleus. An example of 3~
decay is the decay of ®Co nuclei into excited ®Ni nuclei with a half-life of
5.26 years:

9Co — PNi" + B~ + v, (1.52)
B* decay:
2X = LAY +BT +v, (1.53)

A proton transforms into a neutron, and a positron * and neutrino v,,
sharing the available energy, are ejected from the nucleus. An example of §*
decay is the decay of N into *C:

BN—BC+B*+v, (1.54)
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Electron capture:
2X+ex = AY+v, (1.55)

The nucleus captures one of its own K shell orbital electrons, a proton
transforms into a neutron and a neutrino v, is ejected. An example of electron
capture is the decay of '®I into '®Te in an excited state, which decays to the
125Te ground state through y decay and internal conversion:

125 - 125

Sl+teg = 5Te" +v, (1.56)
The resulting K shell vacancy is filled with a higher level orbital electron

and the transition energy is emitted from the atom in the form of characteristic
photons or Auger electrons.

Y decay:
72X > o X+y (1.57)

An excited nucleus 4X", generally produced through B~ or B* decay,
attains its ground state 4X through emission of one or several y photons. An
example of y decay is the transition of the excited $Ni", resulting from the 8-
decay of ®Co, into stable $3Ni through an emission of two y rays with energies
of 1.17 and 1.33 MeV.

Internal conversion:
IX" > X +eg (1.58)

Rather than being emitted as a y photon, the nuclear excitation energy
may be transferred to a K shell orbital electron that is ejected with a kinetic
energy equal to the excitation energy less the orbital electron binding energy.
The resulting K shell vacancy is filled with a higher level orbital electron and
the transition energy is emitted in the form of characteristic photons or Auger
electrons. An example of internal conversion is the decay of excited *Te,
which results from an electron capture decay of %1, into stable 'Te through
emission of 35 keV y rays (7%) and internal conversion electrons (93%).

21



CHAPTER 1

1.3. ELECTRON INTERACTIONS

As an energetic electron traverses matter, it interacts with matter through
Coulomb interactions with atomic orbital electrons and atomic nuclei. Through
these collisions the electrons may lose their kinetic energy (collision and
radiative losses) or change their direction of travel (scattering). Energy losses
are described by stopping power; scattering is described by scattering power.

The collisions between the incident electron and an orbital electron or
nucleus of an atom may be elastic or inelastic. In an elastic collision the
electron is deflected from its original path but no energy loss occurs, while in an
inelastic collision the electron is deflected from its original path and some of its
energy is transferred to an orbital electron or emitted in the form of brems-
strahlung. Energetic electrons experience thousands of collisions as they
traverse an absorber, hence their behaviour is described by a statistical theory
of multiple scattering embracing the individual elastic and inelastic collisions
with orbital electrons and nuclei.

The type of interaction that the electron undergoes with a particular atom
of radius a depends on the impact parameter b of the interaction, defined as the
perpendicular distance between the electron direction before the interaction
and the atomic nucleus (see Fig. 1.4).

Electron trajectory e

> ®

A

b

<4 Nucleus

Electron cloud

Q

FIG. 1.4. Interaction of an electron with an atom, where a is the atomic radius and b is the
impact parameter.
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e For b >> a the electron will undergo a soft collision with the whole atom
and only a small amount of energy will be transferred from the incident
electron to orbital electrons.

e For b = a the electron will undergo a hard collision with an orbital
electron and an appreciable fraction of the electron’s kinetic energy will
be transferred to the orbital electron.

e For b << a the incident electron undergoes a radiative interaction
(collision) with the atomic nucleus. The electron will emit a photon
(bremsstrahlung) with energy between zero and the incident electron
kinetic energy. The energy of the emitted bremsstrahlung photon
depends on the magnitude of the impact parameter b; the smaller the
impact parameter, the higher the energy of the bremsstrahlung photon.

1.3.1. Electron—-orbital electron interactions

e Coulomb interactions between the incident electron and orbital electrons
of an absorber result in ionizations and excitations of absorber atoms:
—Ionization: ejection of an orbital electron from the absorber atom;

— Excitation: transfer of an orbital electron of the absorber atom from an
allowed orbit to a higher allowed orbit (shell).

e Atomic excitations and ionizations result in collisional energy losses and
are characterized by collision (ionization) stopping powers.

1.3.2. Electron—nucleus interactions

e Coulomb interactions between the incident electron and nuclei of the
absorber atom result in electron scattering and energy loss of the electron
through production of X ray photons (bremsstrahlung). These types of
energy loss are characterized by radiative stopping powers.

e Bremsstrahlung production is governed by the Larmor relationship,
which states that the power P emitted in the form of photons from an
accelerated charged particle is proportional to the square of the particle
acceleration a and the square of the particle charge g, or:

2.2
p:6q - (1.59)
TE (C

e The angular distribution of the emitted photons (bremsstrahlung) is
proportional to sin? 6/(1 — B cos 0)°, where 6 is the angle between the
acceleration of the charged particle and a unit vector connecting the
charge with the point of observation and fis the standard relativistic v/c.
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e At small velocities v of the charged particle ( — 0) the angular distri-
bution goes as sin? § and exhibits a maximum at 8 = 90°. However, as the
velocity of the charged particle increases from 0 towards c, the angular
distribution of the emitted photons becomes increasingly more forward
peaked.

e The angle at which the photon emission intensity is maximum can be
calculated from the following relationship:

0. = arccos[%(«/lnLlS,Bz —1)} (1.60)

that for 8 — 0 gives 6,,,, =0, indicating that
in the diagnostic radiology energy range (orthovoltage beams) most X
ray photons are emitted at 90° to the electron path, while in the
megavoltage range (linac beams) most photons are emitted in the
direction of the electron beam striking the target.

e The energy loss by radiation and the radiative yield g increase directly
with the absorber atomic number Z and the kinetic energy of electrons.
The radiation yield for X ray targets in the diagnostic radiology energy
range (~100 keV) is of the order of 1%, while in the megavoltage energy

range it amounts to 10-20%.

= m/2 and for f— 1 gives

max

1.3.3.  Stopping power

The inelastic energy losses by an electron moving through a medium with
density p are described by the total mass—energy stopping power (S/p),, which
represents the kinetic energy Ey loss by the electron per unit path length x, or:

1dEg
p dx

(5/P) o = (MeV-cm?/g) (1.61)

(S/p),., consists of two components: the mass collision stopping power (S/p)..
resulting from electron—orbital electron interactions (atomic excitations and
ionizations), and the mass radiative stopping power (S/p),,4, resulting from
electron—nucleus interactions (bremsstrahlung production):

(S/p)tot = (S/p)col + (S/p)rad (162)

® (S/p).,; has an important role in radiation dosimetry, since the dose D in
the medium may be expressed as:
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D= ¢(S/p)col (163)

where ¢ is the fluence of electrons.
® (S/p),, is used in the calculation of electron range R as follows:

R= j[ (EK)J dE, (1.64)

where E; is the initial kinetic energy of the electron.
e Both (S/p),,q and (S/p),,, are used in the determination of radiation yield
(also referred to as bremsstrahlung efficiency) Y as:

L (S/P)rdd
j (SIp) (169

e The stopping power focuses on the energy loss by an electron moving
through a medium. When attention is focused on the absorbing medium,
one is interested in the linear rate of energy absorption by the absorbing
medium as the electron traverses the medium. The rate of energy
absorption, called the linear energy transfer (LET), is defined as the
average energy locally imparted to the absorbing medium by an electron
of specified energy in traversing a given distance in the medium.

o In radiation dosimetry the concept of restricted stopping power (S,/p) is
introduced, which accounts for that fraction of the collisional stopping
power (S/p),,, that includes all the soft collisions plus those hard collisions
that result in delta rays with energies less than a cut-off value A. In
radiation dosimetry this cut-off energy is usually taken as 10 keV, an
energy that allows an electron just to traverse an ionization chamber gap
of 1 mm in air. Delta rays are defined as electrons that acquire sufficiently
high kinetic energies through hard collisions so as to enable them to carry
this energy a significant distance away from the track of the primary
particle and produce their own ionizations of absorber atoms.

1.3.4. Mass scattering power

When a beam of electrons passes through an absorbing medium, the

electrons undergo multiple scattering through Coulomb interactions between
the incident electrons and nuclei of the absorber. The angular and spatial
spread of a pencil electron beam can be approximated by a Gaussian distri-
bution. The multiple scattering of electrons traversing a path length / through
an absorbing medium is commonly described by the mean square angle of

25



CHAPTER 1

scattering 92 that is proportional to the mass thickness pl/ of the absorber.
Analogously to the definition of stopping power, the International Commission
on Radiation Units and Measurements (ICRU) defines the mass scattering
power T/p as:

1de?
=——— or
p dl

-l
© N
= |

(1.66)

The scattering power varies approximately as the square of the absorber atomic
number and inversely as the square of the electron kinetic energy.

1.4. PHOTON INTERACTIONS
1.4.1. Types of indirectly ionizing photon radiation

Depending on their origin, the indirectly ionizing photon radiations fall
into one of the following four categories:

e Bremsstrahlung (continuous X rays), emitted through electron—-nucleus
interactions.

o Characteristic X rays (discrete), emitted in transitions of orbital electrons
from one allowed orbit to a vacancy in another allowed orbit.

e y rays (discrete), emitted through nuclear transitions in y decay.

e Annihilation radiation (discrete, typically 0.511 MeV), emitted through
positron—electron annihilation.

1.4.2. Photon beam attenuation

The intensity /(x) of a narrow monoenergetic photon beam, attenuated
by an attenuator of thickness x, is given as:

1(x) = 1(0)e Hm2)x (1.67)
where
1(0) is the original intensity of the unattenuated beam:;

u(hv, Z) is the linear attenuation coefficient, which depends on photon energy
hv and attenuator atomic number Z.
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o The half-value layer (HVL or x,,) is defined as that thickness of the
attenuator that attenuates the photon beam intensity to 50% of its
original value:

X, = HVL = (In 2)/u (1.68)

o Similarly, the tenth-value layer (TVL or x,,,,) is defined as that thickness
of the attenuator that attenuates the photon beam intensity to 10% of its
original value:

X110 =TVL = (In 10)/u (1.69)
e HVL and TVL are thus related as follows:

In 10
X110 = X172 In2 =3.3xy), (1.70)

e The mass attenuation coefficient u,, atomic attenuation coefficient ,u
and electronic attenuation coefficient .u are proportional to the linear
attenuation coefficient u through the following relationships:

PNA  _PNAZ

1= pp, =

where p, Z and A are the density, atomic number and atomic mass
number, respectively, of the attenuator.

o Typical units for the linear, mass, atomic and electronic attenuation
coefficients are: cm™, cm?g, cm*atom and cm%electron, respectively,
implying that thickness x in the exponent (—ux) must be given in cm,
g/cm?, atoms/cm?” and electrons/cm?, respectively.

o For use in radiation dosimetry two additional attenuation coefficients are
defined: the energy transfer coefficient u, and the energy absorption
coefficient u,,, (often designated as ). The two coefficients are related
to u as follows:

Ey (1.72)

#tr=uhv

and
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Wy =M h:/b (173)
where
E . is the average energy transferred to charged particles (electrons and

positrons) in the attenuator;
Eab is the average energy deposited by charged particles in the
attenuator.

o The energy transfer coefficient u,, and the energy absorption coefficient
U, are related through the radiative fraction g as follows:

Hap = Hy(1 - 8) (1.74)

1.4.3. Types of photon interaction

Photons may undergo various possible interactions with the atoms of an
attenuator; the probability or cross-section for each interaction depends on the
energy hv of the photon and on the atomic number Z of the attenuator.

e The photon interactions may be with a tightly bound electron (i.e. with an
atom as a whole (photoelectric effect, coherent scattering)), with the field
of the nucleus (pair production) or with an essentially free orbital
electron (Compton effect, triplet production).

e In the context of photon interactions, a tightly bound electron is an
orbital electron with a binding energy of the order of, or slightly larger
than, the photon energy, while a free electron is an electron with a binding
energy that is much smaller than the photon energy.

e During the interaction the photon may completely disappear (photo-
electric effect, pair production, triplet production) or it may be scattered
coherently (coherent scattering) or incoherently (Compton effect).

