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PREFACE 70 THE FIRST EDITION 

Most textbooks on radiological physics present a broad field which includes physics of 
radiation therapy, diagnosis, and nuclear medicine. The emphasis is on the basic physical 
principles which form a common foundation for these areas. Consequendy, the topics of 
practical interest are discussed only sparingly or completely left our  The need is felt for a 
book solely dedicated to radiation therapy physics with emphasis on the practical details. 

This book is written primarily with the needs of residents and clinical physicists in 
mind. Therefore, greater emphasis is given to the practice of physics in the clinic. For the 
residents, the book provides both basic radiation physics and physical aspects of treatment 
planning, using photon beams, electron beams, and brachytherapy sources. For the clinical 
physicist, additionally, current information is provided on dosimetry. 

Except for some sections in the book dealing with the theory of absorbed dose mea- 
surements, the book should also a p p d  to the radiotherapy technologists. Of particular 
interest to them are the sections on treatment techniques, patient setups, and dosimeuic 
calculations. 

Since the book is designed for a mixed audience, a careful balance had to be maintained 
between theory and practical details. A conscious effort was made to make the subject 
palatable to those not formally trained in physics (e.g., residents and technicians) without 
diminishing the value of the book to the physicist. This object was hopefully achieved by 
a care l l  selection of the topics, simplification of the mathematical formalisms, and ample 
references to the relevant literature. 

In developing this text, I have been greatly helped by my physics colleagues, Drs. Jeff 
Williamson, Chris Deibel, Barry Werner, Ed Cytacki, Bruce Gerbi, and Subhash Sharma. 
I wish to thank them for reviewing the text in its various stages of development. My great 
appreciation goes to Sandi Kuitunen who typed the manuscript and provided the needed 
organization for this lengthy project. I am also thankfd to Kathy Mitchell and Lynne 
Olson who prepared most of the illustrations for the book. 

Finally, I greatly value my association with Dr. Seymour Levitt, the chairman of this 
department, from whom I got much of the clinical philosophy I needed as a physicist. 

Faiz M. Khan 





PREFACE TO THE SECOND ED1TBQN 

The second edition is written with the same objective as the first, namely to present 
radiation oncology physics as it is practiced in the clinic. Basic physics is discussed to 
provide physical rationale for the clinical procedures. 

As the practice of physics in the clinic involves teamwork among physicists, radiation 
oncologists, dosimetrists, and technologists, the book is intended for this mived audience. 
A delicate balance is created between the theoretical and the practical to retain the interest 
of all these groups. 

All the chapters in the previous edition were reviewed in the light of modern devel- 
opments and revised as needed. In the basic physics part of the book, greater details are 
provided on radiation generators, detectors, and panicle beams. Chapter 8 on radiation 
dosimetry has been completely revised and includes derivation of the AAPM TG-2 1 pro- 
tocol from basic principles. I am thankful to David Rogers for taking the time to review 
the chapter. 

Topics of dose calculation, imaging, and treatment planning have been augmented with 
current information on interface dosimetry, inhomogeneity corrections, field junctions, 
asymmetric collimators, multileaf collimators, and portal-imaging systems. The subject 
of three-dimensional treatment planning is discussed only briefly, but it will be presented 
more comprehensively in a h ture  book on treatment planning. 

The electron chapter was updated in the light of the AAPM TG-25 report. The 
brachytherapy chapter was revised to include the work by the Interstitial Collaborative 
Working Group, a description of remote afterloaders, and a commentary on brachytherapy 
dose specification. 

Chapter 16 on radiation protection was revised to include more recent NCRP guide- 
lines and the concept of effective dose equivalent. An important addition to the chapter is 
the summary outline of the NRC regulations, which I hope will provide a quick review of 
the subject while using the federal register as a reference for greater details. 

Chapter 17 on quality assurance is a new addition to the book. Traditionally, this 
subject is interspersed with other topics. However, with the current emphasis on quality 
assurance by the hospital accrediting bodies and the regulatory agencies, this topic has 
assumed greater importance and an identity of its own. Physical aspects of quality assurance 
are presented, including structure and process, with the objective of improving outcome. 

I acknowledge the sacrifice that my family had to make in letting me work on this book 
without spending quality time with them. I am thankful for their love and understanding. 

I am also appreciative of the support that I have received over the years from the 
chairman of my department, Dr. Seymour Levitt, in all my professional pursuits. 

Last but not least I am thankful to my assistant, Sally Humphreys, for her superb 
typing and skillful management of this lengthy project. 

Faiz M. Khan 





New technologies have greatly changed radiation therapy in the last decade or so. As a 
result, clinical practice in the new millennium is a mixture of standard radiation therapy 
and special procedures based on current developments in imaging technology, treatment 
planning, and treatment delivery. The third edition represents a revision of the second 
edition with a significant expansion of the material to include current topics such as 
3-D conformal radiation therapy, IMRT, stereotactic radiation therapy, high dose rate 
brachyrherapy, seed implants, and intravascular brachytherapy. A chapter on TBI is also 
added to augment the list of these special procedures. 

It is realized that not all institutions have the resources to practice state-of-the-art 
radiation therapy. So, both the conventional and the modern radiation therapy procedures 
are given due attention instead of keeping only the new and discarding the old. Based on 
content, the book is organized into three parts: Basic Physics, Classical Radiation Therapy, 
and Modern Radiation Therapy. 

A new AAPM protocol, TG-5 1, for the calibration of megavoltage photon and electron 
beams was published in September, 1999, followed by the L4EA protocol, TRS-398, in 
2000. Chapter 8 has been extensively revised to update the dosimetry formalism in the 
light of these developments. 

I have enjoyed writing the Third Edition, partly because of my retirement as ofJanuary 
2001. I simply had more time to research, think, and meditate. 

I greatly value my association with Dr. Seymour Levitt who was Chairman of my 
department from 1970 to 2000. I owe a lot to him for my professional career as a medical 
physicist. 

I greatly appreciate the departmental support I have received from the faculry and the 
current Chairwoman, Dr. Kathryn Dusenbery. My continued involvement with teaching 
of residents and graduate students has helped me keep abreast of current developments in 
the field. I enjoyed my interactions with the physics staff: Dr. Bruce Gerbi, Dr. Pat Higgins, 
Dr. Parharn Alaei, Randi Weaver, Jane Johnson, and Sue Nordberg. I acknowledge their 
assistance in the preparations of book material such as illustrations and examples of clinical 
data. 

My special thanks go to Gretchen Tuchel who typed the manuscript and managed this 
project with great professional expertise. 

Faiz M. Khan 
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BASIC PHYSICS 





STRUCTURE OF MATTER 

1 .I. THE ATOM 

All matter is composed of individual entities called elements. Each element is distinguish- 
able from the others by the physical and chemical properties of its basic component-the 
atom. Originally thought to be the "smallest" and "indivisible" particle of matter, the atom 
is now known to have a substructure and can be "divided" into smaller components. Each 
atom consists of a small central core, the nucleus, where most of the atomic mass is located 
and a surrounding "cloud" of electrons moving in orbits around the nucleus. Whereas the 
radius of the atom (radius of the electronic orbits) is approximately lo-'' m, the nucleus 
has a much smaller radius, namely, about m. Thus, for a particle of size comparable 
to nuclear dimensions, it will be quite possible to penetrate several atoms of matter before 
a collision happens. As will be pointed out in the chapters ahead, it is important to keep 
track of those that have not interacted with the atoms (the primary beam) and 
those that have suffered collisions (the scattered beam). 

1.2. THE NUCLEUS 

The properties of atoms are derived from the constitution of their nuclei and the number 
and the organization of the orbital electrons. 

The nucleus contains two kinds of fundamental particles: protons and neutrons. 
Whereas protons are positively charged, neutrons have no charge. Because the electron 
has a negative unit charge (1.60 x coulombs) and the proton has a positive unit 
charge, the number of protons in the nucleus is equal to the number of electrons outside 
the nucleus, thus making the atom electrically neutral. 

An atom is completely specified by the formula $x, where Xis the chemical symbol 
for the element; A is the mass number, defined as the number of nucleons (neutrons and 
protons in the nucleus); and Z is the atomic number, denoting the number of protons in 
the nucleus (or the number of electrons outside the nucleus). An atom represented in such 
a manner is also called a nuclide. For example, : H  and : ~ e  represent atoms or nuclei or 
nuclides of hydrogen and helium, respectively. 

O n  the basis of different proportions of neutrons and protons in the nuclei, atoms have 
been classified into the following categories: isotopes, atoms having nuclei with the same 
number of protons but different number of neutrons; isotones, having the same number of 
neutrons but different number of protons; isobars, with the same number of nucleons but 
different number of and isomers, containing the same number of protons as well 
as neutrons. The last category, namely isomers, re resents identical atoms except that they 
differ in their nuclear energy states. For e~am~le,'~:";Xe ( m  stands for mcrastable state) is 
an isomer of '::~e. 

Certain combinations of neutrons and protons result in stable (nonradioactive) nu- 
clides than others. For instance, stable elements in the low atomic number range have 
an almost equal number of neutrons, N, and protons, Z. However, as Zincreases beyond 
about 20, the neutron-to-proton ratio for stable nuclei becomes greater than 1 and increases 
with 2. This is evident in Fig. 1.1, which shows a plot of the ratios of neutrons to protons 
in stable nuclei. 
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Proton Number (p) 

FIG. 1.1. A plot of neutrons versus protons in stable nuclei. 

Nuclear stability has also been analyzed in terms of even and odd numbers of neutrons 
and protons. O f  about 300 different stable isotopes, more than half have even numbers of 
protons and neutrons and are known as even-even nuclei. This suggests that nuclei gain 
stability when neutrons and protons are mutually paired. O n  the other hand, only four 
stable nuclei exist that have both odd Zand odd N, namely :H, g ~ i ,  '!B, and ' f j ~ .  About 
20% of the stable nuclei have even Zand odd Nand about the same proportion have odd 
Z and even N. 

1.3. ATOMIC MASS AND ENERGY UNITS 

Masses of atoms and atomic particles are conveniently given in terms of atomic mass unit 
(amu). An amu is defined as 1/12 of the mass of a '2C nucleus, a carbon isotope. Thus the 
nucleus of ':c is arbitrarily assigned the mass equal to 12 amu. In basic units of mass, 

1 amu = 1.66 x kg 

The mass of an atom expressed in terms of amu is known as atomic m m  or atomic 
weight. Another useful term is gram atomic weight, which is defined as the mass in grams 
numerically equal to the atomic weight. According to Avogadro's law, every gram atomic 
weight of a substance contains the same number of atoms. The number, referred to as 
Avogadro ?number(NA) has been measured by many investigators, and its currently accepted 
value is 6.0228 x atoms per gram atomic weight. 

From the previous definitions, one can calculate other quantities of interest such as the 
number of atoms per gram, grams per atom, and electrons per gram. Considering helium 
as an example, its atomic weight (Aw) is equal to 4.0026. 

Therefore, 

NA 
Number atomstg = - = 1.505 x 

A w  

NA . Z 
Number electronslg = - - - 3.009 x 

A w  
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The masses of atomic particles, according to the atomic mass unit, are electron = 
0.000548 amu, proton = 1.00727 amu, and neutron = 1.00866 amu. 

Because the mass of an electron is much smaller than that of a proton or neutron 
and protons and neutrons have nearly the same mass, equal to approximately 1 amu, all 
the atomic masses in units of m u  are very nearly equal to the mass number. However, 
it is important to point out that the mass of an atom is not exactly equal to the sum 
of the masses of constituent particles. The reason for this is that, when the nucleus is 
formed, a certain mass is destroyed and converted into energy that acts as a "glue" to keep 
the nucleons together. This mass difference is called the mass defect. Looking at it from 
a different perspective, an amount of energy equal to the mass defect must be supplied 
to separate the nucleus into individual nucleons. Therefore, this energy is also called the 
binding energy of the nucleus. 

The basic unit of energy is the joule (J) and is equal to the work done when a force 
of 1 newton acts through a distance of 1 m. The newton, in turn, is a unit of force given 
by the product of mass (1 kg) and acceleration (1 m/sec2). However, a more convenient 
energy unit in atomic and nuclear physics is the electron volt (eV), defined as the kinetic 
energy acquired by an electron in passing through a potential difference of 1 V. It can be 
shown that the work done in this case is given by the product of potential difference and 
the charge on the electron. Therefore, we have: 

- Multiples of this unit are: 

1 keV = 1,000 eV 

1 million eV (MeV) = 10' eV 

According to the Einstein's principle of equivalence of mass and energy, a mass m is 
equivalent to energy Eand the relationship is given by: 

where cis the velocity of light (3 x lo8 mlsec). For example, a mass of 1 kg, if converted 
to energy, is equivalent to: 

The mass of an electron at rest is sometimes expressed in terms of its energy equivalent 
(&). Because its mass is 9.1 x 1 ov3l kg, we have from Equation 1.1 : 

Eo = 0.511 MeV 

Another useful conversion is that of amu to energy. It can be shown that: 

1 amu = 931 MeV 

I .4. DISTRIBUTION OF ORBITAL ELECTRONS 

According to the model proposed by Niels Bohr in 1913, the electrons revolve around the 
nucleus in specific orbits and are prevented from leaving the atom by the centripetal force 
of attraction between the positively charged nucleus and the negatively charged electron. 

O n  the basis of classical physics, an accelerating or revolving electron must radiate 
energy. This would result in a continuous decrease ofthe radius of the orbit with the electron 
eventually spiraling into the nucleus. However, the data on the emission or absorption of 
radiation by elements reveal that the change of energy is not continuous but discrete. 
To explain the observed line spectrum of hydrogen, Bohr theorized that the sharp lines 
of the spectrum represented electron jumps from one orbit down to another with the 
emission of light of a particular frequency or a quantum of energy. He proposed two 
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FIG. 1.2. Electron orbits for hydrogen, helium, and oxygen. 

fundamental postulates: (a) electrons can exist only in those orbits for which the angular 
momentum of the electron is an integral multiple of h/21~, where his the Planck's constant 
(6.62 x J-sec); and (b) no energy is gained or lost while the electron remains in any 
one of the permissible orbits. 

The arrangement of electrons outside the nucleus is governed by the rules of quantum 
mechanics and the Pauli exclusion principle (not discussed here). Although the actual 
configuration of electrons is rather complex and dynamic, one may simplify the concept 
by assigning electrons to specific orbits. The innermost orbit or shell is called the K shell. 
The next shells are L, M, N, and 0. The maximum number of electrons in an orbit is 
given by 2 n  2 ,  where n is the orbit number. For example, a maximum of 2 electrons can 
exist in the first orbit, 8 in the second, and 18 in the third. Figure 1.2 shows the electron 
orbits of hydrogen, helium, and oxygen atoms. 

Electron orbits can also be considered as energy levels. The energy in this case is the 
potential energy of the electrons. With the opposite sign it may also be called the binding 
energy of the electron. 

1.5. ATOMIC ENERGY LEVELS 

It is customary to represent the energy levels of the orbital electrons by what is known 
as the enera! level diagram (Fig. 1.3). The binding energies of the electrons in various 
shells depend on the magnitude of Coulomb force of attraction between the nucleus 
and the orbital electrons. Thus the binding energies for the higher Z atoms are greater 
because of the greater nuclear charge. In the case of tungsten (2 = 74), the electrons in 
the K, L, and M shells have binding energies of about 69,500, 11,000, and 2,500 eV, 
respectively. The so-called valence electrons, which are responsible for chemical reactions 
and bonds between atoms as well as the emission of optical radiation spectra, normally 
occupy the outer shells. If energy is imparted to one of these valence electrons to raise it to 
a higher energy (higher potential energy but lower binding energy) orbit, this will create 
a state of atomic instability. The electron will fall back to its normal position with the 
emission of energy in the form of optical radiation. The energy of the emitted radiation 
will be equal to the energy difference of the orbits between which the transition took 
place. 

If the transition involved inner orbits, such as K, L, and M shells where the electrons 
are more tightly bound (because of larger Coulomb forces), the absorption or emission 
of energ), will involve higher energy radiation. Also, if sufficient energy is imparted to an 
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FIG. 1.3. Asimplified energy level diagram of the tungsten atom 
(not to  scale). Only few possible transitions are shown for illus- 
tration. Zero of the energy scale is arbitrarily set at the position 
of the valence electrons when the atom is in the unexcited state. 

inner orbit electron so that it is completely ejected from the atom, the vacancy or the hole 
created in that shell will be almost instantaneously filled by an electron from a higher level 
orbit, resulting in the emission of radiation. This is the mechanism for the production of 
characteristic x-rays. 

1.6. NUCLEAR FORCES 

As discussed earlier, the nucleus contains neutrons that have no charge and protons with 
positive charge. But how are these particles held together, in spite of the fact that electrostatic 
repulsive forces exist between particles of similar charge? Earlier, in section 1.3, the terms 
mass defeEt and binding enera of the nuclew were mentioned. It was then suggested that the 
energy required to keep the nucleons together is provided by the mass defect. However, 
the nature of the forces involved in keeping the integrity of the nucleus is quite complex 
and will be discussed here only briefly. 

There are four different forces in nature. These are, in the order of their strengths: (a) 
strong nuclear force, (b) electromagnetic force, (c) weak nuclear force, and (d) gravitational 
force. O f  these, the gravitational force involved in the nucleus is very weak and can be 
ignored. The electromagnetic force benveen charged nucleons is quite strong, but it is 
repulsive and tends to disrupt the nucleus. A force much larger than the electromagnetic 
force is the strong nuclear force that is responsible for holding the nucleons together in the 
nucleus. The weak nuclear force is much weaker and appears in certain types of radioactive 
decay (e.g., j3 decay). 

The strong nuclear force is a short-rangeforce that comes into play when the distance 
between the nucleons becomes smaller than the nuclear diameter (-lo-'4 rn). If we 
assume that a nucleon has zero potential energy when it is an infinite distance apart from 
the nucleus, then as it approaches close enough to the nucleus to be within the range of 
nuclear forces, it will experience strong attraction and will "fdl" into the potential well 
(Fig. 1.4A). This potential well is formed as a result of the mass defect and provides the 
nuclear binding energy. It acts as apotential barrieragainst any nucleon escaping the nucleus. 

In the case of a positively charged particle approaching the nucleus, there will be a 
potential barrier due to the Coulomb forces of repulsion, preventing the particle from 
approaching the nucleus. If, however, the particle is able to get close enough ro the nucleus 
so as to be within the range of the strong nuclear forces, the repulsive forces will be overcome 
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+2R+ 

4-2R- t  + 
Distance (r) 

t--------, 
Distance (r) FIG. 1.4. Energy level diagram of a particle in a nu- 

cleus: a, particle with no charge; b, particle with pos- 
itive charge; U(r) is the potential energy as a function 
of distance r from the center o f  the nucleus. B is the 

a ) b) barrier height; R is the nuclear radius. 

and the particle will be able to enter the nucleus. Figure 1.4B.illustrates the potential barrier 
against a charged particle such as an a particle (traveling i ~ e  nudeus) approaching a '::u 
nucleus. Conversely, the barrier serves to prevent an cr particle escaping from the nucleus. 
Although it appears, according to the classical ideas, that an cr particle would require a 
minimum energy equal to the height of thepotential barrier (30 MeV) in order to penetrate 
the '$u nucleus or escape from it, the data show that the barrier can be crossed with much 
lower energies. This has been explained by a complex mathematical theory known as wave 
mechanics, in which particles are considered associated with de Broglie waves. 

1.7. NUCLEAR ENERGY LEVELS 

The shell model ofthe nucleus assumes that the nucleons are arranged in shells, representing 
discrete energy states of the nucleus similar to the atomic energy levels. If energy is imparted 
to the nucleus, it may be raised to an excited state, and when it returns to a lower energy 
state, it will give off energy equal to the energy difference of the two states. Sometimes 
the energy is radiated in steps, corresponding to the intermediate energy states, before the 
nucleus settles down to the stable or ground state. 

Figure 1.5 shows an energy level diagram with a decay scheme for a cobalt-60 @$o) 
nucleus which has been made radioactive in a reactor by bombarding stable ~ ? C O  atoms 
with neutrons. The excited $CO nucleus first emits a particle, known as @- particle and 

$1.33 MeV) t 
FIG. 1.5. Energy level diagram for the decay of ;!CO nucleus. 
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then, in two successive jumps, emits packets of energy, known as photons. The emission of 
a ,B- particle is the result of a nuclear transformation in which one of the neutrons in the 
nucleus disintegrates into a proton, an electron, and a neutrino. The electron and neutrino 
are emitted instantaneously and share the released energy with the recoiling nucleus. The 
process of B decay will be discussed in the next chapter. 

1.8. PARTICLE RADIATION 

The term radiation applies to the emission and propagation of energy through space 
or a material medium. By particle radiation, we mean energy propagated by traveling 
corpuscles &at have a definite rest mass and within limits have a definite momentum and 
defined position at any instant. However, the distinction between particle radiation and 
electromagnetic waves, both of which represent modes of energy travel, became less sharp 
when, in 19 25, de Broglie introduced a hypothesis concerning the dual nature of matter. He 
theorized that not only do photons (electromagnetic waves) sometimes appear to behave 
like particles (exhibit momentum) but material particles such as electrons, protons, and 
atoms have some type of wave motion associated with them (show refraction and other 
wave-like properties). 

Besides protons, neutrons, and electrons discussed earlier, many other atomic and 
subatomic particles have been discovered. These particles can travel with high speeds, 
depending on their kinetic energy, but never attain exactly the speed of light in a vacuum. 
Also, they interact with matter and produce varying degrees of energy transfer to the 
medium. 

The so-called elementary particles have either zero or unit charge (equal to that of an 
electron). All other particles have charges that are whole multiples of the electronic charge. 
Some elementary particles of interest in radiological physics are listed in Table 1.1. Their 
properties and clinical applications will be discussed later in this book. 

1.9. ELECTROMAGNETIC RADIATION 

A. Wave Model 

Electromagnetic radiation constitutes the mode of energy propagation for such phenom- 
ena as light waves, heat waves, radio waves, microwaves, ultraviolet rays, x-rays, and 
y rays. These radiations are called "electromagnetic" because they were first described, 
by Maxwell, in terms of oscillating electric and magnetic fields. As illustrated in Fig. 1.6, 
an electromagnetic wave can be represented by the spatial variations in the intensities of an 
electric field (E) and a magnetic field (H), the fields being at right angles to each other at 
any given instant. Energy is propagated with the speed of light (3 x lo8 mlsec in vacuum) 

TABLE 1.1. ELEMENTARY PARTICLESa 

Patticle Symbol Charge Mass 

Electron e-, B- 
Positron e+, Bf 
Proton P, p+ 
Neutron n, An 
Neutrino v 
Mesons It+, 11- 

11° 

0.000548 arnu 
0.000548 arnu 
1.00727 arnu 
1.00866 arnu 
<1/2,000 mob 
273 mo 
264 mo 
207 mo 
967 mo 
973 mo 

- - - - 

'This is only a partial list. Many other elementary particles besides 
the common ones listed above have been discovered. 
brno = rest mass o f  an electron. 
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FIG. 1.6. Graph showing electromagnetic wave at a given instant 
of time. E and Hare, respectively, the peak amplitudes of electric 
and magnetic fields. The two fields are perpendicular to each 
other. 

in the Zdirection. The relationship between wavelength (A), frequency (v), and velocity 
of propagation (c) is given by: 

In the above equation, cshould be expressed in meters/second; A, in meters; and v, in 
cycles/second or hertz. 

Figure 1.7 shows a spectrum of electromagnetic radiations with wavelengths ranging 
anywhere from 10' (radio waves) to m (ultrahigh energy x-rays). Since wavelength 
and frequency are inversely related, the frequency spectrum corresponding to the above 
range will be 3 x 10' - 3 x lo2' cycleslsec. Only a very small portion of the elecuomag- 
netic spectrum constitutes visible light bands. The wavelengths of the wave to which the 
human eye responds range from 4 x lo-' (blue light) to 7 x lo-' m (red). 

The wave nature of the electromagnetic radiation can be demonstrated by experiments 
involving phenomena such as interference and diffraction of light. Similar effects have been 
observed wirh x-rays using crystals which possess interatomic spacing comparable to the 
x-ray wavelengths. However; as the wavelength becomes very small or the frequency be- 
comes very large, the dominant behavior of electromagnetic radiations can only be ex- 
plained by considering their particle or quantum nature. 

B. Quantum Model 

To explain the results of certain experiments involving interaction of radiation with mat- 
ter, such as the photoelectric effect and the Compton scattering, one has to consider 

Wavelength Frequency Energy 
(meters) (cycles/sec) (eV) 

10"- 
x-rays and 
cosmic rays 

infra red 

radar 

radio 

FIG. 1.7. The electromagnetic spectrum. Ranges are approxi- 
mate. 



I .  Structure of Matter 11 

electromagnetic radiations as particles rather than waves. The amount of energy carried by 
such a packet of energy, or photon, is given by: 

E = h v  (1.3) 

where E is the energy (joules) carried by the photon, h  is the Planck's constant (6.62 x 
J-sx), and v is the frequency (cycles/second). By combining equations 1.2 and 1.3, 

we have: 

If E is to be expressed in electron volts (eV) and IL in meters (m), then, since 1 eV = 
1 .GO2 x 10-l9 J, 

The above equations indicate that as the wavelength becomes shorter or the frequency 
becomes larger, the energy of the photon becomes greater. This is also seen in Fig. 1.7. 



NUCLEAR TRANSFORMATIONS 

2.1. RADIOACTIVITY 

Radioactivity, first discovered by Henri Becquerel in 1896, is a phenomenon in which 
radiation is given off by the nuclei of the elements. This radiation can be in the form of 
particles, electromagnetic radiation, or both. 

Figure 2.1 illustrates a method in which radiation emitted by radium can be separHted 
by amagnetic field. Since cr particles (helium nuclei) are positively charged and B- particles 
(electrons) are negatively charged, they are deflected in opposite directions. The difference 
in the radii of curvature indicates that the cr particles are much heavier than particles. 
O n  the other hand, y rays, which are similar to x-rays except for their nuclear origin, have 
no charge and, therefore, are unaffected by the magnetic field. 

It was mentioned in the first chapter (section 1.6) that there is a potential barrier 
preventing particles from entering or escaping the nucleus. Although the particles inside 
the nucleus possess kinetic energy, this energy, in a stable nucleus, is not sufficient for 
any of the particles to penetrate the nuclear barrier. However, a radioactive nucleus has 
excess energy that is constantly redistributed among the nucleons by mutual collisions. As 
a matter of probability, one of the particles may gain enough energy to escape from the 
nucleus, thus enabling the nucleus to achieve a state of lower energy. Also, the emission 
of a particle may still leave the nucleus in an excited state. In that case, the nucleus will 
continue stepping down to the lower energy states by emitting particles or y rays until the 
stable or the ground state has been achieved. 

2.2. DECAY CONSTANT 

The process of radioactive decay or disintegration is a statistical phenomenon. Whereas it is 
not possible to know when a particular atom will disintegrate, one can accurately predict, 
in a large collection of atoms, the proportion that will disintegrate in a given time. The 
mathematics of radioactive decay is based on the simple fact that the number of atoms 
disintegrating per unit time, (ANlAt) is proportional to the number of radioactive atoms, 
(N)  present. Symbolically, 

where h is a constant of proportionality called the decay constant. The minus sign indicates 
that the number of the radioactive atoms decreases with time. 

If A N  and A t  are so small that they can be replaced by their corresponding differen- 
tials, dNand dt, then Equation 2.1 becomes a differential equation. The solution of this 
equation yields the following equation: 

where No is the initial number of radioactive atoms and e is the number denoting the base 
of the natural logarithm (e= 2.71 8). Equation 2.2 is the well-known exponential equation 
for radioactive decay. 



2. Nuclear Transformations 13 

Source 

FIG. 2.1. Diagrammatic representation of the separation of three 
types of radiation emitted by radium under the influence of mag- 
netic field (applied perpendicular t o  the plane of the paper). 

2.3. ACTIVITY 

The rate of decay is referred to as the activify of a radioactive material. If ANlAt in 
Equadon 2.1 is replaced by A, the symbol for activity, then: 

A = - A N  (2.3) 

Similarly, Equation 2.2 can be expressed in terms of activity: 

A = (2.4) 

where A is the activity remaining at time t, and A0 is the original activity equal to ANo. 
The unit of activity is the curie (Ci), defined as: 

Fractions of this unit are: 

1 rnCi = 1 0 - ~ C i  = 3.7 x lo7dps 

1 pCi = 10-'Ci = 3.7 x lo4 dps 

1 nCi = Ci = 3.7 x 10' dps 

1 pCi = 10-l2 Ci = 3.7 x dps 

The SI unit for activity is becquerel (Bq). The becquerel is a smaller but more basic 
unit than the curie and is defined as: 

1 Bq = 1 dps = 2.70 x 10-l' Ci 

2.4. THE HALF-LIFE AND THE MEAN LIFE 

The term half-life (T i l2 )  of a radioactive substance is defined as the time required for 
either the activity or the number of radioactive atoms to decay to half the initial value. By 
substituting N/No = in Equadon 2.2 or R/Ao = '12 in Equation 2.4, at t = TI2, we 
have: 

'This definition is based on the rate of decay of 1 g of radium which was originally measured to be 
3.7 x 10'' dps. Although the recent measurements have established the decay rate as 3.61 x 10" dpslg of 
radium, rhe original definition of curie remains unchanged. 
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A Time (T$ Units) 8 Time ( T i  Units) 

FIG. 2.2. General decay curve. Activityas a percentage of initial activity plotted againsttime in units of half-life. 
A, plot on linear graph; 0, plot on semilogarithmic graph. 

where In 2 is the natural logarithm of 2 having a value of 0.693. Therefore, 

Figure 2.2A illustrates the exponential decay of a radioactive sample as a function of 
time, expressed in units of half-life. It can be seen that after one half-life, the activity is '12 

the initial value, afier rwo half-lives, it is '14, and so on. Thus, after n half-lives, the activity 
will be reduced to '/zn of the initial value. 

Although an exponential function can be   lotted on a linear graph (Fig. 2.2A), it 
is better   lotted on a semilog paper because it yields a straight line, as demonstrated 
in Fig. 2.2B. This general curve applies to any radioactive material and can be used to 
determine the fractional activity remaining if the elapsed time is expressed as a fraction of 
half-life. 

The mean or average life is the average lifetime for the decay of radioactive atoms. 
Although, in theory it will take an infinite amount of time for all the atoms to decay, 
the concept of average life ((T,) can be understood in terms of an imaginary source that 
decays at a constant rate equal to the initial activity and produces the same total num- 
ber of disintegrations as the given source decaying exponentially from time t = 0 to 
t = W. Because the initial activity = ANo (from Equation 2.3) and the total number of 
disintegrations must be equal to No, we have: 

1 
T,ANo = No or T, = - 

h 
(2.6) 

Comparing Equations 2.5 and 2.6, we obtain the following relationship between half-life 
and average life: 
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Example 1 

1. Calculate the number of atoms in 1 g of 2 2 6 ~ a .  
2. What is the activity of 1 g of 226Ra (half-life = 1,622 years)? 

1. In section 1.3, we showed that: 

NA 
Number of atomsIg = - 

Aw 

where NA = Avogadro's number = 6.02 x atoms per gram atomic weight and Aw 
is the atomic weight. Also, we stated in the same section that Aw is very nearly equal to 
the mass number. Therefore, for "'Ra 

6.02 x 
Number of atomslg = = 2.66 x lo2' 

226 

2. Activity = AN (Equation 2.3, ignoring the minus sign). Since A' = 2.66 x 
1021 atomslg (example above) and: 

- - 0.693 
(1,622 years) x (3.15 x lo7 seclyear) 

Therefore, 

Activity = 2.66 x 10" x 1.356 x lo-'' dps/g 

= 3.61 x 10lOdps/g 

= 0.975 Ci/g 

The activity per unit mass of a radionuclide is termed the spec@ activity. As shown in 
the previous example, the specific activity of radium is slightly less than 1 Cilg, although 
the curie was originally defined as the decay rate of 1 g of radium. The reason for this 
discrepancy, as mentioned previously, is the current revision of the actual decay rate of 
radium without modification of the original definition of the curie. 

High specific activity of certain radionuclides can be advantageous for a number of 
applications. For example, the use of elements as tracers in studying biochemical processes 
requires that the mass of the incorporated element should be so small that it does not 
interfere with the normal metabolism and yet it should exhibit measurable activity. Another 
example is the use of radioisotopes as teletherapy sources. One rason why cobalt-60 
is preferable to cesium-137, in spite of its lower half-life (5.26 years for G O ~ o  versus 
30.0 years for 13'Cs) is its much higher specific activity. The interested reader may verify 
this fact by actual calculations. (It should be assumed in these calculations that the specific 
activities are for pure forms of the nuclides.) 

Example 2 

1. Calculate the decay constant for cobalt-60 = 5.26 years) in units of month-'. 
2. What will be the activity of a 5,000-Ci 6 0 ~ o  source afier 4 years? 

1. From Equation 2.5, we have: 
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since Tl12 = 5.26 years = 63.12 months. Therefore, 

A=-- 0'693 - 1.0979 x lo-' month-' 
63.12 

2. t = 4 years = 48 months. From Equations 2.4, we have: 

A = ~ ~ e - ' '  
- - 5,000 e-1.0979~10-2~48 

= 2,952 Ci 

Alternatively: 

4 
t = 4 years = - ZI2 = 0.760 zlz 

5.26 

Therefore, 

Alternatively: reading the fractional activity from the universal decay curve given in Fig. 
2.2 at time = 0.76 TlI2 and then multiplying it with the initial activity, we get the desired 
answer. 

Example 3 

When will 5 mCi of 13'1 (Tip = 8.05 days) and 2 mCi of 32P (Tlp  = 14.3 days) have 
equal activities? for l3' I: 

and 

For 32P: 

and 

Suppose rhe activities of the two nuclides are equal after tdays. Then, from Equation 
2.4, 

5 e-8.609x10-2x t - - 2 e-4.846x10-2~ t 

Taking the natural log of both sides, 

In 5 - 8.609 x lo-' x t = In 2 - 4.846 x x t 

or 1.609 - 8.609 x lo-' x t = 0.693 - 4.846 x x t 

or t = 24.34 days 

Alternatively, one may plot the activity of each sample as a hnction of time. The activities 
of the two samples will be equal at the time when the two curves intersect each other. 

2.5. RADIOACTIVE SERIES 

There are a rota1 of 103 elements known today. Of these, the first 92 (from Z = 1 to 
Z = 92) occur naturally. The others have been produced artificially. In general, the ele- 
ments with lower Z tend to be stable whereas the ones with higher Z are radioactive. It 
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Atomic Number 

FIG. 2.3. The uranium series. (Data from US. De- 
partment of Health, Education, and Welfare. Ra- 
diological health handbook, rev. ed. Washington, 
DC: US. Government Printing Office, 1970.) 

appears that as the number of panicles inside the nucleus increases, the forces that keep 
the particles together become less effective and, therefore, the chances of particle emission 
are increased. This is suggested by the observation that all elements with Zgreater than 82 
(lead) are radioactive. 

All naturally occurring radioactive elements have been grouped into three series: the 
uranium series, the actinium series, and the thorium series. The uraniun series originates 
with 238U having a half-life of 4.5 1 x 1 o9 years and goes through aseries oftransformations 
involving the emission of a and B particles. y rays are also produced as a result of some 
of these transformations. The actinium series starts from 235U with a half-life of 7-13 x 
lo8 years and the thorium series begins with 232Th with half-life of 1.39 x 101° years. All 
the series terminate at the stable isotopes of lead with mass numbers 206, 207, and 208, 
respectively. As an example and because it includes radium as one of its decay products, 
the uranium series is represented in Fig. 2.3. 

2.6. RADIOACTIVE EQUILIBRIUM 

Many radioactive nuclides undergo successive transformations in which the original nu- 
clide, called the parent, gives rise to a radioactive product nuclide, called the daughter. The 
naturally occurring radioactive series provides examples of such transitions. If the half-life 
of the parent is longer than that of the daughter, then after a certain time, a condition 
of equilibrium will be achieved, that is, the ratio of daughter activity to parent activity 
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40 60 80 

Time (hours) 
FIG. 2.4. lllustration of transient equilibrium by the decay of 
99Mo to 99mT~. It has been assumed tha t  only 88% of the 99Mo 
atoms decay to 99mT~. 

will become constant. In addition, the apparent decay rate of the daughter nuclide is then 
governed by the half-life or disintegration rate of the parent. 

Two kinds of radioactive equilibria have been defined, depending on the half-lives 
of the parent and the daughter nuclides. If the half-life of the parent is not much longer 
than that of the daughter, then the type of equilibrium established is called the transient 
equilibiium. O n  the other hand, if the half-life of the parent is much longer than that of 
the daughter, then it can give rise to what is known as the secular eqtlilibrium. 

Figure 2.4 illustrates the transient equilibrium between the parent 99Mo (7i/2 = 67 h) 
and the daughter 99mTc (Gl2 = G h). The secular equilibrium is illustrated in Fig. 2.5 
showing the case of 222Rn ( T I 2  = 3.8 days) achieving equilibrium with its parent, 2 2 6 ~ a  
(T1p = 1,621. years). 

A general equation can be derived relating the activities of the parent and daughter: 

where A1 and A2 are the activities of the parent and the daughter, respectively. A, and Az 
are the corresponding decay constants. In terms of the half-lives, ?i and T2, of the parent 
and daughter, respectively, the above equation can be rewritten as: 

Equation 2.9, when plotted, will initially exhibit agrowth curve for the daughter before 
approaching the decay curve of the parent (Figs. 2.4 and 2.5). In the case of a transient 
equilibrium, the time t to reach the equilibrium value is very large compared with the half- 
life of the daughter. This makes the exponential term in Equation 2.9 negligibly small. 
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FIG. 2.5. Illustration of secular equilibrium by the decay of l16Ra 
to lZ2Rn. 

Thus, after the transient equilibrium has been achieved, the relative activities of the two 
nuclides is given by: 

or in terms of half-lives: 

A practical example of the transient equilibrium is the 9 9 ~ o  generator producing 
99mTc for diagnostic procedures. Such a generator is sometimes called "cow" because the 
daughter product, in this case 99mTc, is removed or "milked" at regular intervals. Each 
time the generator is completely milked, the growth of the daughter and the decay of the 
parent are governed by Equation 2.9. It may be mentioned that not all the 99Mo atoms 
decay to 99mTc. Approximately 12% promptly decay to 99Tc without passing through the 
metastable state of 99mTc (1). Thus the activity of 99Mo should be effectively reduced by 
12% for the purpose of calculating 99mTc activity, using any of Equations 2.5-2.11. 

Since in the case of a secular equilibrium, the half-life of the parent substance is very 
long compared with the half-life of the daughter, A2 is much greater rhan A*. Therefore, 
A1 can be ignored in Equation 2.8: 

Equation 2.12 gives the initial buildup of the daughter nuclide, approaching the 
activity of the parent asymptotically (Fig. 2.5). At the secular equilibrium, after a long time, 
the product h2tbecomes large and the exponential term in Equation 2.12 approaches zero. 
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Thus at secular equilibrium and thereafter: 

A2 = A1 (2.13) 

or 

A2 N2 = Al  Nl (2.14) 

Radium source in a sealed tube or needle (to keep in the radon gas) is an excellent 
example of secular equilibrium. After an initial time (approximately 1 month), all the 
daughter products are in equilibrium with the parent and we have the relationship: 

A l f i  =A2NZ=A3N3= ... (2.15) 

2.7. MODES OF RADIOACTIVE DECAY 

.A. a Particle Decay 

Radioactive nuclides with very high atomic numbers (greater than 82) decay most fre- 
quently with the emission of an a particle. It appears that as the number of protons in 
the nucleus increases beyond 82, the Coulomb forces of repulsion between the protons 
become large enough to overcome the nuclear forces that bind the nucleons together. Thus 
the unstable nucleus emits a particle composed of two protons and two neutrons. This 
particle, which is in fact a helium nucleus, is called the a particle. 

As a result of a decay, the atomic number of the nucleus is reduced by two and the 
mass number is reduced by four. Thus a general reaction for a decay can be written as: 

where Q represents the total energy released in the process and is called the disintegration 
energy. This energy, which is equivalent to the difference in mass between the parent nucleus 
and product nuclei, appears as kinetic energy of the a! particle and the kinetic energy of the 
product nucleus. The equation also shows that the charge is conserved, because the charge 
on the parent nucleus is Ze (where e is the electronic charge); on the product nucleus it is 
(Z- 2)e and on the a particle it is 2e. 

A typical example of a decay is the transformation of radium to radon: 

Since the momentum of the a particle must be equal to the recoil momentum of the radon 
nucleus and since the radon nucleus is much heavier than the a particle, it can be shown 
that the kinetic energy possessed by the radon nucleus is negligibly small (0.09 MeV) and 
that the disintegration energy appears almost entirely as the kinetic energy of the a! particle 
(4.78 MeV). 

It has been found that the a particles emitted by radioactive substances have kinetic en- 
ergies ofabout 5 to 10 MeV. From a specific nuclide, they are emitted with discrete energies. 

B. ,B Particle Decay 

The process of radioactive decay, which is accompanied by the ejection of a positive or a 
negative electron from the nucleus, is called the /3 decay. The negative electron, or negatron, 
is denoted by jiI-, and the positive electron, or positron, is represented by Pf. Neither of 
these particles exists as such inside the nucleus but is created at the instant of the decay 
process. The basic transformations may be written as: 

where An, ip. 5 ,  and v stand for neutron, proton, antineutrino, and neutrino, respectively. 
The last nvo particles, namely antineutrino and neutrino, are identical particles but with 
opposite spins. They carry no charge and practically no mass. 
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Energy (MeV) FIG. 2.6. B ray energy spectrum from 32~. 

B. 1. Negatron Emission 

The radionuclides with an excessive number of neutrons or a high neutron-to-proton (nlp) 
ratio lie above the region of stability (Fig. 1.1). These nuclei tend to reduce the nip ratio to 
achieve stability. This is accomplished by emitting a negative electron. The direct emission 
of a neutron to reduce the nlp ratio is rather uncommon and occurs with some nuclei 
produced as a result of fission reactions. 

The general equation for the negatron or @- decay is written as: 

where Q is the disintegration energy for the process. This energy is provided by the dif- 
ference in mass between the initial nucleus $X and the sum of the masses of the product 
nucleus Zd Y and the particles emitted. 

The energy Q is shared between the emitted particles (including y rays if emitted by 
the daughter nucleus) and the recoil nucleus. The kinetic energy possessed by the recoil 
nucleus is negligible because of its much greater mass compared with the emitted particles. 
Thus practically the entire disintegration energy is carried by the emitted particles. If there 
were only one kind of particle involved, all the particles emitted in such a disintegration 
would have the same energy equal to Q thus yielding a sharp line spectrum. However, the 
observed spectrum in the @ decay is continuous, which suggests that there is more than 
one particle emitted in this process. For these reasons, Wolfgang Pauli (193 1) introduced 
the hypothesis that a second particle, later known as the neutrino,' accompanied each 
j3 particle emitted and shared the available energy. 

The experimental data show that the particles are emitted with all energies ranging 
from zero to the maximum energy characteristic of the @ transitio:~. Figure 2.6 shows the 
distribution of energy among the @ particles of 321? The overall transition is: 

--% :;s + -:@ + 6 + 1.7 MeV 
14.3 dry 

As seen in Fig. 2.6, the endpoint energy of the @-ray spectrum is equal to the disin- 
tegration energy and is designated by Em,, the maximum electron energy. Although the 
shape of the energy spectrum and the values for Em, are characteristic of the particular 
nuclide, the average energy of the @ particles from a @ emitter is approximately Em,/3. 

The neutrino has no charge and practically no mass. For that reason the probability of 
its interaction with matter is very small and its detection is extremely difficult. However, 
Fermi successfully presented the theoretical evidence of the existence of the neutrino and 

Neutrino is the generic name for the two specific particles, neutrino and antineurino. 
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predicted the shape of the j3-ray spectra. Recently, the existence of neutrinos has been 
verified by direct experiments. 

5.2. Positron Emission 

Positron-emitting nuclides have a deficit of neutrons, and their nlp ratios are lower than 
chose of the stable nuclei of the same atomic number or neutron number (Fig. 1 .I). For 
these nuclides to achieve stability, the decay mode must result in an increase of the nlp 
ratio. One possible mode is the j3 decay involving the emission of a positive electron or 
positron. The overall decay reaction is as follows: 

As in the case of the negatron emission, discussed previously, the disintegration energy 
Qis shared by the positron, the neutrino, and any y rays emitted by the daughter nucleus. 
Also, like the negatrons, the positrons are emitted with a spectrum of energies. 

A specific example of positron emission is the decay of ::Na: 

The released energy, 1.82 MeV, is the sum of the maximum kinetic energy of the positron, 
0.545 MeV, and the energy of the y ray, 1.275 MeV. 

An energy level diagram for the positron decay of ::Na is shown in Fig. 2.7. The 
arrow representing Bf decay starts from a point 2moc2 ( = 1.02 MeV) below the energy 
state of the parent nucleus. This excess energy, which is the equivalent of two electron 
masses, must be available as part of the transition energy for the positron emission to take 
place. In other words, the energy levels of the parent and the daughter nucleus must be 
separated by more than 1.20 MeV for the /?+ decay to occur. Also, it can be shown that the 
energy released is given by the atomic mass difference between the parent and the daughter 
nuclides minus the 2rnc2. The positron is unstable and eventually combines with another 
electron, producing annihilation of the particles. This event results in two y ray photons, 
each of 0.5 1 MeV, thus converting two electron masses into energy, 

C. Electron Capture 

The electron capture is a phenomenon in which one of the orbital electrons is captured by 
the nucleus, thus transforming a proton into a neutron: 

2 2 
,,No 

p'(90%) ,Em,, = 0.54 MeV 7 T k2= 2.60 

1.83 MeV 

FIG. 2.7. Energy level diagram for the positron decay of ::~a to  : i ~ e .  
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The general equation of the nuclear decay is: 

The electron capture is an alternative process to the positron decay. The unstable nuclei 
with neutron deficiency may increase their n/p ratio to gain stability by electron capture. 
As illustrated in Fig. 2.7, : :~a decays 10% of the time by K electron capture. The resulting 
nucleus is still in the excited state and releases its excess energy by the emission of a y ray 
photon. In general, the y decay follows the particle emission almost instantaneously (less 
than 1 o - ~  sec). 

The electron capture process involves mostly the Kshell electron because of its closeness 
to the nucleus. The process is then referred to as Kcapture. However, other L or M capture 
processes are also possible in some cases. 

The decay by electron capture creates an empty hole in the involved shell that is then 
filled with another outer orbit electron, thus giving rise to the characteristic x-rays. There 
is also the emission of Auger electrons, which are monoenergetic electrons produced by the 
absorption of characteristic x-rays by the atom and reemission of the energy in the form of 
orbital electrons ejected from the atom. The process can be crudely described as internal 
photoelectric effect (to be discussed in later chapters) produced by the interaction of the 
electron capture characteristic x-rays with the same atom. 

D. Internal Conversion 

The emission of y rays from the nucleus is one mode by which a nucleus left in an excited 
state after a nuclear transformation gets rid of excess energy. There is another competing 
mechanism, called internal conversion, by which the nucleus can lose energy. In this process, 
the excess nuclear energy is passed on to one of the orbital electrons, which is then ejected 
from the atom. The process can be crudely likened to an internal photoelectric effect in 
which the y ray escaping from the nucleus interacts with an orbital electron of the same 
atom. The kinetic energy of the internal conversion electron is equal to energy released by 
the nucleus minus the binding energy of the orbital electron involved. 

As discussed in the case of the electron capture, the ejection of an orbital electron by 
internal conversion will create a vacancy in the involved shell, resulting in the production 
of characteristic photons or Auger electrons. 

D. I .  Isomeric Transition 

In most radioactive transformations, the daughter nucleus loses the excess energy immedi- 
ately in the form of y rays or by internal conversion. However, in the case of some nuclides, 
the excited state of the nucleus persists for an appreciable time. In that care, the excited 
nucleus is said to exist in the metastable state. The metastable nucleus is an irom~r of the 
final product nucleus which has the same atomic and mass number but different energy 
state. An example of such a nuclide commonly used in nuclear medicine is 99mTc, which 
is an isomer of "Tc. As discussed earlier (section 2.6), 99mTc is produced by the decay of 
9 9 ~ o  (q/2 = 67 hours) and itself decays to 99Tc with a half-life of 6 hours. 

2.8. NUCLEAR REACTIONS 

A. The a,p Reaction 

The first nuclear reaction was observed by Rutherford in 19 19 in an experiment in which 
he bombarded nitrogen gas with a particles from a radioactive source. Rutherford's original 
transmutation reaction can be written as: 

';N + : ~ e  + ' Z O  + :H+ Q 

where Q generally represents the energy released or absorbed during a nuclear reaction. 
If Q is positive, energy has been released and the reaction is called esorrgic, and if Q is 
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negative, energy has been absorbed and the reaction is endoergic. Q is also called nuclear 
reaction eneru or disintegration energy (as defined earlier in decay reactions) and is equal 
to the difference in the masses of the initial and final particles. As an example, Q may be 
calculated for the previous reaction as follows: 

Mass of Initial Particles Mass of Final Particles 
( m u )  (am4 

The total mass of final particles is greater than that of the initial particles. 

Difference in masses, A m  = 0.00 1281 amu 

Since 1 amu = 931 MeV, we get: 

Q= -0.001281 x 931 = -1.19MeV 

Thus the above reaction is endoergic, that is, at least 1.19 MeV of energy must be supplied 
for the reaction to take place. This minimum required energy is called the thresholdenergy 
for the reaction and must be available from the kinetic energy of the bombarding particle. 

A reaction in which an cr particle interacts with a nucleus to form a compound nucleus 
which, in turn, disintegrates immediately into a new nucleus by the ejection of a proton 
is called an a ,p  reaction. The first letter, a ,  stands for the bombarding particle and the 
second letter, p, stands for the ejected particle, in this case a proton. The general reaction 
of this type is written as: 

$ Y + f ~ e  + $::Y+ :H+ Q 

A simpler notation to represent the previous reaction is AX(a,p)A+3 E: (It is not necessary 
to write the atomic number Zwith the chemical symbol, since one can be determined by 
the other.) 

B. The a,n Reaction 

The bombardment of a nucleus by a particles with the subsequent emission of neutrons 
is designated as an a ,n  reaction. An example of this type of reaction is 9~e(a,n) '2C. This 
was the first reaction used for producing small neutron sources. A material containing a 
mixture of radium and beryllium has been commonly used as a neutron source in research 
laboratories. In this case, the a particles emitted by radium bombard the beryllium nuclei 
and eject neutrons. 

C. Proton Bombardment 

The most common reaction consists of a proton being captured by the nucleus with the 
emission of a y ray. The reaction is known as p,y . Examples are: 

7 ~ i ( ~ , ~ ) ~ B e  and ' 2 ~ ( p , y ) 1 3 ~  

Other possible reactions produced by proton bombardment are of the type p,n; p,d; and 
p,a. The symbol d stands for the deuteron @H). 

D. Deuteron Bombardment 

The deuteron  article is a combination of a proton and a neutron. This combination 
appears to break down in most deuteron bombardments with the result that the compound 
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nucleus emits either a neutron or H proton. The two types of reactions can be written as 

$ ~ ( d , n ) z i  Y and $X(d ,p)A+i~ .  

An important reaction that has been used as a source of high energy neutrons is 
produced by the bombardment of beryllium by deuterons. The equation for the reaction 
is: 

;H + : ~ e  -t ';B + An 

The process is known as stripping. In this process the deuteron is not captured by the 
nucleus but passes close to it. The proton is stripped off from the deuteron and the 
neuiron continues to travel with high speed. 

E. Neutron Bombardment 

Neutrons, because they possess no electric charge, are very effective in penetrating the 
nuclei and producing nuclear reactions. For the same reason, the neutrons do not have to 
possess high kinetic energies in order to penetrate the nucleus. As a matrer of fact, slow 
neutrons or thermal neutrons (neutrons with average energy equal to the energy of thermal 
agitation in a material, which is about 0.025 eV at room temperature) have been found to 
be extremely effective in producing nuclear transformations. An example of a slow neutron 
capture is the n,cr reaction with boron: 

The previous reaction forms the basis of neutron detection. In practice, an ionization 
chamber (to be discussed later) is filled with boron gas such as BF3. The cr particle released 
by the n,a reaction with boron produces the ionization detected by the chamber. 

The most common process of neutron capture is the n,y reaction. In this case the 
compound nudeus is raised to one of i n  excited states and then immediately returns to its 
normal state with the emission of a y ray photon. These y rays, called captrrre y rays, can 
be observed coming from a hydrogenous material such as paraffin used to slow down (by 
multiple collisions with the nudei) the neutrons and ultimately capture some of the slow 
neutrons. The reaction can be written as follows: 

:H +An -t : ~ + y  

Because the thermal neutron has negligible kinetic energy, the energy of the capture y 
ray can be calculated by the mass difference between the initial and the product 
particles, assuming negligible recoil energy of H. 

Products of the n, y reaction, in most cases, have been found to be radioactive, emitting 
j3 particles. Typical examples are: 

followed by: 

followed by: 

Another type of reaction produced by neutrons, namely the n,p reaction, also yields 
j3 emitters in most cases. This process with slow neutrons has been observed in the case of 
nitrogen: 
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followed by: 

The example of a fast neutron n,p reaction is the production of 32P: 

followed by: 

It should be pointed out that whether a reaction will occur with fast or slow neutrons 
depends on the magnitude of the mass difference between the expected product nucleus 
and the bombarded nucleus. For example, in the case of an n,p reaction, if this mass 
difference exceeds 0.000840 amu (mass difference between a neutron and a proton), then 
only fast neutrons will be effective in producing the reaction. 

F. Photo Disintegration 

An interaction of a high energy photon with an atomic nucleus can lead to a nuclear 
reaction and to the emission of one or more nucleons. In most cases, this process of photo 
disintegration results in the emission of neutrons by the nuclei. An example of such a 
reaction is provided by the nucleus of 6 3 ~ u  bombarded with a photon beam: 

P;CU + y + ;;CU + An 

The above reaction has a definite threshold, 10.86 MeV. This can be calculated by the 
definition of threshold energy, namely, the difference between the rest energy of the target 
nucleus and that of the residual nucleus plus the emitted nudeon(s). Because the rest 
energies of many nuclei are known to avery high accuracy, the photodisintegration process 
can be used as a basis for energy calibration of machines producing high energy photons. 

In addition to the y,n reaction, other types ofphotodisintegration processes have been 
observed. Among these are y,p, y,d, y,t,  and y,u,  where d stands for deuteron (:H) and 
t stands for triton (:H). 

G. Fission 

This type of reaction is produced by bombarding certain high atomic number nuclei by 
neutrons. The nucleus, after absorbing the neutron, splits into nuclei of lower atomic 
number as well as additional neutrons. A typical example is the fission of 235U with slow 
neutrons: 

2 $ ~  + An -+ 2 : ; ~  + '::~a + 2;k + 3:n + Q 
The energy released Q can be calculated, as usual, by the mass difference between the 

original and the final particles and, in the above reaction, averages more than 200 MeV. 
This e n e r s  appears as the kinetic energy of the product particles as well as y rays. The 
additional neutrons released in the process may also interact with other 2 3 5 ~  nuclei, thereby 
creating the possibility of a chain reaction. However, a sufficient mass or, more technically, 
the critical 772ass of the fissionable material is required to produce the chain reaction. 

As seen in the above instance, the energy released per fission is enormous. The process, 
therefore, has become a major energy source as in the case of nudear reactors. 

H. Fusion 

Nuclear fusion may be considered the reverse of nuclear fission; that is, low mass nuclei 
are combined 10 produce one nucleus. A typical reaction is: 
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Because the total mass of the product particles is less than the total mass of the reactants, 
energy Qis released in the process. In the above example, the loss in mass is about 0.0189 
amu, which gives Q = 17.6 MeV. 

For the h i o n  reaction to occur, the nuclei must be brought sufficiently close together 
so that the repulsive coulomb forces are overcome and the short-range nuclear forces can 
initiate the h i o n  reaction. This is accomplished by heating low Z nuclei to very high 
temperatures (greater than lo7 K) which are comparable with the inner core tempera- 
ture of the sun. In practice, fission reactions have been used as starters for the fusion 
reactions. 

2.9. ACTIVATION OF NUCLIDES 

Elements can be made radioactive by various nuclear reactions, some of which have been 
described in the preceding section. The yieldof a nuclear reaction depends on parameters 
such as the number of bombarding particles, the number of target nuclei, and the proba- 
bility of the occurrence of the nuclear reaction. This probability is called the cross-section 
and is usually given in units of barns, where a barn is cm2. The cross-section of 
nuclear reaction depends on the nature of the target material as well as the type of the 
bombarding particles and their energy. 

Another important aspect of activation is the growth of activity. It can be shown that 
in the activation of isotopes the activity of the transformed sample grows exponentially. 
If both the activation and decay of the material are considered, the actual growth of 
activity follows a net growth curve that reaches a maximum value, called saturation ac- 
tivity, after several half-lives. When that happens, the rate of activation equals the rate of 
decay. 

As mentioned earlier, the slow (thermal) neutrons are very effective in activating 
nuclides. High fluxes of slow neutrons (10" to lo'* neutronslcm2/sec) are available in a 
nuclear reactor where neutrons are produced by fission reactions. 

2.10. NUCLEAR REACTORS 

In nuclear reactors, the fission process is made self-sustaining by,chain reaction in which 
some of the fission neutrons are used to induce still more fissions. The nuclear "fuel" is 
usually 235U, although thorium and plutonium are other possible fuels. The fuel, in the 
form ofcylindrical rods, is arranged in alattice within the reactor core. Because the neutrons 
released during fission are fast neutrons, they have to be slowed down to thermal energy 
(about 0.025 eV) by collisions with nuclei of low Z material. Such materials are called 
moderators. Typical moderators include graphite, beryllium, water, and heavy water (water 
with heavy hydrogen :H as part of the molecular structure). The he! rods are immersed in 
the moderators. The reaction is "controlled" by inserting rods of material that efficiently 
absorbs neutrons, such as cadmium or boron. The position of these control rods in the 
reactor core determines the number of neutrons available to induce fission and thus control 
the fission rate or power output. 

One of the major uses of nuclear reactors is to produce power. In this case, the heat 
generated by the absorption of y rays and neutrons is used for the generation of electrical 
power. In addition, because reactors can provide a large and continuous supply of neutrons, 
they are extremely valuable for producing radioisotopes used in nuclear medicine, industry, 
and research. 
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PRODUCTION OF X-RAYS 

X-rays were discovered by Roentgen in 1895 while studying cathode rays (stream of elec- 
trons) in a gas discharge tube. He observed that another type of radiation was produced 
(presumably by the interaction of electrons with the glass walls of the tube) that could 
be detected outside the tube. This radiation could penetrate opaque substances, produce 
fluorescence, blacken a photographic plate, and ionize a gas. He named the new radiation 
x-rays. 

Following this historic discovery, the nature ofx-rays was extensively studied and many 
other properties were unraveled. Our understanding of their nature was greatly enhanced 
when they were classified as one form of electromagnetic radiation (section 1.9). 

3.1. THE X-RAY TUBE 

Figure 3.1 is a schematic representation of a conventional x-ray tube. The tube consists of a 
glass envelope which has been evacuated to high vacuum. At one end is a cathode (negative 
electrode) and at the other an anode (positive electrode), both hermetically sealed in the 
tube. The cathode is a tungsten filament which when heated emits electrons, a phenomenon 
known as themionic emission. The anode consists of a thick copper rod at the end ofwhich 
is placed a small piece of tungsten target. When a high voltage is applied benveen the 
anode and h e  cathode, the electrons emitted from the filament are accelerated toward the 
anode and achieve high velocities before striking the target. The x-rays are produced by 
the sudden deflection or acceleration of the electron caused by the attractive force of the 
tungsten nucleus. The physics of x-ray production will be discussed later, in section 3.4. 
The x-ray beam emerges through a thin glass window in the tube envelope. In some tubes, 
thin beryllium windows are used to reduce inherent filtration of the x-ray beam. 

A. The Anode 

The choice of rungsten as the target material in conventional x-ray tubes is based on the 
criteria that the target must have high atomic number and high melting point. As will be 
discussed in section 3.4, the efficiency of x-ray production depends on the atomic number, 
and for that reason, tungsten with Z= 74 is a good target material. In addition, tungsten, 
which has a melting point of 3,370°C, is the element of choice for withstanding intense 
heat produced in the target by the electronic bombardment. 

Efficient removal of heat from the target is an important requirement for the anode 
design. This has been achieved in some tubes by conduction of heat through a thick copper 
anode to the outside of the tube where it is cooled by oil, water, or air. Rotating anodes 
have also been used in diagnostic x-rays to reduce the temperature of the target at any one 
spot. The heat generated in the rotating anode is radiated to the oil reservoir surrounding 
the tube. It should be mentioned that the hnction of the oil bath surrounding an x-ray 
tube is to insulate the tube housing from high voltage applied to the tube as well as absorb 
heat from the anode. 

Some stationary anodes are hooded by a copper and tungsten shield to prevent stray 
electrons from striking the walls or other nontarget components of the tube. These are 
secondary electrons produced from the target when it is being bombarded by the primary 
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FIG. 3.1. Schematic diagram of a therapy x-ray tube with hooded anode. 

electron beam. Whereas copper in the hood absorbs the secondary electrons, the tung- 
sten shield surrounding the copper shield absorbs the unwanted x-rays produced in the 
copper. 

An important requirement of the anode design is the optimum size of the target area 
from which the x-rays are emitted. This area, which is called the focal spot, should be as 
small as possible for producing sharp radiographic images. However, smaller focal spots 
generate more heat per unit area of target and, therefore, limit currents and exposure. 
In therapy tubes, relatively larger focal spots are acceptable since the radiographic image 
quality is not the overriding concern. 

The apparent size of the focal spot can be reduced by the principle of linefocus, 
illustrated in Fig. 3.2. The target is mounted on a steeply inclined surface of the anode. 
The apparent side a is equal to A sin 0, where A is the side of the actual focal spot at an 
angle 8 with respect to the electron beam. Since the other side of the actual focal spot is 
perpendicular to the electron, its apparent length remains the same as the original. The 
dimensions of the actual focal spot are chosen so that the apparent focal spot results in an 
approximate square. Therefore, by macing the target angle 6 small, side a can be reduced 
to a desired size. In diagnostic radiology, the target angles are quite small (6-17 degrees) to 
produce apparent focal spot sizes ranging from 0.1 x 0.1 to 2 x 2 mrn. In most therapy 

Anode 

/Target 

FIG. 3.2. Diagram illustrating the principle of line focus. The side 
A of the actual focal spot is reduced to side a of the apparent 
focal spot. The other dimension (perpendicular to the plane of 
the paper) of the focal spot remains unchanged. 
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tubes, however, the target angle is larger (about 30 degrees) and the apparent focal spot 
ranges between 5 x 5 to 7 x 7 mm. 

Since the x-rays are produced at various depths in the target, they suffer varying 
amounts of attenuation in the target. There is greater attenuation for x-rays coming from 
greater depths than those from near the surface of the target. Consequently, the intensity 
of the x-ray beam decreases from the cathode to the anode direction of the beam. This 
variation across the x-ray beam is called the heeleffect. The effect is particularly pronounced 
in diagnostic rubes because of the low x-ray energy and steep target angles. The problem 
can be minimized by using a compensating filter to provide differential attenuation across 
the beam in order to compensate for the heel effect and improve the uniformity of the 
beam. 

B. The Cathode 

The cathode assembly in a modern x-ray tube (Coolidge tube) consists of a wire filament, 
a circuit to provide filament current, and a negatively charged focusing cup. The function 
of the cathode cup is to direct the electrons toward the anode so that they strike the target 
in a well-defined area, the focal spot. Since size of focal spot depends on filament size, the 
diagnostic tubes usually have two separate filaments to provide "dual-focus," namely one 
small and one large focal spot. The material of the filament is tungsten, which is chosen 
because of its high melting point. 

3.2. BASIC X-RAY CIRCUIT 

The actual circuit of a modern x-ray machine is very complex. In this section, however, we 
will consider only the basic aspects of the x-ray circuit. For more detailed information the 
reader is referred to the literature. 

A simplified diagram of a self-rectified therapy unit is shown in Fig. 3.3. The circuit 
can be divided into two parts: the high-voltage circuit to provide the accelerating potential 
for the electrons and the low-voltage circuit to supply heating current to the filament. 
Since the voltage applied between the cathode and the anode is high enough to accelerate 
all the electrons across to the target, the filament temperature or filament current controls 
the tube current (the current in the circuit due to the flow of electrons across the tube) and 
hence the x-ray intensiry. 

Step Down 

X-Ray Tube Filament 
Milliamrneter I / Transformer 

Choke Coil 
Filament Control  

(mA Control) 

Main Power Line 
I I a 

FIG. 3.3. Simplified circuit diagram of a self-rectified x-ray unit. 
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The filament supply for electron emission usually consists of 10 V at about 6 A. As 
shown in Fig. 3.3, this can be accomplished by using a step-down transformer in the AC 
line voltage. The filament current can be adjusted by varying the voltage applied to the 
filament. Since a small change in this voltage or filament current produces a large change 
in electron emission or the current (Fig. 3.10), a special kind of transformer is used which 
eliminates normal variations in line voltage. 

The high voltage to the x-ray tube is supplied by the step-up transformer (Fig. 3.3). 
The primary of this transformer is connected to an autotransformer and a rheostat. The 
h n c t ~ o n  of the autotransformer is to provide a stepwise adjustment in voltage. The device 
consists of a coil ofwire wound on an iron core and operates on the principle of inductance. 
When an alternating line voltage is applied to the coil, potential is divided between the 
turns of the coil. By using a selector switch, a contact can be made to any turn, thus varying 
the output voltage which is measured between the first turn of the coil and the selector 
contact. 

The rheostat is a variable resister, i.e., a coil of wire wound on some cylindrical object 
with asliding contact to introduce as much resistance in the circuit as desired and thus vary 
the voltage in a continuous manner. It may be mentioned that, whereas there is appreciable 
power loss in the rheostat because of the resistance of the wires, the power loss is small in 
the case of the inductance coil since the wires have low resistance. 

The voltage input to the high-tension transformer or the x-ray transformer can be 
read on a voltmeter in the primary part of its circuit. The voltmeter, howeyer, is calibrated 
so that its reading corresponds to the kilovoltage which will be generated by the x-ray 
transformer secondary coil in the output part of the circuit and applied to the x-ray 
tube. The tube voltage can be measured by the sphere gap method in which the voltage is 
applied to two metallic spheres separated by an air gap. The spheres are slowly brought 
together until a spark appears. There is a mathematical relationship between the voltage, 
the diameter of the spheres, and the distance berween them at the instant that the spark first 
appears. 

The tube current can be read on a milliarnmeter in the high-voltage part of the tube 
circuit. The meter is actually   laced at the midpoint of the x-ray transformer secondary 
coil, which is grounded. The meter, therefore, can be safely placed at the operator's console. 

The alternating voltage applied to the x-ray tube is characterized by the peak voltage 
and the frequency For example, if the line voltage is 220 V at 60 cycleslsec, the peak 
voltage will be 2 2 0 d  = 31 1 V, since the line voltage is normally expressed as the root 
mean square value. Thus, if this voltage is stepped up by an x-ray transformer of turn 
ratio 500: 1, the resultant ~ e a k  voltage applied to the x-ray tube will be 2 2 0 A  x 500 = 
155,564 V = 155.6 kV. 

Since the anode is positive with respect to the cathode only through half the voltage 
cycle, the tube current flows through that half of the cycle. During the next half-cycle, 
the voltage is reversed and the current cannot flow in the reverse direction. Thus the tube 
current as well as the x-rays will be generated only during the half-cjcle when the anode is 
positive. A machine operating in this manner is called the self-rectified unit. The variation 
with time of the voltage, tube current, and x-ray intensity1 is illustrated in Fig. 3.4. 

3.3. VOLTAGE RECTIFICATION 

The disadvantage of the self-rectified circuit is that no x-rays are generated during the 
inverse voltage cycle (when the anode is negative relative to the cathode). and therefore, 
the output of the machine is relatively low. Another problem arises when the target gets 

'Intensity is defined as the rime variation of energy fluence or total energy carried by panicles (in this case, 
phorons) per unit area per unit time. The term is also called energy flux density. 
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FIG. 3.4. Graphs illustrating the variation with time of the line voltage, the tube kilovoltage, the tube current, 
and the x-ray intensity for self- or half-wave re.ctification. The half-wave rectifier circuit is shown on the right. 
Rectifier indicates the direction of conventional current (opposite t o  the flow of electrons). 

hot and emits electrons by the process of thermionic emission. During the inverse voltage 
cycle, these electrons will flow from the anode to the cathode and bombard the cathode 
filament. This can destroy the filament. 

The problem of tube conduction during inverse voltage can be solved by using voltage 
rectifiers. Rectifiers placed in series in the high-voltage part of the circuit prevent the tube 
from conducting during the inverse voltage cycle. The current will flow as usual during 
the cycle when the anode is positive relative to the cathode. This type of rectification is 
called half-wave recnification and is illustrated in Fig. 3.4. 

The high-voltage rectifiers are either valve or solid state type. The valve rectifier is 
similar in principle ro the x-ray tube. The cathode is a tungsten filament and the anode is 
a metallic plate or cylinder surrounding the filament. The current2 flows only fiom anode 
to the cathode bur the valve will not conduct during the inverse cycle even if the x-ray 
target gets hot and emits electrons. 

A valve rectifier can be replaced by solid state rectifiers. These rectifiers consist of 
conductors which have been coated with certain semiconducting elements such as selenium, 
silicon, and germanium. These semiconductors conduct electrons in one direction only 
and can withstand reverse voltage up to a certain magnitude. Because of their very small 
size, thousands of these rectifiers can be stacked in series in order to withstand the given 
inverse voltage. 

Rectifiers can also be used to providefill-wave rectification. For example, four rectifiers 
can be arranged in the high-voltage part of the circuit so that the x-ray tube cathode is 
negative and the anode is positive during both half-cydes of voltage. This is schematically 
shown in Fig. 3.5. The electronic current flows through the tube via ABCDEFGH when 
the transformer end A is negative and via HGCDEFBA when A is positive. Thus the 
electrons flow from the filament to the target during both half-cycles of the transformer 
voltage. As a result of full-wave rectification, the effective tube current is higher since the 
current flows during both half-cycles. 

Here the current means convenrional current. The electronic current will flow from the cathode to the anode. 
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FIG. 3.5. Graphs illustrating the variation with time of the linevoltage, the tube kilovoitage, the tube current, 
and the x-ray intensity for full-wave rectification. The rectifier circuit is shown on the right. The arrow symbol 
on the rectifier diagram indicates the direction of conventional current flow (opposite to the flow of electronic 
current). 

In addition to rectification, the voltage across the tube may be kept nearly constant 
by a smoothing condenser (high capacitance) placed across the x-ray tube. Such constant 
potential circuits are commonly used in x-ray machines for therapy. 

3.4. PHYSICS OF X-RAY PRODUCTION 

There are two different mechanisms by which x-rays are produced. One gives rise to 
brems~trahlun~x-rays and the other characteristic x-rays. These processes were briefly men- 
tioned earlier (sections 1.5 and 3.1) but now will be presented in greater detail. 

A. Bremsstrahlung 

The process of bremsstrahlung (braking radiation) is the result of radiative "collision" 
(interaction) between a high-speed electron and a nucleus. The electron while passing near 
a nucleus may be deflected from in  path by the action of Coulomb forces of attraction 
and lose energy as bremsstrahlung, a phenomenon predicted by Maxwell's general theory 
of electromagnetic radiation. According to this theory, energy is propagated through space 
by electromagnetic fields. As the electron, with its associated electromagnetic field, passes 
in the vicinity of a nucleus, it suffers a sudden deflection and acceleration. As a result, a 
part or all of its energy is dissociated from it and propagates in space as electromagnetic 
radiation. The mechanism of bremsstrahlung production is illustrated in Fig. 3.6. 

Since an electron may have one or more bremsstrahlung interactions in the material 
and an interaction may result in partial or complete loss of electron energy, the resulting 
bremsstrahlung photon may have any energy up to the initial energy of the electron. Also, 
the direction of emission of bremsstrahlung photons depends on the energy of the incident 
electrons (Fig. 3.7). At electron energies below about 100 key  x-rays are emitted more or 
less equally in all directions. As the kinetic energy of the electrons increases, the direction of 
x-ray emission becomes increasingly forward. Therefore, transmission-type targets are used 
in megavoltage x-ray tubes (accelerators) in which the electrons bombard the target from 
one side and the x-ray beam is obtained on the other side. In the low voltage x-ray tubes, 
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FIG. 3.6. Illustration of bremsstrahlung process. 

it is technically advantageous to obtain the x-ray beam on the same side of the target, i.e., 
at 90 degrees with respect to the electron beam direction. 

The energy loss per atom by electrons depends on the square of the atomic number 
(Z2 ) .  Thus the probability of bremsstrahlung production varies with Z2 of the target 
material. However the efficiency ofx-ray production depends on the first power of atomic 
number and the voltage applied to the tube. The term efficiency is defined as the ratio of 
output energy emitted as x-rays to the input energy deposited by electrons. It can be shown 
(1,2) that: 

Efficiency = 9 x lo-'' zv 
where V is tube voltage in volts. From the above equation it can be shown that the effi- 
ciency of x-ray production with tungsten target (2 = 74) for electrons accelerated through 
100 kV is less than 1%. The rest of the input energy (-99%) appears as heat. The accuracy 
of above equation is limited to a few MY 

B. Characteristic X-rays 

Electrons incident on the target also produce characteristic x-rays. The mechanism of their 
production is illustrated in Fig. 3.8. An electron, with kinetic energy Eo, may interact 
with the atoms of the target by ejecting an orbital electron, such as a K, L, or M electron, 
leaving the atom ionized. The original electron will recede from the collision with energy 

Elect ron 

/ 
Target  

FIG. 3.7. Schematic illustration of spatial distribution of x-rays 
around a th in  target. 
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FIG. 3.8. Diagram to explain the production of characteristic 
radiation. 

Eo - AE, where A E is the energy given to the orbital electron. A part of LIE is spent in 
overcoming the binding energy of the electron and the rest is carried by the ejected electron. 
When a vacancy is created in an orbit, an outer orbital electron will fall down to fill that 
vacancy. In so doing, the energy is radiated in the form of electromagnetic radiation. This 
is called characteristic radiation, i.e., characteristic of the atoms in the target and of the 
shells between which the transitions took place. With higher atomic number targets and 
the transitions involving inner shells such as K, L, M, and N, the characteristic radiations 
emined are ofhigh enough energies to be considered in the x-ray part of the electromagnetic 
spectrum. Table 3.1 gives the major characteristic radiation produced in a tungsten target. 

It should be noted that, unlike bremsstrahlung, characteristic radiation or x-rays are 
emitted at discrete energies. If the transition involved an electron descending from the L 
shell to the K shell, then the photon emitted will have energy hv = En. - EL, where EK 
and EL are the electron-binding energies of the K shell and the L shell, respectively 

The threshold energy that an incident electron must possess in order to first strip an 
electron from the atom is called criticalabsorption energy. These energies for some elements 
are given in Table 3.2. 

3.5. X-RAY ENERGY SPECTRA 

X-ray ~ h o t o n s  produced by an x-ray machine are heterogenous in energy. The energy 
spectrum shows a continuous distribution of energies for the bremsstrahlung photons 
superimposed by characteristic radiation of discrete energies. A typical spectral distribution 
is shown in Fig. 3.9. 

If no filtration, inherent or added, of the beam is assumed, the calculated energy 
spectrum will be a straight line (shown as dotted lines in Fig. 3.9) and mathematically 
given by Kramer's equation (3): 

where IE is the intensity of photons with energy, E, Z is the atomic number of the target, 
Em is the maximum photon energy, and K is a constant. As pointcd out earlier, the 
maximum possible energy that a bremsstrahlung photon can have is equal to the energy 
of the incident electron. The maximum energy in kiloelectron volts is numerically equal 
to the applied kilovolts peak (kVp). However, the intensity of such photons is zero as 
predicted by the previous equation, that is, IE = 0 when E= En,. 

The unfiltered energy spectrum discussed previously is considerably modified as the 
photons experience inherent filtration (absorption in the target, glass walls of the tube, 
or thin beryllium window). The inherent filtration in conventional x-ray tubes is usually 
equivalent to about 0.5- to 1.0-mm aluminum. Added filtration, placcd externally to the 



36 I. Basic Physics 

TABLE 3.1. PRINCIPAL CHARACTERISTIC X-RAY EN- 
E Q rf .-- 

ERGIES FOR TUNGSTEN E >, -. W 
% 

Series Lines Transition Energy (keV) c c 

\, 
Excitation Voltage 

a w  200 kv 
K Series Kt92 NIII - K 69.09 

67.23 KB 1 MIII - K 
59.31 Ka I LIII - K 

Ka2 41 - K 57.97 
L Series LY 1 NIV - 41 11.28 0 50 100 150 200 

Photon Energy (kev) 

h Mv - LIII 8.40 FIG. 3.9. Spectral distribution of x-rays calculated for a thick 
Lor2 MIV - LIII 8.33 tungsten target using Equation 3.1. Doffed curves are for no 

filtration and the solid curves are for a filtration of 1-mm alu- 
Data from US. Department of Health, Education, and Welfare. minum. (Redrawn from Johns HE, Cunningham JR. Thephysics o f  
Radiological health handbook. Rev. ed. Washington, DC: US. radiology, 3rd ed. Springfield, IL: Charles C Thomas, 1969, with 
Government Printing Office, 1970. permission.) 

tube, hrther modifies the spectrum. It should be noted that the filtration affects primarily 
the initial low-energy part of the spectrum and does not affect significantly the high-energy 
photon distribution. 

The purpose of the addedjftration is to enrich the beam with higher-energy photons 
by absorbing the lower-energy components of the spectrum. As the filtration is increased, 
the transmitted beam bardas, i.e., it achieves higher average energy and therefore greater 
penetrating power. Thus the addition of filtration is one way of improving the penetrating 
power of the beam. The other method, of course, is by increasing the voltage across the 
tube. Since the total intensity of the beam (area under the curves in Fig. 3.9) decreases 
with increasing filtration and increases with voltage, a proper combination of voltage and 
filtration is required to achieve desired hardening of the beam as well as acceptable intensity. 

The shape of the x-ray energy spectrum is the result of the alternating voltage applied 
to the tube, multiple bremsstrahlung interactions within the target and filtration in the 
beam. However, even if the x-ray tube were to be energized with a constant potential, the 
x-ray beam would still be heterogeneous in energy because of the multiple bremsstrahlung 
processes that result in different energy photons. 

Because of the x-ray beam having a spectral distribution of energies, which depends 
on voltage as well as  filtration, it is difficult to characterize the beam quality in terms of 
energy, penetrating power, or degree of beam hardening. A rule of thumb is often used 
which states that the average x-ray energy is approximately one-third of the maximum 
energy or kVp. Of course, the one-third rule is a rough approximation since filtration 
significantly alters the average energy. Another quantity, known as half-value layer, has 
been defined to describe the quality of an x-ray beam. This topic is discussed in detail in 
Chapter 7. 

TABLE 3.2. CRITICAL ABSORPTION ENERGIES (keV) 

Element 

Level H C 0 Al Ca Cu Sn I Ba W Pb U 

Z 1 6 8 13 20 29 50 53 56 74 82 92 
K 0.0136 0.283 0.531 1.559 4.038 8.980 29.190 33.164 37.41 69.508 88.001 115.59 
L 0.087 0.399 1.100 4.464 5.190 5.995 12.090 15.870 21.753 

Data from US. Department of Health, Education, and Welfare. Radiological health handbook. Rev. ed. Washington, DC: US. Government 
Printing Office, 1970. 
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3.6. OPERATING CHARACTERISTICS 

In this section, the relationships between x-ray output, filament current, tube current, and 
tube voltage are briefly discussed. 

The filament current affects the emission of electrons from the filament and, therefore, 
the tube current. Figure 3.10A shows the typical relationship between the relative exposure 
rate and the filament current measured in amperes (A). The figure shows that under typical 
operating conditions (filament current of 5 to G A), a small change in filament current 
produces a large change in relative exposure rate. This means that the constancy of filament 
current is critical to the constancy of the x-ray output. 

The output.of an x-ray machine can also be expressed in terms of the ionization it 
produces in air. This quantity, which is a measure of ionization per unit mass of air, is 
called exposure. In Figure 3.10B, the exposure rate is plotted as a hnction of the tube 
current. There is a linear relationship between exposure rate and tube current. As the 
current or milliamperage is doubled, the output is also doubled. 

The increase in the x-ray output with increase in voltage, however, is much greater 
than that given by a linear relationship. Although the actual shape ofthe curve (Fig. 3.10C) 
depends on the filtration, the output of an x-ray machine varies approximately as a square 
of kilovoltage. 
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CLINICAL RADIATION GENERATORS 

4.1. KILOVOLTAGE UNITS 

Up to about 1950, most of the external beam radiotherapy was carried out with x-rays 
generated at voltages up to 300 kVp. Subsequent development of higher-energy machines 
and the increasing popularity of the cobalt-60 units in the 1950s and the l9GOs resulted 
in a gradual demise of the conventional kilovoltage machines. However, these machines 
have not completely disappeared. Even in the present era of the megavoltage beams, there 
is still some use for the lower-energy beams, especially in the treatment of superficial skin 
lesions. 

In Chapter 3, we discussed in general the principle and operation ofan x-ray generator. 
In this chapter, we will consider in particular the salient features of the therapy machines. 

On the basis of beam quality and their use, the x-ray therapy in the kilovoltage range 
has been divided into subcategories (1,2). The following ranges are more in accordance 
with the National Council on Radiation Protection (2). 

A. Grenz-ray Therapy 

The term grenz-ray therapy is used to describe treatment with beams of very sofi (low- 
energy) x-rays produced at potentials below 20 kV. Because of the very low depth of 
penetration (Fig. 4.1, line a), such radiations are no longer used in radiation therapy. 

B. Contact Therapy 

A contacttherapy or endocavita ymachine operates at potentials of40 to 50 kVand facilitates 
irradiation of accessible lesions at very short source (focal spot) to surface distances (SSD). 
The machine operates typically at a tube current of 2 m.4. Applicators available with such 
machines can provide an SSD of 2.0 cm or less. A filter of 0.5- to 1.0-mm thick aluminum 
is usually interposed in the beam to absorb the very sofi component of the energy spectrum. 

Because of very short SSD and low voltage, the contact therapy beam produces a 
very rapidly decreasing depth dose' in tissue. For that reason, if the beam is incident on a 
patient, the skin surface is maximally irradiated but the underlying tissues are spared to an 
increasing degree with depth. The dose versus depth curve or simply the depth-dose curve 
of a typical contact therapy beam is shown in Fig. 4.1, line b. It is readily seen that this 
quality of radiation is useful for tumors not deeper than 1 to 2 mm. The beam is almost 
completely absorbed with 2 cm of sofi tissue. 

C. Superficial Therapy 

The term szlperfiial therapy applies to treatment with x-rays produced at potentials ranging 
from 50 to 150 kV. Varying thicknesses of filtration (usually 1- to 6-mm aluminum) are 
added to harden the beam to a desired degree. As mentioned in section 3.5, the degree of 
hardening or beam quality can he expressed as the half-value layer (HVL). The HVL is 

' The term dose, or ab~oubeddose, is defined as the energy absorbed per unit mass of the irradiated material. 
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FIG. 4.1. Depth dose curves in water or soft tissues for 
various quality beams. Line a: Grenz rays, HVL = 0.04 mm 
Al, field diameter 2. 33 cm, SSD = 10 cm. Line b: Contact 
therapy, HVL = 1.5 mm Al, field diameter = 2.0 cm, SSD 
= 2 cm. Line c: Superficial therapy, HVL = 3.0 mm Al, field 
diameter = 3.6 cm, SSD = 20 cm. Lined: Orthovoltage, HVL 
= 2.0 mm Cu, field size = 10 x 10 cm, SSD = 50 cm. Line 
e: Cobalt-60 y rays, field size = 10 x 10 cm, SSD = 80 cm. 
(Plotted from data in Cohen M, Jones DEA, Green D, eds. 
Central axis depth dose data for use in radiotherapy. Br J 
Radio1 1978[suppl 111. The British Institute of Radiology, 
London, with permission.) 

defined as the thickness of a specified material that, when introduced into the path of the 
beam, reduces the exposure rate by one-half. Typical HVLs used in the superficial range 
are 1 .O- to 8.0-mm AI. 