1.4.4. Photoelectric effect

In the photoelectric effect (sometimes referred to as the photoeffect) the
photon interacts with a tightly bound orbital electron of an attenuator and
disappears, while the orbital electron is ejected from the atom as a photo-

electron with a kinetic energy Ey given as:

Ey=hv-Eyg (1.75)
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where hv is the incident photon energy and Ej is the binding energy of the
electron.

e The atomic attenuation coefficient for the photoelectric effect ,7 is
proportional to Z*(hv)?, while the mass attenuation coefficient for the
photoelectric effect 7, is proportional to (Z/hv)?, where Z is the atomic
number of the attenuator and /v is the photon energy.

e In addition to a steady decrease in 7., with an increasing /v, the plot of 7,
versus Av also shows sharp discontinuities in 7,, when Av equals the
binding energy for a particular electronic shell of the attenuator. These
discontinuities, called absorption edges, reflect the fact that for Av less
than the binding energy photons cannot undergo the photoelectric effect
with electrons in that particular shell, while for v greater than or equal to
the binding energy they can.

o The average energy transferred from the photon with energy hv > Eg(K)
to electrons (Ey)E in the photoelectric effect is given as follows:

(Ex)i" =hv = P o Eg(K) (1.76)

where E5(K) is the binding energy of the K shell orbital electron (photo-
electron), Pk is the fraction of all photoelectric effect interactions that
occur in the K shell and wy is the fluorescent yield for the K shell. The
range of Py is from 1.0 at low atomic numbers Z to 0.8 at high atomic
numbers (see Fig. 1.9).

1.4.5. Coherent (Rayleigh) scattering

In coherent (Rayleigh) scattering the photon interacts with a bound
orbital electron (i.e. with the combined action of the whole atom). The event is
elastic in the sense that the photon loses essentially none of its energy and is
scattered through only a small angle. Since no energy transfer occurs from the
photon to charged particles, Rayleigh scattering plays no role in the energy
transfer coefficient; however, it contributes to the attenuation coefficient.

e The atomic cross-section for Rayleigh scattering ,0y is proportional to
(Z/hv)? and the mass attenuation coefficient oy/p is proportional to
ZI/(hv)>.

e In tissue and tissue equivalent materials the relative importance of
Rayleigh scattering in comparison with other photon interactions is small,
as it contributes only a few per cent or less to the total attenuation
coefficient.
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1.4.6. Compton effect (incoherent scattering)

The Compton effect (incoherent scattering) represents a photon
interaction with an essentially ‘free and stationary’ orbital electron. The
incident photon energy /v is much larger than the binding energy of the orbital
electron. The photon loses part of its energy to the recoil (Compton) electron
and is scattered as photon A#v’through a scattering angle 6, as shown schemati-
cally in Fig. 1.5. Angle ¢ represents the angle between the incident photon
direction and the direction of the recoil electron.

o The change in photon wavelength AA is given by the well known
Compton relationship:

AA = A:(1 —cos 6) (1.77)

where A is the Compton wavelength of the electron, expressed as:

Ao =——=0.024 A (1.78)

o The relationship for A4 is calculated from equations representing conser-
vation of energy and momentum in the Compton process:

hv+m®=hv' + m + Ex (1.79)
h _h 080+ ¥ o5 10} (1.80)
c c %
(2]
C
and
0=""sin6 —m—evzsin 6 (1.81)
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FIG. 1.5. Schematic diagram of Compton scattering. An incident photon with energy hv
interacts with a loosely bound (essentially free) atomic electron. The electron is ejected
from the atom as a recoil (Compton) electron with kinetic energy Ey and a scattered
photon with energy hv’ = hv — E is produced (see Eq. (1.79)).

and Ey is the kinetic energy of the recoil electron. Equation (1.79) represents
conservation of energy; Eqs (1.80) and (1.81) represent conservation of
momentum along the x axis and y axis, respectively, of Fig. 1.5.

o The scattering angle 6 and the recoil electron angle ¢ are related through
the following relationship:

cot ¢ = (1 + ¢€) tan(6/2) (1.82)

From Eq. (1.82) it is evident that the range of angle ¢ is between 0 for 6=
7 (photon backscattering) and 7/2 for 8 = 0 (photon forward scattering)
for any arbitrary photon energy. For a given 6, the higher the incident
photon energy, the smaller is the recoil electron angle ¢.

e The Compton interaction represents a photon interaction with an
essentially free and stationary electron (hv >> Eg). Consequently, the
atomic Compton attenuation coefficient ,0- depends linearly on the atomic
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number Z of the attenuator, while .o and o/p, the electronic and mass
Compton attenuation coefficients, respectively, are independent of Z.

e The electronic Compton attenuation coefficient .o steadily decreases
with Av from a value of 0.665 x 10>* cm*/electron at low photon energies
to 0.21 x 10 cm?/electron at Av =1 MeV; 0.051 x 102* cm?/electron at hv
=10 MeV: and 0.008 x 102* cm?/electron at Av = 100 MeV.

o The scattered photon energy /v and the kinetic energy of the Compton
electron Ey are given as follows:

W= —  and E = —£0=0050) (1.83)
1+&(1—cos 6) 1+&(1—cos 0)

o The energy of photons scattered at 90° and 180° is thus given as:

(0 =90°) =" and hv’(6 =180°) =Y (1.84)
1+e 1+2¢

which for large incident photon energies (¢ = hv/(m.c?) — oo results in
m.c* and 0.5 m_c* for 6= 90° and 6 = 180°, respectively.

o The maximum (for 6 = 180° (i.e. photon backscattering)) and mean
fractions of the incident photon energy transferred to the Compton recoil
electron are given in Fig. 1.6. The mean fraction is used in the determi-
nation of the Compton effect contribution to the energy transfer
coefficient.

e For example, from Fig. 1.6 we determine that a 1 MeV photon undergoing
a Compton backscattering event would result in a recoil electron with a
kinetic energy of 800 keV and a backscattered photon with an energy of
200 ke V.

o On average, a 1 MeV photon undergoing Compton scattering will
produce a 440 keV recoil electron and a 560 keV scattered photon; a
100 keV photon will produce a 15 keV recoil electron and a 85 keV
scattered photon; a 10 MeV photon will produce a 6.9 MeV recoil
electron and a 3.1 MeV scattered photon; and a 100 MeV photon will
produce an 80 MeV recoil electron and a 20 MeV scattered photon.

1.4.7.  Pair production
In pair production the photon disappears and an electron—positron pair

with a combined kinetic energy equal to v — 2m c?* is produced in the nuclear
Coulomb field.
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FIG. 1.6. Maximum and mean fractions of incident photon energy transferred to a
Compton recoil electron in the photon energy range from 10 keV to 100 MeV. Data are
obtained from the National Institute of Science and Technology (NIST) in Washington,
DC (www.nist.gov).

@ Since mass is produced out of photon energy in the form of an electron—
positron pair, pair production has an energy threshold (minimum photon
energy required for the effect to happen) of 2m,c* = 1.02 MeV.

@ When pair production occurs in the field of an orbital electron, the effect
is referred to as triplet production, and three particles (an electron—
positron pair and the orbital electron) share the available energy. The
threshold for this effect is 4m c*

e The probability for pair production is zero for photon energies below the
threshold energy and increases rapidly with photon energy above the
threshold.

e The atomic attenuation coefficient for pair production ,x and the mass
attenuation coefficient for pair production x/p vary approximately as Z>
and Z, respectively, where Z is the atomic number of the attenuator.
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Photonuclear reactions

Photonuclear reactions (also referred to as photodisintegration reactions)

occur when a high energy photon is absorbed by the nucleus of an atom,
resulting in an emission of a neutron ((x, n) reaction) or proton ((x, p) reaction)
and a transformation of the nucleus into a radioactive reaction product.

1.4.9.

The threshold for a particular photonuclear reaction depends on the
reaction and the nucleus and is of the order of 10 MeV or higher for most
nuclei (with the exception of the deuteron and *Be nuclei, for which the
threshold is of the order of 2 MeV).

The probability for photonuclear reactions is much smaller than that for
other photon interactions, and their contribution to the total attenuation
coefficient amounts to only a few per cent at photon energies above the
reaction threshold.

While photonuclear reactions do not play an active role in photon
attenuation considerations, they are of concern in high energy radio-
therapy treatment rooms because of the neutron production through the
(x, n) reactions and because of the radioactivity that is induced in the
treatment room air and in machine components through the (x, n)
reaction. Both the neutrons and the radioactivity pose a health hazard to
personnel and must be dealt with in the treatment room and treatment
machine design. The neutron problem is dealt with special treatment
room doors incorporating borated hydrogenous materials to thermalize
and absorb the neutrons, the radioactivity with adequate room ventilation
(six to eight air changes per hour) and use of machine components with a
low reaction cross-section and short half-life of the reaction product.

Contributions to attenuation coefficients

For a given photon energy Av and attenuator Z, the attenuation

coefficient u, energy transfer coefficient y,, and energy absorption coefficient
U,, are given as a sum of coefficients for individual photon interactions (the
energy absorption coefficient is often designated as y,,):
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Map = Hen = (1 - 8) (1.87)

where g is the radiative fraction, and the average energies transferred to
charged particles (electrons and positrons) for the photoelectric effect, the
Compton effect and pair production are designated as (Ey)'", (Ey)SE and
(Ex)FF, respectively.

o (Ex)’E may be approximated by hv — Py Eg(K), where Eg(K) is the
binding energy of the K shell electron, Py is the fraction of all photo-
electric effect interactions that occur in the K shell and wy is the
fluorescent yield for the K shell.

o (Ey)SE is obtained from tabulated values or from the graph shown in
Fig. 1.6.

o (E )P =hv-2m.%

e Note that in Rayleigh scattering no energy transfer occurs and therefore
Rayleigh scattering contributes neither to the energy transfer coefficient
nor to the energy absorption coefficient.

The individual components of the attenuation coefficients, when
summed, result in the total mass attenuation, mass—energy transfer and mass—
energy absorption coefficients as follows:

E=£+O-_R+G_C+£ (188)
PP P P P

&:TJ_,_(O-C)H_’_&

p P p P

—  \CE _ 2
_ l ’L' hv PKCUKEB(K) +0 (EK)tr i hv 2mc (1,89)
P hv hv hv

ﬂ=ﬂ(1_g) (1.90)
PP

Figure 1.7 shows the mass attenuation coefficient y/p in (a) and the mass—
energy transfer coefficient (u,/p) and mass—energy absorption coefficient (u,,/
p) in (b) for lead in the photon energy range from 10 keV to 100 MeV.
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FIG. 1.7. Mass attenuation coefficient Wp (a); mass—energy transfer coefficient 1,/p and
mass—energy absorption coefficient U, /p (b) for lead in the photon energy range between
10 keV and 100 MeV. The dotted—dashed curves represent contributions of individual effects,
while the solid curves represent the sum of the contributions of the individual effects as given
by Eq. (1.88) for wp Eq. (1.89) for u,/p and Eq. (1.90) for u,/p For photon energies below 2
MeV, u,/p = u,/p because the radiative fraction g in this energy region is negligible. Above 2
MeV, g increases with photon energy, causing the divergence between the mass—energy
transfer and mass—energy absorption coefficients.

1.4.10. Relative predominance of individual effects

The probability for a photon to undergo any one of the various
interaction phenomena with an attenuator depends on the energy Av of the
photon and on the atomic number Z of the attenuating material. In general, the
photoelectric effect predominates at low photon energies, the Compton effect
at intermediate energies and pair production at high photon energies.

Figure 1.8 shows the regions of relative predominance of the three most
important individual effects with Av and Z as parameters. The two curves
display the points in the (hv, Z) diagram for which ,0. = ,7 or ,0c = ,x and
thus delineate the regions of photoelectric effect predominance at low photon
energies, Compton effect predominance at intermediate energies and pair
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FIG. 1.8. Regions of relative predominance of the three main forms of photon interaction
with matter. The left curve represents the region where the atomic coefficients for the
photoelectric effect and Compton effect are equal (,7 = ,0.), the right curve is for the
region where the atomic Compton coefficient equals the atomic pair production
coefficient (,6. = ,K).

production predominance at high photon energies. For example, a 100 keV
photon will interact with lead (Z = 82) predominantly through the photo-
electric effect and with soft tissue (Z, = 7.5) predominantly through the
Compton effect. A 10 MeV photon, on the other hand, will interact with lead
predominantly through pair production and with tissue predominantly through
the Compton effect.

1.4.11. Effects following photon interactions
In the photoelectric effect, the Compton effect and triplet production,

vacancies are produced in atomic shells through the ejection of orbital
electrons. For the orthovoltage and megavoltage photons used in the diagnosis
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and treatment of disease with radiation, the shell vacancies occur mainly in
inner atomic shells and are followed by characteristic X rays or Auger
electrons, the probability for the former given by the fluorescent yield @ (see
Fig. 1.9), while the probability for the Auger effectis 1 — a.

Pair production and triplet production are followed by the annihilation of
the positron with a ‘free’ and stationary electron, producing two annihilation
quanta, most commonly with energies of 0.511 MeV each and emitted at 180°
from each other to satisfy the conservation of charge, momentum and energy.
An annihilation of a positron before it has expended all of its kinetic energy is
referred to as annihilation in flight and produces photons with energies
exceeding 0.511 MeV.

1.4.12. Summary of photon interactions

Table 1.4 summarizes the main characteristics of the photoeffect,
Rayleigh scattering, the Compton effect and pair production.