The superficial treatments are usually given with the help of applicators or cones 
attachable to the diaphragm of the machine. The SSD typically ranges between 15 and 
20 cm. The machine is usually operated at a tube current of 5 to 8 mA. 

As seen in Fig. 4.1, line c, a superficial beam of the quality shown is useful for irradiating 
tumors confined to about 5-mm depth (-90% depth dose). Beyond this depth, the dose 
dropoff is too severe to deliver adequate depth dose without considerable overdosing of 
the skin surface. 

D. Orthovoltage Therapy or Deep Therapy 

The term orthovoltage therapy, or deep therapy, is used to describe treatment with x-rays 
produced at potentials ranging from 150 to 500 ky Most orthovoltage equipment is 
operated at 200 to 300 kV and 10 to 20 mA. Various filters have been designed to achieve 
half-value layers benveen 1 and 4 mm Cu. An orthovoltage machine is shown in Fig. 4.2. 

Although cones can be used to collimate the beam into a desired size, a movable 
diaphragm, consisting of lead plates, permits a continuously adjustable field size. The SSD 
is usually set at 50 cm. 
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Figure 4.1, line d shows a depth dose curve for a moderately filtered orthovoltage 
beam. Although the actual depth dose distribution would depend on many conditions 
such as kilovoltage, HVL, SSD, and field size, some generalizations can be made from 
this curve about the orthovoltage beam characteristics. The maximum dose occurs close 
to the skin surface, with 90% of that value occurring at a depth of about 2 cm. Thus, 
in a single field treatment, adequate dose cannot be delivered to a tumor beyond this 
depth. However, by increasing beam filtration or HVL and combining two or more beams 
directed at the tumor from different directions, a higher dose to deeper tumors is delivered. 
As will be discussed in further detail in Chapter 11, there are severe limitations to the use 
of orthovoltage beam in treating lesions deeper than 2 to 3 cm. The greatest limitation is 
the skin dose, which becomes prohibitively large when adequate doses are to be delivered 
to deep-seated tumors. In the early days of radiation therapy, when orthovoltage was the 
highest energy available, treatments were given until radiation tolerance of the skin was 
reached. Although methods were developed to use multiple beams and other techniques 
to keep the skin dose under tolerance limits, the problem of high skin dose remained an 
overriding concern in the orthovoltage era. With the availability of cobalt teletherapy, the 
skin-sparingproperties of higher energy radiation (Fig. 4.1, line e) became the major reason 
for the modern trend to megavoltage beams. 

Although skin dose and depth dose distribution have been presented here as two 
examples of the limitations posed by low-energy beams, there are other properties such as 
increased absorbed dose in bone and increased scattering that make orthovoltage beams 
unsuitable for the treatment of tumors behind bone. 

E. Supervoltage Therapy 

X-ray therapy in the range of 500 to 1,000 kV has been designated as high-voltage therapy 
or supervoltage therapy. In a quest for higher-energy x-ray beams, considerable progress was 
made during the postwar years toward developing higher-voltage machines. The major 
problem at that time was insulating the high-voltage transformer. It soon became apparent 
that conventional transformer systems were not suitable for producing potential much 
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above 300 kVp. However, with the rapidly advancing technology of the times, new ap- 
proaches to the design of high-energy machines were found. One of these machines is the 
resonant transformer, in which the voltage is stepped up in a very efficient manner. 

E. 1 .  Resonant Transformer Units 

Resonant transformer units have been used to generate x-rays from 300 to 2,000 kV. 
The schematic diagram of the apparatus is shown in Fig. 4.3. In this apparatus, the sec- 
ondary of the high-voltage transformer (without the iron core) is connected in parallel 
with capacitors distributed lengthwise inside the x-ray tube. The combination of the trans- 
former secondary and the capacitance in parallel exhibits the phenomenon of resonance. 
At the resonant frequency, the oscillating potential attains very high amplitude. Thus 
the peak voltage across the x-ray tube becomes very large when the transformer is tuned 
to resonate at the input frequency. Since the electrons attain high energies before strik- 
ing the target, a transmission-type target (section 3.4) may be used to obtain the x-ray 
beam on the other side of the target. The electrical insulation is provided by pressurized 
Freon gas. 

F. Megavoltage Therapy 

X-ray beams of energy 1 MV or greater can be classified as megavoltage beams. Although 
the term strictly applies to the x-ray beams, the y ray beams produced by radionuclides 
are also commonly included in this category if their energy is 1 MeV or greater. Examples 
of clinical megavoltage machines are accelerators such as Van de Graaff generator, linear 
accelerator, betatron and microtron, and teletherapy y ray units such as cobalt-60. 

4.2. VAN DE GRAAFF GENERATOR 

The Van de Graaff machine is an electrostatic accelerator designed to accelerate charged 
particles. In radiotherapy, the unit accelerates electrons to produce high-energy x-rays, 
typically at 2 MV. 

Figure 4.4 shows a schematic diagram illustrating the basic principle of a Van de Graaff 
generator. In this machine, a charge voltage of 20 to 40 kV is applied across a moving belt of 
insulating material. A corona discharge takes place and electrons are sprayed onto the belt. 
These electrons are carried to the top where they are removed by a collector connected 
to a spherical dome. As the negative charges collect on the sphere, a high potential is 
developed between the sphere and the ground. This potential is applied across the x-ray 
tube consisting of a filament, a series of metal rings, and a target. The rings are connected 
to resistors to provide a uniform drop of potential from the bottom to the top. X-rays are 
produced when the electrons strike the target. 

Van de Graaffmachines are capable of reaching energies up to 10 MV, limited only by 
size and required high-voltage insulation. Normally the insulation is provided by a mixture 
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of nitrogen and C02. The generator is enclosed in a steel tank and is filled with the gas 
mixture at a pressure of about 20 atm. 

Van de Graaff and resonant transformer (section 4.1.E) units for clinical use are no 
longer produced commercially. The reason for their demise is the emergence of technically 
better machines such as cobalt-60 units and linear accelerators. 

4.3. LINEAR ACCELERATOR 

The linear accelerator (linac) is a device that uses high-frequency electromagnetic waves to 
accelerate charged particles such as electrons to high energies through a linear tube. The 
high-energy electron beam itself can be used for treating superficial tumors, or it can be 
made to strike a target to produce x-rays for treating deep-seated tumors. 

There are several types of linear accelerator designs, but the ones used in radiation ther- 
apy accelerate electrons either by traveling or stationary electromagnetic waves of frequency 
in the microwave region (-3,000 megacycles/sec). The difference between traveling wave 
and stationary wave accelerators is the design of the accelerator structure. Functionally, the 
traveling wave structures require a terminating, or "dummy," load to absorb the residual 
power at the end of the structure, thus preventing a backward reflected wave. O n  the other 
hand, the standing wave structures provide maximum reflection of the waves at both ends 
of the structure so that the combination of forward and reverse traveling waves will give rise 
to stationary waves. In the standing wave design, the microwave power is coupled into the 
structure via side coupling cavities rather than through the beam aperture. Such a design 
tends to be more efficient than the traveling wave designs since axial, beam transport cavi- 
ties, and the side cavities can be independently optimized (3). However, it is more expensive 
and requires installation of a circulator (or isolator) between the power source and the struc- 
ture to prevent reflections from reaching the power source. For further details on this subject 
and linear accelerator operation the reader is referred to Karzmark, Nunan, and Tanabe (3). 

Figure 4.5 is a block diagram of a medical linear accelerator showing major compo- 
nents and auxiliary systems. A power supply provides direct current (DC) power to the 
modulator, which includes the pulse-forming network and a switch tube known as hydrogen 
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thyratron. High-voltage pulses from the modulator section are flat-topped D C  pulses of 
a few microseconds in duration. These pulses are delivered to the magnetron or klystrod 
and simultaneously to the electron gun. Pulsed microwaves produced in the magnetron 
or klystron are injected into the accelerator tube or structure via a waveguide system. At 
the proper instant electrons, produced by an electron gun, are also pulse injected into the 
acce/erator structure. 

The accelerator structure (or accelerator waveguide) consists of a copper tube with its 
interior divided by copper discs or diaphragms ofvarying aperture and spacing. This section 
is evacuated to a high vacuum. As the electrons are injected into the accelerator structure 
with an initial energy of about 50 k e y  the electrons interact with the electromagnetic 
field of the microwaves. The electrons gain energy from the sinusoidal electric field by an 
acceleration process analogous to that of a surf rider. 

As the high-energy electrons emerge from the exit window of the accelerator structure, 
they are in the form of a pencil beam of about 3 mm in diameter. In the low-energy linacs 
(up to 6 MV) with relatively short accelerator tube, the electrons are allowed to proceed 
straight on and strike a target for x-ray production. In the higher-energy linacs, however, 
the accelerator structure is too long and, therefore, is placed horizontally or at an angle 
with respect to the horizontal. The electrons are then bent through a suitable angle (usually 
about 90 or 270 degrees) between the accelerator structure and the target. The precision 
bending of the electron beam is accomplished by the beam transport system consisting of 
bending magnets, focusing coils, and other components. 

A. The Magnetron 

The magnetron is a device that produces microwaves. It hnctions as a high-power oscillator, 
generating microwave pulses of several microseconds' duration and with a repetition rate 
of several hundred pulses per second. The frequency of the microwaves within each pulse 
is about 3,000 MHz. 

The magnetron has a cylindrical construction, having a central cathode and an outer 
anode with resonant cavities machined out of a solid piece of copper (Fig. 4.6). The space 
between the cathode and the anode is evacuated. The cathode is heated by an inner filament 
and the electrons are generated by thermionic emission. A static magnetic field is applied 
perpendicular to the plane of the cross-section of the cavities and a pulsed D C  electric field 
is applied between the cathode and the anode. The electrons emitted from the cathode 
are accelerated toward the anode by the action of the pulsed D C  electric field. Under 
the simultaneous influence of the magnetic field, the electrons move in complex spirals 

'Magnetron and klystron are both devices for producing microwaves. Whereas magnetrons are generally less 
expensive than klystrons, the latter have a long life span. In addition, klystrons are capable ofdelivering higher- 
power levels required for high-energy accelerators and are preferred as the beam energy approaches 20 MeV or 
higher. 
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FIG. 4.6. A, B: Cutaway magnetron pictures. 
C: Cross-sectional diagram showing principle 
of magnetron operation. (From Karzmark U, 
Morton RJ. A primer on theory and opera- 
tion of linear accelerators in radiation ther- 
apy Rockville, MD: US. Department of Health 
and Human Services, Bureau of Radiological 
Health, 1981, with permission.) 

toward the resonant cavities, radiating energy in the form of microwaves. The generated 
microwave pulses are led to the accelerator structure via the waveguide. 

Typically, magnetrons operate at 2 MW peak power output to power low-energy linacs 
(6 M V  or less). Although most higher-energy linacs use klystrons, accelerators of energy 
as high as 25 MeV have been designed to use magnetrons of about 5 MW power. 

B. The Klystron 

The klystron is not a generator of microwaves but rather a microwave amplifier. It needs 
to be driven by a low-power microwave oscillator. 
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FIG. 4.7. Cross-sectional drawing of a two-cavity klystron. (From Karzmark U, Morton RJ. A primer on theory 
and operation of linearaccelerators in radiation therapy. Rockville, MD: U S .  Department of Health and Human 
Services, Bureau of Radiological Health, 1981, with permission.) 

Figure 4.7 shows a cross-sectional drawing of an elementary two-cavity klystron. The 
electrons produced by the cathode are accelerated by a negative pulse of voltage into 
the first cavity, called the buncher cavity, which is energized by low-power microwaves. 
The microwaves set up an alternating electric field across the cavity. The velocity of the 
electrons is altered by the action of this electric field to a varying degree by a process known 
as velocity modulation. Some electrons are speeded up while others are slowed down and 
some are unaffected. This results in bunching of electrons as the velocity-modulated beam 
passes through a field-free space in the drift mbe. 

As the electron bunches arrive at the catcher cavity (Fig. 4.7), they induce charges on 
the ends of the cavity and thereby generate a retarding electric field. The electrons suffer 
deceleration, and by the principle of conservation of energy, the kinetic energy of electrons 
is converted into high-power microwaves. 

C. The Linac X-ray Beam 

Bremsstrahlung x-rays are produced when the electrons are incident on a target of a high-Z 
material such as tungsten. The target is water cooled and is thick enough to absorb most of 
the incident electrons. As a result of bremsstrahlung-type interactions (section 3.4.A), the 
electron energy is converted into a spectrum of x-ray energies with maximum energy equal 
to the incident electron energy. The average photon energy of the beam is approximately 
one third of the maximum energy. 

It is customary for some of the manufacturers to designate their linear accelerators that 
have both electron and x-ray treatment capabilities by the maximum energy of the electron 
beam available. For example, the Varian Clinac 18 unit produces electron beams of energy 
6,9, 12, 15, and 18 MeV and x-rays of energy 10 MY The electron Learn is designated by 
million elecuon volts because it is almost monoenergetic before incidence on the patient 
surface. The x-ray beam, on the other hand, is heterogeneous in energy and is designated 
by megavolts, as if the beam were produced by applying that voltage across an x-ray tube. 

D. The Electron Beam 

As mentioned previously, the electron beam, as it exits the window of the accelerator tube 
is a narrow pencil about 3 mrn in diameter. In the electron mode of linac operation, this 
beam, instead of striking the target, is made to strike an electron scatteringfoil to spread the 
beam as well as get a uniform electron fluence across the treatment field. The scattering foil 
consists of a thin metallic foil, usually of lead. The thickness of the foil is such that most of 
the electrons are scattered instead of suffering bremsstrahlung. However, a small fraction of 
the total energy is still converted into bremsstrahlung and appears as x-ray contamination 
of the electron beam. 
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In some linacs, the broadening of the electron beam is accomplished by electromagnetic 
scanning of the electron pencil beam over a large area. Although this minimizes the x-ray 
contamination, some x-rays are still produced by electrons striking the collimator walls or 
other high atomic number materials in the electron collimation system. 

E. Treatment Head 

The treatment head (Fig. 4.8) consists of a thick shell of high-density shielding materid 
such as lead, tungsten, or lead-tungsten alloy. It contains an x-ray target, scattering foil, 
flattening filter, ion chamber, fixed and movable collimator, and light localizer system. The 
head provides sufficient shielding against leakage radiation in accordance with radiation 
protection guidelines (see Chapter 16). 

Fa Target and Flattening Filter 

In section 3.4.A, we discussed the angular distribution of x-rays produced by electrons 
of various energies incident on a target. Since linear accelerators produce electrons in the 
megavoltage range, the x-ray intensity is peaked in the forward direction. To make the 
beam intensity uniform across the field, a fitteningfilter is inserted in the beam (Fig. 
4.8A). This filter is usually made of lead, although tungsten, uranium, steel, aluminum, 
or a combination has also been used or suggested. The choice of target and flattening filter 
materials has been discussed by Podgorsak ec al. (4). 

G. Beam Collimation and Monitoring 

The treatment beam is first collimated by a jxedprimary collimator located immediately 
beyond the x-ray target. In the case ofx-rays, the collimated beam then passes through the 
flattening filter. In the electron mode, the filter is moved out of the way (Fig. 4.8B). 

The flattened x-ray beam or the electron beam is incident on the dose monitoring 
chambers. The monitoring system consists of several ion chambers or a single chamber 
with multiple plates. Although the chambers are usually transmission type, i.e., flat parallel 
plate chambers to cover the entire beam, cylindrical thimble chambers have also been used 
in some linacs. 

The function of the ion chamber is to monitor dose rate, integrated dose, and field 
symmetry. Since the chambers are in a high-intensity radiation field and the beam is 
pulsed, it is important to make sure that the ion collection efficiency of the chambers 
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remains unchanged with changes in the dose rate. Bias voltages in the range of 300 to 
1,000 V are applied across the chamber electrodes, depending on the chamber design. 
Contrary to the beam calibration chambers, the monitor chambers in the treatment head 
are usually sealed so that their response is not influenced by temperature and pressure of 
the outside air. However, these chambers have to be periodically checked for leaks. 

After passing through the ion chambers, the beam is further collimated by a contin- 
uously movable x-ray collimator. This collimator consists of two pairs of lead or tungsten 
blocks (jaws) which provide a rectangular opening from O x O to the maximum field size 
(40 x 40 cm or a little less) projected at a standard distance such as 100 cm from the x-ray 
source (focal spot on the target). The collimator blocks are constrained to move so that 
the block edge is always along a radial line passing through the target. 

The field size definition is provided by a light localizingsystem in the treatment head. 
A combination of mirror and a light source located in the space between the chambers and 
the jaws projects a light beam as if emitting from the x-ray focal spot. Thus the light field is 
congruent with the radiation field. Frequent checks are required to ensure this important 
requirement of field alignment. 

Whereas the x-ray collimation systems of most medical linacs are similar, the electron 
collimation systems vary widely. Since electrons scatter readily in air, the beam collimation 
must be achieved close to the skin surface of the patient. There is a considerable scattering 
of electrons from the collimator surfaces including the movable jaws. Dose rate can change 
by a factor of two or three as the collimator jaws are opened to maximum field size limits. 
If the electrons are collimated by the same jaws, as for x-rays, there will be an extremely 
stringent requirement on the accuracy of the jaw opening, since output so critically depends 
on the surface area of the collimator. This problem has been solved by keeping the x-ray 
collimator wide open and attaching an auxiliary collimator for electrons in the form of 
trimmers extended down to the skin surface. In other systems, the auxiliary electron 
collimator consists of a set of attachable cones of various sizes. 

The dose distribution in an electron field is significantly influenced by the collimation 
system provided with the machine because of electron scattering. 

H. Gantry 

Most of the linear accelerators currently produced are constructed so that the source of 
radiation can rotate about a horizontal axis (Fig. 4.9). As the gantry rotates, the collimator 
axis (supposedly coincident with the central axis of the beam) moves in a vertical plane. 
The point of intersection of the collimator axis and the axis of rotation of the gantry is 
known as the isocenter. 

The isocentric mounting of the radiation machines has advantages over the units that 
move only up and down. The latter units are not suitable for isocentric treatmenttechniques 
in which beams are directed from different directions but intersect at the same point, the 
isocenter, placed inside the patient. However, the nonisocentric units are usually swivel 
mounted, that is, the treatment head can be swiveled or rotated in any direction while the 
gantry can move only upward or downward. Although these units are not as flexible, they 
are mechanically simpler, more reliable, and less expensive than the isocentric models. 

4.4. BETATRON 

The operation of the betatron is based on the principle that an electron in a changing 
magnetic field experiences acceleration in a circular orbit. Figure 4.10 shows a schematic 
drawing of the machine. The accelerating tube is shaped like a hollow doughnut and is 
placed between the poles of an alternating current magnet. A pulse ofelectrons is introduced 
into this evacuated doughnut by an injector at the instant that the alternating current cycle 
begins. As the magnetic field rises, the electrons experience acceleration continuously and 
spin with increasing velocity around the tube. By the end of the first quarrer cycle of 
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FIG. 4.9. Photograph of a linear accelerator, isocentrically mounted. (Courtesy of Varian Associates, Palo Alto, 
California.) 

the alternating magnetic field, the electrons have made several thousand revolutions and 
achieved maximum energy. At this instant or earlier, depending on the energy desired, 
the electrons are made to spiral out of the orbit by an additional attractive force. The 
high-energy electrons then strike a target to produce x-rays or a scattering foil to produce 
a broad beam of electrons. 

Betatrons were first used for radiotherapy in the early 1950s. They preceded the 
introduction of linear accelerators by a few years. Although the betatrons can provide x-ray 
and electron therapy beams over a wide range of energies, from less than 6 to more than 
40 MeV, they are inherently low-electron-beam current devices. The x-ray dose rates and 
field size capabilities of medical betatrons are low compared with medical linacs and even 
modern cobalt units. However, in the electron therapy mode, the beam current is adequate 
to provide a high dose rate. The reason for this difference between x-ray and electron dose 

Electron Orbit 
/ 

FIG. 

Tube 
X-ray Beam 

4.10. Diagram illustrating the operation of a betatron. 
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rates is that the x-ray production via bremsstrahlung as well as beam flattening requires a 
much larger primary electron beam current (about 1,000 times) than that required for the 
electron therapy beam. 

The availability of medium energy linacs with high x-ray does rates, large field sizes, 
and electron therapy energies up to 20 MeV has given the linacs a considerable edge in 
popularity over the betatrons. Moreover, many radiation therapists regard the small field 
size and dose rate capabilities of the betatron as serious disadvantages to the general use of 
the device. Thus a significant increase in betatron installations in this country, paralleling 
medical linacs, seems unlikely. 

The microtron is an electron accelerator that combines the principles of both the linear 
accelerator and the cyclotron (section 4.6). In the microtron, the electrons are accelerated 
by the oscillating electric field ofone or more microwave cavities (Fig. 4.1 lA,B). A magnetic 
field forces the electrons to move in a circular orbit and return to the cavity. As the electrons 
receive higher and higher energy by repeated passes through the cavity, they describe orbits 
of increasing radius in the magnetic field. The cavity voltage, frequency, and magnetic field 
are so adjusted that the electrons arrive each time in the correct phase at the cavity. Because 
the electrons travel with an approximately constant velocity (almost the speed of light), 
the above condition can be maintained if the path length of the orbits increases with one 

. 
Extraction Magnet 

FIG. 4.11. A: Schematic diagram 
of a circular microtron unit. 
(Reprinted with permission from 
AB Scanditronix, Uppsala, Swe- 
den.) 8: Electron orbits and ac- 
celerating cavities in a racetrack 
microtron. (From Karzmark CJ, 
Nunan CS, Tanabe E. Medical 
electron accelerators. New York: 
McGraw-Hill, 1993, with permis- 
sion.) 
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microwave wavelength per revolution. The microwave power source is either a klystron or 
a magnetron. 

The extraction of the electrons from an orbit is accomplished by a narrow deflection 
tube of steel that screens the effect of the magnetic field. When the beam energy is selected, 
the deflection tube is automatically moved to the appropriate orbit to extract the beam. 

The principal advantages of the microtron over a linear accelerator of comparable 
energy are in  simplicity, easy energy selection, and small beam energy spread as well as the 
smaller size of the machine. Because of the low energy spread of the accelerated electrons 
and small beam emittance (product of beam diameter and divergence), the beam transport 
system is greatly simplified. These characteristics have encouraged the use of a single 
microtron KO supply a beam to several treatment rooms. 

Although the method of accelerating electrons used in the microtron was proposed 
as early as in 1944 by Veksler (5), the first microtron for radiotherapy (a 10-MeV unit) 
was described by Reistad and Brahme (6) in 1972. Later, a 22-MeV microtron (7) was 
developed by AB Scanditronix and installed at the University of UmeP, Sweden. This 
particular model (MM 22) produced two x-rays beams of energy 6 or 10 and 21 MV and 
10 electron beams of 2, 5,7, 9, 11, 13, 16, 18, 20, and 22 MeV. 

The circular microtron, as described above and shown schematically in Fig. 4.1 lA, is a 
bulky structure because it requires a large magnetic gap to accommodate accelerating cavity 
and large diameter magnetic field to accommodate the large number of spaced orbits with 
limited energy gain per orbit. These constraints are removed by a racetrack microtron, 
which uses a standing wave linac structure (instead of a single cavity) to accelerate the 
electrons (Fig. 4.1 1B). The parameters of a 50-MeV racetrack microtron developed at the 
Royal Institute of Technology, Stockholm, are given by Rosander et al. (8). A review is also 
provided by Karzmark et al. (3). 

4.6. CYCLOTRON 

The cyclotron is a charged particle accelerator, mainly used for nuclear physics research. 
In radiation therapy, these machines have been used as a source of high-energy protons 
for proton beam therapy. More recently, the cyclotrons have been adopted for generating 
neutron beams. In the latter case, the deuterons (iH+) are accelerated to high energies 
and then made to strike a suitable target to produce neutrons by nuclear reactions. One 
such reaction occurs when a beam of deuterons, accelerated to a high energy (-15 to 
50 MeV), strikes a target of low atomic number, such as beryllium. Neutrons.are produced 
by a process called stripping (section 2.8.D). Another important use of the cyclotron in 
medicine is as a particle accelerator for the production of certain radionuclides. 

A schematic diagram illustrating the principle of cyclotron operation is shown in 
Fig. 4.12. The machine consists essentially of a short metallic cylinder divided into m o  

High Frequency 
Oscillator 

FIG. 4.12. Diagram illustrating the principle of operation of a 
cyclotron. 
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TABLE 4.1. TELETHERAPY SOURCE CHARACTERISTICS 

r Valuea 
T R ~ Y  Specific Activity Achieved 

Radionuclide Half-life (yr) Energy MeV (s) in  Practice ((Cilg) 

Radium-226 (filtered 1,622 0.83 (avg.) 0.825 -0.98 
by 0.5 mm Pt) 

Cesium-1 37 30.0 0.66 0.326 -50 
Cobalt40 5.26 1.17, 1.33 1.30 -200 

aExposure rate constant (r) is discussed in Chapter 8. The higher the r value, the greater will be the 
exposure rate or output per curie of the teletherapy source. 

some extent, result in heterogeneity of the beam. In addition, electrons are also produced 
by these interactions and constitute what is usually referred to as the electron contamination 
of the photon beam. 

A typical teletherapy G O ~ o  source is a cylinder of diameter ranging from 1.0 to 2.0 cm 
and is positioned in the cobalt unit with its circular end facing the patient. The fact that 
the radiation source is not a point source complicates the beam geometry and gives rise to 
what is known as the geometric penumbra. 

A.2. Source Housing 

The housing for the source is called the sourcehead (Fig. 4.13). It consists of a steel shell 
filled with lead for shielding purposes and a device for bringing the source in front of an 
opening in the head from which the use l l  beam emerges. 

Also, a heavy metal alloy sleeve is provided to form an additional primary shield when 
the source is in the ofposition. 

A number of methods have been developed for moving the source from the off position 
to the on position. These methods have been discussed in detail by Johns and Cunningham 
(10). It will suffice here to mention briefly four different mechanisms: (a) the source 
mounted on a rotating wheel inside the sourcehead to carry the source from the off 
position to the on position; (b) the source mounted on a heavy metal drawer plus its ability 
to slide horizontally through a hole running through the sourcehead-in the on position 
the source faces the aperture for the treatment beam and in the off position the source 
moves to its shielded location and a light source mounted on the same drawer occupies the 
on position of the source; (c) mercury is allowed to flow into the space immediately below 
the source to shut off the beam; and (d) the source is fixed in front of the aperture and the 
beam can be turned on and off by a shutter consisting ofheavy metal jaws. All of the above 
mechanisms incorporate a safety feature in which the source is returned automatically to 
the off position in case of a power failure. 

A.3. Beam Collimation and Penurnbra 

A collimator system is designed to vary the size and shape of the beam to meet the indi- 
vidual treatment requirements. The simplest form of a continuously adjustable diaphragm 
consists of two pairs of heavy metal blocks. Each pair can be moved independently to 
obtain a square or a rectangle-shaped field. Some collimators are multivane type, i.e., 
multiple blocks to control the size of the beam. In either case, if the inner surface of the 
blocks is made parallel to the central axis of the beam, the radiation will pass through the 
edges of the collimating blocks resulting in what is known as the transmission penumbra. 
The extent of this penumbra will be more pronounced for larger coilimator openings 
because of greater obliquity of the rays at the edges of the blocks. This effect has been 
minimized in some designs by shaping the collimator blocks so that the inner surface 
of the blocks remains always parallel to the edge of the beam. In these collimators, the 
blocks are hinged to the top of the collimator housing so that the slope of the blocks is 
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FIG. 4.13. Photograph of cobalt unit, Theratron 780. (Courtesy of Atomic Energy of Canada, Ltd., Ottawa, 
Canada.) 

coincident with the included angle of the beam. Although the transmission penumbra can 
be minimized with such an arrangement, it cannot be completely removed for all field 
sizes. 

The term penumbra, in a general sense, means the region, at the edge of a radiation 
beam, over which the dose rate changes rapidly as a function of distance from the beam axis 
(10). The transmission penumbra, mentioned above, is the region irradiated by photons 
which are transmitted through the edge of the collimator block. 

Another type of penumbra, known as the geometricpenumbra, is illustrated in Fig. 
4.14. The geometric width of the penumbra (Pd) at any depth ( d )  from the surface of a 
patient can be determined by considering similar triangles ABCand DEC. From geometry, 
we have: 

DE CE CD MN OF+ FN - OM - - - - - =  
AB CIA CB OM OM 

(4.1) 

If AB = s, the source diameter, OM = SDD, the source to diaphragm distance, OF = 
SSD, the source to surface distance, then from the previous equation, the penumbra (DE) 
at depth d is given by: 

s(SSD + d - SDD) 
pd = 

SDD 
(4.2) 

The penumbra at the surface can be calculated by substituting d =  0 in Equation 4.2. 
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FIG. 4.14. Diagram for calculating geometric penumbra. 

As Equation 4.2 indicates, the c en umbra width increases with increase in source 
diameter, SSD, and depth but decreases with an increase in SDD. The geometric penumbra, 
however, is independent of field size as long as the movement of the diaphragm is in one 
plane, that is, SDD stays constant with increase in field size. 

Because SDD is an important parameter in determining the penumbra width, this 
distance can be increased by extendable penumbra trimmers. These trimmers consist of 
heavy metal bars to attenuate the beam in the penumbra region, thus "sharpening" the 
field edges. The penumbra, however, is not eliminated completely but reduced since SDD 
with the trimmers extended is increased. The new SDD is equal to the source to trimmer 
distance. An alternative way of reducing the penumbra is to use secondary blocks, placed 
close to the patient, for redefining or shaping the field. As will be discussed in Chapter 
13, the blocks should not be placed closer than 15 to 20 cm from the patient because of 
excessive electron contaminants produced by the block carrying tray. 

The combined effect of the transmission and geometric penumbras is to create a 
region of dose variation at the field edges. A dose profile of the beam measured across the 
beam in air at a given distance from the source would show dosimetrically the extent of 
the penumbra. However, at a depth in the patient the dose variation at the field border 
is a function of not only geometric and transmission penumbras but also the scattered 
radiation produced in the patient. Thus, dosimetrically, the term physicalpenumbra width 
has been defined as the lateral distance benveen two specified isodose curves4 at a specified 
depth (1 1). 

4.8. HEAVY PARTICLE BEAMS 

Whereas x-rays and electrons are the main radiations used in radiotherapy, heavy parti- 
cle beams offer special advantages with regard to dose localization and therapeutic gain 
(greater effect on tumor than on normal tissue). These particles include neutrons, protons, 
deuterons, cr particles, negative pions, and heavy ions accelerated to high energies. Their 

4 ~ n  isodose curve is a line passing through points of equal dose. 
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use in radiation therapy is still experimental, and because of the enormous cost involved, 
only a few institutions have been able to acquire these modalities for clinical trials. From 
the literature, which is full of encouraging as well as discouraging reports about their effi- 
cacy, it appears that the role of heavy particles in radiation therapy is not yet established. 
However, the radiobiological interest in the field remains as strong as ever. 

A. Neutrons 

High-energy neutron beams for radiotherapy are produced by deuterium tritium (D-T) 
generators, cyclotrons, or linear accelerators. The bombarding particles are either deuterons 
or protons and the target material is usually beryllium, except in the D-T generator in which 
tritium is used as the target. 

A. 1. D-T Generator 

A low-energy deuteron beam (100-300 keV) incident on a tritium target yields neutrons 
by the following reaction: 

:H + :H -t i ~ e  + in + 17.6 MeV (4.3) 

The disintegration energy of 17.6 MeV is shared between the helium nucleus (a 
particle) and the neutron, with about 14 MeV given to the neutron. The neutrons thus 
produced are essentially monoenergetic and isotropic (same yield in all directions). The 
major problem is the lack of sufficient dose rate at the treatment distance. The highest 
dose rate that has been achieved so far is about 15 cGy/min at 1 m. The advantage of D-T 
generators over other sources is that its size is small enough to allow isocentric mounting 
on a gantry. 

A.2. Cyclotron 

Deuterons accelerated to high energies (-15-50 MeV) by a cyclotron bombard a low 
atomic number target such as beryllium to produce neutrons according to a shipping 
reaction (see section 2.8.D): 

Neutrons are produced mostly in the forward direction with a spectrum of energies, 
as shown in Fig.4.15. The average neutron energy is about 40% to 50% of the deuteron 
energy. 

- 

- 

- 
FILTERED 
41 MeVp 

NEUTRON ENERGY ( M e V )  

FIG. 4.15. Neutron spectra produced by 
deuterons on beryllium target. (From Raju 
MR. Heavy particle radiotherapy. New York: 
Academic Press, 1980. Data from Hall EJ. 
Roizin-Towle L, Attix FH. Radiobiological 
studies with cyclotron-produced neutrons 
currently used for radiotherapy. Int J Radiol- 
Oncol Biol Phys 1975;1:33, and Graves RG, 
Smathers JB, Almond PR, et al. Neutron en- 
ergy spectra of d(49)-Be and P(41)-Be neutron 
radiotherapy sources. Med Phys 1979;6:123; 
with permission.) 
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Depth in Water (cm) 

FIG. 4.16. Depth dose distribution characteristic of heavy 
charged particles, showing Bragg peak. 

The bombarding particles can also be protons accelerated to high energies by a cy- 
clotron or a linear accelerator. The neutron spectrum produced by 41 MeV protons is 
shown in Fig. 4.1 5. A hydrogenous material filter (e.g., polyethylene) is used to reduce the 
number of low-energy neutrons in the spectrum. 

B. Protons and Heavy Ions 

Proton beams for therapeutic application range in energy from 150 to 250 MeV. These 
beams can be produced by a cyclotron or a linear accelerator. The major advantage of 
high-energy protons and other heavy charged particles is their characteristic distribution 
of dose with depth (Fig. 4.16). As the beam traverses the tissues, the dose deposited is 
approximately constant with depth until near the end of the range where the dose peaks 
out to a high value followed by a rapid falloff to zero. The region of high dose at the end 
of the particle range is called the Bragg peak. 

Figure 14.17 shows the range energy relationship for protons. The approximate 
range for other particles with the same initial velocity can be calculated by the following 
relationship: 

where Rl and R2 are particle ranges, Ml and M2 are the masses, and 21 and Z2 are the 
charges of the two particles being compared. Thus from the range energy data for protons 
one can calculate the range of other particles. 

The energy of heavy charged particles or stripped nuclei is often expressed in terms of 
kinetic energy per nucleon (specific kinetic energy) or MeVlu where u is the mass number 
of the nucleus. Particles with the same MeVlu have approximately the same velocity and 
range. For example, 150 MeVprotons, 300 MeVdeuterons, and 600 MeV helium ions all 
have approximately the same range ofabout 16 cm in water. However, for ions heavier than 
helium, the range for the same MeVlu is somewhat less than that for protons. As predicted 
by Equation 4.4, the range is dependent on A Z 2 ,  where A is the atomic number and Z i s  
the nuclear charge. Since AIZ2 decreases as the ions get,heavier, the range of heavier ions 
is less than the range of lighter ions for the same MeVlu. 

C. Negative Pions 

The existence of pi mesons was theoretically ~redicted by Yukawa in 1935 when he pos- 
tulated that protons and neutrons in the nucleus are held together by a mutual exchange 
of pi mesons. A pi meson (or pion) has a mass 273 times that of electron and may have 
a positive charge, a negative charge, or may be neutral. The charged pions decay into mu 
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Range in Water (cm) 

FIG. 4.17. Range energy relationship for protons. (From 
Raju MR. Heavyparticle radiotherapy. New York: Academic 
Press, 1980,with permission.) 

mesons and neutrinos with a mean life of 2.54 x seconds and the neutral pions 
decay into pairs of ~ h o t o n s  with a mean life of about lo-'' seconds. 

Only negative pions have been used for radiation therapy. 
Beams of negative pions can be produced in a nuclear reaction. Protons of energy in 

the range of 400 to 800 MeV, produced in a cyclotron or a linear accelerator are usually 
used for pion beam production for radiotherapy. Beryllium is a suitable target material. 
Pions of positive, negative, and zero charge with a spectrum of energies are produced and 
negative pions of suitable energy are extracted from the target using bending and focusing 
magnets. Pions of energy close to 100 MeV are of interest in radiation therapy, providing 
a range in water of about 24 cm. 

The Bragg peak exhibited by pions is more pronounced than ocher heavy particles 
because of the additional effect of nuclear disintegration by x -  capture. This phenomenon, 
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commonly known as starfarmation, occurs when a pion is captured by a nucleus in the 
medium near the end of its range. A pion capture results in the release of several other 
particles such as protons, neutrons, and a particles. 

Although pion beams have attractive radiobiologic properties, they suffer from the 
problems of low dose rates, beam contamination, and high cost. 
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RADIATION 

When an x- or y ray beam passes through a medium, interaction between photons and 
matter can take place with the result that energy is transferred to the medium. The initial 
step in the energy transfer involves the ejection of electrons from the atoms of the absorbing 
medium. These high-speed electrons transfer their energy by producing ionization and 
excitation of the atoms along their paths. If the absorbing medium consists of body tissues, 
sufficient energy may be deposited within the cells, destroying their reproductive capacity. 
However, most of the absorbed energy is converted into heat, producing no biologic 
effect. 

5.1. IONIZATION 

The process by which a neutral atom acquires a positive or a negative charge is known as 
ionization. Removal of an orbital electron leaves the atom positively charged, resulting in 
an ion pair. The stripped electron, in this case, is the negative ion and the residual atom 
is the positive ion. In some cases, an electron may be acquired by a neutral atom and the 
negatively charged atom then becomes the negative ion. 

Charged particles such as electrons, protons, and a particles are known as d i r e 4  
ionizing radiation provided they have sufficient kinetic energy to produce ionization by 
collision1 as they penetrate matter. The energy of the incident particle is lost in a large 
number of small increments along the ionization track in the medium, with an occasional 
interaction in which the ejected electron receives sufficient energy to produce a secondary 
track of its own, known as a 6 ray. IIf, on the other hand, the energy lost by the incident 
particle is not sufficient to eject an electron from the atom but is used to raise the electrons 
to higher energy levels, the process is termed excitation. 

The uncharged particles such as neutrons and photons are indirectly ionizing radia- 
tion because they liberate directly ionizing particles from matter when they interact with 
matter, 

Ionizing photons interact with the atoms of a material or absorber to produce high- 
speed electrons by three major processes: photoelectric effect, Compton effect, and pair 
production. Before considering each process in detail, we shdl discuss the mathematical 
aspects of radiation absorption. 

5.2. PHOTON BEAM DESCRIPTION 

An x-ray beam emitted from a target or a y ray beam emitted from a radioactive source 
consists of a large number ofphotons, usually with avariety of energies. A beam ofphotons 
can be described by many terms, some of which are defined as follows: 

'The process of collision is an interaction between the electromagnetic fields associated with the colliding 
particle and orbital electron. Actual physical contact between the particles is not required. 
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1. The fluence (0) of photons is the quotient dN by da, where dN is the number of 
photons that enter an imaginary sphere of cross-sectional area da. 

Incident 
Photon 

Fluence 

2. Fluence rate or jux density (4) is the fluence per unit time. 

where dt is the time interval. 
3. Energ~fEuence ('4) is the quotient of dEp by dz, where dEp is the sum of the energies 

of all the photons that enter a sphere of cross-sectional area da. 

For a monoenergetic beam, dEp is just the number of photons dNtimes energy h 
carried by each photon: 

4. Energ7~fzuence rate, energyf~ux density, or intensity (+) is the energy fluence per unit time: 

5.3. PHOTON BEAM ATTENUATION 

An experimental arrangement designed to measure the attenuation characteristics of a 
photon beam is shown in Fig. 5.1. A narrow beam of monoenergetic photons is incident 
on an absorber of variable thickness. A detector is placed at a fixed distance from the 
source and sufficiently farther away from the absorber so that only the primary photons 
(those photons that passed through the absorber without interacting) are measured by the 
detector. Any photon scattered by the absorber is not supposed to be measured in this 
arrangement. Thus, if a photon interacts with an atom, it is either completely absorbed or 
scattered away from the detector. 

Under these conditions, the reduction in the number of photons (dN) is propor- 
tional to the number of incident photons ( N )  and to the thickness of the absorber (A). 
Mathematically, 

dN cc Ndu 

Scattered 
m f Photons 

Transmitted 

Detector 

Transmitted 
Photon 

4 Fluence 

Collimator 

FIG. 5.1. Diagram to  illustrate an experimental arrangement 
for studying narrow beam attenuation through an absorber. 
Measurements are under "good geometry," i.e., scattered 
photons are not measured. 
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where ,u is the constant of proportionality, called the attenuation coeficient. The minus 
sign indicates that the number of photons decreases as the absorber thickness increases. 
The above equation can also be written in terms of intensity (I):  

If thickness xis expressed as a length, then ,u is called the linear attenuation coeficient. For 
example, if the thickness is measured in centimeters, the units of p are llcm, or cm-I. 

Equation 5.7 is identical to Equation 2.1, which describes radioactive decay, and p is 
analogous to decay constant A. As before, the differential equation for attenuation can be 
solved to yield the following equation: 

where I(x) is the intensity transmitted by a thickness xand I, is the intensity incident on 
the absorber. If I(%) is plotted as a function of xfor a narrow monoenergetic bem,  a straight 
line will be obtained on semilogarithmic paper (Fig. 5.2A), showing that the attenuation 
of a monoenergetic beam is described by an exponential function. 

The term analogous to half-life (section 2.4) is the half-value layer (HVL) defined as 
the thickness of an absorber required to attenuate the intensity of tht beam to half its 
original value. That means that when x = HVL, I l l0  = 112, by definition. Thus from 

Absorber Thickness (cm) Absorber Thickness (HVL Units) 

FIG. 5.2. A: Graph showing percent transmission of a narrow monoenergetic photon beam as a function of 
absorber thickness. For this quality beam and absorber material, HVL = 2 cm and p = 0.347 cm-I. B: Universal 
attenuation curve showing percent transmission of a narrow monoenergetic beam as a function of absorber 
thickness in  units of half-value layer (HVL). 
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Equation 5.8 it can be shown that: 

As mentioned previously, exponential attenuation strictly applies to a monoenergetic 
beam. Figure 5.2B is a general attenuation curve for a monoenergetic beam or a beam 
whose half-value layer does not change with absorber thickness. Such a curve may be used 
to calculate the number of HVLs required to reduce the transmitted intensity to a given 
percentage of the incident intensity. 

A practical beam produced by an x-ray generator, however, consists of a spectrum of 
photon energies. Attenuation of such a beam is no longer quite exponential. This effect 
is seen in Fig. 5.3, in which the plot of transmitted intensity on semilogarithmic paper is 
not a straight line. The slope of the attenuation curve decreases with increasing absorber 
thickness because the absorber orfilter preferentially removes the lower-energy photons. As 
shown in Fig. 5.3, the first HVL is defined as that thickness of material which reduces the 

I I 1 FIG. 5.3. Schematic graph showing transmis- 

O 1 2 3 4 5 6 sion of an x-ray beam with a spectrum of pho- 
ton energies through an aluminum absorber. 
First HVL = 0.99 rnm Al, second HVL = 1.9 rnrn 

Absorber Thickness (mmAl) AI, third HVL = 2.0 mm AI. 
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incident beam intensity by 50%. The second HVL reduces the beam to 50% of its intensity 
after it has been transmitted through the first HVL. Similarly, the third HVL represents 
the quality of the beam after it has been transmitted through the absorber of thickness 
equal to two HVLs. In general, for a heterogeneous beam, the first HVL is less than the 
subsequent HVLs. As the filter thickness increases, the average energy of the transmitted 
beam increases or the beam becomes increasingly harder. Thus, by increasing the filtration 
in such an x-ray beam, one increases the penetrating power or the half-value layer of the 
beam. 

5.4. COEFFICIENTS 

A. Attenuation Coefficient 

In the previous section, we discussed the linear attenuation coefficient p,  which has units 
of cm-' . In general, this coefficient depends on the energy of the photons and the nature of 
the material. Since the attenuation produced by a thickness x depends on the number of 
electrons presented in that thickness, p depends on the density of the material. Thus, by 
dividing by density p ,  the resulting coefficient (PIP) will be independent of density; 
p / p  is known as the mass attenuation coefficient. This is a more fundamental coefficient 
than the linear coefficient, since the density has been factored out and its dependence on 
the nature of the material does not involve density but rather the atomic composition. 

The mass attenuation coefficient has units of cm2tg because p l p  = ~ r n - l / ( ~ / c m ~ ) .  
When using p l p  in the attenuation Equation 5.8, the thickness should be expressed as px, 
which has units of glcm2, because p x =  (,ulp)(px) and px = (g/cm3)(cm). 

In addition to the cm and g/cm2 units, the absorber thickness can also be expressed in 
units of electrons/cm2 and atoms/cm2. The corresponding coefficients for the last two units 
are dectronic attenuation coeffcient (,p) and atomic attenuation coeffcient (,p), respectively. 

where Zis the atomic number and No is the number of electrons per gram and No is given 
by: 

where NA is Avogadro's number and Aw is the atomic weight (see section 1.3). 
The attenuation process or the attenuation coefficient represents the fraction of pho- 

tons removed per unit thickness. The transmitted intensity I(x) in Equation 5.8 is caused 
by photons that did not interact with the material. Those photons which produced in- 
teractions will transfer part of their energy to the material and result in pan: or all of that 
energy being absorbed. 

B. Energy Transfer Coefficient 

When a photon interacts with the electrons in the material, a part or all of its energy is 
converted into kinetic energy of electrons. If only a part of the photon energy is given to 
the electron, the photon itself is scattered with reduced energy. The scattered photon may 
interact again with a partial or complete transfer of energy to the electrons. Thus a photon 
may experience one or multiple interactions in which the energy lost by the photon is 
converted into kinetic energy of electrons. 

If we consider a photon beam traversing a material, the fraction of photon energy 
transferred into kinetic energy of charged particles per unit thickness of absorber is given 



64 1 Basic Physics 

by the energ ttnrzsfer coeffcient (p,). This coefficient is related to p as follows: 

where fi;, is the average energy transferred into kinetic energy of charged particles per 
interaction. The 7 n ~ s  e7zerg transfer coefficient is given by p,lp. 

C. Energy Absorption Coefficient 

Most of the electrons set in motion by the photons will lose their energy by inelastic colli- 
sions (ionization and excitation) with atomic electrons of the material. A few, depending 
on the atomic number ofthe material, will lose energy by brem~strahlun~ interactions with 
the nuclei. The bremsstrahlung energy is radiated out of the local volume as x-rays and is 
not included in the calculation of locally absorbed energy. 

The energy absorption coefficient (p,) is defined as the product of energy transfer 
coefficient and (1 - g) where gis the fraction of the energy of secondary charged partides 
that is lost to bremsstrahlung in the material. 

As before, the mass energy absorption coefficient is given by /.L,/P. 
For most interactions involving soft tissues or other low Zrnaterial in which electrons 

lose energy almost entirely by ionization collisions, the bremsstrahlung component is 
negligible. Thus /.L, = p, under those conditions. These coefficients can differ appreciably 
when the kinetic energies of the secondary particles are high and material traversed has a 
high atomic number. 

The energy absorption coefficient is an important quantity in radiotherapy since it 
allows the evaluation of energy absorbed in the tissues, a quantity of interest in predicting 
the biologic effects of radiation. 

5.5. INTERACTIONS OF PHOTONS WITH MATTER 

Attenuation of a photon beam by an absorbing material is caused by five major types 
of interactions. One of these, photo disintegration, was considered in section 2.8F. This 
reaction between photon and nucleus is only important at very high photon energies 
(> I0  MeV). The other four processes are coherent scattering, the photoelectric effect, 
the Compton effect, and the pair production. Each of these processes can be represented 
by its own atrenuation coefficient, which varies in its particular way with the energy of 
the photon and with the atomic number of the absorbing material. The total attenuation 
coefficient is the sum of individual coefficieilts for these processes: 

where atoh, r.  cc, and ~r are attenuation coefficients for coherent scattering, photoelectric 
effect, Compron effect, and pair production, respectively. 

5.6. COHERENT SCATTERING 

The coherent scattering, also known as classical scattering or Rayleigh scattering, is 
illustrated in Fig. j.4. The process can be visualized by considering the wave nature of 
electromagnetic radiation. This interaction consists of an electromagnetic wave passing 
near the electron and setting it into oscillation. The oscillating electron reradiates the en- 
ergy at the same frequency as the incident electromagnetic wave. These scattered x-rays 
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Atom 
FIG. 5.4. Diagram illustrating the process of coherent scattering. 
The scattered photon has the same wavelength as the incident 
photon. No energy is transferred. 

have the same wavelength as the incident beam. Thus no energy is changed into electronic 
motion and no energy is absorbed in the medium. The only effect is the scattering of the 
photon at small angles. The coherent scattering is probable in high atomic number mate- 
rials and with photons of low energy. The process is only of academic interest in radiation 
therapy. 

5.7. PHOTOELECTRIC EFFECT 

The photoelectric effect is a phenomenon in which a photon interacts with an atom and 
ejects one of the orbital electrons from the atom (Fig. 5.5). In this process, the entire energy 
hv of the photon is first absorbed by the atom and then transferred to the atomic electron. 
The kinetic energy of the ejected electron (called the photoelectron) is equal to hv - EB, 
where EB is the binding energy of the electron. Interactions of this type can take place with 
electrons in the K, L, M, or N shells. 

After the electron has been ejected from the atom, avacancy is created in the shell, thus 
leaving the atom in an excited state. The vacancy can be filled by an outer orbital electron 
with the emission of characteristic x-rays (section 3.4B). There is also the possibility of 
emission ofAuger electrons (section 2.7C), which are monoenergetic electrons produced by 
the absorption of characteristic x-rays internally by the atom. Because the K shell binding 
energy of soft tissues is only about 0.5 keV, the energy of the characteristic photons 
produced in biologic absorbers is very low and can be considered to be locally absorbed. 
For higher-energy photons and higher atomic number materials, the characteristic photons 
are of higher energy and may deposit energy at large distances compared with the range 

Characteristic 
X-rays 

4 Auger 
111 . Electrons 

5 (photo electron) 

FIG. 5.5. Illustration of the photoelectric effect. 
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Water :i 
0.0 1 0.1 1 10 

Photon Energy (MeV) 

FIG. 5.6. Mass photoelectric attenuation coefficient (r lp)  plotted 
against photon energy. Curves for water (.& = 7.42) and lead 
(Z= 82). (Data from Grodstein GW. X-ray attenuation coefficients 
from 10 keV to 100 MeV. Pub. No. 583. Washington, DC: US. 
Bureau of Standards, 1957.) 

of the photoelectron. In such cases, the local energy absorption is reduced by the energy 
emitted as characteristic radiation (also called fluorescent radiation) which is considered 
to be remotely absorbed. 

The probability of photoelectric absorption depends-on the photon energy as illus- 
trated in Fig. 5 . 6  where the mass photoelectric attenuation coefficient (TIP) is plotted as 
a function of photon energy. Data are shown for water, representing a low atomic number 
material similar to tissue, and for lead, representing a high atomic number material. O n  
logarithmic paper, the graph is almost a straight line with a slope of approximately -3; 
therefore, we get the following relationship between r i p  and photon energy: 

The graph for lead has discontinuities at about 15 and 88 k e y  These are called 
absorption edges and correspond to the binding energies of L and K shells. A photon with 
energy less than 15 keV does not have enough energy to eject an L electron. Thus, below 
15 k e y  the interaction is limited to the M or highemhell electrons. When the photon 
has an energy that just equals the binding energy of the L shell, resonance occurs and the 
probatjility of photoelectric absorption involving the L shell becomes very high. Beyond 
this point, if the photon energy is increased, the probability of photoelectric attenuation 
decreases approximately as 1/E3 until the next discontinuity, the K absorption edge. At 
this point on the graph, the photon has 88 keV energy, which is just enough to eject the 
K electron. As seen in Fig. 5.6, the absorption probability in lead at this critical energy 
increases dramatically, by a factor of about 10. 

The discontinuities or absorption edges for water are not shown in the graph because 
the K absorption edge for water occurs at very low photon energies (-0.5 keV). 
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The data for various materials indicate that photoelectric attenuation depends strongly 
on the atomic number of the absorbing material. The following approximate relationship 
holds: 

This relationship forms the basis of many applications in diagnostic radiology. The 
difference in Zofvarious tissues such as bone, muscle, and fat amplifies differences in x-ray 
absorption, provided the primary mode of interaction is photoelectric. This z3 dependence 
is also exploited when using contrast materials such as Bas04 mix and Hypaque. In 
therapeutic radiology, the low-energy beams produced by superficial and orthovoltage 
machines cause unnecessary high absorption of x-ray energy in bone as a result of this Z3 
dependence; this problem will be discussed later in section 5.10. By combining Equations 
5.16 and 5.17, we have: 

t / p  cc z ~ / E ~  (5.18) 

The angular distribution of electrons emitted in .a photoelectric process depends on 
the photon energy. For a low-energy photon, the photoelectron is emitted most likely at 
90 degrees relative to the direction of the incident photon. As the photon energy increases, 
the photoelectrons are emitted in a more forward direction. 

5.8. COMPTON EFFECT 

In the Compton process, the photon interacts with an atomic electron as though it were a 
"freen electron. The termfiee here means that the binding energy of the electron is much 
less than the energy of the bombarding photon. In this interaction, the elecrron receives 
some energy from the photon and is emitted at an angle 6' (Fig. 5.7). The photon, with 
reduced energy, is scattered at an angle 4. 

The Compton process can be analyzed in terms of a collision between two particles, a 
photon and an electron. By applying the laws of conservation of energy and momentum, 
one can derive the following relationships: 

1 
hv' = hvo 

1 + a(1 - cos 4) 
cos 6' = (1 + a )  tan 412 

where hvo, hv', and E are the energies of the incident photon, scattered photon, and 
electron, respectively and, a = hvolmoc2, where moc2 is the rest energy of the electron 
(0.5 1 1 MeV). If hvo is expressed in MeV, then a = hvo10.5 1 : 

B (Compton 

1. 

electron) 

"Free" Electron / 

FIG. 5.7. Diagram illustrating the Compton effect. 
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A. Special Cases of Compton Effect 

A. 1. Direct Hit 

If a photon makes a direct hit with the electron, the electron will travel forward (9 = O 
degrees) and the scattered photon will travel backward (4 = 180 degrees) afier the collision. 
In such a collision, the electron will receive maximum energy &, and the scattered photon 
will be left with minimum energy hvLi,. One can calculate Em, and hvLin by substituting 
cos 4 = cos 180 degrees = - 1 in Equations 5.19 and 5.20. 

A.2. Grazing Hit 

If a photon makes a grazing hit with the electron, the electron will be emitted at right 
angles (6 = 90 degrees) and the scattered photon will go in the forward direction (4 = 
0 degrees). By substituting cos 4 = cos 0 degrees = 1 in Equations 5.19 and 5.20, one 
can show that for this collision E = O and hv' = hvo. 

A.3. 90-Degree Photon Scatter 

If a photon is scattered at right angles to its original direction (4 = 90 degrees), one 
can calculate E and hv' from Equations 5.19 and 5.20 by substiruting cos 4 = cos 90 
degrees = 0. The angle of the electron emission in this case will depend on a, according 
to Equation 5.21. 

Examples 

Some useful examples will now be given to illustrate application of the Compton effect to 
practical problems. 

a. Interaction of a low-energyphoton. If the incident photon energy is much less than the 
rest energy of the electron, only a small part of its energy is imparted to the electron, 
resulting in a scattered photon of almost the same energy as the incident photon. For 
example, suppose hvo = 51.1 keV; then a = hvolmc2 = 0.051 1 MeV10.511 MeV = 
0.1. From Equations 5.22 and 5.23, 

Thus, for a low-energy photon beam, the Compton scattered photons have approxi- 
mately the same energy as the original photons. Indeed, as the incident photon energy 
approaches zero, the Compton effect becomes the classical scattering process described 
in section 5.6. 

b. Interaction ofa high eneruphoton. If the incident photon has a very high energy (much 
greater than the rest energy of the electron), the photon loses most of its energy to the 
Compton electron and the scattered photon has much less energy. Suppose hvo = 5.1 1 
MeV; then a = 10.0. From Equations 5.22 and 5.23, 

Em, = 5.1 1 (MeV) 2(10) = 4.87MeV 
1 + 2(10) 
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1 
hvLi, = 5.11 (MeV) = 0.24 MeV 

1 + 2(10) 

In contrast to example (a) above, the scattered photons produced by high-energ photons 
carry away only a small fraction of the initial energy. Thus, at high photon energy, the 
Cornpton effect causes a large amount ofenergy absorption compared with the Compton 
interactions involving low-energy photons. 

c. Compton scatter at 4 = 90 degrees and I80 degrees. In designing radiation protection 
barriers (walls) to attenuate scattered radiation, one needs to know the energy of the 
photons scattered at different angles. The energy of the photons scattered by a patient 
under treatment at 90 degrees with respect to the incident beam is of particular interest 
in calculating barrier or wall thicknesses against scattered radiation. 

By substituting 4 = 90 degrees in Equation 5.20, we obtain: 

For high-energy photons with a >> 1, the previous equation reduces to: 

hv' = moc2 = 0.51 1 MeV 

Similar calculations for scatter at 4 = 180 degrees will indicate hv' = 0.255 MeV. 
Thus, if the energy of the incident photon is high (a  >> I), we have the following impor- 
tant generalizations: (a) the radiation scattered at right angles is independent of incident 
energy and has a maximum value of 0.5 11 MeV; (b) the radiation scattered backwards is 
independent of incident energy and has a maximum value of 0.255 MeV. 

The maximum energy of radiation scattered at angles benveen 90 and 180 degrees 
will lie benveen the above energy limits. However, the energy of the photons scattered at 
angles less than 90 degrees will be greater than 0.5 11 MeV and will approach the incident 
photon energy for the condition of forward scatter. Because the energy of the scattered 
photon plus that of the electron must equal the incident energy, the electron may acquire 
any energy between zero and Em, (given by Equation 5.22). 

6. Dependence of Compton Effect on Energy 
and Atomic Number 

It was mentioned previously that the Compton effect is an interaction benveen a photon 
and a free electron. Practically, this means that the energy of the incident photon must be 
large compared with the electron binding energy. This is in contrast to the photoelectric 
effect which becomes most probable when the energy of the incident photon is equal to 
or slightly greater than the binding energy of the electron. Thus, as the photon energy 
increases beyond the binding energy of the K electron, the photoelectric effect decreases 
rapidly with energy (Equation 5.16) (Fig. 5.6) and the Compton effect becomes more and 
more important. However, as shown in Fig. 5.8, the Cornpton effect also decreases with 
increasingphoton energy. 

Because the Compton interaction involves essentially free electrons in the absorbing 
material, it is independent ofatomic number Z. It follows that the Compton mass attenua- 
tion coefficient (a lp )  is independent of Zand depends only on the number of electrons 
per gram. Although the number of electrons per gram of elements decreases slowly but 
systemically with atomic number, most materials except hydrogen can be considered as 
having approximately the same number of electrons per gram (Table 5.1). Thus, a l p  is 
nearly the same for all materials. 

From the previous discussion, it follows that if the energy of the beam is in the region 
where the Compton effect is the only possible mode of interaction, approximately the same 
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to 100 GeV. pub.-NO. 29. washington, DC: US. National 
Photon Energy (MeV) Bureau of Standards, 1969.) 

Zbo 1 

g a  
0 

0.1- 

attenuation of the beam will occur in any material of equal density thickness? expressed 
as g/cm2. For example, in the case of a 6 0 ~ o  Y ray beam that interacts by Compton effect, 
the attenuation per g/cm2 for bone is nearly the same as that for soft tissue. However, 1 cm 
of bone will attenuate more than 1 cm of soft tissue, because bone has a higher electron 
densiq3 p, (number of electrons per cubic centimeter), which is given by density times the 
number of electrons per gram. If the density of bone is assumed to be 1.85 g/cm3 and that 
of soft tissue 1 g/cm3, then the attenuation produced by 1 cm of bone will be equivalent 
to that produced by 1.65 cm of soft tissue: 

br)bonc 1 .85&/cm3) x 3.00 x 10~~(electrons/~) 
(1 cm) - = (1 cm) x 

( ~ r  )mu& 1 .00(~ /cm~)  x 3.36 x 1023(electrons/g) 

= 1.65 cm 

0.0 1 0.1 1 
from Hubbell JH. Proton cross sections attenuation coef- 10 ficients and enerov absor~tion coefficients from 10 keV 

- = - - - - - FIG. 5.8. A plot of Compton electronic coefficient e" - against photon energy. The mass coefficient (ulp) is ob- 
tained by multiplying the electronic coefficient with the 

5.9. PAIR PRODUCTION 

I  1 1 1 1 1 1 1 1  

If the energy of the photon is greater than 1.02 MeV, the photon may interact with matter 
through the mechanism of pair production. In this process (Fig. 5.9), the photon interacts 
strongly with the electromagnetic field of an atomic nucleus and gives up all its energy in 
the process of creating a pair consisting of a negative electron (e-) and a positive electron 
(e+). Because the rest mass energy of the electron is equivalent to 0.5 1 MeV, a minimum 
energy of 1.02 MeV is required to create the pair of electrons. Thus the threshold energy 
for the pair production process is 1.02 MeV. The photon energy in excess of this threshold 
is shared between the particles as kinetic energy. The total kinetic energy available for the 

I 1 1  1 1 1 1 1  

*Density thickness is equal to the linear thickness multiplied by density, i.e., un x glcm3 = glcm2. 
In the literature, the term electron density has been defined both as the number of electrons per gram and as 

the number of electrons per cubic centimeter. The reader should be aware of this possible source of confusion. 

1 1 I  I  I I  11 number of electrons per gram for a given material. (Data 
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TABLE 5.1. NUMBER OF ELECTRONS PER GRAM OF VARIOUS MATERIALS 

Material Density (glcm3) Atomic Number Number of Electrons per Gram 

Hydrogen 
Carbon 
Oxygen 
Aluminum 
Copper 
Lead 

Fat 
Muscle 
Water 
Air 
Bone 

Effective Atomic Number 

5.92 
7.42 
7.42 
7.64 

13.8 

Data from Johns HE, Cunningham JR. The physics of radiology. 3rd ed. Springfield, IL: Charles C 
Thomas, 1969. 

electron-positron pair is given by (hv - 1.02) MeV. The particles tend to be emitted in 
the forward direction relative to the incident photon. 

The most probable distribution of energy is for each particle to acquire half the available 
kinetic energy, although any-energy distribution is possible. For example, in an extreme 
case, it is possible that one particle may receive all the energy while the other receives no 
energy. 

The pair production process is an example of an event in which energy is converted 
into mass, as predicted by Einstein's equation E = mc2. The reverse process, namely the 
conversion of mass into energy, takes place when a positron combines with an electron to 
produce two photons, called the annihilation radiation. 

A. Annihilation Radiation 

The positron created as a result of pair production process loses its energy as it traverses 
the matter by the same type of interactions as an electron does, namely by ionization, 
excitation, and bremsstrahlung. Near the end of its range, the slowly moving positron 
combines with one of the free electrons in its vicinity to give rise to two annihilation 
photons, each having 0.51 MeV energy. Because momentum is conserved in the process, 
the two photons are ejected in opposite directions (Fig. 5.10). 

6. Variation of Pair Production with Energy and Atomic Number 

Because the pair production results from an interaction with the e!ecaomagnetic field of 
the nucleus, the probability of this process increases rapidly with atomic number. The 

(electron) 

(positron) 

FIG. 5.9. Diagram illustrating the pair production process. 
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FIG. 5.10. Diagram illustrating the production of annihilation 
radiation. 

attenuation coefficient foy pair production (l7) varies with Z2 per atom, Z p e r  electron, 
and approximately Z per gram. In addition, for a given material, the likelihood of this 
interaction increases as the logarithm of the incident photon energy above the threshold 
energy; these relationships are shown in Fig. 5.1 1. To remove the major dependence of the 
pair production process on atomic number, the coefficients per atom have been divided by 
Z2 before plotting. For energies up to about 20 MeV, the curves are almost coincident for 
all materials, indicating that .I7 cx Z2. At higher energies, the curves for higher Zrnaterials 
fall below the low Zrnaterials because of the screening of the nuclear charge by the orbital 
electrons. 

Photon Energy (MeV) 

FIG. 5.11. Plot of pair atomic attenuation coefficient divided by the square of the atomic number as a function 
of photon energy for carbon (Z = 6 )  and lead (Z = 82). The mass attenuation coefficient can be obtained 
by multiplying a n E 2  obtained from the graph, first by z2 and then by the number of atoms per gram of 
the absorber. (Data from Hubbell J H .  Proton cross sections attenuation coefficients and energy absorption 
coefficients from 10 keV to 100 GeV. Pub. No. 29. Washington, DC: US. National Bureau of Standards, 1969.) 
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5.10. RELATIVE IMPORTANCE OF VARIOUS TYPES 
OF INTERACTIONS 

The total mass attenuation coefficient ( p l p )  is the sum of the four individual coefficients: 

(CLIP) = ( T / P )  + ( ~ c o h l ~ )  + ( a l p )  f ( n / ~ )  (5.30) 
total photoelectric coherent compton pair 

As nored previously, coherent scattering is only important for very low photon energies 
(< 10 keV) and high Zmaterials. At therapeutic energies, it is often omitted from the sum. 

Figure 5.12 is the plot of total coefficient ( p / p ) , o d  vs. energy for two different mate- 
rials, water and lead, representative of low and high atomic number materials. The mass 
attenuation coefficient is large for low energies and high atomic number media because of 
the predominance of photoelectric interactions under these conditions. 

The attenuation coefficient decreases rapidly with energy until the photon energy far 
exceeds the electron binding energies and the Compton effect becomes the predominant 
mode of interaction. In the Compton range of energies, the PIP of lead and water do not 
differ greatly, since this type of interaction is independent of atomic number. The coeffi- 
cient, however, decreases with energy until pair production begins to become important. 
The dominance of pair production occurs at energies much greater than the threshold 
energy of 1.02 MeV. 

The relative importance of various types of interactions is presented in Table 5.2. 
These data for water will also be true for soft tissue. The photon energies listed in column 
1 of Table 5.2 represent monoenergetic beams. As discussed in Chapter 3, an x-ray tube 
operating at a given peak voltage produces radiation of all energies less than the peak 
energy. As a rough approximation and for the purposes of Table 5.2, one may consider 
the average energy of an x-ray beam to be equivalent to one-third of che peak energy. 
Thus a 30-keV monoenergetic beam in column 1 should be considered as equivalent 
to an x-ray beam produced by an x-ray tube operated at about 90 kVp. Of course, the 

Lead 

Photon Energy (MeV) 

FIG. 5.12. Plot of total mass attenuation coefficient (Cclp) as a function of photon energy for lead and water. 
(Reprinted with permission from Johns HE, Cunningham JR. The physics o f  radiology, 3rd ed. Springfield, IL: 
Charles C Thomas, 1969.) 
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TABLE 5.2. RELATIVE IMPORTANCE OF PHOTOELEC- 
TRIC (T), COMPTON (u), AND PAIR PRODUCTION (ll) 
PROCESSES IN WATER 

Relative Number of Interactions (%) 
Photon Energy 

(MeV) 7- u n 

0.01 95 5 0 
0.026 50 50 0 
0.060 7 93 0 
0.150 0 100 0 
4.00 0 94 6 
10.00 0 77 23 
24.00 0 50 50 
100.00 0 16 84 

Data from Johns HE, Cunningham JR. The physics of radiology. 
3rd ed. Springfield, IL: Charles CThomas, 1969. 

accuracy of this approximation is limited by the effects of filtration on the energy spectrum 
of the beam. 

5.1 1. INTERACTIONS OF CHARGED PARTICLES 

Whereas photons interact with matter by photoelectric, Compton, or pair production 
process, charged particles (electrons, protons, a particles, and nuclei) interact principally 
by ionization and excitation. Radiative collisions in which the charged particle interacts 
by the bremsstrahlung process are possible but are much more likely for electrons than for 
heavier charged particles. 

The charged particle interactions or collisions are mediated by Coulomb force between 
the electric field of the traveling particle and electric fields of orbital electrons and nuclei 
of atoms of the material. Collisions between the particle and the atomic electrons result 
in ionization and excitation of the atoms. Collisions between the particle and the nucleus 
result in radiative loss of energy or bremsstrahlung. Particles also suffer scattering without 
significant loss of energy. Because of much smaller mass, electrons suffer greater multiple 
scattering than do heavier particles. 

In addition to the Coulomb force interactions, heavy charged particles give rise to 
nuclear reactions, thereby producing radioactive nuclides. For example, a proton beam 

. passing through tissue produces short-lived radioisotopes "C, I3N, and 150, which are 
positron emitters. 

The rare of kinetic energy loss per unit path length of the particle (dEldu) is known 
as the stopping power (S). The quantity Slp is called the mass stopping power, where p is 
the density of the medium and is usually expressed in MeV cm2Ig. 

A. Heavy Charged Particles 

The rate of energy loss or stopping power caused by ionization interactions for charged 
particles is proportional to the square of the particle charge and inversely proportional to 
the square of its velocity. Thus, as the particle slows down, its rate of energy loss increases 
and so does the ionization or absorbed dose to the medium. As was seen in Fig. 4.16, &e 
dose deposited in water increases at first very slowly with depth and then very sharply near 
the end of the range, before dropping to an almost zero value. This peaking of dose near 
the end of the p article range is called the Braggpeak. 

Because of the Bragg peak effect and minimal scattering, protons and heavier charged 
particle beams provide a much sought-after advantage in radiotherapy-the ability to 
concentrate dose inside the target volume and minimize dose to surrounding normal tissues. 
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B. Electrons 

Interactions of electrons when passing through matter are quite similar to those of heavy 
particles. However, because of their relatively small mass, the electrons suffer greater mul- 
tiple scattering and changes in direction of motion. As a consequence, the Bragg peak is 
not observed for electrons. Multiple changes in direction during the slowing down process 
smears out the Bragg peak. 

In water or soft tissue, electrons, like other charged particles, lose energy predomi- 
nantly by ionization and excitation. This results in deposition of energy or absorbed dose 
in the medium. As stated earlier, the ionization process consists of stripping electrons from 
the atoms. If the energy transferred to the orbital electron is not sufficient to overcome the 
binding energy, it is displaced from its stable position and then returns to it; this effect is 
called excitation. Furthermore, in the process of ionization, occasionally the stripped elec- 
tron receives sufficient energy to produce an ionization track of its own. This ejected 
electron is called a secondary electron, or a S ray. 

Again, because ofits small mass, an electron may interact with the electromagnetic field 
of a nucleus and b'e decelerated so rapidly that a part of its energy is lost as bremsstrahlung. 
The rate ofenergy loss as a result of bremsstrahlung increases with the increase in the energy 
of the electron and the atomic number of the medium. The topic of electron interactions 
will be discussed further in Chapter 14. 

5.12. INTERACTIONS OF NEUTRONS 

Like x-rays and y rays, neutrons are indirectly ionizing. However, their mode of inter- 
action with matter is different. Neutrons interact basically by two processes: (a) recoiling 
protons from hydrogen and recoiling heavy nuclei from other elements, and (b) nuclear 
disintegrations. The first process may be likened to a billiard-ball collision in which the 
energy is redistributed after the collision between the colliding particles. The energy trans- 
fer is very efficient if the colliding particles have the same mass, e.g., a neutron colliding 
with a hydrogen nucleus. O n  the other hand, the neutron loses very little energy when 
colliding with a heavier nucleus. Thus the most efficient absorbers of a neutron beam are 
the hydrogenous materials such as parafin wax or polyethylene. Lead, which is a very good 
absorber for x-rays, is a poor shielding material against neutrons. 

DEPTH (cm ) 

FIG. 5.13. Depth-dose distribution of neutrons 
produced by deutrons on beryllium, compared 
with a cobalt-60 y beam. (From Raju MR. Heavy 
particle radiotherapy New York: Academic Press, 
1980. Data from Hussey DH, Fletcher GH, Caderao 
JB. Experience with fast neutron therapy using 
theTexas A&M variable energy cyclotron. Cancer 
1974;34:65.) 
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FIG. 5.14. Depth-dose distribution for various heavy 
particle beams with modulated Bragg peak at a depth 
of 10 cm and normalized at the peak center. (From Raju 
MR. Heavy particle radiotherapy. New York: Academic 
Press, 1980.) 

Dose deposited in tissue from a high-energy neutron beam is predominantly con- 
tributed by ~ecoil protons. Because of the higher hydrogen content, the dose absorbed in 
fat exposed to a neutron beam is about 20% higher than in muscle. Nuclear disintegrations 
produced by neutrons result in the emission ofheavy charged particles, neutrons, and y rays 
and give rise to about 30% of the tissue dose. Because of such diverse secondary radiation 
produced by neutron interactions, the neutron dosimetry is relatively more complicated 
than the other types of clinical beams. 

5.13. COMPARATIVE BEAM CHARACTERISTICS 

No one kind of radiation beam is ideal for radiation therapy. Whereas x-rays and electrons 
are the most useful beams, particle beams have some unique physical and radiobiologic 

DEPTH IN TISSUE (cm) 

FIG. 5.15. Comparison of depth-dose distribution 
for protons and electrons. (From Koehler AM, Pre- 
ston WM. Protons in radiation therapy. Radiology 
1972;104:191, with permission.) 
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characteristics that have attracted the attention of many investigators. For details the reader 
is referred to reference 1. 

Physical advantages of a radiation therapy beam are derived from the depth-dose 
distributions and scatter characteristics. Figures 5.13, 5.14, and 5.15 compare the depth- 
dose characteristics ofvarious beams. It is seen that the depth dose distribution of neutron 
beams is qualitatively similar to the "Co y rays. The heavy charged particle beams, the 
Bragg peaks ofwhich were modulated using filters (as is typically done in clinical situations), 
show a flat dose distribution at the ~ e a k  region and a sharp dose dropoff beyond the range. 
Electron beams also show a constant dose region up to about half the parricle range 
and a sharp dose dropoff beyond that point. However, for higher electron energies, the 
characteristic falloff in dose becomes more gradual. Protons, on the other hand, maintain 
a sharp cutoff in dose beyond the range, irrespective of energy. 

REFERENCE 

1. Raju MR. Heavy particle radiotherapy. New York: Academic Press, 1980. 



MEASUREMENT OF IONIZlllUG 
RADIATION 

6.1. INTRODUCTION 

In the early days of x-ray usage for diagnosis and therapy, attempts were made to measure 
ionizing radiation on the basis of chemical and biologic effects. For instance, radiation 
effects on photographic emulsions, changes in the color of some chemical compounds, 
and reddening 0%- the human skin could be related to the amount of radiation absorbed. 
However, these effects were poorly understood at the time and could only provide crude 
estimation of radiation dose. For example, in radiotherapy, a unit called.skin erythema 
dose (SED) was defined as that amount ofx or y radiation that just produced reddening of 
the human skin. However, the unit has many drawbacks. Skin erythema depends on many 
conditions, such as the type ofskin, the quality of radiation, the extent ofskin exposed, dose 
fractionation (dose per fraction and interval between fractions), and differences between 
early and delayed skin reactions. 

Although the SED was later discarded in favor of a more precisely measurable unit 
such as the roentgen, the skin erythema was used by physicians as an approximate index of 
response to the radiation treatments. This happened in the orthovoltage era when the skin 
was the limiting organ to the delivery of tumoricidal doses. The reliance on skin reaction 
for the assessment of radiation response had to be abandoned when megavoltage beams 
with the skin-sparing properties became the main tools of radiation therapy. 

In 1928, the International Commission on Radiation Units and Measurements 
(ICRU) adopted the roentgen as the unit of measuring x and y radiation exposure. The 
unit is denoted by R. 

6.2. THE ROENTGEN 

The roentgen is a unit of exposure. The quantity exposure is a measure of ionization 
produced in air by photons. The ICRU (1) defines exposure (X) as the quotient of dQby 
dm where dQ is the absolute value of the total charge of the ions of one sign produced in 
air when all the electrons (negatrons and positrons) liberated by photons in air of mass dm 
are completely stopped in air. 

The Systems Internationale d'Unites (SI) unit for exposure is coulomb per kilogram (Clkg) 
but the special unit is roentgen (R).' 

1 R = 2.58 x lo-* C/kg air 

' Roentgen was originally defined as 1R = 1 electrostatic unit (esu)lcm3 air at standard temperature and pressure 
(STP) (O°C, 760 rnm Hg). The current definition of 1R = 2.58 x C/kg air is equivalent to the original 
if the charge is expressed in coulombs (1 esu = 3.333 x C) and the volume of air is changed to mass 
(1 cm3 of air at STP weighs 1.293 x lo-' kg). 



6. Measurement of Ionizing Radiation 79 

Ionization Current 
FIG. 6.1. Diagram illustrating electronic equilibrium in a 
free-air chamber. 

The definition of roentgen is illustrated in Fig. 6.1. An x-ray beam in passing through 
air sets in motion electrons by photoelectric effect, Compton effect, or pair production. 
These high-speed electrons produce ionization along their tracks. Because of the electric 
field produced by the voltage applied across the ion-collection plates, the positive charges 
move toward the negative plate and the negative charges move toward the positive plate. 
This constitutes a current. The collected charge of either sign can be measured by an 
electrometer. 

According to the definition of roentgen, the electrons produced by photons in a 
specified volume (shaded in Fig. 6.1) must spend all their energies by ionization in air 
enclosed by the plates (region of ion coilection) and the total ionic charge of either sign 
should be measured. However, some electrons produced in the specified volume deposit 
their energy outside the region of ion collection and thus are not measured. On the other 
hand, electrons produced outside the specified volume may enter the ion-collecting region 
and produce ionization there. If the ionization loss is compensated by the ionization gained, 
a condition of ekctronic equilibrium exists. Under this condition, the definition of roentgen 
is effectively satisfied. This is the principle of free-air ionization chamber, described below. 

6.3. FREE-AIR IONIZATION CHAMBER 

The free-air, or standard, ionization chamber is an instrument used in the measurement 
of the roentgen according to its definition. Generally, such a primary standard is used only 
for the calibration of secondary instruments designed for field use. The free-air chamber 
installations are thus confined principally to some of the national standards laboratories. 

A free-air chamber is represented schematically in Fig. 6.2. An x-ray beam, originating 
from a focal spot S, is defined by the diaphragm D, and passes centrally benveen a pair of 
parallel plates. A high-voltage (field strength of the order of 100 Vlcm) is applied between 
the plates to collect ions produced in the air between the plates. The ionization is measured 
for a length L defined by the limiting lines of force to the edges of the collection plate C. 
The lines of force are made straight and perpendicular to the collector by a guard ring G. 

As discussed previously, electrons produced by the photon beam in the specified 
volume (shaded in Fig. 6.2) must spend all their energy by ionization of air between the 
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FIG. 6.2. A schematic diagram of a free-air chamber. 

plates. Such a condition can exist only if the range of the electrons liberated by the incident 
photons is less than the distance between each plate and the specified volume. In addition, 
for electronic equilibrium to exist, the beam intensity (photon fluence per unit time) must 
remain constant across the length of the specified volume, and the separation between the 
diaphragm and the ion-collecting region must exceed the electron range in air. 

If A Q is the charge collected in Coulombs and p is the density (kglm3) of air, then 
the exposure Xp at the center of the specified volume (point P) is: 

AQ x p = - .  1 
roentgens 

p.Ap.L 2.58 x lo-* 

where Ap is the cross-sectional area (in meters squared) of the beam at point P and L (in 
meters) is the length of the collecting volume. In practice, it is more convenient to state the 
exposure (X) at the position of the diaphragm. Suppose f and f 2  are the distances of the 
x-ray source to the diaphragm and point P, respectively. Because the intensity at point P and 
at the diaphragm are related by an inverse square law factor (f1lf2)~, which also relates the 
area of the beams at the diaphragm and at point P, exposurex~  at the diaphragm is given by: 

where AD is the diaphragm aperture area. 
Accurate measurements with a free-air ionization chamber require considerable care. 

A few corrections that are usually applied include (a) correction for air attenuation; (b) 
correction for recombination of ions; (c) correction for the effects of temperature, pressure, 
and humidiry on the density of air; and (d) correction for ionization produced by scattered 
photons. For details of various corrections the reader is referred to National Bureau of 
Standards handbook (2). 

There are limitations on the design of a free-air chamber for the measurement of 
roentgens for high-energy x-ray beams. As the photon energy increases, the range of the 
electrons liberated in air increases rapidly. This necessitates an increase in the separation 
of the plates ro maintain electronic equilibrium. Too large a separation, however, creates 
problems of nonuniform electric field and greater ion recombination. Although the plate 
separation can be reduced by using air at high pressures, the problems still remain in regard 
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to air attenuation, photon scatter, and reduction in the efficiency of ion collection. Because 
of these problems, there is an upper limit on the photon energy above which the roentgen 
cannot be accurately measured. This limit occurs at about 3 MeV. 

6.4. THIMBLE CHAMBERS 

Free-air ionization chambers are too delicate and bulky for routine use. Their main function 
is in the standardizing laboratories where they can be used to calibrate field instruments 
such as a thimble chamber. 

The principle of the thimble chamber is illustrated in Fig. 6.3. In Fig. 6.3X, a spherical 
volume of air is shown with an air cavity at the center. Suppose this sphere of air is irradiated 
uniformly with a photon beam. Also, suppose that the distance between the outer sphere 
and the inner cavity is equal to the maximum range of electrons generated in air. If the 
number of electrons entering the cavity is the same as that leaving the cavity, electronic 
equilibrium exists. Suppose also that we are able to measure the ionization charge produced 
in the cavity by the electrons liberated in the air surrounding the cavity. Then by knowing 
the volume or mass of air inside the cavity, we can calculate the charge per unit mass or the 
beam exposure at the center of the cavity. Now if the air wall in Fig. 6.3Ais compressed into 
a solid shell as in Fig. 6.3B, we get a thimble chamber. Although the thimble wall is solid, 
it is air equivalent, i.e., its effective atomic number is the same as that of air. In addition, 
the thickness of the thimble wall is such that the electronic equilibrium occurs inside the 
cavity, just as it did in Fig. 6.3A. As before, it follows that the wall thickness must be equal 
to or greater than the maximum range of the electrons liberated in the thimble wall. 

Since the density of the solid air-equivalent wall is much greater than that of free air, 
the thicknesses required for electronic equilibrium in the thimble chamber are considerably 
reduced. For example, in the 100 to 250 kVp x-ray range, the wall thickness of the thimble 
(assuming unit density) is about 1 mm, and in the case of G O ~ o  Y rays (average hv 
1.25 MeV), it is approximately 5 mm. In practice, however, a thimble chamber is con- 
structed with wall thicknesses of 1 mm or less and this is supplemented with close-fitting 
caps of Plexiglas or other plastic to bring the total wall thickness up to that needed for 
electronic equilibrium for the radiation in question. 

A. Chamber Wall 

Figure 6.3C shows a typical thimble ionization chamber. The wall is shaped like a sewing 
thimble-hence the name. The inner surface of the thimble wall is coated by a special 

/-Y-Air Shell 
/Sol id Air Shell 

A'ir Cavity 
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Thimble Wall Insulator 
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FIG. 6.3. Schematic diagram illustrating the nature of the thim- 
ble ionization chamber. A: Air shell with air cavity. B: Solid airshell 
with air cavity. C: The thimble chamber. 
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material to make it electrically conducting. This forms one electrode. The other electrode 
is a rod of low atomic number material such as graphite or aluminum held in the center 
of the thimble but electrically insulated from it. A suitable voltage is applied between the 
two electrodes to collect the ions produced in the air cavity. 

As mentioned previously, most of the ionization produced in the cavity air arises from 
electrons liberated in the surrounding wall (for at least up to 2 MeV photons). For the 
thimble chamber to be equivalent to a free-air chamber, the thimble wall should be air 
equivalent. This condition would ensure that the energy spectrum of electrons liberated 
in the thimble wall is similar to that in air. 