Fluorescent yields wx and
Fractions Py and P,

Atomic number Z

FIG. 1.9. Fluorescent yields wy for hv > (Ey ). and w, for (Eg), < hv < (Ey) as well as
Sractions Py for hv > (Ey ). and P, for (Eg), < hv < (Ey ) against the atomic number Z. Data
were obtained from F.H. Attix, Introduction to Radiological Physics and Radiation Dosimetry,
Wiley, New York (1986).
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TABLE 1.4. MAIN CHARACTERISTICS OF THE PHOTOELECTRIC
EFFECT, RAYLEIGH SCATTERING, THE COMPTON EFFECT AND
PAIR PRODUCTION

Photoelectric Rayleigh Compton Pair
effect scattering effect production
Photon With whole atom  With bound With free With nuclear
interaction (bound electron)  electrons electrons Coulomb field
Mode of photon  Photon Photon Photon Photon
interaction disappears scattered scattered disappears
Energy 1 1 Decreases Increases with
dependence ()3 (hv)? with energy energy
Threshold No No No 2m,
Linear T Oy Oc K
attenuation
coefficient
Particles Photoelectron None Compton Electron-
released (recoil) positron pair
electron
Atomic RVA Or < Z* Oc<Z Ko Z2
coefficient
dependence
onZ
Mass coefficient -
dependence L w7z R~z Independent K «z
onZ P P P
Average energy  hv—PragEg(K) 0 (E)CE hv—2m*
transferred (see Fig. 1.6)
Subsequent Characteristic None Characteristic Annihilation
effect X ray, X ray, radiation
Auger effect Auger effect

Significant <20 keV <20keV 20 keV- >10 MeV
energy region 10 MeV

for water
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1.4.13. Example of photon attenuation

For 2 MeV photons in lead (Z = 82; A = 207.2 g/g-atom; p = 11.36 g/cm?) the
photoelectric effect, coherent scattering, the Compton effect and pair production
linear attenuation coefficients are: 7= 0.055 cm™, o = 0.008 cm™, 6 = 0.395 cm™
and k= 0.056 cm™. The average energy transferred to charged particles (Ey),, =
1.13 MeV and the average energy absorbed in lead is (Ey),, = 1.04 MeV.

Calculate the linear attenuation coefficient y; mass attenuation
coefficient u,; atomic attenuation coefficient ,u; mass—energy transfer
coefficient u,/p; mass—energy absorption coefficient u,/p; and radiative
fraction g:

U= T+ Og + 0c + K= (0.055 + 0.008 + 0.395 + 0.056) cm™' = 0.514 cm™

(1.91)
-1
W :E:m:00453 cmz/g (192)
p 1136 g/cm
(PN 2072 g/g-atom x0.514 cm ™!
akl A 11.36 g/cm? x 6.022 x 10%* atom/g-atom
=1.56x1072 cm?/atom (1.93)
E . : 2
By (Eg)y o _ 1.13 MeV x0.0453 cm /g —0.0256 cm?/g (1.94)
p hv p 2 MeV
E 2
Hap _ Hen _ (Ex)ap 4 _ 1.04 MeV x0.0453 cm /g ~ 00236 cm/g
p p v p 2 MeV
(1.95)
_EQDe—(E)w _ 1 (Ex)a _ - 1.04 MeV 008 (1.96)

(Ex) (Ex)y - 113MeV

or
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Hap/P _ | 00236 cm?/g

=1-
8= T p T 00256 em?/g

=0.08 (1.97)

The mass—energy transfer coefficient p,/p can also be determined using
Eq. (1.89) with:

hv— PewcEg =2 MeV — 0.8 x 0.96 x 0.088 MeV = 1.93 MeV

(from Fig. 1.9) (1.98)
(Ex);F=0.53 x 2 MeV = 1.06 MeV (from Fig. 1.6) (1.99)
hv—2m. =2 MeV —1.02 MeV = 0.98 MeV (1.100)
to obtain
Ll L(@x 0055+ 220 0,395+ 228 0.056) om’ _o.0254 S
p 1136\ 2 2 2 " .
(1.101)

in good agreement with the result obtained in Eq. (1.94).
Thus, as shown schematically in Fig. 1.10, a 2 MeV photon in lead will on
average:

e Transfer 1.13 MeV to charged particles (electrons and positrons); and
e 0.87 MeV will be scattered through Rayleigh and Compton scattering.

Of the 1.13 MeV of energy transferred:

e 1.04 MeV will be absorbed in lead; and
e 0.09 MeV will be re-emitted through bremsstrahlung radiative loss.

The radiative fraction g for 2 MeV photons in lead is 0.08.
1.4.14. Production of vacancies in atomic shells

There are eight main means of producing vacancies in atomic shells and
transforming the atom from a neutral state into an excited positive ion:
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Incident N
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FIG. 1.10. Schematic diagram of general photon interactions with an atom. In this example a
2 MeV photon hv interacts with a lead atom. An individual 2 MeV photon, as it encounters a
lead atom at point A, may interact with the atom through the photoelectric effect, Rayleigh
scattering, the Compton effect or pair production, or it may not interact at all. However, for a
large number of 2 MeV photons striking lead, we may state that on average: 1.13 MeV will be
transferred at point A to charged particles (mainly to fast energetic electrons, but possibly also
to positrons if the interaction is pair production); 0.87 MeV will be scattered through Rayleigh
and Compton scattering (hv’). Of the 1.13 MeV transferred to charged particles: 1.04 MeV will
be absorbed in lead over the fast charged particle tracks, and 0.09 MeV will be emitted in the
Jform of bremsstrahlung photons (hv"”).

e Coulomb interaction (1) of an energetic charged particle with an orbital
electron.
e Photon interactions:
—Photoelectric effect (2);
— Compton effect (3);
— Triplet production (4).
e Nuclear decay:
— Electron capture (5);
— Internal conversion (6).
@ Positron annihilation (7).
e Auger effect (8).
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Note that pair production does not produce shell vacancies. Vacancies in
inner atomic shells are not stable; they are followed by emission of character-
istic photons or Auger electrons and cascade to the outer shell of the ion. The
ion eventually attracts an electron from its surroundings and reverts to a
neutral atom.
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2.1. INTRODUCTION

Radiation measurements and investigations of radiation effects require
various specifications of the radiation field at the point of interest. Radiation
dosimetry deals with methods for a quantitative determination of energy
deposited in a given medium by directly or indirectly ionizing radiations. A
number of quantities and units have been defined for describing the radiation
beam, and the most commonly used dosimetric quantities and their units are
defined below. A simplified discussion of cavity theory, the theory that deals
with calculating the response of a dosimeter in a medium, is also given.

2.2. PHOTON FLUENCE AND ENERGY FLUENCE

The following quantities are used to describe a monoenergetic ionizing
radiation beam: particle fluence, energy fluence, particle fluence rate and
energy fluence rate. These quantities are usually used to describe photon
beams and may also be used in describing charged particle beams.
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o The particle fluence @ is the quotient dN by dA, where dN is the number
of particles incident on a sphere of cross-sectional area dA:

oIV 2.1)
dA

The unit of particle fluence is m™. The use of a sphere of cross-sectional
area dA expresses in the simplest manner the fact that one considers an
area dA perpendicular to the direction of each particle and hence that
particle fluence is independent of the incident angle of the radiation.

e Planar particle fluence is the number of particles crossing a plane per unit
area and hence depends on the angle of incidence of the particle beam.

o The energy fluence Y is the quotient of dE by dA, where dE is the radiant
energy incident on a sphere of cross-sectional area dA:

g dE 2.2)
dA
The unit of energy fluence is J/m>2. Energy fluence can be calculated from
particle fluence by using the following relation:

\{J:d_NE:cpE (2.3)
dA

where E is the energy of the particle and dN represents the number of particles
with energy E.

Almost all realistic photon or particle beams are polyenergetic, and the
above defined concepts need to be applied to such beams. The concepts of
particle fluence spectrum and energy fluence spectrum replace the particle
fluence and energy fluence, respectively. They are defined respectively as:

@, (B)=2(E) 24)
and
¥, (E)= (B = 2 (B)E 25)

where ®,(E) and Wg(E) are shorthand notations for the particle fluence
spectrum and the energy fluence spectrum differential in energy E, respec-
tively.

Figure 2.1 shows a photon fluence and an energy fluence spectrum
generated by an orthovoltage X ray unit with a kVp value of 250 kV and an
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0.25
)
< 0.20 —— Particle fluence spectrum |
> | || Energy fluence spectrum
©
5
5 0.15
(0]
2
g 0.10 F 1
L
0.05

50 100 150 200 250
Energy (keV)

FIG. 2.1. Photon fluence and energy fluence spectra at 1 m from the target of an X ray
machine with a tube potential of 250 kV and added filtration of 1 mm Al and 1.8 mm Cu
(target material: W; inherent filtration: 2 mm Be).

added filtration of 1 mm Al and 1.8 mm Cu (target material: W; inherent
filtration: 2 mm Be). The two spikes superimposed on the continuous
bremsstrahlung spectrum represent the K, and the K4 characteristic X ray lines
produced in the tungsten target.

The particle fluence rate @ is the quotient of d® by dt, where d® is the
increment of the fluence in time interval dz:

P

-2 (2.6)

with units of m=s.

The energy fluence rate (also referred to as intensity) is the quotient of
d¥ by dr, where d¥ is the increment of the energy fluence in the time interval
dr:

== 2.7)

The unit of energy fluence rate is W/m* or J-m2s™".
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2.3. KERMA

Kerma is an acronym for kinetic energy released per unit mass. It is a non-
stochastic quantity applicable to indirectly ionizing radiations such as photons
and neutrons. It quantifies the average amount of energy transferred from
indirectly ionizing radiation to directly ionizing radiation without concern as to
what happens after this transfer. In the discussion that follows we will limit
ourselves to photons.

The energy of photons is imparted to matter in a two stage process. In the
first stage, the photon radiation transfers energy to the secondary charged
particles (electrons) through various photon interactions (the photoelectric
effect, the Compton effect, pair production, etc.). In the second stage, the
charged particle transfers energy to the medium through atomic excitations
and ionizations.

In this context, the kerma is defined as the mean energy transferred from
the indirectly ionizing radiation to charged particles (electrons) in the medium
dE |, per unit mass dm:

K= 4By (2.8)

dm
The unit of kerma is joule per kilogram (J/kg). The name for the unit of kerma
is the gray (Gy), where 1 Gy =1 J/kg.

24. CEMA

Cema is the acronym for converted energy per unit mass. It is a non-
stochastic quantity applicable to directly ionizing radiations such as electrons
and protons. The cema C is the quotient of dE_ by dm, where dE_is the energy
lost by charged particles, except secondary electrons, in collisions in a mass dm
of a material:

_dE,
~ dm

C (2.9)

The unit of cema is joule per kilogram (J/kg). The name for the unit of cema is
the gray (Gy).
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2.5. ABSORBED DOSE

Absorbed dose is a non-stochastic quantity applicable to both indirectly and
directly ionizing radiations. For indirectly ionizing radiations, energy is imparted
to matter in a two step process. In the first step (resulting in kerma), the indirectly
ionizing radiation transfers energy as kinetic energy to secondary charged
particles. In the second step, these charged particles transfer some of their kinetic
energy to the medium (resulting in absorbed dose) and lose some of their energy
in the form of radiative losses (bremsstrahlung, annihilation in flight).

The absorbed dose is related to the stochastic quantity energy imparted.
The absorbed dose is defined as the mean energy € imparted by ionizing
radiation to matter of mass m in a finite volume V by:

p-d¢
dm

(2.10)

The energy imparted € is the sum of all the energy entering the volume of
interest minus all the energy leaving the volume, taking into account any mass—
energy conversion within the volume. Pair production, for example, decreases
the energy by 1.022 MeV, while electron—positron annihilation increases the
energy by the same amount.

Note that because electrons travel in the medium and deposit energy
along their tracks, this absorption of energy does not take place at the same
location as the transfer of energy described by kerma. The unit of absorbed
dose is joule per kilogram (J/kg). The name for the unit of absorbed dose is the

gray (Gy).

2.6. STOPPING POWER

Stopping powers are widely used in radiation dosimetry, but they are
rarely measured and must be calculated from theory. For electrons and
positrons the Bethe theory is used to calculate stopping powers.

The linear stopping power is defined as the expectation value of the rate
of energy loss per unit path length (dE/dx) of the charged particle. The mass
stopping power is defined as the linear stopping power divided by the density
of the absorbing medium. Division by the density of the absorbing medium
almost eliminates the dependence of the mass stopping power on mass density,
except for the density effect discussed further below. Typical units for the linear
and mass stopping powers are MeV/cm and MeV-cm?/g, respectively.
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Two types of stopping power are known: collision (ionization), resulting
from interactions of charged particles with atomic orbital electrons; and
radiative, resulting from interactions of charged particles with atomic nuclei.

The unrestricted mass collision stopping power expresses the average rate
of energy loss by a charged particle in all hard and soft collisions.

@ A soft collision occurs when a charged particle passes an atom at a consid-
erable distance (i.e. b >> a, where b is the impact parameter and a the
atomic radius). The net effect of the collision is that a very small amount
of energy is transferred to an atom of the absorbing medium in a single
collision.

o In a hard collision where b = a, a secondary electron (often referred to as
a delta electron or historically as a delta ray) with considerable energy is
ejected and forms a separate track.

o In the unrestricted mass collision stopping power the maximum energy
transfer to an orbital electron allowed due to a hard collision is half of the
kinetic energy of the electron (collision of indistinguishable particles) or
the full kinetic energy of a positron (collision of distinguishable particles).

The theory of the mass collision stopping power for heavy charged
particles, electrons and positrons as a result of soft and hard collisions combines
the Bethe theory for soft collisions with the stopping power as a result of
energy transfers due to hard collisions. The result of this, for a heavy charged
particle with mass M and velocity v, where the energy transfer due to hard
collisions is limited to 2m.c*f*/(1 — B*), where B = v/c, is:

S ATN Zrimc? , 2m_v? ) , C
col _ e "e 1 € —In(1- — —_— 2.11
y e R (211)

where

is the classical electron radius (2.82 fm);

z is the projectile charge in units of electron charge;
1 is the mean excitation potential of the medium;
C/Z is the shell correction.

The mean excitation potential / is a geometric mean value of all
ionization and excitation potentials of an atom of the absorbing material. Since
binding effects influence the exact value of I, calculation models are often
inadequate to estimate its value accurately. Hence, [ values are usually derived
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from measurements of stopping powers in heavy charged particle beams, for
which the effects of scattering in these measurements is minimal.

For elemental materials / varies approximately linearly with Z, with, on
average, [ = 11.5Z. For compounds, [ is calculated assuming additivity of the
collision stopping power, taking into account the fraction by weight of each
atom constituent in the compound.

The shell correction C/Z accounts for the decrease in mass stopping
power when the passing particle’s velocity has ceased to be much greater than
that of the atomic electrons in the stopping medium, an effect that leads to a
violation of the Born approximation, which underlies the derivation of the
mass collision stopping power. The electrons in the K shell are the first affected
by this, followed by the L shell electrons, etc. C/Z is a function of the medium
and of the velocity of the fast charged particle.

The following observations can be made about Eq. (2.11):

e The mass stopping power does not depend on the projectile mass and is
proportional to the inverse square of the projectile velocity. Note that the
term 2m,v? under the logarithm has no relation to the kinetic energy of
any of the particles involved in the collision process.

o The mass stopping power gradually flattens to a broad minimum for
kinetic energies Ey = 3m c*.

o The leading factor Z/A is responsible for a decrease of about 20% in
stopping power from carbon to lead. The term —In I causes a further
decrease in stopping power with Z.

e In a given medium, the square dependence on the projectile charge (z°)
causes heavy charged particles with double the charge to experience four
times the stopping power.

For electrons and positrons, energy transfers due to soft collisions are
combined with those due to hard collisions using the Mgller (for electrons) and
Bhabba (for positrons) cross-sections for free electrons. The complete mass
collisional stopping power for electrons and positrons, according to ICRU
Report No. 37, is:

Sl _ NaZ nri2mc?

5 ) R (In(E/1)? +In(1+7/2)+ F*(t)-3§] (2.12)

with F~ given for electrons as:

F(D=(1-B)[1+78-(27t+1)In2]

51



CHAPTER 2

and F" given for positrons as:
FH(1)=21n2 - (BY12)[23 + 14/(7+2) + 10/(7+ 2)* + 4/(t+ 2)7]

In this equation, 7= Ey/m.c* and = vlc.

The density effect correction 6 accounts for the fact that the effective
Coulomb force exerted on a fast charged particle by atoms that are distant
from the particle track is reduced as a result of the polarization of the medium
caused by the charged particle. The density effect affects the soft collision
component of the stopping power. It plays a significant role in the values of
ratios of the stopping power of a dense material to that of a non-dense material
(such as, for example, water to air), and various models for it have been
developed.

The mass radiative stopping power is the rate of energy loss by electrons
or positrons that results in the production of bremsstrahlung. The Bethe-
Heitler theory leads to the following formula for the mass radiative stopping
power:

2

where ¢ = a(e¥/(4rnegmc?))* = 5.80 x 102 cm*atom, where « is the fine
structure constant and B, is a function of Z and E, varying between 5.33 and 15
for energies in the range from less than 0.5 MeV to 100 MeV.

This factor, together with the increase of the radiative stopping power
proportional with Ey, is responsible for the increase in total stopping power at
energies above 2 MeV as depicted in Fig. 2.2. Note that the Z*> dependence of
the mass radiative stopping power in contrast to the Z dependence of the mass
collision stopping power makes this mode of energy loss more prominent in
high Z materials.

The concept of restricted mass collision stopping power is introduced to
calculate the energy transferred to a localized region of interest. By limiting the
energy transfer to secondary charged (delta) particles to a threshold (often
denoted as A), highly energetic secondary particles are allowed to escape the
region of interest.

The restricted stopping power is lower than the unrestricted stopping
power. The choice of the energy threshold depends on the problem at hand.
For problems involving ionization chambers a frequently used threshold value
is 10 keV (the range of a 10 keV electron in air is of the order of 2 mm). For
microdosimetric quantities one usually takes 100 eV as a reasonable threshold
value.
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FIG. 2.2. Unrestricted S/p and restricted ((L/p), with A = 10 and 100 keV) total mass
stopping powers for carbon (p = 1.70 g/cni’®), based on data published in ICRU Report
No. 37. Vertical lines indicate the points at which restricted and unrestricted mass stopping
powers begin to diverge as the kinetic energy increases.

The restricted linear collision stopping power (also referred to as linear
energy transfer (LET)) L, of a material, for charged particles, is the quotient of
dE, by d/, where dE, is the energy lost by a charged particle due to soft and
hard collisions in traversing a distance d/ minus the total kinetic energy of the
charged particles released with kinetic energies in excess of A:

L,=dE/dl (2.14)

The restricted mass collision stopping power is the restricted linear
collision stopping power divided by the density of the material.

As the threshold for maximum energy transfer in the restricted stopping
power increases, the restricted mass stopping power tends to the unrestricted
mass stopping power for A — E /2. Note also that since energy transfers to
secondary electrons are limited to E /2, unrestricted and restricted electron
mass stopping powers are identical for kinetic energies lower than or equal to
2A. This is indicated in Fig. 2.2 by vertical lines at 20 keV and 200 ke V.
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The total mass stopping power is the sum of the collision mass stopping
power and the radiative mass stopping power. Figure 2.2 shows the total
unrestricted and restricted (A = 10 keV, 100 keV) electron mass stopping
powers for carbon, based on data in ICRU Report No. 37.

2.7. RELATIONSHIPS BETWEEN VARIOUS DOSIMETRIC
QUANTITIES

2.71. Energy fluence and kerma (photons)

The energy transferred to electrons by photons can be expended in two
distinct ways:

e Through collision interactions (soft collisions and hard collisions);
e Through radiative interactions (bremsstrahlung and electron—positron
annihilation).

The total kerma is therefore usually divided into two components: the
collision kerma K, and the radiative kerma K.

o The collision kerma K is that part of kerma that leads to the production
of electrons that dissipate their energy as ionization in or near the
electron tracks in the medium, and is the result of Coulomb force interac-
tions with atomic electrons. Thus the collision kerma is the expectation
value of the net energy transferred to charged particles per unit mass at
the point of interest, excluding both the radiative energy loss and energy
passed from one charged particle to another.

o The radiative kerma K, is that part of kerma that leads to the
production of radiative photons as the secondary charged particles slow
down and interact in the medium. These interactions most prominently
are bremsstrahlung as a result of Coulomb field interactions between the
charged particle and the atomic nuclei, but can also result from annihi-
lation in flight.

The total kerma K is thus given by the following:

K=K

col

+ K (2.15)
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The average fraction of the energy transferred to electrons that is lost
through radiative processes is represented by a factor referred to as the
radiative fraction g. Hence the fraction lost through collisions is (1 — g).

A frequently used relation between collision kerma K_; and total kerma
K may be written as follows:

K =K(1-g) (2.16)

For monoenergetic photons the collision kerma K, at a point in a
medium is related to the energy fluence ¥ at that point in the medium by the
following:

Ky =Y (“—) (2.17)
p

where (u.,/p) is the mass—energy absorption coefficient for the monoenergetic
photons in the medium.

For polyenergetic beams a formally similar relation exists, but use is made
of spectrum averaged quantities. If a photon energy fluence spectrum ¥ g(E) is
present at the point of interest, the collision kerma at that point is obtained as
follows:

Emax

Ko = [ 2B (%} dE =W (%) (2.18)

0

In Eq. (2.18):

Emax

Wy = j ¥ (E)dE
0

stands for the total (integrated) energy fluence, and:

Emax
&j:l N (E)&(E)dE
[p ¥ ! B

is a shorthand notation for the mass—energy absorption coefficient for the
medium averaged over the energy fluence spectrum.

For monoenergetic photons the total kerma K at a point in a medium is
related to the energy fluence ¥ in the medium by the following:
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K =W (”—tj (2.19)
P

where (u,/p) is the mass—energy transfer coefficient of the medium for the
given monoenergetic photon beam. For polyenergetic beams, similarly as
above, spectrum averaged mass—energy transfer coefficients can be used in
conjunction with total energy fluence to obtain the total kerma.

Note that, using Eq. (2.17), one can obtain the frequently used relation
between collision kerma in two different materials, material 1 and material 2, as
follows:

\Pz(ﬂen]
KCOI,Z _ p 2

i

_ =(y) | Zen (2.20)

Kcol,l 7 (‘uenj ( )qu[ p ]2,1

Up
1

This equation is often used in circumstances in which the fluence ratio
(¥),; can be assumed to be unity through a proper scaling of dimensions (the
scaling theorem), for very similar materials or for situations in which the mass
of material 2 is sufficient to provide buildup but at the same time small enough
so as not to disturb the photon fluence in material 1 (e.g. dose to a small mass of
tissue in air).

2.7.2. Fluence and dose (electrons)

Under the conditions that (a) radiative photons escape the volume of
interest and (b) secondary electrons are absorbed on the spot (or there is a
charged particle equilibrium (CPE) of secondary electrons), the absorbed dose
to medium D, is related to the electron fluence @, ., in the medium as
follows:

S
Dmed = (Dmed (ﬂj (221)
P med

where (S_/pP)meq 1S the unrestricted mass collision stopping power of the
medium at the energy of the electron.

Owing to electron slowdown in a medium, even for a monoenergetic
starting electron kinetic energy Ey, there is always present a primary fluence
spectrum that ranges in energy from Ey down to zero and is commonly denoted

by cDmed,E‘
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In this case, the absorbed dose to the medium can be obtained by an
integration of Eq. (2.20):

E

max

S S
Dme‘] - J- q)med,E(E)[ Co}j (E)dE = D ed [Lﬂlj (2.22)
0 p med med

The right hand side of Eq. (2.21) shows that absorbed dose can be
calculated using a formally similar equation as Eq. (2.20) by making use of
spectrum averaged collision stopping power and total fluence.

Based on Eq. (2.22) and under the same assumptions, for two media,
med, and med,, the ratio of absorbed doses can be calculated as:

Dm d g
D =2 = (q))medz,med] ( 001] (223)
med, P med,,med,

where the shorthand notations:

S
((I)) med,,med, and [ﬂj

med, ,med,

are being used for the ratio of the electron fluences (often referred to as the
electron fluence ratio) and the collision stopping powers in the media med, and
med,, respectively.

The full, realistic electron fluence spectrum consists of primary charged
particles that, for example, are the result of a polyenergetic photon beam
interacting in the medium. These primary charged particles are slowed down
and result in secondary particle fluence. This fluence thus contains charged
particles that result from slowing down through soft collisions as well as hard,
knock-on collisions. Electrons created as a result of the latter process are
designated delta electrons.

2.7.3. Kerma and dose (charged particle equilibrium)

Generally, the transfer of energy (kerma) from the photon beam to
charged particles at a particular location does not lead to the absorption of
energy by the medium (absorbed dose) at the same location. This is due to the
non-zero (finite) range of the secondary electrons released through photon
interactions.

57



CHAPTER 2

Since radiative photons mostly escape from the volume of interest, one
relates absorbed dose usually to collision kerma. In general, however, the ratio
of dose and collision kerma is often denoted as:

B=DIK (2.24)

col

If radiative photons escape the volume of interest, an assumption is made that
B=1.