For the thimble chamber to be air equivalent, the effective atomic number of the 
wall material and the central electrode must be such that the system as a whole behaves 
like a free-air chamber. Most commonly used wall materials are made either of graphite 
(carbon), Bakelite, or a plastic coated on the inside by a conducting layer of graphite or 
of a conducting mixture of Bakelite and graphite. The effective atomic number of the 
wall is generally a little less than that of air. It is closer to that of carbon ( Z =  6). As a 
consequence, such a wall should give rise to less ionization in the air cavity than a free-air 
wall. However, the usually greater atomic number of the central electrode, its dimensions, 
and the placement geometry within the thimble can provide compensation for the lower 
atomic number of the wall. 

B. Effective Atomic Number 

It is instructive to discuss the term effective atomic number (2) in a greater detail. Z is the 
atomic number of an element with which photons interact the same way as with the given 
composite material. Since photoelectric effect is highly Z dependent (section 5.7), Z is 
considered for photoelectric interactions. Mayneord (3) has defined the effective atomic 
number of a compound as follows: 

Z = (al 2fq4 + a 2 g  q4 + ag ~ 5 . ~ ~  + . . . + a n 2 t g 4 )  (6.4) 

where al, a 2 , 4 ,  . . . a, are the fractional contributions ofeach element to the total number 
of electrons in the mixture. 

Example 1. Calculation of f for Air 

Composition by weight: nitrogen 75.5%, oxygen 23.2%, and argon 1;3% 
Number of electronslg of air: x (fraction by weight) 

6.02 x loz3 x 7 
Nitrogen = x 0.755 = 2.27 x loz3 

14.007 

6.02 x x 8 
Oxygen = x 0.232 = 0.7 x 

15.999 

6.02 x x 18 
Argon = x 0.013 = 0.04 x loz3 

39.94 

Total number of electronslg of air = 3.01 x loz3 (Table 5.1) 

2.27 
a, for nitrogen = - = 0.754 

3.01 
0.70 

a2 for oxygen = - = 0.233 
3.01 
0.04 

as for argon = - = 0.013 
3.01 
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C. Chamber Calibration 

A thimble chamber could be used directly to measure exposure if (a) it were air equivalent, 
(b) its cavinl volume were accurately known, and (c) its wall thickness was sufficient to 
provide electronic equilibrium. Under the above conditions, the exposure Xis given by: 

where Qis the ionization charge liberated in the caviry air ofdensity p and volume v; Ais the 
fraction of the energy fluence transmitted through the air-equivalent wall of equilibrium 
thickness. The factor A is slightly less than 1.00 and is used here to calculate the exposure 
for the energy fluence that would exist at the point of measurement in the absence of the 
chamber. 

There are practical difficulties in designing a chamber that would rigorously satisfy the 
conditions of Equation 6.5. It is almost impossible to construct a thimble chamber that is 
exactly air equivalent, although with a proper combination ofwall material and the central 
electrode one can achieve acceptable air equivalence in a limited photon energy range. In 
addition, it is difficult to determine accurately the chamber volume directly. Therefore, in 
actual practice, the thimble chambers are always calibrated against a free-air chamber for 
x-rays up to a few hundred kilovolts (2). At higher energies (up to G O ~ o  y rays), the thimble 
chambers are calibrated against a standard cavity chamber with nearly air-equivalent walls 
(e.g., graphite) and accurately known volume (4). In any case, the exposure calibration of 
a thimble chamber removes the need for knowing its cavity volume (see Chapter 8). 

Although adequate wall thickness is necessary to achieve electronic equilibrium, the 
wall produces some attenuation of the photon flux. Figure 6.4 shows the effect of wall 
thickness on the chamber response. When the wall thickness is much less than that re- 
quired for equilibrium or maximum ionization, too few electrons are generated in the wall, 
and thus the chamber response is low. Beyond the equilibrium thickness, the chamber re- 
sponse is again reduced because of increased attenuation of the beam in the wall. The true 
exposure (without attenuation) can be obtained by extrapolating linearly the attenuation 
curve beyond the maximum back to zero thickness, as shown in Fig. 6.4. If the chamber 
response is normalized to the maximum reading, then the extrapolated value for zero wall 
thickness gives the correction factor 1/A used in Equation 6.5. The correcrion for zero 
wall thickness, however, is usually allowed for in the exposure calibration of h e  chamber 
and is inherent in the calibration factor. Thus, when the calibration factor is applied to 
the chamber reading (corrected for changes in temperature and pressure of cavity air), it 
converts the value into true exposure in free air (without chamber). The exposure value 
thus obtained is free from the wall attenuation or the perturbing influence of the chamber. 

Wall Thickness (em) 

FIG. 6.4. The effect of wall thickness on chamber response 
(schematic). 
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D. Desirable Chamber Characteristics 

A practical ion chamber for exposure measurement should have the following characteris- 
tics. 

1. There should be minimal variation in sensitivity or exposure calibration factor over a 
wide range of photon energies. 

2. There should be suitable volume to allow measurements for the expected range of 
exposures. The sensitivity (charge measured per roentgen) is directly proportional to 
the chamber sensitive volume. For example, the reading obtained for a given exposure 
with a 30-cm3 chamber will be approximately 50 times higher than that obtained with 
a 0.6-cm3 chamber. However, the ratio may not be exactly 50, because a chamber 
response also depends on the chamber design, as discussed previously. 

3. There should be minimal variation in sensitivitywith the direction of incident radiation. 
Although this kind of variation can be minimized in the design of the chamber, care is 
taken to use the chamber in the same configuration with respect to the beam as specified 
under chamber calibration conditions. 

4. There should be minimal stem "leakage." A chamber is known to have stem leakage if 
it records ionization produced anywhere other than its sensitive volume. The problem 
of stem leakage is discussed later in this chapter. 

5. The chamber should have been calibrated for exposure against a standard instrument 
for all radiation qualities of interest. 

6. There should be minimal ion recombination losses. If the chamber voltage is not high 
enough or regions of low electric field strength occur inside the chamber, such as in the 
vicinity of sharply concave surfaces or corners, ions may recombine before contributing 
to the measured charge. The problem becomes severe with high-intensity or pulsed 
beams. 

6.5. PRACTICAL THIMBLE CHAMBERS 

A. Condenser Chambers 

A condenser chamber is a thimble ionization chamber connected to a condenser. Figure 6.5 
shows a Victoreen condenser chamber, manufactured by Victoreen Instrument Company. 
The thimble at the right-hand end consists ofan approximately air equivalent wall (Bakelite, 
nylon, or other composition) with a layer of carbon coated on the inside to make it 
electrically conducting. The conducting layer makes contact with the metal stem. The 
central electrode (aluminum rod) is connected to a conducting layer of carbon coated on 
the inside of a hollow polystyrene insulator. This arrangement of an outer metal shield and 
an inner conducting layer with an insulator in between constitutes an electrical condenser 
capable of storing charge. The central wire and the thimble's inner conducting surface 
together also act as a condenser. Thus the chamber has a total capacitance (C) between 
the central electrode and the outer metal sheath which is given by: 

Metal Shield 

Layer 

Air Equivalent 
Wall 

FIG. 6.5. Schematic diagram of a typical condenser chamber. 
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where C, and C, are the capacitance of the condenser and thimble, respectively. Usually 
C, is much greater than C,. 

The device for charging the condenser chamber and measuring its charge is an elec- 
trometer (described later in this section). When fully charged, the potential difference 
between the carbon layer of the thimble wall and the central electrode is of the order of 
400 V. When the chamber is exposed to radiation, electrons are generated in the thimble 
wall and produce ionization of the air in the thimble cavity. The negative ions are attracted 
to the positive central electrode and the positive ions are attracted to the negative inner 
wall. As ions are collected, the charge on the electrodes is reduced. The reduction in charge 
is proportional to the exposure. 

In general, all the ionization measured is produced in the air volume within the 
thimble. Although the ionization is also produced in the air within the hollow portion of 
the stem, these ions recombine since they are in a field-free region. 

Figure 6.6 shows several Victoreen condenser chambers designed with different sensi- 
tivities. The chambers are designated by the maximum exposure that can be measured. For 
example, a 100-R chamber is capable of measuring exposures up to 100 R. This chamber 
has a sensitive volume of about 0.45 cm3. A 25-R chamber has a volume of about 1.8 cm3, 
which is four times that of 100-R chamber and, therefore, about four times as sensitive, 
since chamber sensitivity is directly proportional to sensitive volume (see Equation 6.11). 

A. 1.  Chamber Sensitivity 

Suppose a chamber with volume v is given an exposure X The charge Q collected is given 
by: 

where p i ,  is the density of air and pi,.v is the mass of the air volume. The Equation 6.7 is 
in accordance with the definition of exposure, given by Equation 6.1 as well as Equation 

LOW ENERGY CHAMBER 

MEDIUM ENERGY CHAMBERS 

(7 - _ _ _  ---.- 1 s  

VICTOREEN MODEL 570 CONDENSER R-METER 
HIGH ENERGY CHAMBER 

FIG. 6.6. A set of Victoreen condenser chambers with a string electrometer. (Courtesy of Victoreen, Inc., 
Melbourne, Florida.) 
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6.5 if A is assumed equal to 1. Using appropriate units, 

Q (coulombs) = X(R) (2.58 x C / k , )  p;,(kglm3) - v(m3) 

If air is assumed to be at standard temperature and pressure (O°C and 760 mm Hg), pair 
= 1.29 kg/m3. Then, 

If Cis the total capacitance of the chamber (Equation 6.6) in farads, then the voltage drop 
Vacross the chamber is: 

Q 3.33 1 0 - ~ x +  V = - -  
c - C (6.9) 

The voltage drop per roentgen is: 

The voltage drop per roentgen is known as the sensitivity of the chamber. Thus the chamber 
sensitivity is directly proportional to the chamber volume and inversely to the chamber 
capacitance. 

If the chamber is connected to an electrometer of capacitance C, used to measure the 
charge, then the sensitiviry of the chamber is modified: 

A.2. Stem Effect 

Figure 6.7 shows an arrangement used for measuring exposure with a condenser chamber. 
A chamber is oriented with the axis of the chamber at a right angle to the direction of the 
beam. Different lengths of the chamber stem are included in the field, depending on the 
field size. However, the calibration of the thimble chamber against a standard chamber is 
performed with a fixed field that may cover the entire stem or only a small portion of the 
stem. If the irradiation of the stem gives rise to ionization that can be measured by the 
chamber, the chamber reading depends on the amount of the stem in the beam. Thus a 
correction will be necessary whenever the length of the stem irradiated differs from that 
irradiated at the time of the chamber calibration. 

Stem effect can be caused by two problems: (a) measurable ionization in the body of 
the stem and (b) ionization of the air between the end of the chamber and the metal cap. 
As discussed earlier, the ionization produced in air in the central hollow portion of the 
stem is normally not measured since this is a field-free region and the ions produced there 

Collimator d L / \,~adiation Beam 

Point of Measurement 

FIG. 6.7. Geometry of exposure measurements with a condenser 
chamber. 



6. Measurement of Ionizing Radiation 87 

Field Border n 
..,..;.. . . . . 'chamber . . . . '/orientation i i2 . . : : . . . . . . . . . . 
#......I 

FIG. 6.8. Geometry of stem correction determination. 

recombine. However, electrons ejected from the metal stem and the insulator could reach 
the central electrode and reduce its charge. This kind of stem leakage is usually small and 
occurs only with high-energy radiation (-2 MeV or higher). The stem leakage caused by 
ionization of the air surrounding the stem end is eliminated or minimized by a metal cap 
which fits over the end of the chamber and covers up the central electrode. In addition, 
the end cap attenuates the radiation and reduces the stem ionization. This cap must be in 
place during irradiation (Fig. 6.6). If the cap does not fit properly over the chamber end, 
some charge can be collected in the air adjacent to the end of the electrode, thus causing 
stem leakage. Correction for the stem effect may be as large as 10%. For hnher  details 
concerning condenser chamber stem leakage, see Adams (5). 

The stem correction may be determined as illustrated in Fig. 6.8. Measurements are 
made with the chamber oriented in each of the two positions shown. A number of points 
in the field are selected for such measurements and correction factors are obtained as a 
function of the stem length exposed relative to the amount of the stem exposed during 
calibration. Figure 6.9 presents data for a particular chamber which had been calibrated 
for 'OCO exposure with the center of the chamber sensitive volume at the center of a 10 x 
10-cm field. It appears that in this case the major stem effect is occurring at the stem end 
where the protective cap seals the chamber. 

B. Farmer Chamber 
Condenser chambers are suitable for measuring exposure rate in air for relatively lower- 
energy beams ( ( 2  MeV). Although there are no basic limitations to their use for 
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FIG. 6.9. Plot of stem correction factor (multiplicative) 
as a function of stem length, measured from center of 
sensitive volume. 
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PT,CFE 3.5 mrn Graph i te  $ 20.5mm- 

2 4 
FIG. 6.10. Farmer' graphitelaluminum cham- - ber. Nominal air volume, 0.6 ml. PTCFE, poly- 
trichlorofluorethylene. (Redrawn from Aird 
EGA, Farmer FT. The design of a thimble cham- 
ber for the Farmer dosimeter. Phys Med Biol 
1972;17:169.) 

higher-energy radiation, the design of the stem and excessive stem leakage create dosi- 
metric problems, especially when making measurements in phantoms. In 1955, Farmer 
(6) designed a chamber which provided a stable and reliable secondary standard for x-rays 
and y rays for all energies in the therapeutic range. This chamber connected to a specific 
electrometer (to measure ionization charge) is known as the Baldwin-Farmer substandard 
dosimeter. 

The original design of the Farmer chamber was later modified by Aird and Farmer 
(7) to provide better (flatter) energy response characteristics and more constancy of design 
from one chamber to another. This chamber is shown schematically in Fig. 6.10. Actual 
dimensions of the thimble and the central electrode are indicated on the diagram. The 
thimble wall is made of pure graphite and the central electrode is of pure aluminum. The 
insulator consists of polytrichlorofluorethylene. The collecting volume of the chamber is 
nominally 0.G cm3. 

There are three electrodes in a well-guarded ion chamber: the central electrode or 
the collector, the rhimble wall and the guard electrode. The collector delivers the current 
to a charge measuring device, an electrometer. The electrometer is provided with a dual 
polarity HV source to hold the collector at a high bias voltage (e.g., 300 V). The thimble 
is at ground potential and the guard is kept at the same potential as the collector. Most 
often the collector is operated with a positive voltage to collect negative charge although 
either polarity should collect the same magnitude of ionization charge, if the chamber is 
designed with minimal polarity effects (to be discussed later). 

The guard electrode serves two different purposes. One is to prevent leakage current 
from the high voltage electrode (the collector) and the other is to define the ion collecting 
volume. In a plane-parallel ion chamber (to be discussed later) the plane-collectingelectrode 
is surrounded by a wide margin of guard ring to prevent undue curvature of the electric 
field over the collector. In such a chamber, when graphite coatings are used as collecting 
surfaces on an insulator, the collector can be separated from the guard ring by a scratch 
through the graphite coating. 

The energy response of the chamber designed by Aird and Farmer is shown in the 
form of a plot of calibration factor as a hnction of beam half-value layer (Fig. 6.1 1). The 
response is almost constant from 0.3 mm Cu HVL upward and within 4% from 0.05 mm 

Measured 

I I I I I FIG. 6.11. Energy response of the chamber shown 
1 .3 1 .o 3.0 10.0 in Fig. 6.10. (Redrawn from Aird EGA, Farmer FT. 

The design of a thimble chamber for the Farmer 
H.V.L. mm CU dosimeter. Phys Med Biol 1972;17:169.) 
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Cu upward. Aird and Farmer found the total stem leakage of this chamber to be about 
0.4% when irradiated with 4-MV x-rays with the whole stem in rhe beam. 

Farmer chambers, like the one described above and other Farmer-type chambers are 
commercially available. The latter chambers are constructed similar to the original Farmer 
chamber but vary with respect to the composition of the wall material or the central elec- 
trode. The user of any such chamber is cautioned against usingachamber the characteristics 
of which have not been evaluated and found acceptable. For further details of chamber 
design and characteristics the reader is referred to Boag (8). 

6.6. ELECTROMETERS 

A. String Electrometer 

The electrometer is basically a charge measuring device. The string electrometer is a type of 
electrometer that operates on the principle of a gold-leaf electroscope. Such electrometers 
are commonly used for the measurement of charge on a condenser chamber. Figure 6.12 
shows the mechanism of a string electrometer used in a Victoreen R meter. The device 
consists of a string (platinum wire) stretching along a support rod and maintained under 
tension by a quartz loop attached at one end of the rod. A deflection electrode is mounted 
near the middle of the string. When the support rod and the platinum wire are positively 
charged, a negative charge is induced on the deflection electrode. The deflection electrode 
attfacts the wire that moves a distance that depends on the amount of charge on the wire. 
The deflection of the wire is viewed through a small microscope that shows a shadow of 
the wire projected on an illuminated scale. 

To operate the instrument, the condenser chamber is inserted into the electrometer. 
This connects the central electrode of the chamber with the support rod and the wire. The 
chamber and the electrometer are then charged until the shadow of the wire coincides with 
the zero end of the scale (fully charged position). The voltage across the chamber electrodes 
at this instant is about 400 V. The chamber is then removed from the electrometer and 
exposed to radiation. The ionization produced in the thimble air of the chamber reduces 

Lens  
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FIG. 6.12. Schematic diagram of Victoreen electrometer. 
(Adapted from a diagram by Victoreen, Inc.) 
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the charge on the central electrode. As the chamber is reconnected to the electrometer, the 
reduction in charge is shared by the chamber and the electrometer. The attraction between 
the wire and the deflection electrode is decreased and the string shadow moves upscale. 
The reading on the scale reflects the amount of radiation received by the chamber. The 
exposure in roentgens can be calculated by multiplying the reading with several correction 
factors such as temperature and pressure correction, chamber calibration factor for the 
given quality of radiation, and stem correction. 

B. Other Electrometers 

The condenser chambers described earlier are detached from the electrometer during 
exposure and then reattached to measure the charge. Other exposure-measuring devices 
are available in which the chamber remains connected to the electrometer during exposure. 
The cable is long enough so that the electrometer is placed outside the room at the control 
console of rhe radiation generator. This arrangement is more convenient than that of the 
detachable condenser chamber in which the operator must carry the chamber to the room, 
return to the control console, operate the machine, and then go back in the room to retrieve 
the chamber for charge measurement. In calibrating a radiation unit, this amounts to a 
large number of trips, going in and out of the room. 

B. I .  Operational Amplifiers 

Since the ionization current or charge to be measured is very small, special electrometer cir- 
cuits have been designed to measure it accurately. The most commonly used electrometers 
use negativefeedback operational ampf$ers. Figure 6.13 schematically shows three simpli- 
fied circuits that are used to measure ionization in the integrate mode, rate mode, and 
direct-reading dosimeter mode. The operational amplifier is designated as a triangle with 
two input points. The negative terminal is called the inverting terminal and the positive 

out 

FIG. 6.13. Schematic diagrams of ion chambers connected to negative-feedback operational amplifiers. 
A: Integrate mode. B: Rate mode. C: Direct-exposure reading mode. 
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one as the noninverting position. This terminology implies that a negative voltage applied 
to the inverting terminal will give a positive amplified voltage and a positive voltage applied 
to the noninverting terminal will give a positive amplified voltage. A negative-feedback 
connection is provided, which contains either a capacitor or a resistor. 

The operational amplifier has a high open-loop gain (> lo4) and a high input im- 
pedence (> 1012 ohm). Because of this, the output voltage is dictated by the feedback 
element, independent of the open-loop gain, and the potential between the positive 
and negative inputs of the amplifier (called the error voltage) is maintained very low 
(i 100 my). For example, if the ionization current is lo-' A and the resistor in the 
feedback circuit of Fig. 6.13B is lo9 ohm, the out ut voltage will be current times the ? resistance or 10 V. Assuming open-loop gain of 10 , the error voltage between the input 
terminals of the amplifier will be V or 1 mV. This leads to avery stable operation, and 
the voltage across the feedback element can be accurately measured with the closed-loop 
gain of almost unity. 

In the integrate mode (Fig. 6.13A), the charge Q collected by the ion chamber is 
deposited on the feedback capacitor C. The voltage V across Cis read by a voltmeter and 
is given by QIC, where C i s  the capacity. Measurement of this voltage is essentially the 
measurement of ionization charge. 

In the rate mode (Fig. 6.13B), the capacitor is replaced by a resistance R Irradiation of 
the chamber causes an ionization current I t o  flow through the resistor, generating avoltage 
V = IR across the resistance. The measurement of this voltage reflects the magnitude of 
the ionization current. 

For total capacitative or resistive feedback circuits, the closed-loop gain of the opera- 
tional amplifier is unity, i.e., the output voltage is given by the voltage across the feedback 
element. If a variable fraction of the output voltage is fed back to the input as by a voltage 
divider (Fig. 6.13C), the electrometer can be converted into a direct exposure-reading 
(R or Rlmin) instrument for a given chamber and a given quality of radiation. 

Special electrometer circuits have been designed to measure accurately ionization cur- 
rents, even as low as 10-l5 A. The reader is referred to Johns (9) for further details. 

Several combinations of chambers and electrometers using operational amplzj?ers are 
commercially available. Figure 6.14 shows one of such systems. A Farmer 0.6-cm3 ion 
chamber is connected through a long shielded cable to a Keithley 616 electrometer. The 
system can be used to measure integrated charge or ionization current. Both the chamber 
and the electrometer are calibrated so that the reading can be converted into exposure. 

6.7. SPECIAL CHAMBERS 

A cylindrical thimble chamber is most often used for exposure calibration of radiation 
beams when the dose gradient across the chamber volume is minimal. It is not suitable 
for surface dose measurements. As will be discussed in Chapter 13, high-energy photon 
beams exhibit a dose buildup effect, that is, a rapid increase of dose with depth in the first 
few millimeters. To measure the dose at a point in this buildup region or at the surface, the 
detector must be very thin so that there is no dose gradient across its sensitive volume. In 
addition, the chamber must not significantly perturb the radiation field. Special chambers 
have been designed to achieve the above requirements. 

A. Extrapolation Chamber 

Failla (1 0) designed an ionization chamber for measuring surface dose in an irradiated phan- 
tom in 1937. He called this chamber an extrapolation chamber (Fig. 6.15). The beam enters 
through a thin foil which is carbon coated to form the upper electrode. The lower or the col- 
lecting electrode is a small coin-shaped region surrounded by a guard ring and is connected 
to an electrometer. The electrode spacing can be varied accurately by micrometer screws. 
By measuring the ionization per unit volume as a function of electrode spacing, one can 
estimate the superficial dose by extrapolating the ionization curves to zero electrode spacing. 
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FIG. 6.14. A photograph of a Farmer 0.6-cm3 ion 
chamber with a Keithley 616 electrometer. (Cour- 
tesy of Keithley Instruments, Inc., Cleveland, Ohio.) 
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rs  FIG. 6.15. Extrapolation ion chamber by Failla. (Redrawn 

from Boag JW. Ionization chambers. In: Attix FH, Roesch 
Backscattering WC, eds. Radiation dosimetry, Vol 2. New York: Academic 

Material Press, 1969:l.) 
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The extrapolation chambers of the type described above have been used for special 
dosimetry, e.g., the measurement of dose in the superficial layers of a medium and the 
dosimetry of electrons and /I particles. 

B. Parallel-plate Chambers 

Parallel-plate chambers are similar to the extrapolation chambers except for the variable 
electrode spacing. The electrode spacing of the parallel-plate chambers is small (-2 mm) 
but fixed. A thin wall or window (e.g., foils of 0.01- to 0.03-mm-thick Mylar, polystyrene, 
or mica) allows measurements practically at the surface of a phantom without significant 
wall a ttenuation. By adding layers of phantom material on top of the chamber window, one 
can study the variation in dose as a function of depth, at shallow depths where cylindrical 
chambers are unsuitable because of their larger volume. 

The small electrode spacing in a parallel-plate chamber minimizes cavity perturbations 
in the radiation field. This feature is especially important in the dosimetry of electron 
beams where cylindrical chambers may produce significant perturbations in the electron 
field. 

6.8. ION COLLECTION 

A. Saturation 

As the voltage difference between the electrodes of an ion chamber exposed to radiation 
is increased, the ionization current increases at first almost linearly and later more slowly. 
The curve finally approaches a saturation value for the given exposure rate (Fig. 6.16). The 
initial increase of ionization current with voltage is caused by incomplete ion collection at 
low voltages. The negative and the positive ions tend to recombine unless they are quickly 
separated by the electric field. This recombination can be minimized by increasins the field 
strength (Vlcm). 

If the voltage is increased much beyond saturation, the ions, accelerated by the electric 
field, can gain enough energy to produce ionization by collision with gas molecules. This 
results in a rapid multiplication of ions, and the current, once again, becomes strongly 
dependent on the applied voltage. The chamber should be used in the saturation region 
so that small changes in the voltage do not result in changes in the ionic current. 

B. Collection Efficiency 

As previously discussed, the maximum field that can be applied to the chamber is limited by 
the onset of ionization by collision. Depending on the chamber design and the ionization 

Chamber Voltage 

FIG. 6.16. Saturation curve for a n  ion chamber. 
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intensity, a certain amount of ionization loss by recombination can be expected. Especially 
at very high ionization intensity, such as is possible in the case of pulsed beams, significant 
loss of charge by recombination may occur even at maximum possible chamber voltages. 
Under these conditions, the recombination lossesmay have to be accepted and the correction 
applied for these losses. 

The collection eflciiency, defined as the ratio of the number of ions collected to the 
number produced, may be determined either by calculation (8,ll) or by measurements 
(1 1). Experimentally, the measured current is plotted against the inverse of the polarizing 
voltage in the region of losses below 5%. The "ideal" saturation current is then deter- 
mined by linear interpolation of the curve to infinite polarizing voltage. Another, sim- 
pler, method, called the two-voltage testing technique, has been described by Boag and 
Currant (12) for determining the efficiency of ion collection. In this method, measure- 
ments are made at two different voltages, one given working voltage and the other much 
lower voltage. By combining the two readings in accordance with the theoretical for- 
mula by Boag and Currant (12), one can obtain the collection efficiency at the given 
voltage. 

A more practical method of determining ion recombination correction (Pi,,) is to 
measure ionization at two bias voltages, V1 and V2, so that V1 = 2V2. The ratio of the two 
readings is related to Pi,,. Figure 6.17 is based on the work by Boag (13) and Almond (14) 
and may be used to determine Pi,, for a chamber for continuous radiation (e.g., G°Co), 
pulsed radiation, or ~ulsed scanning beams produced by accelerators. 

Whenever possible, the voltage on the chamber should be arranged to give less than 
1% loss of charge by recombination, that is, collection efficiency of better than 99%. In a 
0.6-cm3 Farmer-type chamber, this is generally achieved if the collection voltage is about 
300 V or higher and a dose per pulse in the chamber cavity is 0.1 cGy or less. 

FIG. 6.17. Ion recombination correction factors (Pion) for continuous radiation (Co60, Van de GraafF), pulsed 
radiation (accelerator-produced x-rays and electron beams), and pulsed scanning beams. These data are ap- 
plicable when V, = 2V2. (From AAPM. A protocol for the determination of absorbed dose from high-energy 
photon and electron beams. Med Phys 1983;10:741, with permission.) 
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6.9. CHAMBER POLARITY EFFECTS 

It is sometimes found that for a given exposure the ionic charge collected by an ion chamber 
changes in magnitude as the polarity of the collecting voltage is reversed. There are many 
possible causes of such polarity effects, some of which have been reviewed by Boag (8). 
With the chamber operating under saturation conditions, major causes of the polarity 
effects ificlude the following: 

a. High energy electrons such as Compton electrons ejected by high-energy photons con- 
stitute a current (also called the Compton current) independent of gas ionization. This 
may add to or reduce the collector current, depending on the polarity of the collecting 
electrode. In addition, some of these electrons may stop in the collector but may not be 
entirely balanced by ejection of recoil electrons from the collector. The previous effects 
are minimized by making the central electrode very thin. Errors due to these causes 
are likely to be appreciable for parallel-plate chambers with small electrode spacing. 
However, the true ionization current in this case can be determined by taking the mean 
of two currents obtained by reversing the chamber polarity. 

b. Extracumeralcurrent, for example, current collected outside the sensitive volume of the 
chamber, may cause the polarity effect. Such current may be collected at inadequately 
screened collector circuit points. Also, irradiation of the cable connecting the chamber 
with the electrometer can cause extracameral current as well as the Compton current 
discussed above. The errors caused by these effects can be minimized but not eliminated 
by reversing the chamber polarity and taking the mean value of the collector current. 

In general, the chamber polarity effects are relatively more severe for measurements in 
electron beams than photon beams, and in addition, the effect increases with decreasing 
electron energy. Therefore, it is important to determine polarity effects of a chamber at 
various depths in a phantom. The polarity effect is very much dependent on chamber design 
and irradiation conditions. Several commercially available chambers have been studied for 
this effect (1 5,16) and the reader is referred to these reports for further details. 

Many of the polarity effects and stem leakage can be minimized in the design of the 
chamber and the associated circuitry. Also, the adequacy ofchamber voltage is an important 
factor in minimizing some of the other polarity effects (not mentioned here but discussed 
by Boag [8]). Finally, it is recommended that the difference between the ionization currents 
measured at positive and negative polarizing potential should be less than 0.5% for any 
radiation beam quality. 

6.10. ENVIRONMENTAL CONDITIONS 

If the ion chamber is not sealed, its response is affected by air temperature and pressure. 
In fact, most chambers are unsealed and communicate to the outside atmosphere. Because 
the density of air depends on the temperature and pressure, in accordance with the gas 
laws, the density of air in the chamber volume will likewise depend on these atmospheric 
conditions. The density or the mass of air in the chamber volume will increase as the 
temperature decreases or pressure increases. Since exposure is given by the ionization charge 
collected per unit mass of air (section 6.2) ,  the chamber reading for a given exposure will 
increase as the temperature decreases or as the pressure increases. 

Standard laboratories calibrate chambers under the conditions present at the time 
of calibration. This factor is then converted to specific atmospheric conditions, namely, 
760 mm Hg pressure and 22OC temperature. The correction CT,P for conditions other 
than the above reference conditions can be calculated. 

where Pis the pressure in millimeters of mercury and t is temperature in degrees Celsius. 
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The second bracketed term gives the ratio of temperature t to the reference temperature 
(22"C), both converted to the absolute scale of temperature (in degrees Kelvin) by adding 
273.2 to the Celsius temperatures. 

6.11. MEASUREMENT OF EXPOSURE 

Exposure in units of roentgen can be measured with a thimble chamber having an exposure 
calibration factor Nc traceable to the National Institute of Standards and Technology 
(NIST) for a given quality of radiation. The chamber is held at the desired point of 
measurement in the same configuration as used in the chamber calibration (Fig. 6.7). 
Precautions are taken to avoid media, other than air, in the vicinity of the chamber which 
might scatter radiation. Suppose a reading Mis  obtained for a given exposure. This can be 
converted to roentgens as follows: 

X = M.Nc.CTP-CS.Cst (6.13) 

where CKP is the correction for temperature and pressure (Equation 6.12), C, is the 
correction for loss of ionization as a result of recombination (section 6.8), and C, is 
the stem leakage correction (section 6.5). The quantity Xgiven by Equation 6.13 is the 
exposure that would be expected in free air at the point of measurement in the absence of 
the chamber. In other words, the correction for any perturbation produced in the beam 
by the chamber is inherent in the chamber calibration factor Nc. 

For lower-energy radiation such as in the superficial and orthovoltage range, the thim- 
ble chambers are usually calibrated and used without a buildup cap. For higher energies 
such as cobalt-60, a Lucite buildup cap is used unless the chamber wall is already thick 
enough to provide electronic equilibrium (e.g., Victoreen high-energy chambers). In ei- 
ther case, the correction to zero wall thickness (section 6.4) is inherent in the chamber 
calibration factor Nc. 
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QUALITY OF X-RAY BEAMS 

In Chapter 5, we described x-ray beam in terms of photon fluence and energy fluence. 
Such a description requires the knowledge of the number and energy of the photons in the 
bean. In this chapter, we will characterize an x-ray beam in terms of its ability to penetrate 
materials of known composition. The penetrating ability of the radiation is often described 
as the quality of the radiation. 

. An ideal way to describe the quality of an x-ray beam is to specify its spectral distribu- 
tion, that is, energy fluence in each energy interval as shown in Fig. 3.9. However, spectral 
distributions are difficult to measure and, furthermore, such a complete specification of 
the beam quality is not necessary in most clinical situations. Since the biologic effects of 
x-rays are not very sensitive to the quality of the beam, in radiotherapy one is interested 
primarily in the penetration of the beam into the patient rather than in  detailed energy 
spectrum. Thus asrude but simpler specification of the beam quality is often used, namely 
the half-value layer. 

7.1. HALF-VALUE LAYER 

As defined earlier (Chapter 5), the term half-value layer (HVL) is the thickness of an 
absorber of specified composition required to attenuate the intensity of the beam to half 
its original value. Although all beams can be described in terms of their HVL, the quality 
of a y ray beam is usually stated in terms of the energy of the y rays or its nuclide of 
origin which has a known emission spectrum. For example, the qualiry of a y ray beam 
emitted from a G°Co source can be stated in terms of 1.17 and 1.33 MeV (average 1.25 
MeV) or simply cobalt-60 beam. Because all x-ray beams produced by radiation generators 
are heterogeneous in energy, that is, possess continuous energy spectra that depend on the 
peak voltage, target material, and beam filtration, they are usually described by the HVL, 
a single parameter specifying the overall penetrating ability of the beam. 

In the case of low-energy x-ray beams (below megavoltage range), it is customary to 
describe quality in terms of HVL together with kVp, although HVL alone is adequate for 
most clinical applications. O n  the other hand, in the megavoltage x-ray range, the quality 
is specified by the peak energy and rarely by the HVL. The reason for this convention is 
that in the megavoltage range the beam is so heavily filtered through the transmission type 
target and the flattening filter that any additional filtration does not significantly alter the 
beam quality or its HVL. Thus for a "hard" beam with a fixed filtration, the x-ray energy 
spectrum is a hnction primarily of the peak energy and so is the beam quality. The average 
energy of such a beam is approximately one third of the peak energy. 

7.2. FILTERS 

In section 3.5, we briefly discussed the energy spectrum of an x-ray beam. The x-rays pro- 
duced by an x-ray generator show a continuous distribution of energies of brernsstrahlung 
photons onwhich is superimposed discrete lines of characteristic radiation (Fig. 7.1). Curve 
A in Fig. 7.1 schematically represents the energy spectrum of a 200-kVp x-ray beam filtered 
by a 1-mm-thick aluminum filter. This distribution includes the effects of attenuation in 



98 I. Basic Physics 

K-Characteristic 
Radiation of 

0 5 0 100 150 2 00 

Photon Energy (keV) 

FIG. 7.1. Schematic graph showing changes in spectral distribu- 
tion of 200 kVp x-ray beam with various filters. Curve A is for Al, 
curve B is for Sn + Al, and curve Cis for Sn + Cu + Al. 

the glass envelope of the x-ray tube, the surrounding oil, and the exit window of the tube 
housing as well. This so-called inherentjltration is equivalent to approximately 1-mm A1 
in most x-ray tubes. 

The K characteristic x-rays produced in the tungsten target possess discrete energies 
between 58 and 69 keV (Table 3.1). Other emission lines of tungsten, however, have much 
lower energies and are not shown in Fig. 7.1 because they are effectively removed by the 
inherent filtration as well as the added filtration. 

The energy fluence of the K lines of tungsten can be preferentially reduced using a tin 
filter. Because the K absorption edge of tin is at about 29.2 keV (Table 3.2), it strongly 
absorbs photons above 29.2 keV by the photoelectric process. However, lower-energy 
photons cannot eject the K electrons. As seen in curve B of Fig. 7.1, the energy fluence in 
the region from 30 to 70 keV is considerably reduced relative to either the higher-energy 
part of the spectrum or the spectrum below 29 keV Because the L absorption edge of 
tin is only 4.5 keV, there is little reduction in the spectrum below 29 key In addition to 
the above effects, tin produces its own characteristic radiation by the photoelectric process 
involving the K shell, and these lines are superimposed on the spectrum below the tin 
absorption edge. 

To absorb   refer en ti all^ the energy fluence below the K edge of tin, including the 
characteristic x-rays of tin, a copper filter is quite efficient. The K edge of copper is at 
9 key and therefore, the photons below 29 keV are strongly absorbed by the copper filter 
as seen in curve C of Fig. 7.1 The very low energy characteristic x-rays produced by copper 
can be effectively absorbed by adding an alu.minum filter next to the copper filter. 

Combination filters containing plates of tin, copper, and aluminum have been de- 
signed to increase the resulting half-value layer of the orthovoltage beams without re- 
ducing the beam intensity to unacceptably low values. Such filters are called Thoraells 
filters (1) and are described in Table 7.1. It is important that the combination filters 

TABLE 7.1. THORAEUS FILTERS USED WITH ORTHO- 
VOLTAGE X-RAYS 

Filter Composition 

Thoraeus l 0.2 mrn Sn + 0.25 rnm Cu + 1 rnrn Al 
Thoraeus II 0.4 rnrn Sn + 0.25 rnrn Cu + 1 mrn Al 
Thoraeus Ill 0.6 rnm Sn + 0.25 mrn Cu + 1 mm Al 
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be arranged in the proper order, with the highest atomic number material nearest the 
x-ray target. Thus a Thoraeus filter is inserted with tin facing the x-ray tube and the 
aluminum facing the patient, with the copper sandwiched between the tin and the alu- 
minum plates. 

In the diagnostic and superficial x-ray energy range (section 4. I), primarily aluminum 
filters are used to harden the beam. The half-value layers of these beams are also expressed 
in terms of millimeters of aluminum. In the orthovoltage range, however, combination 
filters are often used to obtain half-value layers in the range of about 1 to 4 mm Cu. For 
cesium and cobalt teletherapy machines, on the other hand, filters are not needed because 
the beams are almost monoenergetic. 

Although a megavoltage x-ray beam has a spectrum of energies, the beam is hardened 
by the inherent filtration of the transmission target as well as by transmission through the 
flattening filter. Thus no additional filtration is required to improve the beam quality. It 
may be mentioned that the primary purpose of the flattening filter is to make the beam 
intensity uniform in cross-section rather than to improve the beam quality. 

7.3. MEASUREMENT OF BEAM QUALITY PARAMETERS 

A. Half-Value Layer 

As discussed in section 5.3, the half-value layer of a beam is related to the linear attenuation 
coefficient (p)  by the following equation: 

0.693 
HVL = - 

Like the attenuation coefficient, the half-value layer must be measured under narrow- 
beam or "good" geometry conditions. Such a geometry can be achieved by using a narrow 
beam and a large distance between the absorber and the detector such as an ion chamber 
(Fig. 5.1). Under these conditions, the exposure reading is mainly a result of the photons 
that are transmitted through the absorber without interaction and practically no scattered 
photons are detected by the chamber. The attenuation data are obtained by measuring 
transmitted exposure through absorbers of varying thickness but constant composition. 
These data are then plotted on a semilogarithmic graph paper to determine HVL. If the 
beam has a low filtration or contains an appreciable amount of low-energy component 
in the spectrum, the slope of the attenuation curve decreases with increasing absorber 
thickness (Fig. 5.3). Thus different half-value layer beams can be obtained from such a 
beam by using different filters. In general, the HVL increases with increasing filter thickness 
as the beam becomes increasingly "harder," that is, contains a greater proportion of higher- 
energy photons. Beyond a certain thickness, however, additional filtration may result in 
"softening of the beam by Compton scattering. 

Because an increase in filtration is accompanied by a reduction in the available ex- 
posure rate, the filtration is carellly chosen to obtain a suitable HVL as well as accept- 
able beam output. In addition, as discussed in the previous section, certain filters are 
more efficient than others in selectively removing low-energy photons from the beam, 
including characteristic x-rays which are undesirable for therapy because of their low 
energy. 

B. Peak Voltage 

Neither the HVL nor the tube potential nor both provide sufficient information regard- 
ing the spectral distribution of the radiation. However, for most clinical purposes, these 
two parameters give an appropriate specification of radiation quality. It has been recom- 
mended (2) that the quality of the clinical beams in the superficial and orthovoltage range 
be specified by the HVL and the kVp in preference to the HVL alone. 
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The determination of x-ray tube potential is difficult because the high-tension circuits 
of most x-ray equipment are sealed and hence are not easily accessible for direct voltage 
measurement. Indirect methods, therefore, are often used to measure the kVp without 
approach to the high-tension circuits. However, if access to the high-voltage terminals can 
be achieved, direct measurements can be made by precision voltage dividers or a sphere-gap 
apparatus. 

B. 1. Direct Measurement 

Wage  Divider. If the high-tension leads of the x-ray tube are accessible, then the effective 
voltage across the tube can be measured directly by a voltage divider. The voltage divider is 
a circuit in which several high resistances are connected in series to form a resistance tower 
which is placed across the high-tension leads. The total potential is thus divided among 
the separate resisters. The effective voltage between any two points is given by the effective 
current through the tower times the resistance between the two points. The ratio of total 
resistance to the output resistance between two selected points gives the calibration factor, 
which when multiplied by the observed output voltage across those points gives the total 
voltage across the voltage divider. For further details of the method, the reader is referred 
to Gilbertson and Fingerhut (3) and Giarratano et al. (4). 

Sphere-Gap Method. The sphere-gap method is one of the oldest methods of determin- 
ing the kVp. Each high-voltage lead of the x-ray tube is connected to a polished metallic 
sphere by a cable adapter. The distance between the two spheres is reduced until an electric 
spark passes between them. By knowing the critical distance, corrected for air density and 
humidity, one can calculate the peak voltage across the x-ray tube. 

B.2. Indirect Measurement 

Fluorescence Method. The fluorescence method is based on two principles (5). First, the 
peak photon energy is given by the peak potential, i.e., hv,, in keV is numerically 
equal to the kVp. Second, K edge absorption is a threshold phenomenon in which K 
orbit fluorescence (characteristic x-ray production) occurs when the photon energy is just 
equal to or greater than the binding energy of the K shell electron. Hence, by using 
materials of several different K absorption edges, one can calibrate the kVp dial on the 
machine. 

Figure 7.2 illustrates an experimental arrangement for the procedure. A secondary 
radiator (attenuator), the K absorption edge of which is accurately known, is placed at 
an angle of 45 degrees to the central axis of the beam. While one ionization chamber, 
placed behind the radiator, measures the transmitted x-rays, a second chamber, placed 
at an angle of 90 degrees to the beam axis, measures scattered and fluorescent radiation. 
This chamber is shielded to prevent the reception of radiation other than that from the 
radiator. Furthermore, a differential filter (low Zabsorber) is used in front of this chamber 
to minimize the effect of low-energ scattered x-rays. 