Figure 2.3 illustrates the relation between collision kerma and absorbed
dose under buildup conditions; under conditions of CPE in part (a) and under
conditions of transient charged particle equilibrium (TCPE) in part (b).

As a high energy photon beam penetrates the medium, collision kerma is
maximal at the surface of the irradiated material because photon fluence is
greatest at the surface. Initially, the charged particle fluence, and hence the
absorbed dose, increases as a function of depth until the depth of dose
maximum z, is attained.

If there were no photon attenuation or scattering in the medium, but yet
production of electrons, a hypothetical situation, as illustrated in Fig. 2.3(a),
would occur: the buildup region (with < 1) is followed by a region of complete
CPE where D=K_, (i.e. B=1). g

In the more realistic situation, however, due to photon attenuation and
scattering in the medium, a region of TCPE occurs (Fig. 2.3(b)) where there
exists an essentially constant relation between collision kerma and absorbed
dose. This relation is practically constant since, in high energy photon beams,
the average energy of the generated electrons and hence their range does not
change appreciably with depth in the medium.

In the special case in which true CPE exists (at the depth of maximum
dose in the medium), the relation between absorbed dose D and total kerma K
is given by:

D=K_ =K(1-3) (2.25)

where g is the radiative fraction, depending on the electron kinetic energy; the
higher the energy, the larger is g The radiative fraction also depends on the
material considered, with higher values of g for higher Z materials. For
electrons produced by ®’Co rays in air the radiative fraction equals 0.0032.
The buildup of absorbed dose is responsible for the skin sparing effect in
the case of high energy photon beams. However, in practice the surface dose is
small but does not equal zero because of the electron contamination in the
beam due to photon interactions in the media upstream from the phantom or
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FIG. 2.3. Collision kerma and absorbed dose as a function of depth in a medium irradi-

ated by a high energy photon beam for (a) the hypothetical case of no photon attenuation
or scattering and for (b) the realistic case.
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due to charged particles generated in the accelerator head and beam modifying
devices.

2.74. Collision kerma and exposure

Exposure X is the quotient of dQ by dm, where dQ is the absolute value
of the total charge of the ions of one sign produced in air when all the electrons
and positrons liberated or created by photons in mass dm of air are completely
stopped in air:

X= 40 (2.26)
dm

The unit of exposure is coulomb per kilogram (C/kg). The unit used for
exposure is the roentgen R, where 1 R = 2.58 x 10 C/kg. In the SI system of
units, roentgen is no longer used and the unit of exposure is simply 2.58 x 107
Cl/kg of air.

The average energy expended in air per ion pair formed W, is the
quotient of E¢ by N, where N is the mean number of ion pairs formed when the
initial kinetic energy Ey of a charged particle is completely dissipated in air:

W, =— 227
air N ( )

The current best estimate for the average value of W, is 33.97 eV/ion pair
or 33.97 x 1.602 x 10" J/ion pair:

W, . i i . 19
air _ 33.97 (eV/10npa1r_)1>9<1 692x19 (J/leV) _ 33.97 J/C (2.28)
e 1.602 x 10~ (C/ion pair)

Multiplying the collision kerma by (e/W,,.), the number of coulombs of
charge created per joule of energy deposited, gives the charge created per unit
mass of air or exposure:

w.

air

X =(K ), [LJ (2.29)

The relation between total kerma and exposure is obtained by combining
Egs (2.25) and (2.29):
W,

Ky =X (—) L (2.30)
e 1-g
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2.8. CAVITY THEORY

In order to measure the absorbed dose in a medium, it is necessary to
introduce a radiation sensitive device (dosimeter) into the medium. Generally,
the sensitive medium of the dosimeter will not be of the same material as the
medium in which it is embedded. Cavity theory relates the absorbed dose in the
dosimeter’s sensitive medium (cavity) to the absorbed dose in the surrounding
medium containing the cavity. Cavity sizes are referred to as small, interme-
diate or large in comparison with the ranges of secondary charged particles
produced by photons in the cavity medium. If, for example, the range of
charged particles (electrons) is much larger than the cavity dimensions, the
cavity is regarded as small. Various cavity theories for photon beams have been
developed, which depend on the size of the cavity; for example, the Bragg—
Gray and Spencer—Attix theories for small cavities and the Burlin theory for
cavities of intermediate sizes.

2.8.1. Bragg-Gray cavity theory

The Bragg—Gray cavity theory was the first cavity theory developed to
provide a relation between the absorbed dose in a dosimeter and the absorbed
dose in the medium containing the dosimeter.

The conditions for application of the Bragg—Gray cavity theory are:

(a) The cavity must be small when compared with the range of charged
particles incident on it, so that its presence does not perturb the fluence of
charged particles in the medium;

(b) The absorbed dose in the cavity is deposited solely by charged particles
crossing it (i.e. photon interactions in the cavity are assumed negligible
and thus ignored).

The result of condition (a) is that the electron fluences in Eq. (2.22) are
the same and equal to the equilibrium fluence established in the surrounding
medium. This condition can only be valid in regions of CPE or TCPE. In
addition, the presence of a cavity always causes some degree of fluence pertur-
bation that requires the introduction of a fluence perturbation correction
factor.

Condition (b) implies that all electrons depositing the dose inside the
cavity are produced outside the cavity and completely cross the cavity. No
secondary electrons are therefore produced inside the cavity and no electrons
stop within the cavity.
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Under these two conditions, according to the Bragg—Gray cavity theory,
the dose to the medium D, is related to the dose in the cavity D, as follows:

S

Dmed = Dcav (_j (231)
p med,cav

where (S/p)meacay 18 the ratio of the average unrestricted mass collision
stopping powers of the medium and the cavity. The use of unrestricted stopping
powers rules out the production of secondary charged particles (or delta
electrons) in the cavity and the medium.

Although the cavity size is not explicitly taken into account in the Bragg—
Gray cavity theory, the fulfilment of the two Bragg—Gray conditions will
depend on the cavity size, which is based on the range of the electrons in the
cavity medium, the cavity medium and the electron energy. A cavity that
qualifies as a Bragg—Gray cavity for high energy photon beams, for example,
may not behave as a Bragg—Gray cavity in a medium energy or low energy X
ray beam.

2.8.2. Spencer—Attix cavity theory

The Bragg—Gray cavity theory does not take into account the creation of
secondary (delta) electrons generated as a result of hard collisions in the
slowing down of the primary electrons in the sensitive volume of the dosimeter.
The Spencer—Attix cavity theory is a more general formulation that accounts
for the creation of these electrons that have sufficient energy to produce
further ionization on their own account. Some of these electrons released in the
gas cavity would have sufficient energy to escape from the cavity, carrying some
of their energy with them. This reduces the energy absorbed in the cavity and
requires modification of the stopping power of the gas. The Spencer—Attix
theory operates under the two Bragg—Gray conditions; however, these
conditions now even apply to the secondary particle fluence in addition to the
primary particle fluence.

The secondary electron fluence in the Spencer—Attix theory is divided
into two components based on a user defined energy threshold A. Secondary
electrons with kinetic energies Ey less than A are considered slow electrons that
deposit their energy locally; secondary electrons with energies larger than or
equal to A are considered fast (slowing down) electrons and are part of the
electron spectrum. Consequently, this spectrum has a low energy threshold of A
and a high energy threshold of E,, where Ey, represents the initial electron
kinetic energy. Since the lowest energy in the spectrum is A, the maximum
energy loss of a fast electron with kinetic energy Ey larger than or equal to 2A
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cannot be larger than A, and the maximum energy loss of a fast electron with
kinetic energy less than 2A cannot be larger than Ey/2 (where A < Ey < 2A).

The energy deposition must be calculated as the product of L,(E)/p, the
restricted collision stopping power with threshold A, and ®;¢; Eg the fast
electron fluence ranging in energy from A to Ey, (e-e stands for the contri-
bution of delta electrons in the slowing down spectrum).

Owing to the Bragg—Gray condition, which stipulates that there must not
be electron production in the cavity, the electrons with energy A must be
capable of crossing the cavity. The threshold value A is hence related to the
cavity size and is defined as the energy of the electron with a range equal to the
mean chord length across the cavity.

The Spencer—Attix relation between the dose to the medium and the dose
in the cavity is thus written as:

D,./D.., (2.32)

Smed,cav
where s, .y 18 the ratio of the mean restricted mass collision stopping powers
of the medium to that of the cavity.

Using the medium electron fluence spectrum ®¢, E, (Eg), the full
expression is:

Exo ~
J-A D ca £ (Ex )Ly mea/ P)A(ER) +TE 4
med cav

- (2.33)
J. (I)medE (EK)(LA,caV/p)d(EK)+TEC3V

The terms TE, ., and TE_,, are called the track end terms and account for
a part of the energy deposited by electrons with initial kinetic energies between
A and 2A. These electrons can have an energy loss that brings their kinetic
energy to lower than A Their residual energy after such events should be
deposited on the spot, and these electrons are removed from the spectrum. The
track end terms are approximated by Nahum as:

A
TE eq = Prrca e, (A) me;( ) a (2.34)
and
TE,,, = ®5e, p, (A) =2 Cav(A) (2.35)
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Note that the unrestricted collision stopping powers can be used here because
the maximum energy transfer for an electron with energy less than 2A is less
than A.

Monte Carlo calculations have shown that the difference between the
Spencer—Attix and Bragg—Gray cavity theories is non-negligible yet generally
not very significant. Since collision stopping powers for different media show
similar trends as a function of particle energy, their ratio for the two media is a
very slowly varying function with energy.

The value of the stopping power water to air ratio for ionization
chambers is only weakly dependent on the choice of the cut-off energy. For
Farmer type chambers and for parallel-plate chambers used in radiotherapy
physics a nominal value of 10 keV is often used.

For a typical ionization chamber used in water, the energy dependence of
the stopping power water to air ratio arises mainly from the difference in the
density effect correction between the two materials.

2.8.3. Considerations in the application of cavity theory to ionization
chamber calibration and dosimetry protocols

A dosimeter can be defined generally as any device that is capable of
providing a reading that is a measure of the average absorbed dose deposited in
its (the dosimeter’s) sensitive volume by ionizing radiation. A dosimeter can
generally be considered as consisting of a sensitive volume filled with a given
medium, surrounded by a wall of another medium.

In the context of cavity theories, the sensitive volume of the dosimeter
can be identified as the ‘cavity’, which may contain a gaseous, liquid or solid
medium. Gas is often used as the sensitive medium, since it allows a relatively
simple electrical means for collection of charges released in the sensitive
medium by radiation.

The medium surrounding the cavity of an ionization chamber depends on
the situation in which the device is used. In an older approach, the wall (often
supplemented with a buildup cap) serves as the buildup medium and the
Bragg—Gray theory provides a relation between the dose in the gas and the
dose in the wall. This is referred to as a thick walled ionization chamber and
forms the basis of cavity chamber based air kerma in-air standards and of the
C, based dosimetry protocols of the 1970s. If, however, the chamber is used in a
phantom without a buildup material, since typical wall thicknesses are much
thinner than the range of the secondary electrons, the proportion of the cavity
dose due to electrons generated in the phantom greatly exceeds the dose
contribution from the wall, and hence the phantom medium serves as the
medium and the wall is treated as a perturbation to this concept.
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In the case of a thick walled ionization chamber in a high energy photon
beam, the wall thickness must be greater than the range of secondary electrons
in the wall material to ensure that the electrons that cross the cavity arise in the
wall and not in the medium. The Bragg—Gray cavity equation then relates the
dose in the cavity to the dose in the wall of the chamber. The dose in the
medium is related to the dose in the wall by means of a ratio of the mass—
energy absorption coefficients of the medium and the wall (i../p) by
assuming that:

med,wall

(a) The absorbed dose is the same as the collision kerma;
(b) The photon fluence is not perturbed by the presence of the chamber.

The dose to the cavity gas is related to the ionization produced in the
cavity as follows:

p. -2 [W—g] (2.36)

gas m e

where Q is the charge (of either sign) produced in the cavity and m is the mass
of the gas in the cavity.

Spencer—Attix cavity theory can be used to calculate the dose in the
medium as:

ﬁen laen
Dmed - Dwall( - Dgasswall,gas
p med,wall p med,wall

W —
_Q [ gas szau’gas (hj (2.37)
m € p med,wall

where sy, 4, 1S the ratio of restricted mass collision stopping powers for a
cavity wall and gas with threshold A. In practice, there are additional correction
factors associated with Eq. (2.37) to satisfy assumptions (a) and (b) made
above.

A similar equation to Eq. (2.37) is used for air kerma in-air calibrations;
however, here the quantity of interest is not the dose to the medium, but the air
kerma in air. In this case, a substantial wall correction is introduced to ensure
the presence of complete CPE in the wall to satisfy assumption (a) above.

In the case of a thin walled ionization chamber in a high energy photon or
electron beam, the wall, cavity and central electrode are treated as a
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perturbation to the medium fluence, and the equation now involves the ratio of

restricted collision stopping powers of the medium to that of the gas s,,.4 g, as:
Q Wgas
Dmed = Z e smed,gaspﬂ P dis Pwan Pcel (238)

where

pg  is the electron fluence perturbation correction factor;

Dais 1S the correction factor for displacement of the effective measurement
point;

DPwan 1S the wall correction factor;

De 1s the correction factor for the central electrode.

Values for these multiplicative correction factors are summarized for
photon and electron beams in typical dosimetry protocols (see Section 9.7 for
details).

2.8.4. Large cavities in photon beams

A large cavity is a cavity with dimensions such that the dose contribution
made by electrons inside the cavity originating from photon interactions
outside the cavity can be ignored when compared with the contribution of
electrons created by photon interactions within the cavity.

For a large cavity the ratio of dose cavity to medium is calculated as the
ratio of the collision kerma in the cavity to the medium and is therefore equal
to the ratio of the average mass—energy absorption coefficients of the cavity gas
to that of the medium (&/p)gys med:

Daas _ (&] (2.39)
D p gas,med

med

where the mass—energy absorption coefficients have been averaged over the
photon fluence spectra in the cavity gas (numerator) and in the medium
(denominator).

2.8.5. Burlin cavity theory for photon beams
Burlin extended the Bragg—Gray and Spencer—Attix cavity theories to

cavities of intermediate dimensions by introducing, on a purely phenomeno-
logical basis, a large cavity limit to the Spencer—Attix equation using a
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weighting technique. He provided a formalism to calculate the value of the
weighting parameter.
The Burlin cavity theory can be written in its simplest form as follows:

D —_—
gas _ u
D_ = ngas’med + (1 - d) (ﬂJ (240)
med gas,med
where
d is a parameter related to cavity size, approaching unity for small
cavities and zero for large cavities;
Sgasmed is the mean ratio of the restricted mass stopping powers of the

cavity and the medium;
D is the absorbed dose in the cavity;
(Hen/P) gasmea 18 the mean ratio of the mass—energy absorption coefficients for

the cavity and the medium.
The Burlin theory effectively requires that:

e The surrounding medium and the cavity medium be homogeneous;

o A homogeneous photon field exist everywhere throughout the medium
and the cavity;

o CPE exist at all points in the medium and the cavity that are further than
the maximum electron range from the cavity boundary;

o The equilibrium spectra of secondary electrons generated in the medium
and the cavity be the same.

Burlin provided a method for estimating the weighting parameter d in his
theory. It is expressed as the average value of the electron fluence reduction in
the medium. Consistent with experiments with 3 sources he proposed that the
electron fluence in the medium &7, decays, on average, exponentially. The
value of the weighting parameter d in conjunction with the stopping power
ratio can be calculated as:

1-ePL
=51

L
—T
Jossepa
0
L

d= (2.41)

med
0

sz, a
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where fis an effective electron fluence attenuation coefficient that quantifies
the reduction in particle fluence from its initial medium fluence value through
a cavity of average length L. For convex cavities and isotropic electron fluence
distributions, L can be calculated as 4V/S, where V is the cavity volume and S its
surface area. Burlin described the buildup of the electron fluence L inside
the cavity using a similar, complementary equation:

L
O (1-e Phydl
! = BL—1+e Pt
1-d = . =
BL
_[@e-e di

gas
0

(2.42)

Burlin’s theory is consistent with the fundamental constraint of cavity
theory: that the weighting factors of both terms add up to unity (i.e. d and 1 —
d). It had relative success in calculating ratios of absorbed dose for some types
of intermediate cavities. More generally, however, Monte Carlo calculations
show that, when studying ratios of directly calculated absorbed doses in the
cavity to absorbed dose in the medium as a function of cavity size, the
weighting method is too simplistic and additional terms are necessary to
calculate dose ratios for intermediate cavity sizes. For these and other reasons,
the Burlin cavity theory is no longer used in practice.

2.8.6. Stopping power ratios

Although cavity theory was designed to calculate ratios of absorbed
doses, the practical application of the Spencer—Attix cavity theory has always
required additional correction factors. Since the central component of the
Spencer—Attix cavity theory results in averaging stopping powers, Spencer—
Attix dose ratios are often referred to as ‘stopping power ratios’.

In photon beams, except at or near the surface, average restricted
stopping power ratios of water to air do not vary significantly as a function of
depth. Stopping power ratios (with A = 10 keV) under full buildup conditions
are shown in Table 2.1.

Stopping power ratios not only play a role in the absolute measurement
of absorbed dose, they are also relevant in performing accurate relative
measurements of absorbed dose in regimes in which the energy of the
secondary electrons changes significantly from one point in a phantom to
another. An important example of this is apparent from Fig. 2.4, which shows
restricted stopping power ratios (A = 10 keV) of water to air for electron beams
as a function of depth in water. Note that these curves are for monoenergetic
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TABLE 2.1.
POWER RATIO OF WATER TO AIR, s

water,air>

AVERAGE RESTRICTED STOPPING

FOR

DIFFERENT PHOTON SPECTRA IN THE RANGE
FROM %“Co y RAYS TO 35 MV X RAYS

Photon spectrum

S water,air

%Co 1.134
4 MV 1.131
6 MV 1.127
S§MV 1.121

10 MV 1.117

15 MV 1.106

20 MV 1.096

25 MV 1.093

35 MV 1.084

5 MeV
10 MeV
20 MeV
40 MeV
1.05
3
g
©
H
%)
1.00
0.95
] ] ]
5 10 15

Depth in water (cm)

FIG. 2.4. Restricted collision stopping power water to air ratio (A= 10 keV) as a function

of depth for different monoenergetic electron energies.

69



CHAPTER 2

electrons; protocols or codes of practice for electron dosimetry provide fits of
stopping power ratios for realistic accelerator beams. However, Fig. 2.4 shows
clearly that the accurate measurement of electron beam depth dose curves
requires depth dependent correction factors.

More detailed information on stopping power ratios is given in
Section 9.5.
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3.1. INTRODUCTION

A radiation dosimeter is a device, instrument or system that measures or
evaluates, either directly or indirectly, the quantities exposure, kerma,
absorbed dose or equivalent dose, or their time derivatives (rates), or related
quantities of ionizing radiation. A dosimeter along with its reader is referred to
as a dosimetry system.

Measurement of a dosimetric quantity is the process of finding the value
of the quantity experimentally using dosimetry systems. The result of a
measurement is the value of a dosimetric quantity expressed as the product of
a numerical value and an appropriate unit.

To function as a radiation dosimeter, the dosimeter must possess at least
one physical property that is a function of the measured dosimetric quantity
and that can be used for radiation dosimetry with proper calibration. In order
to be useful, radiation dosimeters must exhibit several desirable characteristics.
For example, in radiotherapy exact knowledge of both the absorbed dose to
water at a specified point and its spatial distribution are of importance, as well
as the possibility of deriving the dose to an organ of interest in the patient. In
this context, the desirable dosimeter properties will be characterized by
accuracy and precision, linearity, dose or dose rate dependence, energy
response, directional dependence and spatial resolution.

Obviously, not all dosimeters can satisfy all characteristics. The choice of
a radiation dosimeter and its reader must therefore be made judiciously, taking
into account the requirements of the measurement situation; for example, in
radiotherapy ionization chambers are recommended for beam calibrations
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(reference dosimetry: see Chapter 9) and other dosimeters, such as those
discussed below, are suitable for the evaluation of the dose distribution
(relative dosimetry) or dose verification.

3.2. PROPERTIES OF DOSIMETERS
3.2.1. Accuracy and precision

In radiotherapy dosimetry the uncertainty associated with the
measurement is often expressed in terms of accuracy and precision. The
precision of dosimetry measurements specifies the reproducibility of the
measurements under similar conditions and can be estimated from the data
obtained in repeated measurements. High precision is associated with a small
standard deviation of the distribution of the measurement results. The accuracy
of dosimetry measurements is the proximity of their expectation value to the
‘true value’ of the measured quantity. Results of measurements cannot be
absolutely accurate and the inaccuracy of a measurement result is charac-
terized as ‘uncertainty’.

The uncertainty is a parameter that describes the dispersion of the
measured values of a quantity; it is evaluated by statistical methods (type A) or
by other methods (type B), has no known sign and is usually assumed to be
symmetrical.

The error of measurement is the difference between the measured value
of a quantity and the true value of that quantity.

e An error has both a numerical value and a sign.

e Typically, the measurement errors are not known exactly, but they are
estimated in the best possible way, and, where possible, compensating
corrections are introduced.

e After application of all known corrections, the expectation value for
errors should be zero and the only quantities of concern are the uncer-
tainties.

3.2.1.1. Type A standard uncertainties

If a measurement of a dosimetric quantity x is repeated N times, then the
best estimate for x is X, the arithmetic mean value of all measurements x;:
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x:lzxi (3.1)

The standard deviation o, characterizes the average uncertainty for an
individual result x; and is given by:

1 N
o, = m;(xi ~¥%)2 (3.2)

The standard deviation of the mean value is given by:

1,
O% =ﬁo'x = m;()‘i -x)? (3:3)

o The standard uncertainty of type A, denoted u,, is defined as the
standard deviation of the mean value, u, = 0.

e The standard uncertainty of type A is obtained by a statistical analysis of
repeated measurements and, in principle, can be reduced by increasing
the number of measurements.

3.2.1.2. Type B standard uncertainties

Type B standard uncertainties uy cannot be estimated by repeated
measurements; rather, they are intelligent guesses or scientific judgements of
non-statistical uncertainties associated with the measurement. They include
influences on the measuring process, application of correction factors or
physical data taken from the literature.

Itis often assumed that type B standard uncertainties have a probability
distribution, such as a normal (Gaussian) or a rectangular distribution (equal
probability anywhere within the given limits). Type B standard uncertainties
can be derived by estimating the limit beyond which the value of the factor is
not going to lie, and a fraction of this limit is taken as ug. The fraction is chosen
according to the distribution assumed.

3.2.1.3. Combined and expanded uncertainties
The equation that determines a dosimetric quantity Q at a point P is of

the type:
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Q,=MTIF, (3.4)

where M is the reading provided by the dosimetry system and F, is the
correction or conversion coefficient.

e The combined standard uncertainty u associated with the quantity Q is a
quadratic summation of type A (u,) and type B (i) uncertainties:

Ue = Jui +uj (3.5)

e The combined uncertainty is assumed to exhibit a normal distribution and
is multiplied by a coverage factor, denoted by k, to obtain the expanded
uncertainty U = ku.. The result of the measurement of the quantity Q is
then expressed by Op + U.

o The expanded uncertainty U with the coverage factor k = 2, corre-
sponding to the 95% confidence level, is often used to represent the
overall uncertainty, which relates to the accuracy of the measurement of
the quantity Q.

3.2.2. Linearity

Ideally, the dosimeter reading M should be linearly proportional to the
dosimetric quantity Q. However, beyond a certain dose range a non-linearity
sets in. The linearity range and the non-linearity behaviour depend on the type
of dosimeter and its physical characteristics.

Two typical examples of response characteristics of dosimetry systems are
shown in Fig. 3.1. Curve A first exhibits linearity with dose, then a supralinear
behaviour, and finally saturation. Curve B first exhibits linearity and then
saturation at high doses.

In general, a non-linear behaviour should be corrected for. A dosimeter
and its reader may both exhibit non-linear characteristics, but their combined
effect could produce linearity over a wider range.

3.2.3. Dose rate dependence
Integrating systems measure the integrated response of a dosimetry

system. For such systems the measured dosimetric quantity should be
independent of the rate of that quantity.
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Dosimeter reading

>

Dose

FIG. 3.1. Response characteristics of two dosimetry systems. Curve A first exhibits
linearity with dose, then supralinear behaviour and finally saturation. Curve B first
exhibits linearity and then saturation at high doses.

Ideally, the response of a dosimetry system M/Q at two different dose
rates ((dQ/dt), and (dQ/df),) should remain constant. In reality, the dose rate
may influence the dosimeter readings and appropriate corrections are
necessary, for example recombination corrections for ionization chambers in
pulsed beams.

3.24. Energy dependence

The response of a dosimetry system M/Q is generally a function of
radiation beam quality (energy). Since the dosimetry systems are calibrated at
a specified radiation beam quality (or qualities) and used over a much wider
energy range, the variation of the response of a dosimetry system with
radiation quality (called energy dependence) requires correction.