When the tube voltage is below the K edge, both the transmitted and the scattered 
radiation increase at a faster rate. Because of a sudden increase in absorption at and beyond 
the K edge, the transmitted radiation decreases and the secondary radiation increases as 
a result of the production of characteristic fluorescent radiation. Thus, if the ratio of the 
transmitted to the secondary radiation is plotted against the tube potential, a break in 
the curve is observed at the K edge threshold (Fig. 7.3). The applied kVp at that point is 
numerically equal to the K edge absorption energy expressed in key  

Attenuation Method. The attenuation method, described by Morgan (6) and Newel1 
and Henny (3, is based on the observation that the slope of the transmission curve of 
an x-ray beam at high filtration depends on the peak kilovoltage. The apparatus consists 
of a detector such as an ion chamber with two caps of copper or aluminum of different 
thicknesses. The instrument is first calibrated by determining the ratio of the detector 
response with the two caps in place as a function of kVp of x-ray beams produced by a 
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X-ray 
Source 

Chamber 1 Attenuator 
FIG. 7.2. 'Experimental arrangement for measuring tube voltage 
by K fluorescence method. Chamber 1 measures radiation trans- 
mitted through the attenuator and chamber 2 measures charac- 
teristic as well as scattered x-rays. The filter in front of chamber 
2 absorbs most o f  the scattered radiation from the attenuator. 

generator of accurately known peak potentials. Accordingly, an unknown kVp of an x-ray 
beam can be estimated from the calibration curve by determining the ratio of the detector 
response for the same two caps. This method, however, has a limited accuracy and depends 
strongly on the wave form of the x-ray tube potential. 

Penetrarneter. The operation of the penetrameter consists of comparing transmission 
through two materials with x-ray absorptions that change differently with photon energy. 
The original penetrameter was designed by Benoist (8) in 190 1. The design was optimized 
in 1966 by Stanton et d. (9). Their device consists of a rectangular central reference block 
of polyethyiene, on both sides ofwhich are identical metal step wedges. Auminurn wedges 

Tube Voltage 
FIG. 7.3. Plot of the transmitted (chamber 1 reading) t o  scattered 
radiation (chamber 2 reading) as a function of tube kilovoltage. 
The discontinuity occurs in the curve at the tube voltage numeri- 
cally equal t o  the K edge threshold of the attenuator. 
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r Aluminum 

FIG. 7.4. Plot of effective energy as a func- 
tion of half-value layer. Data calculated from 
attenuation coefficients of monoenergetic 
photon beams. 

are recommended for the low kilovolt range and brass wedges for the higher kilovolt. The 
central polyethylene block is surrounded on its sides by lead scatter shields. 

For kilovoltage measurement, the penetrameter is radiographed in the beam with heavy 
filtration and scatter shielding. The optical density ratios of adjacent wedge and reference 
areas are used to obtain the "matching step position." If the instrument has been calibrated 
against known potentials, the desired peak voltage can be read from the calibration curve. 
' 

Another penetrameter is known as the Ardran-Crooks cassette (10). This device con- 
sists of a film which is covered partly with a slow intensifying screen and partly with a fast 
screen. A copper step system is superimposed on the fast screen, while the slow screen is 
kept uncovered to serve as a reference. A sheet of lead allows only small (0.5-cm diameter) 
beam to pass through each copper step and the uncovered slow screen. When a radiograph 
is taken, the match of a step density with the reference depends on the kilovoltage. By using 
an appropriate calibration curve, one can determine the desired kilovolts. A commercial 
version of the Ardran-Crooks penetrameter is known as the Wisconsin Test Cassette.' 

C. Effective Energy 

Because x-ray beams used in radiology are always heterogeneous in energy, it is convenient 
sometimes to express the quality of an x-ray beam in terms of the effective energy. The 
effective (or equivalent) energy of an x-ray beam is the energy of photons in a monoenergetic 
beam which is attenuated at the same rate as the radiation in question. Since the attenuation 
curve for a given material is characterized by the slope or the linear attenuation coefficient 
(p), the effective energy is determined by finding the energy of monoenergetic photons 
which have the same p as the given beam. In general, however, the p or the effective energy 
of a heterogeneous beam varies with the absorber thickness (Fig. 5.3). 

Because p and HVL are interrelated (Equation 7.1), the effective energy may also be 
defined as the energy of a monoenergetic photon beam having the same HVL as the given 
beam. Figure 7.4 shows the relationship between effective energy and half-value layer for 
x-ray beams in the superficial and orthovoltage range. These data were calculated by using 

'Available Radiation Measurements, Inc., Middleton, Wisconsin. 
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? 
'c 
EO FIG. 7.5. Half-value layer as a function of peak photon energy 

= 0 for water and lead. Note: Since these data were calculated 

2 0 30 
from thin-target Schiff (12) spectra, HVL values plotted here 

10 40 are slightly lower than those measured in practical radiother- 
apy machines. (Data from Nath R, Schulz RJ. On the choice of 
material for half-value-layer measurements for megavoltage 

Peak Photon Energy (MeV) x-rays. Med ~ h y s  1977;4:132, with permission.) 

Equation 7.1 to obtain p, and finding the energy of a monoenergetic photon beam with 
the same p, given in the Appendix. 

Although lead is commonly used to express half-value layers for the megavoltage beams, 
it is not necessarily the best choice for characterizing the beam quality in this energy range. 
It has been shown that the low atomic number materials such as water are more sensitive to 
changes in spectral quality of megavoltage x-rays than the high atomic number materials 
such as lead (1 1). This can be seen in Fig. 7.5 in which HVL is plotted as a function of 
peak photon energy. The HVL in terms of lead begins to decrease with increase in energy 
beyond about 20 MV. This is because the mass attenuation coefficient of lead first decreases 
and then increases with increase in energy, whereas for water it monoconically decreases 
(see section 5.10). 

D. Mean En,ergy 

The spectral distribution of a radiation field (particles or photons) is characterized by the 
distribution of fluence or energy fluence with respect to energy. Suppose Q(E) denotes 
fluence Q of photons with energy between 0 and E The differential distribution (QE) of 
the fluence with respect to energy is given by: 

The product a E d E i s  the fluence of photons with energies lying between E and E + dE 
The total fluence (@) is given by: 

The mean energy ( E )  of a photon beam can be calculated as: 
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The mean energy can also be calculated from the energy fluence ( g E )  distribution. 

The above two expressions, however, lead to different values of Z because Q E  # QE. Thus 
it is important to specify the type of distribution used in calculating the mean energy. 

7.4. MEASUREMENT OF MEGAVOLTAGE BEAM ENERGY 

The complete energy spectrum of a megavoltage x-ray beam can be obtained by calcula- 
tion using thin target bremsstrahiung spectra (12), scintillation spectrometry (13,14), and 
photoactivation (15). However, for the characterization of a megavoltage x-ray beam by a 
single energy parameter, namely, by its maximum energy, one needs to determine the en- 
ergy of the electron beam before incidence on the target. Several methods for determining 
this energy are discussed in Chapter 14. 

The most practical method of determining the megavoltage beam energy is by measur- 
ing percent depth dose distribution, tissue-air ratios, or tissue-maximum ratios (Chapter 
10) and comparing them with the published data such as those from the Hospital Physi- 
cist's Association (IG). Although clinically relevant, the method is only approximate since 
depth dose distributions are relatively insensitive to small changes in the peak energy. 

A sensitive method of monitoring x-ray beam spectral quality has been proposed by 
Nath and Schulz (17) and is referred to as thephotoactivation mtio (PAR) method. The basic 
procedure involves irradiating a pair of foils that can be activated by the photodisintegration 
process (section 2.8F). The choice of foils must be such that one of them is sensitive to 
higher energies than the other in the energy spectrum of the x-ray beam. After irradiation, 
the induced radioactivity in the foils is measured using a scintillation counter. The ratio 
of induced activities gives the PAR which can be related to the peak photon energy. The 
PAR method provides a more sensitive method of measuring x-ray spectral quality than 
the conventional method of measuring HVL in water. 

7.5. MEASUREMENT OF ENERGY SPECTRUM 

Although the HVL is a practical parameter characterizing therapeutic beams, it is only 
approximate and cannot be used in systems that are sensitive to spectral distribution of 
photons. For example, some radiation detectors show a large variation in response with 
different photon energies (e.g., film, diodes), and even ion chambers are more or less energy 
dependent, depending on their design. In such instances, spectral distribution is the relevant 
parameter of beam quality. In this and other investigative work, it is important to determine 
expeiimentally spectral distributions of photon beams. There are many references dealing 
with spectrometry (12-15), and the interested reader is referred to those papers. Only one 
method, namely scintillation spectrometry, will be briefly described here. 

The scintillation spectrometer consists of a crystal or phosphor, usually sodium iodide, 
attached to a photomultiplier tube (Fig. 7.6). When a photon beam is incident on the crys- 
tal, electrons are ejected which travel in the crystal and produce ionization and excitation 
of the crystal atoms. As a result, photons of energy in the optical or ultraviolet region are 
produced along the electron tracks. These light photons, on striking the photosensitive 
surface (photocathode) of a photomultiplier tube, eject low-energy photoelectrons which 
are collected and multiplied about a million times by the photomultiplier dynodes. This 
results in an output pulse which is proportional to the energy of the original x-ray photon 
entering the crystal. A multichannel pulse height analyzer is used to sort out electronically 
different-size pulses. Each channel corresponds to a particular input photon energy and 
accumulates counts or number of photons with a particular energy. The spectrum is then 
displayed in terms of photons per unit energy interval as a function of photon energy 
(Fig. 7.6). 
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FIG. 7.6. Energy spectrum of an x-ray beam de- 
termined by scintiliation spectrometer (shown in 
the  inset). 

REFERENCES 

1. Thoraeus R. A study of the ionization method for measuring the intensity and absorption of x-rays 
and of different filters used in therapy. Acta Radiol 1932; 15 [suppl] . 

2. International Commission on Radiation Units and Measurements. Physid aspem of irradiation. 
Report lob. Washington, DC: U.S. National Bureau of Standards, 1964. 

3. Gilbertson J D ,  Fingerhut AG. Standardization of diagnostic x-ray generators. Radiology 1969; 
93:1033. 

4. Giarrarano JC,  Waggener RG, Hevezi JM, et d. Comparison of voltage-divider, modified Ardran- 
Crooks cassette and Ge (Li) spectrometer methods to determine the peak kilovoltage (kVp) of 
diagnostic x-ray units. Mcd P l y  1976;3:142. 

5. Greening J. The measurement of ionization methods of the peak kilovoltage across x-ray tubes. Br J 
Appl Phyr 1955;6:73. 

6. Morgan R A simple method of measuring peak voltage in diagnostic roentgen equipment. AIR 
1944;52:308. 

7. Newell RR, Henny GC. Inferential kilovoltmeter: measuring x-ray kilovoltage by absorption in two 
filters. Rzdiology 1955;64:88. 

8. Glasser 0, Quimby EH, Taylor LS, et d. PhysicalfounllSztionr ofradiology, 3rd ed. New York: Paul B. 
Hoeber, 1961:241. 

9. Stanton L, Lightfoot DA, Mann S. A penetrameter method for field kV calibration of diagnostic 
x-ray machines. Radiology 1966;87:87. 

10. Ardran GM, Crooks HE. Checking diagnostic x-ray beam Br JRadiol1968;41:193. 
11. Nath R, Schulz RJ. O n  the choice of material for half-value-layer measurements for megavoltage 

x-rays. Med Phys 1977;4:132. 
12. Schiff LI. Energy-angle distribution of thin targer bremsstrahlung. Phys Rev 195 1;83:252. 
13. Skarsgard LD, Johns HE. Spectral flux densiry of scattered and primary radiation generated at 

250 kV. Radiat Res 1961; l4:23l. 
14. Epp ER, Weiss H. Experimental study of the photon energy spectrum of primary diagnostic x-rays. 

PLys Med Biof 1966;11:225. 
15. Nath R, Schulz RJ. Determination of high energy x-ray spectra by photoactivation. Med Pbs 

l976;3: 133. 
16. Hospital Physicist's Association. Central axis depth dose data for use in radiotherapy. Br J Radiol 

1983;17[suppl]. 
17. Nath R, Schulz RJ. Photoactivation ratios for specification of high-energy x-ray quality: part I and 

11. Med Pbys 1977;4:36. 



MEASUREMENT OF ABSORBED DOSE 

8.1. RADIATION ABSORBED DOSE 

In Chapter 6 ,  the quantity exposure and its unit, the roentgen (Clkg), were discussed. 
It was then pointed out that exposure applies only to x and y radiations, is a measure 
of ionization in air only, and cannot be used for photon energies above about 3 MeV. 
The quantity absorbed dose has been defined to describe the quantity of radiation for all 
types of ionizing radiation, including charged and uncharged particles; all materials; and 
all energies. Absorbed dose is a measure of the biologically significant effects produced by 
ionizing radiation. 

The current definition of absorbed dose, or simply dose, is the quotient &/dm, where 
& is the mean energy imparted by ionizing radiation to material of mass dm (1). The old 
unit of dose is rad(an acronym for radiation absorbed dose) and represents the absorption 
of 100 ergs of energy per gram of absorbing material. 

1 rad = 100 ergslg = 1 o - ~  Jlkg (8.1) 

The SI unit for absorbed dose isthe gray (Gy) and is defined as: 

Thus the relationship between gray and rad is: 

1 Gy = 100 rad (8.3) 

1 rad = Gy (8.4) 

Because gray is a larger unit than rad, there is a practical difficulty in switching from 
rad to grays. For instance, if a patient receives treatments of 175 radlday, the dose will 
have to be recorded as 1.75 grays. Because most people prefer numbers without decimals 
as well as a common resistance to change to the SI units in this country, the adoption of 
the SI system has been delayed. However, for some, the change is inevitable and the rad 
is routinely converted into grays. A subunit, centigray (cGy), has often been used as being 
equivalent to rad. 

8.2. RELATIONSHIP BETWEEN KERMA, EXPOSURE, 
A N D  ABSORBED DOSE 

A. Kerma 

The quantity kerma (K) (kinetic energy released in the medium) is defined as "the quotient 
of dE, by dm, where dE, is the sum of the initial kinetic energies of all the charged ionizing 
particles (electrons and positrons) liberated by uncharged particles (photons) in a material 
of mass dm" (1). 
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The unit for kerma is the same as for dose, that is, ]/kg. The name of its SI unit is gray 
(Gy) and its special unit is rad. 

For a photon beam traversing a medium, kerma at a point is directly proportional to 
the photon energy fluence Q and is given by: 

where &.lp is the mass energy transfer coefficient for the medium averaged over the energy 
fluence spectrum of photons. As discussed in section 5.4, 

where ii,/p is the averaged mass energy absorption coefficient and g is the average fraction 
of an electron energy lost to radiative processes. Therefore, 

A major part of the initial kinetic energy of electrons in low atomic number materials 
(e.g., air, water, soh tissue) is expended by inelastic collisions (ionization and excitation) 
with atomic electrons. Only a small part is expended in the radiative collisions with atomic 
nuclei (bremsstrahlung). Kerma can thus be divided into two parts: 

where KC'' and Pd are the collision and the radiation parts of kerma, respectively. From 
Equations 8.8 and 8.9, 

and 

6. Exposure and Kerma 

In Chapter 6 ,  the quantity exposure was defined as dQldm where dQ is the total charge 
of the ions of one sign produced in air when all the electrons (negatrons and positrons) 
liberated by photons in (dry) air of mass dm are completely stopped in air. 

Exposure is the ionization equivalent of the collision kerma in air. It can be calculated 
from KC'' by knowing the ionization charge produced per unit of energy deposited by 
photons. The mean energy required to produce an ion pair in dry air is almost constant 
for all electron energies and has a value - of W= 33.97 eVIion pair (2). If e is the electronic 

charge ( = 1.602 x 10-19C), then $ is the average energy required per unit charge - 
of ionization produced. Since 1 eV = 1.602 x J, $ = 33.97 JIC. Exposure (3 is 
given by: 

From Equations 8.10 and 8.12, 

x = Q a i r  (?Iair . (k) 
air 

The SI unit for exposure is C/kg and the special unit is roentgen (1 R = 2.58 x lo-* 
C/kg) . 
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C. Absorbed Dose and Kerma 
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Relationship between absorbed dose (D) and the collision part of kerma KC'' is illustrated 
in Fig. 8.1 when a broad beam of photons enters a medium. Whereas kerma is maximum 
at the surface and decreases with depth, the dose initially builds up to a maximum value 
and then decreases at the same rate as kerma. Before the two curves meet, the electron 
buildup is less than complete, and: 

where /? is the quotient of absorbed dose at a given point and the collision part of kerma 
at the same point. 

Because of the increasing range of the electrons, complete electronic equilibrium does 
not exist within megavoltage photon beams. However, conceptually electronic equilibrium 
would exist if it were assumed that photon attenuation is negligible throughout the region 
of interest. Then: 

(see text). (From Loevinger R. A formalism for calculation 
of absorbed dose to a medium from photon and electron 

Depth or Wall Thickness -+ beams. Med ~ h y s  1981;8:1, with permission.) 

Buildup 
Region  

At depths greater than the maximum range of electrons, there is a region of quasiequi- 
librium called the transient electron equilibrium in which: 

Equilibrium lision kerma ( K ~ O ~ )  f o r  a megavoltage photon'beam. ;-is 
Region  the ratio of absorbed dose to collision kerma. The point 

designated as c.e.p. is the center of electron production 

In the transient equilibrium region, /? is greater than unity because of the combined effect 
of attenuation of the photon beam and the predominantly forward motion ofthe electrons. 
Because the dose is being deposited by electrons originating upstream, one can think of a 
point somewhere upstream at a distance less than the maximum electron range from where 
the energy is effectively transported by secondary electrons. This point has been called 
the "center of electron production" (3). Since the effective center of electron production 
is located upstream relative to the point of interest, the dose is greater than kerma in the 
region of transient electronic equilibrium. 

The relationship between absorbed dose and photon energy fluence Q at a point where 
a transient electron equilibrium exists is given by: 

Suppose Dl is the dose at a point in some material in a photon beam and another material 
is substituted of a thickness of at least one maximum electron range in all directions from 
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the point, then a, the dose in the second material, is related to Dl by: 

The factor /I has been calculated for 'OCO and other photon energies for air, water, 
polystyrene, carbon, and aluminum (43). The results show that the value of /I varies with 
energy, not medium. A fixed value of B = 1.005 has been used for 'OCO in conjunction 
with ion chamber dosimetry (6). 

For hrther details of the relationship between absorbed dose and kerma and its sig- 
nificance in dosimetry, the reader is referred to a paper by Loevinger (4). 

8.3. CALCULATION OF ABSORBED DOSE FROM EXPOSURE 

A. Absorbed Dose t o  Air 

Determination of absorbed dose from exposure is readily accomplished under conditions 
of electron equilibrium. However, for energies in the megavoltage range, the electron 
fluence producing absorbed dose at a point is characteristic of photon energy fluence 
some distance upstream. Consequently, there may be appreciable photon attenuation in 
this distance. The calculation of absorbed dose from exposure when rigorous electronic 
equilibrium does not exist is much more difficult, requiring energy-dependent corrections. 
Therefore, the determination of exposure and its conversion to absorbed dose is practically 
limited to photon energies up to 'OCO. 

In the presence of charged particle equilibrium (CPE), dose at a point in any medium 
is equal to the collision part of kerma, that is, j3 = 1. Dose to air (D&) under these 
conditions is given by (see Equation 8.12): 

Inserting units 

Since 1 rad = lo-' Jlkg, 

rad 
Dir(rad) = 0.876 (R) X(R) 

From Equation 8.20 it is seen that the roentgen-to-rad conversionfactor for air, under 
the conditions of electronic equilibrium, is 0.876. 

B. Absorbed Dose to Any Medium 

In the presence of full charged particle equilibrium, the absorbed dose (D) to a medium can 
be calculated from the energy fluence \I, and the weighted mean mass energy absorption 
coefficient, P,lp (i.e., /I = 1 in Equation 8.17). 

D = \I, .ii,/p (8.2 1) 

Suppose 3 r ~ ,  is the energy fluence at a point in air and qmed is the energy fluence at 
the same point when a material other than air (medium) is interposed in the beam. Then, 
under conditions of electronic equilibrium in either case, the dose to air is related to the 
dose to the medium by the following relationship: 

where A is a transmission factor which equals the ratio 'J'med/gair at the point of interest. 
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From Equations 8.19 and 8.22, we obtain the relationship between exposure to air 
and absorbed dose to a medium. 

Again, if we express X in roentgens and Dmd in rad, we have: 

The quantity in brackets has frequently been represented by the ~ymbolf , ,~  so that: 

where 

The q~antityf, ,~ or simply the ffactor is sometimes called the roentgen-to-rad conversion 
factor. As the above equation suggests, this factor depends on the mass energy absorption 
coefficient of the medium relative to the air. Thus the f factor is a function of the medium 
composition as well as the photon energy. 

A list off  factors for water, bone, and muscle as a function of photon energy is 
given in Table 8.1. Since for materials with an atomic number close to that of air, for 
example, water and soh tissue, the ratio (Fm/p)med/(p,/p);, varies slowly with photon 
energy (- 10% variation from 10 keV and 10 MeV), the f factor for these materials does 
not vary much over practically the whole therapeutic range of energies. However, bone 
with a high effective atomic number not only has a much larger f factor between 10 and 
100 keV but the f factor drops sharply from its maximum value of 4.24 at 30 keV to 
about 1.0 at 175 key This high peak value and rapid drop of the f factor are the result of 
the photoelectric process for which the mass energy absorption coefficient varies approx- 
imately as Z3 and l /E3  (see Chapter 5). At higher photon energies where the Compton 

TABLE 8.1. f FACTORS FOR WATER, BONE, AND MUSCLE UNDER CONDITIONS OF CHARGED PARTICLE 
EQUILIBRIUM 

f Factor 

Photon Energy Water Bone Muscle 
(keV) (GY kglC) (rad/R) (Gy kglc) (rad1R) (Gy kg/C) (radlR) 

-- 

Data from Wyckoff HO. (Communication.) Med Phys 1983;10:715. Calculations are based on energy absorption coefficient data from Hubbell JH. 
Photon mass attenuation and energy-absorption coefficients from 1 keV to  20 MeV. Int J Appl Radiat lsot 1982;33:1269. 
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process is the only mode of interaction possible, the f factors are approximately the same 
for all materials. 

Strictly speaking, in the Compton range of energies, the f factor varies as a hnction 
of the number of electrons per gram. Since the number of electrons per gram for bone is 
slightly less than for air, water, or fat, the f factor for bone is also slightly lower than for 
the latter materials in the Compton region of the megavoltage energies. Of course, the 
f factor is not defined beyond 3 MeV since the roentgen is not defined beyond this energy. 

C. Dose Calibration with Ion Chamber in Air 

As discussed in Chapter 6, a cavity ion chamber is exposure calibrated against a free-air 
ion chamber or a standard cavity chamber, under conditions of electronic equilibrium. For 
lower-energy radiations such as x-ray beams in the superficial or orthovoltage range, the 
chamber walls are usually thick enough to provide the desired equilibrium, and therefore, 
the chamber calibration is provided without a build-up cap. However, in the case of higher- 
energy radiations such as from cobalt-60, a build-up cap is used over the sensitive volume 
of the chamber so that the combined thickness of the chamber wall and the build-up cap 
is sufficient to provide the required equilibrium. This build-up cap is usually made up 
of acrylic (same as Plexiglas, Lucite, or Perspex) and must be in place when measuring 
exposure. 

Suppose the chamber is exposed to the beam (Fig. 8.24) and the reading 1CI is obtained 
(corrected for air temperature and pressure, stem leakage, collection efficiency, etc.). The 
exposure Xis then given by: 

where N, is the exposure calibration factor for the given chamber a d  the given beam 
quality. The exposure thus obtained is the exposure at point P (center of the chamber 
sensitive volume) in free air in the absence of the chamber (Fig. 8.2B). In other words, 
the perturbing influence of the chamber is removed once the chamber calibration factor is 
applied. 

Consider a small amount of soft tissue at point Pthat is just large enough to provide 
electronic equilibrium at its center (Fig. 8.2C). The dose at the center of this equilibrium 
mass of tissue is referred to as the dose in fife space. The term dose in free space was 
introduced by Johns and Cunningham (7) who related this quantity to the dose in an 
extended tissue medium by means of tissue air ratios (to be discussed in Chapter 9). 

Equation 8.25 can be used to convert exposure into dose in free space, Df.,. 

FIG. 8.2. A: Chamber with build-up cap is placed in a radiation beam at point P in air and reading M is 
obtained. B: Exposure in  free air at P is calculated using Equation 8.27. C: Dose in free space at P is calculated 
using Equation 8.28. 
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where Aq is the transmission factor representing the ratio of the energy fluence at the 
center of the equilibrium mass of tissue to that in free air at the same point. Thus, Aq 
represents the ratio of the energy fluence at point P in  Fig. 8.2C to that at the same point 
in Fig. 8.2B. For cobalt-60 beam, Aq is close to 0.99 (7) and its value approaches 1.000 
as the beam energy decreases to the orthovoltage range. 

D. Dose Measurement from Exposure with Ion 
Chamber in a Medium 

Equations 8.27 and 8.28 provide the basis for absorbed dose calculation in any medium 
from exposure measurement in air. Similar procedure is valid when the exposure measure- 
ment is made with the chamber imbedded in a medium. Figure 8.3A shows an arrangement 
in which the chamber with in  build-up cap is surrounded by the medium and exposed to a 
photon energy fluence Qb at the center of the chamber (point P). If the energy of the beam 
incident on the chamber is such that a state of electronic equilibrium exists within the air 
cavity, then the exposure at point 8 with the chamber and the build-up cap removed, is 
given by: 

X= M.Nx 

The exposure thus measured is defined in free air at point Pdue to energy fluence Qc 

that would exist at P in  the air-filled cavity of the size equal to the external dimensions of 
the buildup cap (Fig. 8.3B). To convert this exposure to absorbed dose at Pin the medium, 
the air in the cavity must be replaced by the medium (Fig. 8.3C) and the following equation 
is applied: 

Dmed = X' fmed ' Am 

where A, is the transmission factor for the photon energy fluence at point P when the 
cavity in Fig. 8.3B is replaced by the medium. If \y, is the energy fluence at P in the 
medium, the factor A, is given by \y,/\y, and has been called a displacement factor. 

The above equation is similar to Equation 8.28 except that A, is used instead of 4. 
However, the difference between Am and is small for a tissue equivalent medium since 

FIG. 8.3. A: Chamber with build-up cap with its center at point P in  a medium, exposed t o  a photon beam 
whose energy fluence i s  qb at P. Reading M is obtained. 0: Exposure at P in air cavity of size equal t o  the 
external dimensions of the build-up cap is calculated. Energy fluence at Pis WC. C: Absorbed dose at point P in 
the medium is calculated by Equation 8.29. q,,, is the energy fluence at P. 
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the equilibrium mass of tissue to which applies is only slightly smaller than the mass 
of the medium displaced by a typical small ion chamber with its build-up cap. 

An inceresting question arises in regard to the necessity of the build-up cap being 
left on the chamber when making measurements in a medium. If the chamber has been 
calibrated for exposure in air with its build-up cap on (to achieve electronic equilibrium) 
and if a significant part of the cavity ionization is the result of electrons produced in the 
build-up cap, then replacing the build-up cap with the medium could, in general, alter the 
chamber reading. This substitution of a layer of medium for the build-up cap could change 
the electronic and photon fluence incident on the chamber wall by virtue of differences 
in the composition of the medium and the material of the build-up cap. However, in 
practical calibration measurements, no significant differences have been observed when 
exposing the chamber in water with and without the Lucite build-up cap. Day et al. (8) 
added Perspex sheaths up to 5 mm in thickness to a Baldwin-Farmer ionization chamber 
irradiated at a depth of 5 cm in a water phantom using radiations from 13'Cs to 6 W. 
The readings differed by less than 0.5%. 

8.4. THE BRAGG-GRAY CAVITY THEORY 

As discussed earlier, calculation of absorbed dose from exposure is subject to some major 
limitations. For instance, it may not be used for photons above 3 MeV and may not be used 
in cases where electronic equilibrium does not exist. In addition, the term exposureapplies 
only to x and y radiations and for that reason methods of section 8.3 are not valid for 
particle dosimetry. The Bragg-Gray cavity theory, on the other hand, may be used without 
such restrictions to calculate dose directly from ion chamber measurements in a medium. 

According to the Bragg-Gray theory (9,10), the ionization produced in a gas-filled 
cavity placed in a medium is related to the energy absorbed in the surrounding medium. 
When the cavity is sufficiently small so that its introduction into the medium does not 
alter the number or distribution of the electrons that would exist in the medium without 
the cavity, then the following Bragg-Gray relationship is satisfied: 

where Dmed is the absorbed dose in the medium (in the absence of the caviy), Jg is the 
ionization charge of one sign produced per unit mass of the cavity gas, and ( ~ l p ) ~ ~ ~ ~  is a 
weighted mean ratio of the mass stopping power of the medium to that of the gas for the - 
electrons crossing the cavity. The product of I,(:) is the energy absorbed per unit mass 
of the cavity gas. 

The basic Bragg-Gray relationship has been carefully examined by many investigators 
and several modifications of the theory have been proposed (1 1-14). These refinements 
resulted in more detailed considerations ofwhat is appropriate to use for the mass stopping 
power ratio in Equation 8.30. 

A. Stopping Power 

The term stoppingpower refers to the energy loss by electrons per unit path length of a 
material (for greater details, see section 14.1). An extensive set of calculated values of mass 
smpping powers has been published (15,16). As mentioned earlier, to use stopping power 
ratios in the Bragg-Gray formula, it is necessary to determine a weighted mean of the 
stopping power ratios for the electron spectrum set in motion by the photon spectrum in 
the materials concerned. Methods for calculating average stopping powers (S) for photon 
beams have been published (17). 

Several authors have worked out the theory of the stopping power ratio for an air- 
filled cavity in a medium such as water under electron irradiation. A good approximation 
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is provided by the Spencer-Attix formulation (1 1,18): 

- 
LIP = (8.31) LEO Q(E)dE 

where @(E)  is the distribution of electron fluence in energy and Llp is the restricted mass 
collision stoppingpowerwith A as the cutoff energy. 

The 'brimary electrons" (original electrons or electrons generated by photons) give 
rise to ionization as well as "secondary electrons" or 6 rays. The effects of the latter are 
accounted for in the Spencer-Attix formulation by using an arbitrary energy limit, A, 
below which ene rg  transfers are considered dissipative, that is, the secondary electron of 
energy less than A is assumed to dissipate its energy near the site of its release. Thus, when 
the integration is performed (Equation 8.31) to obtain the energy deposited in the caviry 
by the electron fluence, the lower energy limit should be A, greater than zero. For ion 
chambers it must have a value of the order of the energy of an electron that will just cross 
the cavity. The value of A for most cavity applications in ion chambers will lie between 
10 and 20 k e y  

The Spencer-Attix formulation of the Bragg-Gray cavity theory uses the following 
relationship: 

where is the average restricted mass collisional stopping power of electrons. Tables A. 1 to 
- 

A.5 in the Appendix give $ for various media and various photon and electron energies. 

B. Chamber Volume 

The quantity Jg in Equation 8.32 can be determined for a chamber of known volume or 
known mass of air in the cavity if the chamber is connected to a charge-measuring device. 
However, the chamber volume is usually not known to an acceptable accuracy. An indirect 
method of measuring ]air is to make use of the exposure calibration of the chamber for 
6 0 ~ o  y ray beam. This in effect determines the chamber volume. 

Consider an ion chamber that has been calibrated with a build-up cap for 'OCO 

exposure. Suppose the chamber with this build-up cap is exposed in free air to a G O ~ o  
beam and that a transient electronic equilibrium exists at the center of the chamber. Also 
assume initially that the chamber wall and the build-up cap are composed of the same 
material (wall). Now, if the chamber (plus the build-up cap) is replaced by a homogeneous 
mass of wall material with outer dimensions equal to that of the cap, the dose Dwal at the 
center of this mass can be calculated as follows: 

air 

where (@,)$I is the ratio of electron fluence at the reference point P(center of the cavity) 
with chamber cavity filled with wall material to that with the cavity filled with air. This 
correction is applied to the Bragg-Gray relation (Equation 8.29) to account for change in 
electron fluence. 

As discussed by Loevinger (4) l ,  @ in the above equation can be replaced by 9, 
provided a transient electron equilibrium exists throughout the region of the wall from 

' Electron fluence at Pwirh the caviry filled with wall material is proportional to *w,l~ at P. With the air cavity 
in place, the electron fluence at Pis proportional to the mean photon energy fluence at the surface of the cavity, 
which can be taken as equal to Q,,, at the center of the caviry. 
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which secondary electrons can reach the cavity. Therefore, 

If Ddr is the absorbed dose to air that would exist at the reference point with the chamber 
removed and under conditions of transient electronic equilibrium in air, we get from 
Equation 8.18: 

where (9amb)$l is the ratio that corrects for the change in photon energy fluence when 
air replaces the chamber (wall plus cap). 

From Equations 8.34 and 8.35, we get: 

Also Di, (under conditions of transient electronic equilibrium in air) can be calculated 
from exposure measurement in a G O ~ o  beam with a chamber plus build-up cap, which 
bears an exposure calibration factor N, for 'OCO Y rays. 

where k is the charge per unit mass produced in air per unit exposure (2.58 x lo-* C kg-' 
R-I); Mis  the chamber reading (C or scale division) normalized to standard atmospheric 
conditions, Aion is the correction for ionization recombination under calibration condi- 
tions, and fiOn is the ionization recombination correction for the present measurement. 

Standard conditions for N, are defined by the standards laboratories. The National 
Institute of Standards andTechnology (NIST) specifies standard conditions as temperature 
at 22°C and pressure at 760 mm HA Since exposure is defined for dry air, humidity 

' 

correction of 0.997 (for change in W with humidity) is used by NIST, which can be 
assumed constant in the relative humidity range of 10% to 90% for the measurement 
conditions with minimal error (19). Thus the user does not need to apply additional 
humidity correction as long ar 7 is used for dry air. 

From Equations 8.36 and 8.37, 

The product (qchmb)Y1 equals (qwall):t1 which represents a correction for the 
change in j,i, due to attenuation and scattering of photons in the chamber wall and build- 
up cap. This factor has been designated as Ad1 in the AAPM protocol (6). Thus, Equation 
8.38 becomes: 

- air 

I d r  = k .  Me N, Awal B d l .  Aion (8.39) 
air 

Now consider a more realistic situation in which the chamber wall and build-up cap are 
of different materials. According to the two-component model of Almond and Svensson 
(20), let a be the fraction of cavity air ionization owing to electrons generated in the wall 
and the remaining (1 - a) from the bui1d;up cap. Equation 8.39 can now be written as: 
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FIG. 8.4. The fraction, a, of cavity ionization due to electrons 
generated in the chamber wall, plotted as a function of wall thick- 
ness. (From Lempert GD, Nath R, Schulz RJ. Fraction of ionization 
from electrons arising in  the wall of an ionization chamber. Med 
Phys 1983;10:1, with permission.) 

where & is the quantity in the brackets of Equation 8.40. 
The fraction a has been determined experimentally by dose build-up measurements 

for various wall thicknesses (Fig. 8.4). 'In addition, it has been shown (21) that cr is 
independent of wall composition or build-up cap, as long as it is composed of low atomic 
number material. 

Since J;, is the charge produced per unit mass of the cavity air, we have: 

M. Pion 
l a i r  = - 

Pair. K 
where I/, is the chamber volume and pait is the density of air normalized to standard 
conditions. Comparing Equations 8.40 and 8.41, we have: 

C. Effective Point of Measurement 

C. 1. Plane Parallel Chambers 

Since the front plane (toward the source) of the air cavity is flat and is exposed to a 
uniform fluence of electrons, the point of measurement is at the front surface of the cavity. 
This would be strictly true if the electrons were monodirectional and forward directed, 
perpendicular to the cavity face. If a significant part of the cavity ionization is caused by 
back-scattered electrons, the point of measurement will shift toward the center. If the plane- 
parallel chamber has a small plate separation and the electron fluence is mostly forward 
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directed, it is reasonable to assume that the point of measurement is the front surface of 
the cavity. 

C. 2. Cylindrical Chambers 

Electrons (from an electron beam or generated by photons) transversing a cylindrical 
chamber of internal radius r will enter the sensitive volume of the chamber (air cavity) at 
differeat distances from the center of the chamber. Dutreix and Dutreix (22) showed that 
theoretically the point of measurement for a cylindrical chamber in a unidirectional beam 
is displaced by 0.85r from the center and toward the source. Derivation of this value is 
instructive in understanding the concept and is, therefore, presented here. 

Figure 8.5 shows a cross-section of a cylindrical chamber exposed to a parallel, uniform, 
and forwardly directed fluence @ of electrons. For an electron entering the chamber at 
point A, the point of measurement is at a distance X above the center. Considering electrons 
entering the chamber at point A, the effective point of measurement is influenced by the 
number of electrons entering through a surface area drat A of the chamber and the track 
length of these electrons in the cavity. Thus the effective point of measurement, .&, can 
be determined by weighting the displacement Xby the number of electrons ( @ a h  cos 0) 
entering the chamber and the track length (2X) .  

FIG. 8.5. Diagram to  illustrate the determination of effective 
point of measurement for a cylindrical chamber exposed t o  a uni- 
directional electron beam. 
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substituting X= rcos 6' and dr = rde, 

The above theoretical result is modified under actual irradiation conditions as some of the 
electrons enter the chamber at oblique angles. 

The shift in the point of measurement takes place because of the cylindricality of 
the chamber cavity. If there is a gradient of electron fluence across the cavity (as in the 
exponential falloff of the depth dose curve), a shift in the point of measurement will result 
in a "gradient correction" to the dose measured at a point corresponding to the center of 
the chamber (to be discussed). 

8.5. CALIBRATION OF MEGAVOLTAGE BEAMS: TG-21 PROTOCOL 

A. Cavity-Gas Calibration Factor (N,,,) 

The AAPM TG-21 protocol (6) for absorbed dose calibration introduced a factor (NP) to 
represent calibration of the cavity gas in terms of absorbed dose to the gas in the chamber 
per unit charge or electrometer reading. F& an ionization chamber containing air in the 
cavity and exposed to a G O ~ o  Y ray beam? 

From Equations 8.40 and 8.45, 

As seen in Equation 8.46, N, is derived from N,, the exposure calibration for the chamber, 
and other chamber-related parameters, all determined for the calibration energy, e.g., 6 0 ~ o .  
Once Ng, is determined, the chamber can be used as a calibrated Bragg-Gray cavity to 
determine absorbed dose from photon and electron beams of any energy and in phantoms 
of any composition. 

It may be noted that in Equation 8.46 the term in the big brackets is presented 
differently from the AAPM protocol. This difference remains unexplained, but the two 
expression give the same value to within 0.05% in the limit of a = O and a = 1 (24). 

N, is unique to each ionization chamber, because it is related to the volume of the - 
chamber. From Equations 8.42 and 8.46, using $ = 33.97JCand pd,  = 1.197 kglm3 
at standard conditions (22OC and 1 atm), 

As an example, if the volume of the chamber is 0.600 cm3, its NP will be 4.73 x 10' 
GylC, as calculated from Equation 8.47. It must be realized, however, that the volume is 

- 
2The TG-21 protocol uses $ value of 33.7 jlCwhich assumes a dry air value of 33.85 N a n d  corrects it for 
50% relative humidity (23). In our derivation we will assume a dr). air value of 33.97 JlCand no humidity 
correction, as discussed earlier in relation to Equation 8.37. 
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not exactly the nominal volume associated with commercial chambers. The latter is usually 
an approximate value used for designating chamber sensitivity. 

B. Chamber as a Bragg-Gray Cavity 

In this section, we will discuss the application of the Spencer-Attix formulation of the 
Bragg-Gray cavity theory to the problem of absorbed dose determination to a medium 
using a heterogeneous chamber, that is, a chamber with wall material different from the 
surrounding medium. It will be assumed that the chamber with its build-up cap has been 
calibrated for cobalt-60 exposure and this provides the basis for the determination of NP, 
as discussed in the previous section. 

B. 1.  Photon Beams 

Suppose the chamber, with its build-up cap removed (it is recommended not to use build- 
up cap for in-phantom dosimetry), is placed in a medium and irradiated by a photon beam 
of given energy. If M is the charge measured, the absorbed dose (Di,) to cavity air, at a 
point at the center of the cavity (P), is given by: 

Ddr = M. N, I",,, (8.48) 

where eon is a correction factor for ion recombination losses. 
Dose to medium (Dmed) is given by the Bragg-Gray relationship using the Spencer- 

Attix formulation. Using AAPM protocol (6)  notation and substituting "air" for "gas" in 
the chamber, 

where PXpl is a replacement fictor that corrects for perturbation in the electron and photon 
fluences at point Pas a result of insertion of the cavity in the medium and Pd is a factor 
which accounts for perturbation caused by the wall being different from the medium. 

In general, Equation 8.49 is valid for any energy and any depth in the medium 
(irrespective of the state of electronic equilibrium) provided Prep, and Pdl are known for 
the measurement conditions. Although these correction factors are quite small (usually 
less than 1%) for typical photon dosimetry conditions, their determination is complex, 
especially under conditions of n~ne~uilibrium. The AAPM values for Prepl and Pdl have 
been derived with the chamber irradiated under the conditions of transient electronic 
equilibrium (on the descending exponential part of the depth dose curve). The following 
derivation of these factors will initially assume these conditions but later will consider their 
applicability to nonequilibrium situations. 

Suppose the chamber is positioned at depth in the medium at which transient electronic 
equilibrium exists. If the chamber wall is thick enough so that the electrons crossing the 
cavity arise entirely from photons interacting with the wall material, we have: 

where DWdl is the dose at point P when cavity air is replaced by the wall material and 
(\v,~,)!$' is the ratio that corrects for the difference in the photon energy fluence at point 
P when air cavity is replaced by the wall material. The rationale for using (qca,);y1 as the 
perturbation correction factor in this case has been discussed by Loevinger (4). 