Ideally, the energy response should be flat (i.e. the system calibration
should be independent of energy over a certain range of radiation qualities). In
reality, the energy correction has to be included in the determination of the
quantity Q for most measurement situations. In radiotherapy, the quantity of
interest is the dose to water (or to tissue). As no dosimeter is water or tissue
equivalent for all radiation beam qualities, the energy dependence is an
important characteristic of a dosimetry system.
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3.2.,5. Directional dependence

The variation in response of a dosimeter with the angle of incidence of
radiation is known as the directional, or angular, dependence of the dosimeter.
Dosimeters usually exhibit directional dependence, due to their constructional
details, physical size and the energy of the incident radiation. Directional
dependence is important in certain applications, for example in in vivo
dosimetry while using semiconductor dosimeters. Therapy dosimeters are
generally used in the same geometry as that in which they are calibrated.

3.2.6.  Spatial resolution and physical size

Since the dose is a point quantity, the dosimeter should allow the determi-
nation of the dose from a very small volume (i.e. one needs a ‘point dosimeter’
to characterize the dose at a point). The position of the point where the dose is
determined (i.e. its spatial location) should be well defined in a reference
coordinate system.

Thermoluminescent dosimeters (TLDs) come in very small dimensions
and their use, to a great extent, approximates a point measurement. Film
dosimeters have excellent 2-D and gels 3-D resolution, where the point
measurement is limited only by the resolution of the evaluation system.
Ionization chamber type dosimeters, however, are of finite size to give the
required sensitivity, although the new type of pinpoint microchambers partially
overcomes the problem.

3.2.7. Readout convenience

Direct reading dosimeters (e.g. ionization chambers) are generally more
convenient than passive dosimeters (i.e. those that are read after due
processing following the exposure, for example TLDs and films). While some
dosimeters are inherently of the integrating type (e.g. TLDs and gels), others
can measure in both integral and differential modes (ionization chambers).

3.2.8. Convenience of use

Ionization chambers are reusable, with no or little change in sensitivity
within their lifespan. Semiconductor dosimeters are reusable, but with a
gradual loss of sensitivity within their lifespan; however, some dosimeters are
not reusable (e.g. films, gels and alanine). Some dosimeters measure dose
distribution in a single exposure (e.g. films and gels) and some dosimeters are
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quite rugged (i.e. handling will not influence sensitivity, for example ionization
chambers), while others are sensitive to handling (e.g. TLDs).

3.3. IONIZATION CHAMBER DOSIMETRY SYSTEMS
3.3.1. Chambers and electrometers

Ionization chambers are used in radiotherapy and in diagnostic radiology
for the determination of radiation dose. The dose determination in reference
irradiation conditions is also called beam calibration (see Chapter 9 for
details). Ionization chambers come in various shapes and sizes, depending upon
the specific requirements, but generally they all have the following properties:

e An ionization chamber is basically a gas filled cavity surrounded by a
conductive outer wall and having a central collecting electrode (see
Fig. 3.2). The wall and the collecting electrode are separated with a high
quality insulator to reduce the leakage current when a polarizing voltage
is applied to the chamber.

e A guard electrode is usually provided in the chamber to further reduce
chamber leakage. The guard electrode intercepts the leakage current and
allows it to flow to ground, bypassing the collecting electrode. It also
ensures improved field uniformity in the active or sensitive volume of the
chamber, with resulting advantages in charge collection.

® Measurements with open air ionization chambers require temperature
and pressure correction to account for the change in the mass of air in the
chamber volume, which changes with the ambient temperature and
pressure.

Graphite Central electrode

PTCFE Outer electrode

Insulator

§

Aluminium

Dural

FIG. 3.2. Basic design of a cylindrical Farmer type ionization chamber.
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Electrometers are devices for measuring small currents, of the order of 10° A
or less. An electrometer used in conjunction with an ionization chamber is a
high gain, negative feedback, operational amplifier with a standard resistor or a
standard capacitor in the feedback path to measure the chamber current or
charge collected over a fixed time interval, as shown schematically in Fig. 3.3.

3.3.2.  Cylindrical (thimble type) ionization chambers

The most popular cylindrical ionization chamber is the 0.6 cm® chamber
designed by Farmer and originally manufactured by Baldwin, but now available
from several vendors, for beam calibration in radiotherapy dosimetry. Its
chamber sensitive volume resembles a thimble, and hence the Farmer type
chamber is also known as a thimble chamber. A schematic diagram of a Farmer
type thimble ionization chamber is shown in Fig. 3.2; ionization chamber based
dosimetry systems are discussed in Section 9.2.

Cylindrical chambers are produced by various manufacturers, with active
volumes between 0.1 and 1 cm®. They typically have an internal length no
greater than 25 mm and an internal diameter no greater than 7 mm. The wall
material is of low atomic number Z (i.e. tissue or air equivalent), with the
thickness less than 0.1 g/cm?. A chamber is equipped with a buildup cap with a
thickness of about 0.5 g/cm? for calibration free in air using “’Co radiation.

The chamber construction should be as homogeneous as possible,
although an aluminium central electrode of about 1 mm in diameter is typically

Ct
| |
I
I VA VA VA VAR
Ry
+
! @ V =, R; (rate mode)
R; = feedback resistor \(= (I, x t)/Cs
(variable to vary sensitivity) —— (integrated mode)

C; =feedback capacitor
(variable to vary sensitivity)

FIG. 3.3. Electrometer in feedback mode of operation.
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used to ensure flat energy dependence. Construction details of various
commercially available cylindrical chambers are given in the IAEA Technical
Reports Series (TRS) 277 and TRS 398 codes of practice. The use of the
cylindrical chamber in electron and photon beam dosimetry is discussed in
Chapter 9.

3.3.3. Parallel-plate (plane-parallel) ionization chambers

A parallel-plate ionization chamber consists of two plane walls, one
serving as an entry window and polarizing electrode and the other as the back
wall and collecting electrode, as well as a guard ring system. The back wall is
usually a block of conducting plastic or a non-conducting material (usually
Perspex or polystyrene) with a thin conducting layer of graphite forming the
collecting electrode and the guard ring system on top. A schematic diagram of
a parallel-plate ionization chamber is shown in Fig. 3.4.

The parallel-plate chamber is recommended for dosimetry of electron
beams with energies below 10 MeV. It is also used for surface dose and depth
dose measurements in the buildup region of megavoltage photon beams. Dose
measurements in the buildup region of photon beams are discussed in
Section 6.13. The characteristics of commercially available parallel-plate
chambers and the use of these chambers in electron beam dosimetry are
explained in detail in the TRS 381 and TRS 398 codes of practice. Some
parallel-plate chambers require significant fluence perturbation correction
because they are provided with an inadequate guard width.

3.3.4. Brachytherapy chambers

Sources used in brachytherapy are low air kerma rate sources that require
chambers of sufficient volume (about 250 cm® or more) for adequate sensitivity.
Well type chambers or re-entrant chambers are ideally suited for calibration
and standardization of brachytherapy sources. Figure 3.5 shows a schematic
diagram of a well type chamber.

Well type chambers should be designed to accommodate sources of the
typical sizes and shapes that are in clinical use in brachytherapy and are usually
calibrated in terms of the reference air kerma rate.

3.3.5. Extrapolation chambers

Extrapolation chambers are parallel-plate chambers with a variable
sensitive volume. They are used in the measurement of surface doses in ortho-
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Schnitt A-B

|agp—— 0

FIG. 3.4. Parallel-plate ionization chamber. 1: the polarizing electrode. 2: the measuring
electrode. 3: the guard ring. a: the height (electrode separation) of the air cavity. d: the
diameter of the polarizing electrode. m: the diameter of the collecting electrode. g: the
width of the guard ring.

voltage and megavoltage X ray beams and in the dosimetry of f rays, and low
energy X rays. They can also be used in absolute radiation dosimetry when
directly embedded into a tissue equivalent phantom. The cavity perturbation
for electrons can be eliminated by making measurements as a function of the
cavity thickness and then extrapolating to zero thickness. Using this chamber,
the cavity perturbation for parallel-plate chambers of finite thickness can be
estimated.
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FIG. 3.5. Basic design of a brachytherapy well type chamber.

3.4. FILM DOSIMETRY
3.4.1. Radiographic film

Radiographic X ray film performs several important functions in
diagnostic radiology, radiotherapy and radiation protection. It can serve as a
radiation detector, a relative dosimeter, a display device and an archival
medium.

Unexposed X ray film consists of a base of thin plastic with a radiation
sensitive emulsion (silver bromide (AgBr) grains suspended in gelatin) coated
uniformly on one or both sides of the base.

e Jonization of AgBr grains, as a result of radiation interaction, forms a
latent image in the film. This image only becomes visible (film
blackening) and permanent subsequently to processing.

e Light transmission is a function of the film opacity and can be measured
in terms of optical density (OD) with devices called densitometers.

e The OD is defined as OD = log,, ({,/I) and is a function of dose. [ is the
initial light intensity and / is the intensity transmitted through the film.

e Film gives excellent 2-D spatial resolution and, in a single exposure,
provides information about the spatial distribution of radiation in the
area of interest or the attenuation of radiation by intervening objects.
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o The useful dose range of film is limited and the energy dependence is
pronounced for lower energy photons. The response of the film depends
on several parameters, which are difficult to control. Consistent
processing of the film is a particular challenge in this regard.

e Typically, film is used for qualitative dosimetry, but with proper
calibration, careful use and analysis film can also be used for dose
evaluation.

@ Various types of film are available for radiotherapy work (e.g. direct
exposure non-screen films for field size verification, phosphor screen
films used with simulators and metallic screen films used in portal
imaging).

e Unexposed film would exhibit a background OD called the fog density
(ODy). The density due to radiation exposure, called the net OD, can be
obtained from the measured density by subtracting the fog density.

® OD readers include film densitometers, laser densitometers and
automatic film scanners. The principle of operation of a simple film densi-
tometer is shown in Fig. 3.6.

Ideally, the relationship between the dose and OD should be linear, but
this is not always the case. Some emulsions are linear, some are linear over a
limited dose range and others are non-linear. The dose versus OD curve,
known as the sensitometric curve (also known as the characteristic or H&D
curve, in honour of Hurter and Driffield, who first investigated the
relationship) must therefore be established for each film before using it for
dosimetry work.

A typical H&D curve for a radiographic film is shown in Fig. 3.7. It has
four regions: (1) fog, at low or zero exposures; (2) toe; (3) a linear portion at

Log ratio amplifier

leig ™

2.99

Film lo Ve (3V2 digits DPM)
OD = logg (lo/lsig)

FIG. 3.6. Basic film densitometer.
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intermediate exposures; and (4) shoulder and saturation at high exposures. The
linear portion is referred to as optimum measurement conditions, the toe is the
region of underexposure and the shoulder is the region of overexposure.

Important parameters of film response to radiation are gamma, latitude
and speed:

o The slope of the straight line portion of the H&D curve is called the
gamma of the film.

o The exposure should be chosen to make all parts of the radiograph lie on
the linear portion of the H&D curve, to ensure the same contrast for all
ODs.

o The latitude is defined as the range of exposures over which the ODs will
lie in the linear region.

o The speed of a film is determined by giving the exposure required to
produce an OD of 1.0 greater than the OD of fog.

Typical applications of a radiographic film in radiotherapy are qualitative
and quantitative measurements, including electron beam dosimetry, quality
control of radiotherapy machines (e.g. congruence of light and radiation fields
and the determination of the position of a collimator axis, the so called star

A

(4) Shoulder

oD

(3) Linear portion

0 1 1 1 1 >
1 10 100 1000

Exposure (arbitrary units)

FIG. 3.7. Typical sensitometric (characteristic H&D) curve for a radiographic film.
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test), verification of treatment techniques in various phantoms and portal
imaging.

3.4.2. Radiochromic film

Radiochromic film is a new type of film in radiotherapy dosimetry. The
most commonly used is a GafChromic film. It is a colourless film with a nearly
tissue equivalent composition (9.0% hydrogen, 60.6% carbon, 11.2% nitrogen
and 19.2% oxygen) that develops a blue colour upon radiation exposure.

Radiochromic film contains a special dye that is polymerized upon
exposure to radiation. The polymer absorbs light, and the transmission of light
through the film can be measured with a suitable densitometer. Radiochromic
film is self-developing, requiring neither developer nor fixer. Since radio-
chromic film is grainless, it has a very high resolution and can be used in high
dose gradient regions for dosimetry (e.g. measurements of dose distributions in
stereotactic fields and in the vicinity of brachytherapy sources).

Dosimetry with radiochromic films has a few advantages over radio-
graphic films, such as ease of use; elimination of the need for darkroom
facilities, film cassettes or film processing; dose rate independence; better
energy characteristics (except for low energy X rays of 25 kV or less); and
insensitivity to ambient conditions (although excessive humidity should be
avoided). Radiochromic films are generally less sensitive than radiographic
films and are useful at higher doses, although the dose response non-linearity
should be corrected for in the upper dose region.

e Radiochromic film is a relative dosimeter. If proper care is taken with
calibration and the environmental conditions, a precision better than 3%
is achievable.

e Data on the various characteristics of radiochromic films (e.g. sensitivity,
linearity, uniformity, reproducibility and post-irradiation stability) are
available in the literature.