Dose to point P if the chamber is replaced by the medium is given by: 
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where (qChmb),":f is the ratio that corrects for the change in photon energy fluence when 
medium replaces the wall material in a volume that corresponds to the entire chamber 
(wall plus cavity). 

Now if all the electrons crossing the cavity arise from the medium, we effectively have 
a case of a chamber with medium equivalent wall. Then, under conditions of transient 
electronic equilibrium, 

For a given chamber, suppose a fraction a ofthe cavity ionization is contributed by electrons 
from the chamber wall and the remainder (1 - a )  by electrons from the medium, then, 
dose to air in the chamber is given by: 

where Dir(wall) and D&(med) are derived from Equations 8.52 and 8.53. Thus, 

By rearranging Equation 8.55, 

1 
.(~caV):,f la (:)I:' ( B  ?Id1 '(*av):$' (*&amb)$ + 1 - a 

rned 
J 

The product term (Q,)~$.(Y~I,,~)~~A may be equated to ( I Y ~ ~ ) ~ ~ ~ ,  a factor that ac- 
counts for change in photon energy fluence when wall is replaced by medlum. 

Then from Equations 8.48, 8.49, and 8.56, 

where 

and 

1 
 dl = 

rned 
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Since j3 does not change significantly with change in material composition ( 4 ,  the 
ratio j3",tfi can be equated to 1. Equation 8.59 becomes: 

1 
f'wall= - med wall (8.60) 

med 

Equation 8.60 as an expression for P d  differs from the one in the AAPM protocol, 
since the components a and (1 - a )  are applied to Dai, before calculating Dmed (see 
Equation 8.52). Rogers (24) has pointed out that the AAPM expression for P ' ,  which 
assigm the two components to Dined directly, is not theoretically justified. However, this 
does not give rise to any significant differences in the results. Also, the previous expression 
includes which appears from the theoretical considerations presented here. This - - 
factor may approximately be equated to ( 6 - F - p x )  / (8-F - p x )  where xis 

wall mcd 
the wall thickness. 

An alternative approach to deriving Prcpl is to define Dd, = M.NP as the dose to air 
of an infinitesimally small air cavity located in the medium at a point P< corresponding 
to the chamber's effective point of measurement (see section 8.4C). Because Prep[ for this 
small caviry can be assumed as 1, we have: 

Dose to medium at point Pcorresponding to the center of the chamber will then be: 

Therefore, Prepl for the chamber under consideration is: 

- gradient correction prep, = - - 
( Dined) P 

This derivation assumes that Prepl arises as a result of the displacement of the effective point 
of measurement of the chamber, and its value depends on the depth dose gradient. This 
point has been discussed by Khan (25). For a cylindrical chamber, Prep[ can be calculated 
from the following equation: 

PrePdd) = D(d)/ D(d - V )  (8.64) 

where D(d) is the dose at depth d, r]  r is the displacement correction, and r is the radius of 
the cavity. I ]  for photon beams is taken to be equal to 0.6. Equation 8.64 shows that Prepl 
depends not only on energy but also on the depth of measurement. 

The AAPM TG-21 protocol recommends Prep[ factors based OF. the semiempirical 
values of Cunningham and Sontag (26). These values are applicable only if a measurement 
is made at a point on the descending exponential part of the depth dose curve. Moreover, as 
pointed out by Rogers (24), Cunningham and Sontag's values pertain to the outer diameter 
of the chamber instead of the inner diameter presented in the protocol data. 

The use of chamber displacement correction to determine Pql (Equation 8.64) is 
useful not only in calibration but also in correcting the entire depth-dose distribution. In 
the latter case, instead of calculating Prepl at individual points, the depth-dose (or depth 
ionization) curve as a whole is shifted toward the surface by a distance qr. 

B.2. Electron Beams 

When a chamber, with its build-up cap removed, is placed in a medium and irradiated 
by an electron beam, it is usually assumed that the chamber wall does not inrroduce any 
perturbation of the electron fluence.'This assumption is considered valid for thin-walled 
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(50.5 mm) chambers composed of low atomic number materials (e.g., graphite, acrylic) 
(15,27). Thus the Bragg-Gray relationship can be applied without the wall perturbation 
correction, i.e., Pwdl = 1. 

For an electron beam of mean energy 2, at depth Zof  measurement, 

or in the notation of the AAPM protocol (G), 

- med 

Drned = M' &as [ ( ) Y r  ' prep11 - ' t o n  
E, 

where Prcpl is a replacement correction factor to account for three effects: (a) the in-scatter 
effect, which increases the fluence in the cavity since electron scattering out of the cavity 
is less than that expected in the intact medium; (b) the obliquity effect, which decreases 
the fluence in the cavity because electrons travel relatively straight in the cavity instead 
of taking oblique paths as they would owing to larger-angle scattering in the medium; 
and (c) dirplacemmt in  the effectivepoint of mearurement, which gives rise to a correction 
if the point of measurement is on the sloping part of the depth dose curve. The first 
two effects may be grouped into a jZuence correction while the third is called the gradient 
correction. 

The AAPM TG-21 protocol (6) recommends that the electron beam calibration be 
made at the point of depth dose maximum. Because there is no dose gradient at that depth, 
the gradient correction is ignored. Prepl, then, constitutes only a fluence correction. Table 8.2 
gives Prepl for cylindrical chambers as a function of mean electron energy at the depth of 
measurement and the inner diameter of ion chamber. These values were measured by 
Johansson et al. (27). 

As discussed in an AAPM report (28), a depth ionization curve can be converted 

into a depth dose curve using Equation 8.66. The parameters ( 3 )  med and prep] are both 
air 

energy or depth dependent. The gradient correction, however, is best handled by shifting 
the point of measurement toward the surface through a distance of O.5r (28,29). For well- 
designed plane-parallel chambers with adequate guard rings, both fluence and gradient 
corrections are ignored, i.e., Prep, = 1; the point of measurement is at the front surface of the 
cavity. 

C. Dose Calibration Parameters 

Absorbed dose calibration of a clinical radiation beam requires that a nationally or inter- 
nationally approved protocol be followed. This is important not only to ensure acceptable 

TABLE 8.2. ELECTRON FLUENCE PERTURBATION FACTORS FOR ION CHAMBERS 

Inner Diameter (mm) 

From Johansson K, Mattsson L, Lindberg L, Svensson H. Absorbed-dose determination with ionization 
chambers in electron and photon beams having energies between 1 and 50 MeV. IAEA-SM-22U35. 
Vienna, 1977;243:270, with permission. 
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dosimetric accuracy in patient treatments but also to provide consistency of dosimetric 
data among institutions that provide radiotherapy. In the previous section, derivation of a 
dose calibration formalism recommended by the AAPM TG-21 protocol was presented. 
In the process, a few discrepancies or inconsistencies in the protocol were noted. However, 
their overall impact on the accuracy of the protocol is not serious enough to recommend 
variance from the protocol. An AAPM task group was formed which was charged with the 
task of carefully reviewing the protocol and making necessary revisions or updates. In the 
meantime the user was advised to follow the protocol as it stood. A new protocol, TG-51, 
was introduced by the AAPM in 1999 (to be discussed later). 

As a summary to the previous section, pertinent calibration parameters of the TG-21 
protocol are outlined below with a brief description of their h c t i o n  and evaluation. - 

C. 1. Chamber Calibration Factor, Nx 

Ion chamber exposure calibration factor (RIG or Rlscale division) for 'OCo y rays is pro- 
vided by the NIST or an Accredited Dosimetry Calibration Laboratory (ADCL). This 
factor-which is characteristic of the chamber, its volume, and its build-up cap-is de- 
termined by exposing it to a 'OCO beam of known exposure rate and/or comparing its 
response with a chamber of known exposure calibration factor for G O ~ o .  

At the NIST, specially constructed spherical, graphite ionization chambers of known 
volume are used to calibrate the cobalt beam in terms of exposure rate. Details of the 
procedure are given by Loftus and Weaver (3). 

Nx provided by the U.S. calibration laboratories is normalized to 22OC and 760 mm 
Hg. Calibration of the electrometer (device to measure ionization charge), if detached, is 
provided separately. 

Exposure measured in a cobalt-60 beam is given by: 

where Xis the exposure at a point corresponding to the center of the chamber when the 
chamber is not there; M is the reading corrected for temperature and pressure and NeI 
is the electrometer calibration factor, if separate from the chamber. The above equation 
hnctionally defines N,. 

C.2. Cavity-Gas Calibration Factor, Ngas 

Cavity-gas calibration factor (GyIC or Gylscale division) is calculated from N, and other 
parameters as discussed earlier. It is defined as dose to the gas in the chamber per unit charge - 
or electrometer reading. Dg, is simply given by Jg,. ($) where Jg, is the charge per unit 

- - 

mass of cavity gas and $ is the average energy expended per unit charge of ionization 
produced in the gas. Since mass of air in the cavity or chamber volume is not accurately 
known, one has to determine this volume indirectly from N, (Equstion 8.46). However, 
it may be pointed out that Ng, is independent of all properties of the chamber except its 
cavity volume (Equation 8.47). 

If Ng, is not provided by the calibration laboratory, the user is required to calculate 
it. Table 8.3 gives ratios of Ng,INx for a number of commercially available chambers. It is 
seen that Ng,INx does not vary greatly between commonly used chambers. However, the 
user must follow the protocol to calculate Ngas for the given chamber and use Table 8.3 
for comparison. Normally, chambers are recalibrated every 2 years and NF is calculated 
at each new calibration of the chamber. 

- 
For dry air, is independent of electron energy above a few kiloelecrron volts and its 
currently accepted value is 33.97 f 0.06 JlC. The TG-21 protocol (6) uses 33.7 ]IC 
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TABLE 8.3. RATIOS OF NgasINx FOR COMMERCIALLY AVAILABLE CHAMBERS 

Chamber: Model No. 
(Wall-Build-Up Cap) 

Capintec: PR-06C, PR-06G (C552-polystyrene) 
Capintec: PR-05 (C552-polystyrene) 
Capintec: PR-05P (C552-polystyrene) 

Exradin: Al,  Spokas (C552-C552) 
2-mm build-up cap 
4-mm build-up cap 

Exradin: T2, Spokas (A150-A150) 
Exradin: Tl, rnin Shonka (A1 50-A1 50) 
Exradin: A3, Shonka-Wycoff (C552) 
NEL Farmer: 2505, '54259 (Tufnol-acrylic) 
NEL Farmer: 2505, '59267 (Tufnol-acrylic) 
NEL Farmer: 2505IA. '67-'74 (nylon-acrylic) 
NEL Farmer: 2505/3,3A, '71-'79 (graphite-acrylic) 
NEL Farmer: 2505/3,38, '74- (nylon-acrylic) 
NEL Farmer: 2571, '79- (graphite-Delrin) 
NEL Farmer: 2581, '80- (Al50-Lucentine) 
NEL NPL Secondary Standard: 2561 

(graphite-Delrin) 
PTW: N23333, NA 30-351 (acrylic-acrylic) 

3-mm build-up cap 
PTW: N23333, NA 30-351 NA 30-352, VIC 500-104 

(acrylic-acrylic) 4.6-mm build-up cap 
PTW: N233331, NA 30-361 (acrylic-acrylic) 
PTW: M23332-Normal, NA 30-348 (acrylic-acrylic) 
PTW: M23331=Transit, NA 30-349 (acrylic-acrylic) 
PTW: N2333641, NA 30-316 (acrylic-acrylic) 
Victoreen: 555-1 00HA (Derlin) 
Victoreen: 550-6, 6A (polystyrene-acrylic) 
Far West: IC-17 (A1 50) 
Far West: IC-17A (Al50-A150) 
Far West: IC-18 (A1 5 0 6 1  50) 

From Gastorf R, Humphries L, Rozenfeld M. Cylindrical chamber dimensions and the corresponding values of Awa11 and NgasINxA~,,). Med Phys 
1986;13:751, with permission. 

- 
in all its equations because at the time the protocol was written the accepted value of $ 
for dry air was 33.85 JIC and was corrected for 50% relative humidity to give 33.7 JIC. 
Whereas users of the TG-21 protocol may stick to the original protocol for consistency 
reasons, the current understanding is that, since exposure is defined for dry air and N, is - 
already corrected for humidity effect by the standards laboratory, $ value in the equations 
discussed earlier should pertain to dry air, ie., 33.97 JIC. 

C.4. Ion Recombination Correction: Aion, Pion 

A;,, is a factor that corrects for incomplete collection of charge in the chamber at the 
time of its calibration at the standards laboratory. Because G°Co sources used for chamber 
calibration usually have low dose rates, A;,, can be assumed equal to 1 for most chambers 
with adequate bias voltage. 

fi,, corrects for ion recombination loss when the chamber is irradiated in the user's 
beam. This factor depends on the dose rate (or dose per pulse), chamber geometry and the 
bias voltage. A method for determining Eon (two-voltage technique) has been discussed in 
Chapter 6. For a 0.6 cm3 Farmer type chamber operating at a bias voltage of about 300 V 
and exposed to dose rates in the clinical range (-500 cGylmin or less), Eon is usually less 
than 1.005. 
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C. 5. Wall-Correction Factors: AwaIIt BW,II, P,,II 

The &I correction factor occurs in the Ng, formula and accounts for attenuation and 
scatter of photons in the wall and build-up cap of the chamber when exposed in air to 
'OCO y ray beam. In Equation 8.36, &I appears as a ratio of photon energy fluence at 
the center of the cavity with the chamber and its build-up cap in place in air to that when 
the chamber is removed, i.e., ( \ I , ~ ) Z ? ' .  This ratio is approximately given by e-@m/p)px, 

where p,lp is the average mass energy absorption coefficient for the 'OCO beam and px 
is the density thickness, both pertaining to the chamber wall and its build-up cap. 

Tne AAPM protocol (6) provides a table of values for cylindrical chambers as 
a hnction of chamber wall (plus build-up cap) thickness and the length of the chamber 
volume. These values are based on Monte-Carlo calculation by Nath and Schula (30). 
Table 8.3 gives ha! for various commercially available chambers, derived from the same 
data (31). 

Bwal is the quotient of absorbed dose to collision part of kerma in the wall under the 
conditions of transient electronic equilibrium. As discussed in section 8.2C, accounts 
for the difference between the point of interaction ("center of electron production") and 
the point of energy deposition. Its value is taken to be 1.005 for G°Co. 

Although the TG-21 protocol uses flwd in addition to the Adl ,  it is now understood 
(23,24,32) that the Monte-Carlo calculated values of Adl include Bd.  Thus the use of 
Bwal in the AAPM protocol is an error. However, as pointed out earlier, some of the errors 
in the TG-21 protocol cancel each other and, therefore, no change was recommended in 
the protocol until a revised protocol was introduced. 

Pwall is a correction factor that accounts for the difference between the composition 
of the chamber wall and the phantom as it pertains to photon beam interactions in the 
user's beam. This factor depends on beam energy, wall thickness, wall composition, and 
the fraction a of the cavity ionization contributed by electrons originating in the chamber 
wall. Calculations indicate that Pdl 1 when a ~ 0 . 2 5 .  As can be deduced from Table 8.3, 
P d  is close to unity for Farmer rype chambers (wall thickness <0.1 g/cm2) and photon 
energies 2 6  MV. 

The expression for the calculation of Pd, given by Equation 8.60, is different from the 
one in the TG-21 protocol. The reasons for the discrepancy have been discussed earlier. 
Again, because the differences are quite small, no variance is recommended if TG-21 
protocol is followed. 

C. 6. Replacement Correction Factor, P,,,I 

From the previous discussion of this factor, it is evident that PKpl corrects for change in 
JG, (ionization charge per unit mass of cavity air) caused by the finite size of the cavity. 
According to Equation 8.58, if the measurement is made under the conditions of transient 
electronic equilibrium, Prep, is the ratio of photon energy fluence at the center of the cavity 
when the cavity is filled with medium to that when the cavity is filled with air. 

This ratio is also the ratio of electron fluences with and without the cavity. One may 
call this a fluence correction factor or P' However, when the electron fluence is measured 
with a cylindrical ion chamber, there is a shift in the point of measurement depending on 
the radius of the cavity (see section 8.4, C.2). Because of this shift upstream, the ionization 
measured is greater than if there was no shift or cavity radius was zero. The component of 
PEP[ caused by the shift in the point of measurement is called the gradient correction or 
Pg,. The magnitude of Pg, is dependent on the gradient of the dose and the inner diameter 
of the ion chamber. Thus Prepl may be the thought ofhaving two components, the p d i e n t  
and fluence correction factor or Prepl = PPPgr. 

In the case of photon beams, fluence corrections are not needed if the measurements 
are made at or beyond in a broad beam because transient electronic equilibrium exists 
there (33). Under these conditions, P' = 1 because electron spectrum is not changed by 
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the presence of air cavity. Prepl for photon beams can therefore be equated to Pg, only if 
the chamber is positioned on the descending portion of the depth dose curve. 

Replacement correction for electron beam calibration is more complex. Presence of 
the cavity alters the primary electron fluence because air scatters electrons less than the 
medium. Generally, the fluence correction factor is less 1 and its value depends on the depth 
in the medium (energy spectrum at the depth of measurement) and the size of the cavity. 
The gradient correction for electron beam calibration is ignored in TG-21 because the 
recommended point of measurement is at the depth of dose maximum, where there is no 
significant dose gradient. However, gradient correction is applied for the measurement of 
depth dose distribution. In practice, this is accomplished by shifting the entire depth dose 
curve through a distance of O.5r toward the source, where r is the radius of the cylindrical 
cavity. In the case of plane-parallel chamber, Prcpl is equated to unity and no shift correction 
is used as long as the point of measurement is taken at the proximal surface of the cavity. 

C. 7. Calibration Phantom 

The TG-21 protocol (6) recommends that calibrations be expressed in terms of dose to 
water. Water, polystyrene, or acrylic phantoms may be used. Since in clinical dosimetry 
dose to soft tissue or muscle is the quantity of interest, one needs to convert k t , ,  to DmusCI, 
when dose is specified for patient treatments. This conversion is done by the following 
relationships: 

For photon beams, 

For electron beams, 

The factors (i'L,/p)~$$ and (S/p)t$$ vary only slightly with energy and may be equated 
to 0.99 for all photon and electron beams used clinically. 

A calibration phantom must provide at least 5 cm margin laterally beyond field borders 
and at least 10 cm margin in depth beyond the point of measurement. This is to ensure full 
scatter conditions. Calibration depths for a megavoltage photon beams are recommended 
to be between 5- and 10-cm depth, depending on energy. Alternatively, a single depth 
of 10 cm may be used for all energies between 6 0 ~ o  and 50 MV. Dose rate or dose per 
monitor unit is then calculated for the reference field size at the reference depth by using 
depth-dose distribution data. 

For electron beams, the calibration depth recommended by TG-21 is the depth of dose 
maximum for the reference cone (e.g., 10 x 10 cm) and the given energy. For lower-energy 
electron beams (< 10 MeV), the AAPM protocol recommends the use of plane-parallel 
chambers. These chambers may be calibrated in comparison with cylindrical chambers, 
using a calibration set up for a high-energy electron beam. The procedure is somewhat 
complicated by the fact that plane-parallel chambers are used in plastic phantoms, thereby 
creating addiuonal uncertainties in the interconversion of dose to water and plastic media. 

C.8. Simplified Equations 

The TG-21 protocol (6) has worksheets for calculating Ng. and dose to water for photon 
and electron beam calibration. It is important that the user of this protocol complete these 
worksheets for any new chamber and a new beam to be calibrated. Once all the relevant 
calibration parameters have been established for the given chamber and the given beam, 
routine calibration checks can be performed using simplified equations and precalculated 
tables. 
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TABLE 8.4. CALIBRATION PARAMETERS FOR PHOTON BEAMSa 

Energy Calibration Depth Percent Depth 
(MV) (cm water) Dose ($) P' Prep1 Fmurde 

- - 

aWater phantom, 10 x 10-cm field at SSD = 100 cm, 0.6-mL PTW Farmer chamber N23333 (see Table 8.3 
for characteristics). The mass energy absorption coefficient ratio, (il,/p)E:,Y,F, i s  assumed to be 0.990 
for all energies; Pwal1 = 1; Fmu,,l, i s  defined by Eq. 8.71. 

For photon beams, dose to muscle is given by: 

Dmde = Ma Ngas. FmuJcle e o n  

Table 8.4 gives FmWa values for aspecific chamber and a number ofphoton beam energies. 
This table is reproduced here as an example and for rough comparisons. 

For electron beams, Dmusde is given by: 

where 

Table 8.5 gives Fmde values for a given chamber and a number of electron energies. Again 
these data may be used for rough comparisons if the user's chamber is not very different 
from Farmer type ion chamber used in these calculations. 

In an SSD type calibration of a photon beam, a 10 x 10-cm field is placed at an SSD 
of 100 cm and the chamber is positioned at the recommended depth of calibration (e.g., 
10 cm). Dose to muscle3 per monitor unit is calculated and then converted to Dm,,1, at 
the reference depth of dose maximum (dm) by using percent depth dose (P) at the depth 
of measurement. 

DmWcl,(at the depth of measurement) 
D m u c ~ e  (at dm) = P/ 100 

(8.74) 

An isocentrir calibration involves setting up of a 10 x 10-cm field at the recommended 
depth of calibration (e.g., 10 cm) and a source-to-chamber distance (SCD) of 100 cm. If 
TMR is the tissue-maximum ratio (discussed in Chapter 10) at the depth of measurement, 

DmusCle(at the depth of measurement) 
Dmusc~e(at dm) = TMR 

(8.75) 

8.6. AAPM TG-51 PROTOCOL 

The TG-5 1 protocol (34) represents a major upgrade of the TG-2 1 protocol in several 
respects: (a) it is based on absorbed-dose-to-water calibration factor, N;:@, instead of 
exposure or air kerma calibration of the ion chamber; (b) the user does not need to 

3Although the AAPM protocol recommends calibration in terms of dose to water, many consider it more 
convenient to convert a,,, to Dmulcle at the rime of calibration and set the accelerator in terms of dose to 
muscle per monitor unit. 
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TABLE 8.5. CALIBRATION PARAMETERS FOR ELECTRON BEAMSa 

Energy (MeV) 
Depth dm Mean Energy 

Nominal Eo (cm water) (MeV) a t  dm Prep1 f muscle 

aWater phantom, field size, 10 x 10 cm cone, SSD = 100 cm, energy derived from broad-beam depth 
dose distributionJ25 x 25 cm field), 0.6-ml P l W  Farmer chamber N23333 (see Table 8.3 for 
characteristics). (5lp);:$ is assumed to  be 0.987 for all energies, F,,,,I, is defined by Eq. 8.73, Eo is the 
mean electron energy at the surface. 

calculate any theoretical dosimetry factors; and (c) large tables of stopping-power ra- 
tios and mass-energy absorption coefficients are not needed. Although the adoption of 
TG-5 1 results in only modest improvement in dosimeuic accuracy over the TG-21 pro- 
tocol (1%-2%), the gain in simplicity is a significant factor from the user's point of view. 

The theoretical aspects of TG-51 go back - to the TG-21 formalism, especially in the 
calculation of correction factors such as L / p  ratios, Pwdl, Pql, Pion, Ppolariry, Pgndient, 
PAucnce, etc. If these factors are normalized to reference conditions of absorbed-dose-to- 
water in a 'OCo beam, the formalism simplifies to the application of a quality conver- 
sion factor, which converts the calibration factor for a 'OCo beam to that for the user's 
beam. 

The basic TG-5 1 equation for absorbed calibration is as follows: 

where D,Q is the absorbed dose to water at the reference point of measurement in a beam 
of quality Q; M is the electrometer reading that has been hlly corrected for ion recom- 
bination, environmental temperature and pressure, electrometer calibration and chamber 
polarity effects; kQ is the quality conversion factor that converts the absorbed-dose-to- 
water calibration factor for a 'OCO beam into the calibration factor for an arbitrary beam 
of quality Q; and N;$ is the absorbed-dose-to-water calibration factor for the chamber 
in a 'OCo beam under reference conditions. 

The reference point of measurement in Equation (8.76) is specified at the reference 
depth corresponding to the center of cavity for a cylindrical chamber and the front surface 
of the caviry for a plane parallel chamber. Although the effective point of measurement 
occurs upstream for a cylindrical chamber, the resulting gradient correction has already 
been taken into account in the kQ factor. 

A. Beam Quality, Q 

1. Photon Beams 
The TG-21 protocol specifies photon beam energy in terms of nominal accelerating poten- 
tial which is shown to be related to "ionization ratio" (6). The ionization ratio is defined as 
the ratio of ionization charge or dose measured at 20-cm depth to that measured at 10-cm 
depth for a constant source to detector distance and a 10 x 10 cm2 field at the plane of the 
chamber (isocentric geometry). This ionization ratio is the same as what is also known as 
TPR:! or TPR20,10 used by Andreo and Brahme (35) and the International Atomic Energy 
Agency (IAEA) protocol (36). The AAPM TG-5 1 (34) protocol has instead recommended 
%dd(lO), as the beam quality-specifier. The quantity %dd(lO), is the photon component 
of the photon beam percentage depth dose at 10-cm depth in a 10 x 10 cm2 field on the 
surface of a water phantom at an SSD of 100 cm. The pros and cons of using TPR:: versus 
%dd(lO), have been discussed in the literature (37,38). 
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FIG. 8.6. A plot of water to air stopping power ratios as a 
function of %dd(lO)x. (From Kosunen A, Rogers DWO. Beam 
quality specification for photon beam dosimetry. Med Phys 
1993;20:1013-1018, with permission.) 

The rationale for %dd(lO), as a photon beam quality specifier is provided by Kosunen 
and Rogers (39) who showed that for any x-ray beam above 4 MV, there is a linear 
relationship between stopping powers ratios and %dd(lO), for the photon component of 
the beam (Fig. 8.6). Mathematically, 

Determination of %dd(lO), requires that the photon beam be free of elecuon con- 
tamination. Because it is impossible to remove electron contamination completely fiom 
clinical photon beams, the TG-51 protocol recommends that %dd(lO), be measured by 
interposing a 1-mm-thick lead (Pb) foil in the beam at a distance of about 50 cm from the 
phantom surface. This arrangement minimizes the electron contamination incident at the 
phantom surface as the lead foil acts as an elecuon filter (40). 

For photon beams of energy less than 10 MV, the contribution of dose at A, from 
incident electron contamination is minimal for a 10 x 10 cm2. So the %dd(lO) measured 
in an open beam without lead may be equated to the %dd(lO),. The use of lead foil, 
however, is recommended for %dd(lO), measurement for energies of 10 MV or higher. 

Calculation of %dd(lO), for various beam energies involves the following equations, 
as recommended by TG -5 1: 

%dd(lO), = %dd(lO) [for %dd(lO) < 75%] (8.78) 

%dd(lo), = [0.8905 + 0.00150%dd(10)pb]%dd(10)pb [for Y0dd(10)~~ )_ 73% (8.79) 

It should be noted that the Pb foil is used only when determining the beam quality 
specifier, ?hdd(lO),, and must be removed at the conclusion of that determination. In 
addition, if the measurement of depth doses involves a cylindrical chamber, the depth dose 
curve must be corrected for gradient effects, that is, shifi of the curve upstream by O.Gr,, 
where r,, is the radius of the chamber cavity. 

In case the lead foil is not available, an approximate relationship for the determination 
of %dd(lO), on an interim basis is recommended by TG-5 1 : 

%dd(lO), = 1.267%dd(10) - 20.0 [for 75% < %dd(lO) 5 89%] (8.80) 

The previous equation is based on a global fit to data (33) and in extreme cases may lead 
to an error in kQ or absorbed dose of 0.4%. 
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depth Icm 

FIG. 8.7. A typical electron beam depth dose curve showing 
depth of maximum dose (dm,,), depth of 50% dose (R50) and depth 
for clinic reference dosimetry (dref). (From AAPM. AAPM's TG-51 
protocol for clinical reference dosimetry of high-energy photon 
and electron beams. Med Phys 1999;26:1847-1870, with permis- 
sion.) 

2. Electron Beams 
The beam quality for electron beam dosimetry is specified by Rso, the depth in water (in 
centimeters) at which the percent depth dose is 50% for a "broad beam" (field size at the 
phantom surface 2 10 x 10 cm2 for energies up to 20 MeV or 20 x 20 cm2 for all energies 
in the clinical range) at an SSD of 100 cm. Figure 8.7 shows a typical electron beam depth 
dose curve with A,, def (reference depth of calibration) and RsO indicated. 

Rso for a broad beam (e.g., 20 x 20 cm2 field size) may be determined by measurement 
of dose at two points on central axis: one at A, and the other at depth where the dose falls 
to 50% of the maximum dose. If a cylindrical ion chamber is used for this measurement, 
the point of should correspond to where the chamber reads maximum ionization 
on central axis. A point is then located downstream on central axis where the ionization 
measured is 50% of the maximum value. The depth of 50% ionization (Iso) is determined 
by subtracting OSr, from the depth indicated by the center of chamber cavity. The beam 
quality specifier, Rso, is then calculated from (41): 

R5o = 1.029150 - O.OG(cm) [for 2 5 IsO 5 10 cm] (8.8 1) 

R5o = 1.059150 - 0.37(cm) [for IsO > 10 crn] (8.82) 

Alternatively, RSo may be determined from the depth ionization curve (measured 
with a cylindrical chamber), which has been corrected for gradient effects by shifting 
the entire curve upstream by 0 3 ,  (Fig. 8.8) and converting IS0 to R 5 ~  by using the 
above Equations. If a water phantom scanner with ion chamber is used, most systems 
are equipped with s o h e  to convert depth ionization curves into depth-dose curves 
using appropriate factors (e.g., (11~):~ and P+ or P'+PF, as a function of depth). This 
allows a quick determination of important dos~metry parameters such as A,, Cf, Rso, 
and Rp. 

If a diode or film is used to determine depth-dose distribution in a water or water 
equivalent phantom, the detector response as a function of depth gives depth dose curve 
directly without further corrections (section 14.3B). However, it is important to establish 
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depth /cm depth l cm 

FIG. 8.8. Shifting of depth ionization curves upstream by 0.6rC,, 
for photons and 0.5r,,, for electrons in order to  correct for shift in 
the point of measurement when using a cylindrical ion chamber 
of cavity radius, r,,,. (From AAPM. AAPM's TG-51 protocol for 
clinical reference dosimetry of high-energy photon and electron 
beams. Med Phys 1999; 26:1847-1870, with permission.) 

first by suitable benchmark tests, that these dosimetry systems agree with corrected ion 
chamber dosimetry. 

B. Quality Conversion Factor, 

By definition, kQ is given by: 

Q 60 
k~ = ND, 1 Co ND,, 

From TG-21 Equation [8.57] : 

N D . ~  = Dw 1 MI",,, = N, (11 P )  ir pWal k P i  (8.84) 

As discussed earlier (section 8.5, C.6), Prep[ has two components, the gradient and fiuence 
correction factors: 

Equation 8.84 may be further revised by multiplying the right hand side of the equation by 
the central electrode correction factor, PceI. This factor was ignored by the TG-21 protocol 
but it is included in the kQ values of the TG-51 protocol. The central electrode effect is 
quite small for electron beams (cO.2%), but for photon beams it has been shown to be 
significant. For example, PC,, for Farmer-like chambers with an aluminum electrode of 1 
mm diameter varies between 0.993 for G O ~ o  to 0.996 for 24 MV x-rays (42). 

From Equations 8.83, 8.84, and 8.85 along with the use of Pcel we get the c~pression 
for kQ: 

1. kQ for Photon Beams 
Using the above relationship, Rogers (33) calculated kQvdues for avariety of commercially 
available cylindrical ion chambers as a function of photon beam energy from 'OCo to 24 
MV. These data comprise Table I of the TG-5 1 protocol and are reproduced here in Table 
8.6. Data for plane-parallel chambers are not included because of insufficient information 
about PwdI in photon beams, other than 6 0 ~ o  for which kQ = 1 by definition for all 
chambers. 

2. kQ for Electron Beams 
Although Equation 8.76 is general and can be applied for both photon and electron beams 
(see IAEA Protocol, section 8.7), authors of the TG-5 1 Protocol felt that for electron beams 
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TABLE 8.6. kQ VALUES FOR ACCELERATOR PHOTON-BEAMS AS A FUNCTION OF O/oDD(lO)x FOR CYLINDRICAL 
ION CHAMBERS 

Ion Chamber 

Capintec PR-O5IPR-05P 
Capintec PR-06UG 0.6cc Farmer 
Exradin A1 Shonkaa 
Exradin A12 Farmer 
NE2505/3,3A 0.6cc Farmer 
NE2561 0.3cc NPL Sec. Stdb 
NE2571 0.6cc Farmer 
NE2577 O.2cc 
NE2581 0.6cc robust Farmer 
PTW N30001 0.6cc FarmerC 
PTW N30002 0.6cc all Graphite 
PTW N30004 0.6cc Graphite 
PTW 31003 0.3cc waterproofd 
Wellhofer IC-10IIC-5 

- - - - 

For 60Co beams, kp = 1.000 by definition. 
aThe cavity radius of the A1 here is 2 mm although in the past Exradin has designated chambers with another radius as A l .  
bThe NE2611 has replaced the equivalent NE2561. 
'PTW N30001 is equivalent to  the PTW N23333 it replaced. 
d ~ T W  N31003 is equivalent t o  the PTW N233641 it replaced. 
From AAPM. AAPM's TG-51 protocol for clinical reference dosimetry of high-energy photon and electron beams. Med Phys 1999; 26:1847-1870, 
with permission. 

the P$ factor in Equation (8.86) at the reference point of measurement may vary from 
one accelerator to another and therefore must be measured in the user's beam. Thus kQ 
has been redefined for electron beams by the following equations (43): 

where 

and P: is the gadient correction at the reference depth of measurement. The referince 
depth, called Cf, for electron beams is based on recommendation by Burns et al. (44) and 
is given by: 

The gradient correction at the reference depth is given by: 

P: = I(& + 0.5hv)/I(d,f) [for cylindrical chambers] (8.90) 

= 1.0 [for plane-Parallel chambers] (8.91) 

where I(d) is the ionization reading of the cylindrical chamber with the cylindrical axis at 
depth d 

Further, the authors ofTG-5 1 thought that thevalues of k~,, for different ion chambers 
vary considerably (43) and that there was no provision in this formalism for a future 
possibility of having chamber calibration factors measured directly for electron beams. 
These drawbacks could be avoided by arriving at kR5, in two steps instead of the one 
derived directly by quality comparison with 6 0 ~ o .  Thus, kR5, is redefined as: 
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where kwl is the quality conversion factor for a reference electron beam of high energy 
with an arbitrary beam quality Q, of R50 = 7.5cm, relative to 'OCO. 

or, from Equation 8.88: 

and is the qualiry conversion facmr for the given electron beam of quality Q relative 
to the reference electron beam of quality Q,, that is, 

Values of kd for the plane-parallel and cylindrical ion chambers have been calculated 
using Equation 8.94 (43) and are presented in Tables I1 and I11 of the TG-5 1 protocol 
(34). These are reproduced in Tables 8.7 and 8.8 of this chapter. The values of kilo for 
Farmer-like cylindrical chambers and plane-parallel chambers are calculated by Rogers (43) 
using the following equations respectively: 

and 

C. Calibration Phantom 

TG-5 1 requires that the calibration of photon and electron beams be performed in a water 
phantom. The recommended dimensions of the phantom are at least 30 x 30 x 30 cm3. 
If the beam enters the phantom from the side through a plastic wall, all depths must 
be scaled to water equivalent depths using a scaling factor of 1 cm acrylic = 1.12 cm 
HzO. 

D. Chamber Waterproofing 

A cylindrical ion chamber may be waterproofed using a thin (5 1-mrn thick) acrylic sleeve. 
The chamber should slip into the sleeve with little resistance and with minimal air gaps 

TABLE 8.7. keCal VALUES FOR PLANE-PARALLEL 
CHAMBERS, ADOPTING A REFERENCE BEAM QUAL- 
ITY QeC,l OF Rso = 7.5 cm 

Chamber keca~ 

Attix 
Capintec 
PTBlRoos 
Extradin 
Holt 
Markus 
NACP 

From AAPM. AAPM's TG-51 protocol for clinical reference dosimetry 
of high-energy photon and electron beams. Med Phys 1999;26:1847- 
1970, with permission. 
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TABLE 8.8. kecal VALUES FOR CYLINDRICAL CHAMBERS, ADOPTING A REFERENCE ELECTRON BEAM QUALITY 
QecaI OF RS0 = 7.5 crn 

Chamber 

Wall 
Al  Electrode 

Thickness Cavity Radius Diameter 

kecd Material glcm2 rcav k m )  (mm) 

Farmer-like 
Exradin A12 0.906 C-552 0.088 0.305 
NE2505/3,3A 0.903 Graphite 0.065 0.315 1 .O 
NE2561a 0.904 Graphite 0.090 0.370e 1 .O 
NE2571 0.903 Graphite 0.065 0.31 5 1 .O 
NE2577 0.903 Graphite 0.065 0.31 5 1 .O 
NE2581 0.885 A-150 0.041 0.315 
Capintec PR-06UG 0.900 C-552 0.050 0.320 
PTW N23331 0.896 Graphite 0.01 2 0.395e 1 .O 

PMMA 0.048 
PTW ~ 3 0 0 0 1  0.897 Graphite 0.01 2 0.305 1 .O 

PMMA 0.033 
PTW N30002 0.900 Graphite 0.079 0.305 
PTW N30004 0.905 Graphite 0.079 0.305 1 .O 
PTW N31003C 0.898 Graphite 0.012 0.275 1 . 0 ~  

PMMA 0.066 

Other cylindrical 
Exradin ~1~ 0.915 C-552 0.176 0.200 
Capintec PR-O51PR-05P 0.916 C-552 0.21 0 0.200 
Wellhofer IC-10IIC-5 0.904 C-552 0.070 0.300 

aThe NE2611 has replaced the equivalent NE2561. 
'PNV N30001 is equivalent t o  the PTW N23333 it replaced. 
'PTW N31003 is  equivalent t o  the PTW N233641 it replaced. 
dThe cavity radius o f  the A1 here is 2 mm although in the past Exradin has designated chambers with another radius as A l .  
eln electron beams there are only data for cavity radii up t o  0.35 cm and so 0.35 cm is used rather than the real cavity radius shown here. 
'~lectrode diameter is  actually 1.5 mm, but only data for  1.0 mm is available 
From AAPM. AAPM'sTG-51 protocol for clinical reference dosimetry of high-energy photon and electron beams. Med Phys 1999;26:1847-1970, 
with permission. 

around the thimble (5 0.2 mm). Another option is to use a latex condom but without any 
talcum powder because the talcum powder could leak into the chamber cavity. Waterproof 
chambers or chambers with waterproofing kits are also commercially available. 

E. Charge Measurement 

The l l l y  corrected charge reading, M, from an ion chamber is given by: 

where M,, is the raw chamber reading in coulombs or the instrument's reading; Pion is the 
ion recombination correction; P7;p is the air temperature and pressure correction; Pele, is 
the electrometer calibration factor; and Ppol is the polarity correction. Rationale for these 
correction factors has been discussed. 

The ion recombination correction has been discussed in section 6.8. In one of the meth- 
ods, the chamber readings are taken with full voltage and with half-voltage. The ratio of 
the two readings is related to fion which is read off from a curve corresponding to the 
type of beam: pulsed, pulsed scanning or continuous radiation (Fig. 6.17). Alternatively, 
TG-5 1 recommends measurements at two voltages: the normal operating voltage, VH and 
approximately half-voltage Vr. If the corresponding chamber readings are M;H, and q:,, 
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then Pion at VH is given by: 

90, ( VH) = 
1 - ( VH/ V L ) ~  

M&I.qW - ( VH/ w2 
(8.99) 

[for a continuous radiation, i.e., "CO beam] 

1 - ( VHI VL) 
e o n (  VH) = [for pulsed or scanning beams] (8.100) 

Mzw/ Mkw - ( VH/ fi) 

2. PT,P 

In the United States, the calibration laboratories [National Institute of Standards and Tech- 
nology (NIST) and Accredited Dose Calibration Laborarories (ADCLs)] provide chamber 
calibration factors for standard environmental conditions of temperature To = 22OC and 
pressure Po = 760 mm Hg or 101.33 kPa (1 atmosphere). The temperature and pressure 
correction, Prp, is given by: 

(7:) ( 273.2 + T ) 
P7;r = - [for P in mm of Hg] (8.101) 

273.2 + 22.0 

101.33 
P = ( )  ( 273.2 + ) [for P in kP,] (8.102) 

273.2 + 22.0 

The rationale for the use of temperature and pressure correction for ion chamber 
readings has been discussed in section 6.10. 

The electrometer correction factor, Pel,,, depends on whether rhe electrometer is detached 
or forms an integral unit with the ion chamber. If separate, the electrometer must bear a 
calibration factor for charge measurement. Pel,, corrects the electrometer reading to true 
coulombs. Its unit of measurement is C/C or Cfrdg. If the electrometer and ion chamber 
form a single unit, Pel,, = 1.00. 

4. P,,I 

Chamber polarity effects depend on the chamber design, cable position, and beam quality 
(see section 6.9). Ppol is the polarity correction factor, which corrects chamber's response 
for possible polarity effects. 

Measurement of Ppol involves taking chamber readings with both polarities and de- 
termining Ppol from: 

where MLw is the reading when positive charge is collected and is the reading when 
negative charge is collected, and M,, is the reading corresponding to the polarity used 
for beam calibration (which is recommended to be the same as used for the chamber 
calibration). It should be noted that the sign of the charge for MLTV and MGW (which 
would normally be opposite) is to be carried in Equation 8.103. Also sufficient time 
should be given between polarity changes to stabilize the readings. 
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F. Chamber Calibration Factor, N : ~ ~  

The TG-5 1 protocol is based on absorbed-dose-to-water calibration factor, 

where lIc6 is the absorbed dose to water in the calibration laboratory's 6 0 ~ o  beam 
under reference conditions, at the chamber's point of measurement in the absence of the 
chamber. As discussed earlier, the calibration factor applies under standard environmental 
conditions, viz. Z ° C ,  101.33 kPa, and relative humidity between 20% and 80%. The 
calibration factor can be obtained from ADCLs in the United States (traceable to NIST). 

The NIST's primary standard for the absorbed-dose-to-water calibration of the cham- 
ber is currently based on absolute dosimetry with a calorimeter. Transfer ion chambers are 
used at the ADCLs to ~rovide NIST traceable calibrations. 