3.5. LUMINESCENCE DOSIMETRY

Some materials, upon absorption of radiation, retain part of the absorbed
energy in metastable states. When this energy is subsequently released in the
form of ultraviolet, visible or infrared light, the phenomenon is called lumines-
cence. Two types of luminescence, fluorescence and phosphorescence, are
known, which depend on the time delay between stimulation and the emission
of light. Fluorescence occurs with a time delay of between 107 and 107 s;

84



RADIATION DOSIMETERS

phosphorescence occurs with a time delay exceeding 10® s. The process of
phosphorescence can be accelerated with a suitable excitation in the form of
heat or light.

o If the exciting agent is heat, the phenomenon is known as thermolumines-
cence and the material is called a thermoluminescent material, or a TLD
when used for purposes of dosimetry.

e If the exciting agent is light, the phenomenon is referred to as optically
stimulated luminescence (OSL).

As discussed in Section 1.4, the highly energetic secondary charged
particles, usually electrons, that are produced in the primary interactions of
photons with matter are mainly responsible for the photon energy deposition in
matter. In a crystalline solid these secondary charged particles release
numerous low energy free electrons and holes through ionizations of atoms and
ions. The free electrons and holes thus produced will either recombine or
become trapped in an electron or hole trap, respectively, somewhere in the
crystal.

The traps can be intrinsic or can be introduced in the crystal in the form of
lattice imperfections consisting of vacancies or impurities. Two types of trap are
known in general: storage traps and recombination centres.

e A storage trap merely traps free charge carriers and releases them during
the subsequent (a) heating, resulting in the thermoluminescence process,
or (b) irradiation with light, resulting in the OSL process.

® A charge carrier released from a storage trap may recombine with a
trapped charge carrier of opposite sign in a recombination centre
(luminescence centre). The recombination energy is at least partially
emitted in the form of ultraviolet, visible or infrared light that can be
measured with photodiodes or photomultiplier tubes (PMTs).

3.5.1. Thermoluminescence

Thermoluminescence is thermally activated phosphorescence; it is the
most spectacular and widely known of a number of different ionizing radiation
induced thermally activated phenomena. Its practical applications range from
archaeological pottery dating to radiation dosimetry. In 1968 Cameron,
Suntharalingam and Kenney published a book on the thermoluminescence
process that is still considered an excellent treatise on the practical aspects of
the thermoluminescence phenomenon. A useful phenomenological model of
the thermoluminescence mechanism is provided in terms of the band model for
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solids. The storage traps and recombination centres, each type characterized
with an activation energy (trap depth) that depends on the crystalline solid and
the nature of the trap, are located in the energy gap between the valence band
and the conduction band. The states just below the conduction band represent
electron traps, the states just above the valence band are hole traps. The
trapping levels are empty before irradiation (i.e. the hole traps contain
electrons and the electron traps do not).

During irradiation the secondary charged particles lift electrons into the
conduction band either from the valence band (leaving a free hole in the
valence band) or from an empty hole trap (filling the hole trap).

The system may approach thermal equilibrium through several means:

e Free charge carriers recombine with the recombination energy converted
into heat;

e A free charge carrier recombines with a charge carrier of opposite sign
trapped at a luminescence centre, the recombination energy being
emitted as optical fluorescence;

e The free charge carrier becomes trapped at a storage trap, and this event
is then responsible for phosphorescence or the thermoluminescence and
OSL processes.

3.5.2. Thermoluminescent dosimeter systems

The TLDs most commonly used in medical applications are LiF:Mg,Ti,
LiF:Mg,Cu,P and Li,B,O,:Mn, because of their tissue equivalence. Other
TLDs, used because of their high sensitivity, are CaSO,:Dy, Al,O5:C and
CaF,:Mn.

o TLDs are available in various forms (e.g. powder, chips, rods and
ribbons).

o Before they are used, TLDs need to be annealed to erase the residual
signal. Well established and reproducible annealing cycles, including the
heating and cooling rates, should be used.

A basic TLD reader system consists of a planchet for placing and heating
the TLD, a PMT to detect the thermoluminescence light emission and convert
it into an electrical signal linearly proportional to the detected photon fluence
and an electrometer for recording the PMT signal as a charge or current. A
basic schematic diagram of a TLD reader is shown in Fig. 3.8.
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FIG. 3.8. TLD reader.

o The thermoluminescence intensity emission is a function of the TLD
temperature 7. Keeping the heating rate constant makes the temperature
T proportional to time ¢, and so the thermoluminescence intensity can be
plotted as a function of ¢ if a recorder output is available with the TLD
measuring system. The resulting curve is called the TLD glow curve. In
general, if the emitted light is plotted against the crystal temperature one
obtains a thermoluminescence thermogram (Fig. 3.9).

o The peaks in the glow curve may be correlated with trap depths
responsible for thermoluminescence emission.

o The main dosimetric peak of the LiF:MgTi glow curve between 180°C
and 260°C is used for dosimetry. The peak temperature is high enough so
as not to be affected by room temperature and still low enough so as not
to interfere with black body emission from the heating planchet.

e The total thermoluminescence signal emitted (i.e. the area under the
appropriate portion of the glow curve) can be correlated to dose through
proper calibration.

e Good reproducibility of heating cycles during the readout is important for
accurate dosimetry.

o The thermoluminescence signal decreases in time after the irradiation
due to spontaneous emission of light at room temperature. This process is
called fading. Typically, for LiF:Mg,Ti, the fading of the dosimetric peak
does not exceed a few per cent in the months after irradiation.

e The thermoluminescence dose response is linear over a wide range of
doses used in radiotherapy, although it increases in the higher dose
region, exhibiting supralinear behaviour before it saturates at even higher
doses.
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FIG. 3.9. A typical thermogram (glow curve) of LiF:Mg, Ti measured with a TLD reader
at a low heating rate.

o TLDs need to be calibrated before they are used (thus they serve as
relative dosimeters). To derive the absorbed dose from the thermolumi-
nescence reading a few correction factors have to be applied, such as
those for energy, fading and dose response non-linearity.

e Typical applications of TLDs in radiotherapy are: in vivo dosimetry on
patients (either as a routine quality assurance procedure or for dose
monitoring in special cases, for example complicated geometries, dose to
critical organs, total body irradiation (TBI), brachytherapy); verification
of treatment techniques in various phantoms (e.g. anthropomorphic
phantoms); dosimetry audits (such as the IAEA-World Health Organi-
zation (WHO) TLD postal dose audit programme); and comparisons
among hospitals.

3.5.3. Optically stimulated luminescence systems
OSL is based on a principle similar to that of thermoluminescence

dosimetry. Instead of heat, light (from a laser) is used to release the trapped
energy in the form of luminescence. OSL is a novel technique offering a
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potential for in vivo dosimetry in radiotherapy. The integrated dose measured
during irradiation can be evaluated using OSL directly afterwards.

The optical fibre optically stimulated thermoluminescent dosimeter
consists of a small (~1 mm?) chip of carbon doped aluminium oxide (Al,05:C)
coupled with a long optical fibre, a laser, a beam splitter and a collimator, a
PMT, electronics and software. To produce OSL, the chip is excited with laser
light through an optical fibre, and the resulting luminescence (blue light) is
carried back in the same fibre, reflected through 90° by the beam splitter and
measured in a PMT.

The optical fibre dosimeter exhibits high sensitivity over the wide range
of dose rates and doses used in radiotherapy. The OSL response is generally
linear and independent of energy as well as the dose rate, although the angular
response requires correction.

Various experimental set-ups exist, such as pulsed OSL or OSL used in
conjunction with radioluminescence. Radioluminescence is emitted promptly
at the time of dosimeter irradiation and provides information on the dose rate
during irradiation, while OSL provides the integrated dose thereafter. This
technique, although not yet used routinely in radiotherapy, may prove to be a
valuable tool for in vivo dosimetry in the future.

3.6. SEMICONDUCTOR DOSIMETRY
3.6.1. Silicon diode dosimetry systems

A silicon diode dosimeter is a p-n junction diode. The diodes are
produced by taking n type or p type silicon and counter-doping the surface to
produce the opposite type material. These diodes are referred to as n—Si or p—
Si dosimeters, depending upon the base material. Both types of diode are
commercially available, but only the p-Si type is suitable for radiotherapy
dosimetry, since it is less affected by radiation damage and has a much smaller
dark current.

Radiation produces electron-hole (e-h) pairs in the body of the
dosimeter, including the depletion layer. The charges (minority charge carriers)
produced in the body of the dosimeter, within the diffusion length, diffuse into
the depleted region. They are swept across the depletion region under the
action of the electric field due to the intrinsic potential. In this way a current is
generated in the reverse direction in the diode.
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@ Diodes are used in the short circuit mode, since this mode exhibits a
linear relationship between the measured charge and dose. They are
usually operated without an external bias to reduce leakage current.

e Diodes are more sensitive and smaller in size than typical ionization
chambers. They are relative dosimeters and should not be used for beam
calibration, since their sensitivity changes with repeated use due to
radiation damage.

e Diodes are particularly useful for measurement in phantoms, for example
of small fields used in stereotactic radiosurgery or high dose gradient
areas such as the penumbra region. They are also often used for measure-
ments of depth doses in electron beams. For use with beam scanning
devices in water phantoms, they are packaged in a waterproof encapsu-
lation. When used in electron beam depth dose measurements, diodes
measure directly the dose distribution (in contrast to the ionization
measured by ionization chambers).

e Diodes are widely used in routine in vivo dosimetry on patients or for
bladder or rectum dose measurements. Diodes for in vivo dosimetry are
provided with buildup encapsulation and hence must be appropriately
chosen, depending on the type and quality of the clinical beams. The
encapsulation also protects the fragile diode from physical damage.

e Diodes need to be calibrated when they are used for in vivo dosimetry,
and several correction factors have to be applied for dose calculation. The
sensitivity of diodes depends on their radiation history, and hence the
calibration has to be repeated periodically.

o Diodes show a variation in dose response with temperature (this is partic-
ularly important for long radiotherapy treatments), dependence of signal
on the dose rate (care should be taken for different source to skin
distances), angular (directional) dependence and energy dependence
even for small variations in the spectral composition of radiation beams
(important for the measurement of entrance and exit doses).

3.6.2. MOSFET dosimetry systems

A metal-oxide semiconductor field effect transistor (MOSFET), a
miniature silicon transistor, possesses excellent spatial resolution and offers
very little attenuation of the beam due to its small size, which is particularly
useful for in vivo dosimetry. MOSFET dosimeters are based on the
measurement of the threshold voltage, which is a linear function of absorbed
dose. Ionizing radiation penetrating the oxide generates charge that is
permanently trapped, thus causing a change in threshold voltage. The
integrated dose may be measured during or after irradiation. MOSFETSs
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require a connection to a bias voltage during irradiation. They have a limited
lifespan.

o A single MOSFET dosimeter can cover the full energy range of photons
and electrons, although the energy response should be examined, since it
varies with radiation quality. For megavoltage beams, however,
MOSFETs do not require energy correction, and a single calibration
factor can be used.

o MOSFETs exhibit small axial anisotropy (£2% for 360°) and do not
require dose rate corrections.

e Similarly to diodes, single MOSFETs exhibit a temperature dependence,
but this effect has been overcome by specially designed double detector
MOSFET systems. In general, they show non-linearity of response with
the total absorbed dose; however, during their specified lifespan,
MOSFETs retain adequate linearity. MOSFETs are also sensitive to
changes in the bias voltage during irradiation (it must be stable), and their
response drifts slightly after the irradiation (the reading must be taken in
a specified time after exposure).

o MOSFETs have been in use for the past few years in a variety of radio-
therapy applications for in vivo and phantom dose measurements,
including routine patient dose verification, brachytherapy, TBI, intensity
modulated radiotherapy (IMRT), intraoperative radiotherapy and radio-
surgery. They are used with or without additional buildup, depending on
the application.

3.7. OTHER DOSIMETRY SYSTEMS
3.7.1. Alanine/electron paramagnetic resonance dosimetry system

Alanine, one of the amino acids, pressed in the form of rods or pellets
with an inert binding material, is typically used for high dose dosimetry. The
dosimeter can be used at a level of about 10 Gy or more with sufficient
precision for radiotherapy dosimetry. The radiation interaction results in the
formation of alanine radicals, the concentration of which can be measured
using an electron paramagnetic resonance (known also as electron spin
resonance) spectrometer. The intensity is measured as the peak to peak height
of the central line in the spectrum. The readout is non-destructive.

e Alanine is tissue equivalent and requires no energy correction within the
quality range of typical therapeutic beams. It exhibits very little fading for

91



CHAPTER 3

many months after irradiation. The response depends on environmental
conditions during irradiation (temperature) and storage (humidity).

e At present,