G. Photon Beam Calibration 

The TG-5 1 provides worksheets to guide the user in a step-by-step implementation of the 
protocol. These worksheets are highly recommended for the original reference calibration. 
Simpler forms or worksheets may be designed for routine calibration checks. 

The essential equipment for the reference absorbed dose calibration consists of a suit- 
able water phantom, a chamber holder, a waterproof sleeve (if chamber is not waterproof), 
an ion chamber with calibration factor N F ~ ,  electrometer with calibration factor Pel,,, a 
calibrated barometer and a calibrated thermometer. One-mm thick lead sheet should be 
available that can be placed in the beam at a distance of 50 f 5 cm from the phantom 
surface. For use at shorter distances such as 30 f 1 cm, see TG-5 1 protocol. 

Although full details are available in the TG-51 protocol and its worksheets, the 
calibration steps are summarized below as a quick review: 

1. Set up water phantom for calibration. 
2. Determine beam quality, i.e. %dd(lO),: 

(a) Set field size at surface, 10 x 10 cm2, at SSD = 100 cm. 
(b) Measure %dd(lO) with open beam (no lead sheet). For the Dm, or peak dose 

measurement, the chambers should be placed where the reading for a set number 
of monitor units (e.g., 200 MU) is maximum on the central axis. For the dose at 
10 cm depth, the center of chamber should be placed at (10 + O.GrCa,)cm. 

(c) The ratio of ionization at 10 cm depth to that at &, times 100 gives %dd (10). 
If the beam energy is (10 MV, then %dd(lO), = %dd(lO). 

(d) If the beam energy is 210 MV, use 1-mrn lead sheet in the beam at a distance of 
50 f 5 cm from the surface. Measure %dd(lO)p, as in (b) above. 

(e) Use Equation 8.79 to determine %dd(lO), if %dd(lO)pb is 273  %; or Equation 
8.80 if the lead is not used and %dd(lO) is greater than 75% but not exceeding 
89%. 

(f) Remove the lead sheet. 
3. Depending on the chamber model, determine kQ corresponding to %dd(lO), 

(Table 8.6). 
4. Measure temperature and pressure to get PTp (Eq. 8.10 1 or 8.102). 
5. Measure M i w  and Mzw to determine Ppol (Eq. 8.103). 
G. Measure MLW and MLW to determine Pi0, at VH (Eq. 8.100). 
7. Set 10 x 10 cm2 field size at the surface with SSD = 100 cm (SSD-type calibration) 

or at isocenter with SSD = 90 cm (SAD-type calibration). 
8. Position the chamber with its center of cavity at 10 cm depth. 
9. Irradiate for a set number of monitor units (e.g., 200 MU). Take an average of at 

least three consistent ion chamber readings. The fully corrected reading M is given by 
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Equation 8.98: 

M = MLw P ~ ~ l " , o n  Peiec Ppol 

10. Dose ro water at 10 cm depth: 

11. Dose per monitor unit at reference 
(a) For SSD-type calibration, 

(b) For SAD-type calibration, 

Note that the gradient correction for shift in the chamber point ofmeasurement is included 
as part of kQ. So the measurement depth of I0 cm for calibration is set at the center of 
chamber cavity. Also, the values of %dd(10,10 x 10) and TMR (10,lO x 10) used in 
step 1 1 above must be derived from data that have been corrected for shift in the chamber's 
point of measurement if a cylindrical chamber had been used in the acquisition of the 
data. 

H. Electron Beam Calibration 

Because of the severe depth dose gradients and increased perturbations caused by chamber 
cavity in a low energy electron beam, the TG-5 1 protocol recommends the use of plane- 
parallel chamber for electrons with R50 ( 2.6 crn (incident energies of 6 MeV or less). 
It offers two methods of obtaining kca N:: for plane-parallel chambers: one by cross- 
dibration against a calibrated cylindrical chamber (preferred method) and the other by 
using G O ~ o  absorbed-dose calibration factor for the plane-parallel chamber. The reader is 
referred to TG-51 protocol for details on the use of plane-parallel chamber for calibration. 

Although the use of plane-parallel chamber for calibration offers some advantages, for 
example, absence of gradient correction and minimal fluence perturbation correction, the 
disadvantages include the lack of absorbed-dose-to-water calibration factor by the ADCki, 
the difficulty of waterproofing the chamber, and eliminating water pressure on the thin 
window of the plane-parallel chamber. Because of these drawbacks, some users ignore the 
protocol recominendation and use Farmer-type chambers for the whole range of clinically 
useful energies, for example, from 6 MeV to 20 MeV and higher. 

In this section, the calibration steps with cylindrical chambers will be summarized for 
a quick review. 

1. Determine beam quality or Rso. This parameter can be determined by point rneasure- 
ments or obtained from the pre-measured depth dose curve, corrected for stopping 
power ratios and all the perturbation effects as discussed in section 14.3B. A broad 
beam (e.g., 20 x 20 cm2) is used for these measurements. 

2. For the given chamber, determine ked (Table 8.8). 
3. For the given beam energy, determine kkS0 (Eq. 8.96). 
4. Set up reference conditions for calibration: 

Field size = 10 x 10 cm2, SSD = 100 cm, center of chamber caviry at def 

*Reference is che fixed &, used for normalizing percent depth dose and TMR data for all field sizes (see 
Chapter 10). 
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5. Measure PP, Ppol, and 9,". 
6. Irradiate for a set number of monitor units (e.g., 200 MU) and take an average of at 

least three consistent readings. The hlly corrected reading M a t  def is given by: 

7. Determine gradient correction at def: 

8. Dose to water at def: 

9. Dose per monitor unit at = #$ 
10. Dose per monitor unit at d,,,, 

Note that the calibration measurement is made with the center of chamber cavity at &f. 

The gradient correction at Af due to shift in the point of measurement is determined 
separately and applied explicitly (unlike photons). The %dd(def) is obtained from depth 
dose data which have been corrected for changes in and perturbation effects if 
the data were acquired by an ion chamber. 

8.7. IAEA TRS 398 PROTOCOL 

The IAEA published its most recent calibration protocol, Technical Report Series (TRS) 
No. 398, in 2000 (36). This protocol supersedes the previous IAEA TRS-277 protocol 
(45). The development of TRS-398 has paralleled that of the AAPM TG-51 protocol. 
Consequendy, the two protocols are very similar in their formalisms and both are based 
on absorbed-dose-to-water calibration of the ion chamber in a cobalt-60 beam. Having 
presented TG-21 and TG-51 in the previous sections, the TRS-398 will be discussed 
only briefly, primarily to highlight its differences from TG-5 1. The user of the TRS-398 
protocol is advised to follow the protocol document in all its details. 

A. Formalism 

The basic equation for the determination of absorbed dose to water for a beam of quality 
Qis the same as the TG-51 equation (Eq. 8.76). Using U s  notation, 

where D,,,Q is the absorbed dose to water in the user's beam of quality Q, No,,, Q, is the 
chamber calibration factor in terms of absorbed dose to water in the reference beam of 
quality Qo (e.g., G O ~ o ) ,  kQ Q,, is the factor that corrects for the effects of the difference 
between the reference beam quality Qo and the user quality Qand MQ is the fully corrected 
chamber reading. MQ is given by: 

where Ml is the dosimeter reading at the normal voltage 1/1, hpl is the phantom dependent 
fluence scaling factor to correct for the difference in electron fluence in plastic (if calibration 
is performed in a plastic phantom) with that in water at an equivalent depth, kn is the 
temperature and pressure correction factor: 
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(noting that many international Primary Standards Laboratories specify reference air tem- 
perature of20°C [instead of 22°C in the United States]), kel,, is the electrometer calibration 
factor, kpOl is the chamber polarity correction factor (the same as Eq. 8.103), and k, is the 
ion recombination correction. 

In thz TRS-398, k, is determined by taking chamber readings MI and Itl. at voltages 
of V; (normal operating voltage) and 6 (half of V; or less) and calculating k, by: 

where ao, a 1 ,  and a2 are constants that depend on type of beam (pulsed or pulse-scanned). 
In continuous radiation (e.g., 'OCo), the two voltage method may also be used using the 
relationship: 

For pulsed and pulse-scanned beams, values of ao, crl, and a2 are provided by Table 9 
of the protocol. 

B. Beam Quality, Q 

I .  Photon Beams 

A major difference between TG-51 and TRS-398 consists of beam qualiry specification. 
Whereas, TG-5 1 recommends %dd(lO), (see section 8.GA), TRS-398 specifies beam qual- 
ity by TPR20,10. Although the choice of one or the other has been debated in the literature 
(37,38), this difference has little effect on the end result, namely, the calculation of kQ or 
absorbed dose to water. In my opinion, the TPRzo.10 method is simpler to implement as 
it avoids the use of a lead filter or dose measurement at &, which is somewhat messy 
(e.g., width of dose peak relative to chamber caviry diameter and the question of residual 
electron contamination at &, in spite of the lead filter). In addition, the determination 
O ~ T P R ~ ~ , ~ ~  does not require displacement correction nor is it sensitive to small systematic 
errors in positioning of the chamber at each depth. However, the user of either protocol is 
advised to follow the respective method recommended by the protocol. 

The experimental setup for the determination of T P R ~ O , ~ ~  is the same as that for the 
ionization ratio recommended by the TG-21 protocol (see section 8.GA). The source-to- 
chamber distance is kept constant at 100 cm and the measurements are made with 10 cm 
and 20 cm ofwater over the chamber. The field size at the chamber position is 10 x 10cm2. 
As previously mentioned, there is no need to use displacement correction. The ratio of 
ionization at 20cm depth to that at lOcm depth gives the TPR20,10. 

It has been shown (37) that the restricted stopping power ratio, (T/,D);~, for all 
clinical beams decreases with increase in TPR20,10 in a sigrnoid reIationship which has 
been represented by a cubic polynomial, fitting the data to better than 0.15%. The quality 
conversion factors, kQ, Q, (or kQ in the notation of TG-51) can then be calculated using 
stopping power ratios and perturbation factors (Eq. 8.86). 

2. Electron Beams 

The specification of beam quality in the TRS-398 protocol is the same as in the TG-51 
protocol, namely, by R5o (see section 8.6A.2). A broad beam (e.g., 20 x 20 cm2) is 
recommended for the measurement of R50. 

C. Quality Conversion Factor, k ~ , ~ ,  

I. Photon Beams 

Using TPRzo,lo as the index of beam quality, Andreo (46) has calculated kQ, Q, values for 
a variety of commercially available ion chambers and photon beams of TPR20,10, ranging 
from 0.5 to 0.84. These values are presented in Table 14 of the TE-335 protocol. 
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2. Electron Beams 

TRS-398 deviates from the TG-51 methodology in that it directly calculates ~ Q , Q ,  for 
electrons using relevant stopping power ratios and perturbation factors (see Eq. 8.86) 
instead of redefining ~ Q , Q ,  in terms of ked, kilo and P$. In other words, the ~ Q , Q ,  
formalism used for electrons is the same as for photons. A table of k g  Q, values for electrons 
is provided by the protocol for various types of ion chambers and beam quality R50. 
This simplifies the calibration process somewhat since ked and P Q  do not need to be 

gT 
determined. The gradient correction at (the same as in TG-51) is ~mplicit in the k Q ,  Q, 

factor for electrons as it is for photons. 
TRS-398 does provide the option of chamber calibration at a series of electron beam 

qualities. The calibration laboratories could, in the future, provide No,,, Q for a reference 
electron beam of quality Q and kQ,  Q, factors corresponding to a number of other beams 
of quality Qso that the user could determine kQ Q, by interpolation. Currently, this option 
is not available by the Primary Standard Dosimetry Laboratories (PSDLs). 

D. Calibration 

Reference conditions for the calibration of photon and electron beams in the TRS-398 
are the same as in TG-51. TRS-398 also provides worksheets, which guide the user in a 
step-by-step implementation of the protocol. 

Comments: The TG-51 and TRS-398 protocols are similar, except for minor differ- 
ences in beam qualityspecification and notation. There is no reason why one protocol could 
not be followed worldwide. In this day and age, it does not make sense to promote these 
more or less identical protocols packaged with different names and notations. Although it's 
too late for these protocols to be merged into one, I hope that the next revision of either of 
these protocols will be combined and carried out by an internationally constituted panel 
or a task group. 

8.8. EXPOSURE FROM RADIOACTIVE SOURCES 

Exposure rate from a radioactive source can be determined from the knowledge of its 
photon emission spectrum and the relevant mass energy absorption coefficients for air. A 
relationship between exposure (X) and energy fluence (Q) may be derived by comparing 
Equations 8.19 and 8.21. Under the conditions of changed particle equilibrium, 

Therefore, 

Suppose a radioisotope emits Nphotons of different energy and with different probability 
per disintegration. Imagine a sphere of radius 1 m around this point source of activity 1 Ci. 
Because 1 Ci undergoes 3.7 x 10'' dps, and since area of a sphere of radius 1 m is 4n m2 
and since 1 h = 3,600 sec, we have: 

Energy fluencelh at 1 m from 1-Ci source = 
3.7 x 101° x 3,600 

4n C f ; ~ i  
i= 1 

where j is the number of photons emittedldecay of energy Ei. From Equation 8.1 10, . 

Exposurelh at 1 m from 1-Ci source = x 
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where is the mass energy absorption coefficient in air for photon of energy 
Ei. - 

Substituting the values 9 = 0.00876 JIkgR, 1 MeV = 1.602 x 10-l3 J and ex- 
pressing mass energy absorption coefficient in square meters per kilogram, the above equa- 
tion becomes 

k =  3.7 x 10l0 x 3, GOO 

4n (m2) 
*1.602 

(h-')0.00876 (Jlkg) 
N 

x ( ' ) . ~ f ; : ~ j ( ~ e V ) . ( ~ ) ,  MeV ,($) 
i= 1 u r ,  t 

N 

X =  193.8Cf;:Ei 
i= 1 air, i 

A quantity exposure rate constant rs has been defined (47) as: 

where k6 is the exposure rate from photons of energy greater than S (a suitable cutoff for 
the energy spectrum) at a distance I from a point source of activity A. If x is in Rlh, I is 
in m, and Ais in Ci, the dimensions of rs become Rrn2h-'Ci-'. It is dso apparent that 
rs is numerically equal to X in Equation 8.1 1 1. Thus the exposure rate constant may be 
written as: 

where energy Ei is expressed in MeV and is in m2/kg. 

Example 

Calculate the exposure rate constant for G°Co. Determine the exposure rate in Rfmin from 
a 5,000-Ci source of G O ~ o  at a distance of 80 cm. 

'OCO emits 2 Y-rays of energy 1.17 and 1.33 MeV per disintegration 

Exposure rate from 5,000-~i~Oco source at 1 m = 1-29 x 5, 000 Wh 

- - 1.29 x 5, 000 
60 

Wmin 

Exposure rate at 80 cm = 107.5 x (;)l Wmin 
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The previous calculation applies only very approximately to an actual cobalt teletherapy 
unit since exposure rate would depend not only on the source activity but also on the 
collimator scatter, source size, and self-absorption in the source. 

8.9. OTHER METHODS OF MEASURING ABSORBED DOSE 

A. Calorimetry 

Calorimetry is a basic method of determining absorbed dose in a medium. It is based on 
the principIe that the energy absorbed in a medium from radiation appears ultimately as 
heat energy while a small amount may appear in the form of a chemical change. This results 
in a small increase in temperature of the absorbing medium which, if measured accurately, 
can be related to the energy absorbed per unit mass or the absorbed dose. 

If a small volume of the medium is thermally isolated from the remainder, the absorbed 
dose D i n  this volume is given by: 

where dEh is the energy appearing as heat in the absorber of mass dm and dE, is the energy 
absorbed or produced as a result of chemical change, called the heat defect (which may be 
positive or negative). Neglecting the latter for the moment, one can calculate the rise in 
temperature ofwater by the absorption of 1 Gy of dose: 

where 4.18 is the mechanical equivalent of heat (4.18 J of energy = 1 cal of heat). Because 
the specific heat ofwater is 1 cal/gIoC or lo3 ~ a l / k g / ~ C ,  the increase in temperature (A T )  
produced by 1 Gy is: 

1 1 
A T = - (cal kg-'). --(kg cd-' OC) 

4.18 103 

To measure such a small temperature rise, thermistors are most commonly used. 
Thermistors are semiconductors which show a large change in electrical resistance with 
a small change in temperature (about 5% per 1°C). Thus, by measuring the change in 
resistance by an apparatus such as a Wheatstone bridge, one can calculate the absorbed 
dose. 

Extensive literature exists on radiation calorimetry to which the reader is referred 
(48,49). Most of these apparatuses are difficult to construct and, for various reasons, 
are considered impractical for clinical dosimetry. However, Domen (50) has described a 
simpler water calorimeter for absolute measurement of absorbed dose. Essential features 
of this calorimeter are briefly described. 

Figure 8.9 is a schematic drawing of Domen's calorimeter. An ultrasmall (0.25-mm 
diameter) bead thermistor is sandwiched between two 3 0 - p n  polyethylene films stretched 
on polystyrene rings. The thermistors are cemented to one of the films to increase thermal 
coupling. The films provide the necessary high and stable resistance (> 10" Q) between 
the thermistor leads and water. 

The films held horizontally in a plastic frame are then immersed in an insulated tank 
of distilled water. Because of the low thermal diffusivity of water and imperviousness of 
polyethylene film to water, nearly negligible conductive heat transfer occurs at a point in the 
water medium. Therefore, a thermally isolated volume element of water is not necessary. 
This apparatus measures dose rates in water of about 4 Gylmin with a precision (for the 
reproducibiliry of measurements) of 0.5%. 
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FIG. 8.9. Schematic diagram of ~dmen's calorimeter. (Redrawn 30crn Diameter from Domen SR. Absorbed dose water calorimeter. Med Phys 
Jar 1980;7:157.) 

B. Chemical Dosimetry 

The energy absorbed from ionizing radiation may produce a chemical change, and if this 
change can be determined, it can be used as a measure of absorbed dose. Many systems 
of chemical dosimetry have been proposed but the ferrous sulfate or the Fricke dosimeter is 
considered to be the most developed system for the precision measurement of absorbed 
dose. The use of this system has been fully discussed (51). A brief description will be 
provided. 

B. 1.  Ferrous Sulfate (Fricke) Dosimeter 

The dosimeter consists of 1 mmol/l ferrous sulfate (or ferrous ammonium sulfate), 
1 mmol/l NaCl, and 0.4 moll1 sulfuic acid. The reason for NaCl in the soluuon is 
to counteract the effects of organic impurities present despite all the necessary precautions. 
When the solution is irradiated, the ferrous ions, Fe2+, are oxidized by radiation to fer- 
ric ions, Fe3+. The ferric ion concentration is determined by spectrophotometry of the 
dosimeter solution, which shows absorption peaks in the ultraviolet light at wavelengths 
of 224 and 304 nm. 

B.2. G Value 

The radiation chemical yield may be expressed in terms of the number of molecules 
produced per 100 eV of energy absorbed. This number is known as the Gvalue. Thus, if 
the yield of ferric ions can be determined, the energy absorbed can be calculated when the 
G value is known. 

Suppose a AM (moles/l) concentration of ferric ions is produced by an absorbed dose 
of D grays: 

Molecules of ferric ions produced = AM x 6.02 x molecules/liter 

AM x 6.02 x 
moleculeslkg 

P 

where p is the density of the solution in kilograms per liter. 
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TABLE 8.9. RECOMMENDED G VALUES FOR THE FER- 
ROUS SULFATE DOSIMETER (0.4 molll H2So4 FOR 
PHOTON BEAMS 

Radiation G Value (No.1100 eV) 

1 3 7 ~  15.3 k 0.3 

2 MV 15.4 + 0.3 
6 0 ~ o  15.5 f 0.2 
4 MV 15.5 + 0.3 
5-10 MV 15.6 f 0.4 
11-30 MV 15.7 f 0.6 

Data from ICRU. Radiation dosimetry: x rays and gamma rays with 
maximum photon energies between 0.6 and 50 MeV. Report 14. 
Bethesda, MD: International Commission on Radiation Units and 
Measurements, 1969, with permission. 

Number of molecules produced per eV of energy absorbed: 

Thus, 

AM 
D = p . 9 . 6 4  x lo6 (Gy) 

P G  

The G  values for the Fricke dosimeter have been determined by many investiga- 
tors. Table 8.9 gives the values recommended by Nahum (17) for photons from 13'Cs to 
30 MV. A constant Gvalue of 15.7 f 0.61100 eV is recommended for electrons in the 
energy range of 1 to 30 MeV for 0.4 mollliter H2S04 dosimeter solution (29). 

C. Solid State Methods 

There are several solid state systems available for the dosimetry of ionizing radiation. 
However, none of the systems is absolute--each needs calibration in a known radiation 
field before it can be used for the determination of absorbed dose. 

There are two types of solid state dosimeters: (a) integrating type dosimeters (ther- 
molurninescent crystals, radiophotoluminescent glasses, optical density type dosimeters 
such as glass and film), and (b) electrical conductivity dosimeters (semiconductor junc- 
tion detectors, induced conductivity in insulating materials). Of these, the most widely 
used systems for the measurement of absorbed dose are the thermoluminescent dosimeter 
(TLD), diodes, and film, which are described. 

C. 1. Themoluminescence Dosimetry 

Many crystalline materials exhibit the phenomenon of thermoluminescence. When such 
a crystal is irradiated, a very minute fraction of the absorbed energy is stored in the 
crystal lattice. Some of this energy can be recovered later as visible light if the material is 
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measuring thermoluminescence. 

heated. This phenomenon of the release of visible photons by thermal means is known as 
thermoluminescence (TL). 

The arrangement for measuring the TL output is shown schematically in Fig. 8.10. The 
irradiated material is placed in a heater cup or planchet,where it is heated for a reproducible 
heating cycle. The emitted light is measured by a photomultiplier tube (PMT) which 
converts light into an electrical current. The current is then amplified and measured by a 
recorder or a counter. 

There are several TL phosphors available but the most noteworthy are lithium fluoride 
(LiF), lithium borate (Li2B407), and calcium fluoride (Ca.F2). Their dosimetric properties 
are listed in Table 8.10 (52). Of these phosphors, LiF is most extensively studied and 
most frequently used for clinical dosimetry. LiF in its purest form exhibits relatively little 
thermoluminescence. But the presence of a trace amount of impurities (e.g., magnesium) 

TABLE 8.10. CHARACTERISTICS OF VARIOUS PHOSPHORS 

Characteristic LiF LizB407:Mn CaF2:Mn CaF2:nat CaSo4:Mn 

Density (glcc) 
Effective atomic no. 
TL emission spectra (A) 

Range 
Maximum 

Temperature of main 
TL glow peak 

Efficiency at cobalt-60 
(relative to  LiF) 

Energy response 
without added filter 
(30 kevkobalt-60) 

Useful range 
Fading 

Light sensitivity 
Physical form 

Small, <5%/12 wk 
r n ~ - 1 0 ~  R 

Essentially none 
Powder, extruded, 

Teflon- 
embedded, 
silicon- 
embedded, 
glass capillaries 

2.3 
7.4 

5,3006,300 
6,050 
200" C 

0.3 

0.9 

m ~ - l o 6  R 
10% in first mo 

Essentially none 
Powder, Teflon- 

embedded 

mR-3 x l o 5  R r n ~ - 1 0 ~  R 
10% in first mo No detectable 

fading 
Essentially none Yes 
Powder, Teflon- Special dosimeters 

embedded, 
hotpressed chips, 
glass capillaries 

R-1 o4 R 
50-60% in the first 

24 hr 
Yes 
Powder, Teflon- 

embedded 

- 

From Cameron JR. Suntharalingam N, Kenney GN. Thermolurninescent dosimetry. Madison: University of Wisconsin Press, 1968, with permission. 



146 I. Basic Physics 

f a) Irradiation 
,$' 

b) Heating 
FIG. 8.11. A simplified energy-level diagram to 
illustrate thermolurninescence process. 

provides the radiation-induced TL. These impurities give rise to imperfections in the lattice 
structure of LiF and appear to be necessary for the appearance of the TL phenomenon. 

C.2. Simplified Theory of Th ermoluminescent Dosimetry 

The chemical and physical theory of TLD is not exactly known, but simple models have 
been proposed to explain the phenomenon qualitatively. Figure 8.1 1 shows an energy-level 
diagram of an inorganic crystal exhibiting TL by ionizing radiation. 

In an individual atom, electrons occupy discrete energy levels. In a crystal lattice, on the 
other hand, electronic energy levels are perturbed by mutual interactions between atoms 
and give rise to energy bands: the "allowed" energy bands and the forbidden energy bands. 
In addition, the presence of impurities in the crystal creates energy traps in the forbidden 
region, providing metastable states for the electrons. When the material is irradiated, some 
of the electrons in the valence band (ground state) receive sufficient energy to be raised 
to the conduction band. The vacancy thus created in the valence band is called a positive 
hole. The electron and the hole move independently through their respective bands until 
they recombine (electron returning to the ground state) or until they fall into a trap 
(metastable state). If there is instantaneous emission of light owing to these transitions, the 
phenomenon is calledfEtromcence. Ifan electron in the trap requires energy to get out ofthe 
trap and fall to the valence band, the emission of light in this case is calledphosphorescence 
(delayed fluorescence). If phosphorescence at room temperature is very slow, but can be 
speeded up significantly with a moderate amount of heating (-300°C), the phenomenon 
is d l e d  thermoluminescence. 

A plot of thermoluminescence against temperature is called a glow curve (Fig. 8.12). 
As the temperature of the TL material exposed to radiation is increased, the probability 
of releasing trapped electrons increases. The light emitted (TL) first increases, reaches a 
maximum value, and falls again to zero. Because most phosphors contain a number of traps 
at various energy levels in the forbidden band, the glow curve may consist of a number of 
glow peaks as shown in Fig. 8.12. The different peaks correspond to different "trapped" 
energy levels. 

C.3. Lithium Fluoride 

The TL characteristics ofLiF have been studied extensively. For details, the reader is referred 
to Cameron et al. (52). 

Lithium fluoride has an effective atomic number of 8.2 compared with 7.4 for soft 
tissue. This makes this material very suitable for clinical dosimetry. Mass energy absorption 
coefficients for this material have been given by Greening et al. (53). The dose absorbed 
in LiF can be converted to dose in muscle by considerations similar to those discussed 
earlier. For example, under electronic equilibrium conditions, the ratio of absorbed doses 
in the two media will be the same as the ratio of their mass energy absorption coefficients. 
If the dimensions of the dosimeter are smaller than the ranges of the electrons crossing the 
dosimeter, then the Bragg-Gray relationship can also be used. The ratio ofabsorbed doses in 



8. Measurement ofAbsorbed Dose 147 

Time (sec) 

FIG. 8.12. An example o f  glow curve of LiF (TLD-100) after phos- 
phor has been annealed a t  400°C for 1 h and read immediately 
after irradiation to  100 R. (From Zimmerman DW, Rhyner CR, 
Cameron JR. Thermal annealing effects on thermoluminescence 
of LiF. Health Phys 1966;12:525, with permission.) 

the two media then will be the same as the ratio of mass stopping powers. The applicability 
of the Bragg-Gray cavity theory to TLD has been discussed by several authors (54,55). 

C,4. Practical Considerations 

As stated previously, the thermoluminescent dosimeter must be calibrated before it can be 
used for measuring an unknown dose. Because the response of the TLD materials is affected 
by their previous radiation history and thermal history, the material must be suitably 
annealed to remove residual effects. The standard preirradiation annealing procedure for 
LiF is 1 hour of heating at 400°C and then 24 h at 80°C. The slow heating, namely 24 
hours at 80°C, removes peaks 1 and 2 of the glow curve (Fig. 8.12) by decreasing the 
"trapping efficiency" Peaks 1 and 2 can also be eliminated by postirradiation annealing for 
10 minutes at 100°C. The need for eliminating peaks 1 and 2 arises from the fact that the 
magnitude of these peaks decreases relatively fast with time after irradiation. By removing 
these peaks by annealing, the glow curve becomes more stable and therefore predictable. 

The dose response curve for TLD-100' is shown in Fig. 8.13. The curve is generally 
linear up to lo3 cGy but beyond this it becomes supralinear. The response curve, however, 
depends on many conditions that have to be standardized to achieve :easonable accuracy 
with TLD. The calibration should be done with the same TLD reader, in approximately 
the same quality beam and to approximately the same absorbed dose level. 

The TLD response is defined as TL output per unit absorbed dose in the phosphor. 
Figure 8.14 gives the energy response curve for LiF (TLD-100) for photon energies below 
megavoltage range. The studies of energy response for photons above G°Co and high energy 
electrons have yielded somewhat conflicting results. Whereas the data of Pinkerton et al. 
(56) and Crosby et al. (57) show some energy dependence, other studies (58) do not show 
this energy dependence. 

When considerable care is used, precision of approximately 3% may be obtained using 
TLD powder or extruded material. Although not as precise as the ion chamber, TLD's 
main advantage is in measuring doses in regions where ion chamber cannot be used. For 
example, TLD is extremely useful for patient dosimetry by direct insertion into tissues or 

>TLD-100 (Harshaw Chemical Co.) contains 7.5% Ti and 92.5% 'Li. 
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FIG. 8.13. An example of TL versus absorbed dose curve for TLD- 
100 powder (schematic). 

body cavities. Since TLD material is available in many forms and sizes, it can be used for 
special dosimetry situations such as for measuring dose distribution in the build-up region, 
around brachytherapy sources, and for personnel dose monitoring. 

D. Silicon Diodes 

Silicon p-n junction diodes are often used for relative dosimetry. Their higher sensitivity, 
instantaneous response, small size and ruggedness offer special advantages over ionization 
chambers. They are particularly well suited for relative measurements in electron beams, 
output constancy checks and in vivo patient dose monitoring. Their major limitations as 
dosimeters include energy dependence in photon beams, directional dependence, thermal 
effects, and radiation-induced damage. Modern diodes for dosimetry have been designed 
to minimize these effects. 

I. Theory 

A dosimetry diode consists of a silicon crystal which is mixed or doped with impurities to 
make p- and n-type silicon. The p-type silicon is made by introducing a small amount of 

Ef fec t i ve  Energy (KeV) 

FIG. 8.14. Energy response curve for LiF (TLD-loo), CaF,:Mn and a 
photographic film. (From Cameron JR, Suntharaiingam H, Kenney 
GN.  Thermoluminescent dosimetry. Madison: University of Wis- 
consin Press, 1968, with permission.) 
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FIG. 8.15. A schematic diagram showing basic design of a silicon 
p-n junction diode. (From Attix FH. Introduction to radiological 
physics and radiation dosimetry. New York: John Wiley & Sons, 
1986, with permission.) 
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an element from group I11 of the periodic table (e.g., boron), making it into an electron 
receptor. When silicon is mixed with a material from group V (e.g., phosphorus) it receives 
atoms that are carriers of negative charge, thus making it into an electron donor or n-type 
silicon. A p-n junction diode is designed with one part of a p-silicon disc doped with an 
n-type material (Fig. 8.15). The p-region of the diode is deficient in electrons (or contains 
"holes") while the n-region has an excess of electrons. 

At the interface between p- and n-type materials, a small region called the depletion 
zone is created because of initial diffusion of electrons from the n-region and holes from the 
p-region across the junction, until equilibrium is established. The depletion zone develops 
an electric field which opposes further diffusion of majoriry carriers once equilibrium has 
been achieved. 

When a diode is irradiated electron-hole pairs are produced within the depletion zone. 
They are immediately separated and swept out by the existing electric field in the depletion 
zone. This gives rise to a radiation-induced current. The current is further augmented by 
the diffusion of electrons and holes produced outside the depletion zone within a diffusion 
length. The direction of electronic current flow is from the n- to the p-region (which is 
opposite to the direction of conventional current). 

Depleted region 
*----.---, 

2. Operation 

. - +  

Figure 8.1GA shows schematically a radiation diode detector, which essentially consists of 
a silicon p-n junction diode connected to a coaxial cable and encased in epoxy potting 
material. This design is intended for the radiation beam to be incident perpendicularly at 
the long axis of the detector. Although the collecting or sensitive volume (depletion zone) 
is not known precisely, it is on the order of 0.2 to 0.3 mm3. It is located within a depth 
of 0.5 mm from the front surface of the detector, unless electronic buildup is provided by 
encasing the diode in a buildup material. 

Figure 8.1 GB shows the diode connected to an operational amplifier with a feedback 
loop to measure radiation induced current. There is no bias voltage applied. The circuit 
acts as a current-to-voltage transducer, whereby the voltage readout at point B is directly 
proportional to the radiation induced current. 

Diodes are far more sensitive than ion chambers. Since the energy required to produce 
an electron-hole pair in Si is 3.5 eV compared to 34eV required to produce an ion-pair in 
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FIG. 8.16. Schematic diagrams showing (a) silicon p-n 
OUTPUT junction diode, and (b) basic electroniccircuit using op- 

erational amplifier with a feedback loop. (From Gager 
LD, Wright AE, Almond PR. Silicon diode detectors used - - - - - - in radiobiological physics measurements. Part I: Devel- 

(b) 
opment of an energy compensating shield. Med Phys 
1977;4:494-498, with permission.) 

air and because the density of Si is 1,800 times that of air, the current produced per unit 
volume is about 18,000 times larger in a diode than in an ion chamber. Thus, a diode, 
even with a small collecting volume, can provide an adequate signal. 

3. Energy Dependence 

Because of the relatively high atomic number of silicon (Z = 14) compared to that ofwater 
or air, diodes exhibit severe energy dependence in photon beams of non-uniform quality. 
Although some diodes are designed to provide energy compensation through filtration (59), 
the issue of energy dependence never goes away and therefore, their use in x-ray beams 
is limited to relative dosimetry in situations where spectral quality of the beam is not 
changed significantly, for example, profile measurements in small fields, dose constancy 
checks. In electron beams, however, the diodes do not show energy dependence as the 
stopping power ratio of silicon to water does not vary significantly with electron energy or 
depth. Thus diodes are qualitatively similar to films so far as their energy dependence is 
concerned. 

Some diodes exhibit greater stability and less energy dependence than others. It is there- 
fore incumbent upon the user to establish dosimetric accuracy of a diode by comparative 
measurements with an ion chamber. 

4. Angular Dependence 

Diodes exhibit angular dependence, which must be taken into account if the angle of beam 
incidence is changed significantly. Again these effects should be ascertained in comparative 
measurements with a detector which does not show angular dependence. 
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5. Temperature Dependence 

Diodes show a small temperature dependence that may be ignored unless the change in 
temperature during measurements or since the last calibration is drastic. The temperature 
dependence of diodes is smaller than that of an ion chamber. Moreover, their response is 
independent of pressure and humidity. 

6. Radiation Damage 

A diode can suffer permanent damage when irradiated by ultrahigh doses of ionizing 
radiarion. The damage is most probably caused by displacement of silicon atoms from their 
lattice positions. The extent of damage will depend upon the type of radiation, energy and 
total dose. Because of the possibility of radiation damage, especially after prolonged use, 
diode sensitivity should be checked routinely to assure stability and accuracy of calibration. 

7. Clinical Applications 

As previously mentioned, diodes are usel l  in electron beam dosimetry and in limited situ- 
ations in photon beam measurements. Most often their use is dictated by the requirements 
on the detector size. For example, dose profiles or output factors in a small field may pose 
difficulties in the use of an ion chamber. So a film or a diode response is checked against 
an ion chamber under suitable benchmark conditions. 

Diodes are becoming increasingly popular with regard to their use in patient dose 
monitoring. Since diodes do not require high voltage bias, they can be taped directly 
onto the patient at suitable points to measure dose. The diodes are carefully calibrated to 
provide a check of patient dose at a reference point (e.g., dose at A,). Different amounts 
of buildup material can be incorporated to make the diode sample the dose close to the 
peak dose for a given energy beam. Calibration factors are applied to converr the diode 
reading into expected dose at the reference point, taking into account source-to-detector 
distance, field size, and other parameters used in the calculation of monitor units. 

For further details on diodes and their clinical applications, the readier is referred to 
some key articles in the literature (59-62). 

E. Radiographic Film 

A radiographic film consists of a transparent film base (cellulose acetate or polyester resin) 
coated with an emulsion containing very small crystals of silver bromide. When the film 
is exposed to ionizing radiation or visible light, a chemical change takes place within the 
exposed crystals to form what is referred to as a latent image. When the film is developed, 
the affected crystals are reduced to small grains of metallic silver. The film is then f i e d  
The unaffected granules are removed by the fixing solution, leaving a clear film in their 
place. The metallic silver, which is not affected by the fixer, causes darkening of the film. 
Thus the degree of blackening of an area of the film depends on the amount of free silver 
deposited and, consequently, on the radiation energy absorbed. 

The degree of blackening of the film is measured by determining optical density with a 
densitometer. This instrument consists of a light source, a tiny aperture through which the 
light is directed and a light detector (photocell) to measure the light intensity transmitted 
through the film. 

The optical density, OD, is defined as: 

I0 
O D  = log - (8.115) 

It 
where I. is the amount of light collected without film and I, is the amount of light 
transmitted through the film. A densitometer gives a direct reading of optical density if 
it has been calibrated by a standard strip of film having regions of known optical density. 
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FIG. 8.17. Sensitometric curve of Kodak XV-2 film and Kodak 
RPM-2 (Type M) film. 

In dosimetry, the quantity of interest is usually net optical density which is obtained 
by subtracting the reading for the base fog (OD of unexposed processed film) from the 
measured optical density. 

A plot of net optical density as a function of radiation exposure or dose is termed the 
sensitometric curve, or H-D curve.' Figure 8.17 shows examples of characteristic curves for 
nvo commonly used dosimetry films. Film speed and linearity of the sensitometric curve 
are the nvo main characteristics which are considered in selecting a film for dosimetry. If a 
film is exposed in the nonlinear region, corrections are necessary to convert optical density 
into dose. 

Although film is well-established as a method of measuring electron beam distribu- 
tions (Chapter 14), its usefulness in photon dosimetry is relatively limited. Because the 
photoelectric effect depends on the cube of the atomic number, the silver (2 = 45) in 
the film emulsion absorbs radiation below 150 keV very strongly by the photoelectric 
process. Since most clinical beams contain a scatter component of low-energ photons, the 
correlation benveen o p t i d  density and dose becomes tenuous. In addition, film suffers 
from several potential errors such as changes in processing conditions, interfilm emulsion 
differences, and artifacts caused by air pockets adjacent to the film. For these reasons, ab- 
solute dosimetry with film is impractical. However, it is very useful for checking radiation 
fields, light-field coincidence, field flatness, and symmetry, and obtaining quick qualitative 
patterns of a radiation distribution. 

In the megavoltage range of photon energies, however, film has been used to measure 
isodose curves with acceptable accuracy (f 3%) (63-65). One of the techniques (65) 
consists of exposing the film packed tightly in a polystyrene phantom, parallel to the 
central axis of the beam. The film edge is carefully aligned with the phantom surface 
and air pockets benveen the film surface and the surrounding jacket are removed by 
punching holes near the corners. Optical densities are correlated with dose by using a 
depth-dependent sensitometric curve derived from known central axis depth dose data for 
a reference field such as 10 x 10 cm. The method is made practical by a computer-controlled 
densitometer and a computer program that performs the required isodensity-to-isodose 
curve conversion. 

'The expression H-D is derived from the names of Hurter and Driffield, who in 1890 used such curves to 
characterize the response of photographic film to light. 
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F. Radiochromic Film 

The use of radiochromic films for radiation dosimetry has been evolving since the 1960s 
(66,67). With the recent improvement in technology associated with the production of 
these films, their use has become increasingly popular especially in brachytherapy dosime- 
try. Major advantages of radiochromic film dosimeters include tissue equivalence, high 
spatial resolution, large dynamic range (10-~-10' Gy), relatively low spectral sensitivity 
variation (or energy dependence), insensitivity to visible light and no need for chemical 
processing. 

Radiochromic film consists of an ultra thin (7- to 23-pm thick), colorless, radiosensi- 
tive lcuco dye bonded onto a 100-pm thick Mylar base (68). Other varieties include thin 
layers of radiosensitive dye sandwiched between two pieces of polyester base (69). The 
unexposed film is colorless and changes to shades of blue as a result of a polymerization 
process induced by ionizing radiation. 

No physical, chemical, or thermal processing is required to bring out or stabilize this 
color. The degree of coloring is usually measured with a spectrophotometer using a narrow 
spectral wavelength (nominal 610-670 nm). Commercially available laser scanners and 
CCD microdensitometer cameras can also be used to scan the films. These measurements 
are expressed in terms of optical density as defined by Equation 8.1 15. 

Radiochromic films are almost tissue equivalent with effective Z of 6.0 to 6.5. Post 
irradiation color stability occurs after about 24 hours. Energy dependence is much lower 
than the silver halide (radiographic) films. Although radiochromic films are insensitive 
to visible light, they exhibit some sensitivity to ultraviolet light and temperature. They 
need to be stored in a dry and dark environment at the temperature and humidity not 
too different from those at which they will be used for dosimetry. Because radiochromic 
films are sensitive to ultraviolet light, they should not be exposed to fluorescent light or to 
sunlight. They may be read and handled in normal incandescent light. 

Radiochromic films must be calibrated before they can be used for dosimetry. The 
sensitometric curve shows a linear relationship up to a certain dose level beyond which its 
response levels off with increase in dose (Fig. 8.18). 

The most commonly used radiochromic films for dosimetry that are commercially 
available are GafChromic HD-810 film (International Specialty Product (ISP), Wayne, NJ) 
and Double-layer GafChromic MD-55-2 film (ISP or other vendor(s): Nudear Associates, 

FIG. 8.18. A plot of net optical density as a function of dose 
for MD-55-2 'radiochromic film. (~rom AAPM. Radiochromic 

1 1 , 1 1 1 1 1  I 1 1 1 1  

1 10 100 ;&Q film dosimetry: recommendations of AAPM Radiation Therapy Committee Task Group 55. Med Phys 1998;25:2093-2115, with 
Absorbed Dose, Gy permission.) 
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Carle Place, NY). Whereas HD-8 10 films are mainly used in the dose range of 50 to 2,500 
Gy, MD-55-2 are useful in the range of 3 to 100 Gy. 

For details on radiochromic film and their use in clinical dosimetry, the reader is 
referred to the AAPM TG-55 report (70). 
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