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Introduction


The smallest identifiable amount of an element is an atom, consisting of a central nucleus composed of protons and neutrons which is orbited by electrons. The diameter of an atom and nucleus are typically 10−10   m and 10−14   m, respectively. To put these dimensions into a more accessible perspective, if the atomic nucleus is represented by the point of a pencil (diameter approximately 0.5   mm) held in the centre of a medium-sized room (say, 5   m × 5   m), then the electron cloud surrounding the nucleus would extend to the walls of the room. Most of the volume the atom occupies therefore consists of empty space, which makes it relatively easy for uncharged particles, such as photons, to pass through an atom without undergoing any interaction. An atom of carbon has six protons and six neutrons in the nucleus, surrounded by six electrons. Protons and neutrons have almost the same mass, while electrons have a mass roughly 2000 times smaller (shown in Table 1.1). The atomic nucleus therefore occupies a minute fraction (10−10 %) of the atomic volume, yet contains more than 99.9% of the atom’s mass. Electrons and protons each carry the same magnitude of electric charge (1.602 × 10−19 Coulombs), but of opposite sign. The difference in the observed interactions of electrons and protons is therefore mostly due to their different masses: Electrons are relatively light, so scatter easily in a material while protons are less easily scattered.




Table 1.1 Properties of subatomic particles of interest to radiotherapy


[image: image]




Table 1.1 lists properties of subatomic particles of relevance to radiotherapy. Strictly, only the electron, positron and neutrinos (ν and [image: image]) are fundamental particles, while protons, neutrons and pions are composed of quarks. Atoms are composed of just electrons, protons and neutrons. The positron is the anti-particle of the electron (having the same mass but opposite charge) and is emitted during beta decay (β+) and in interactions of high energy photons with matter (see pair-production, Chapter 2). The annihilation of a positron with an electron provides the mechanism for positron emission tomography (PET). Neutrinos are uncharged particles of very small mass emitted during beta decay, sharing the energy released from the decay with the emitted beta particle (β+ or β−). Negative pions (π−), one of the triplet of pions (π0, π+, π−) are found in cosmic rays and are thought to be carriers of the strong force between nucleons. Despite their short life time (2.6 × 10−8 s), beams of these particles generated in physics laboratories have been used for radiotherapy treatment, due to their favourable energy-deposition characteristics. This is discussed briefly in Chapter 2.


When referring to subatomic particles, it is common practice to interchange mass and energy through Einstein's famous expression:





[image: image]     1.1





Where c is the speed of light, 2.998 × 108   ms−1. Taking the electron as an example, the energy, E, associated with a mass, m of 9.109 × 10−31 kg is 8.187 × 10−14 Joules (J). It is more convenient to represent this very small magnitude of energy in units of the electron-volt (eV), where:
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The electron mass’s energy-equivalence of 8.187 × 10−14   J therefore equals 511   000    eV or 0.511    MeV, as shown in Table 1.1. Mass, m, in equation 1.1 is strictly relativistic mass, which increases as a particle’s speed approaches the speed of light according to Einstein’s theory of special relativity. The notation, m0, generally refers to the concept of constant mass that we are more familiar with, corresponding to that of a particle at rest (rest mass) and the quantity m0c2 is then the corresponding energy associated with the particle (rest energy). The terms rest-energy and rest-mass are commonly interchangeable and both quoted in terms of energy.


The conversion of mass to energy and vice versa is demonstrated in pair-production and annihilation (Chapter 2), where the energy of an incident, mass-less photon is converted into the mass and kinetic energy of an electron and positron pair. The positron eventually annihilates with an electron (its anti-particle), releasing the combined rest mass of both particles, and any remaining kinetic energy, in the form of photons.









Atomic structure


Atoms and nuclei are identified by both the number of protons or electrons (atomic number, Z) and the combined number of protons and neutrons present in the nucleus (mass number, A). An element may therefore be represented as:





[image: image]     1.3





The symbol, X, can be replaced by a unique identifier (chemical symbol) to remove the need for Z to be stated, e.g. 12C to represent carbon (A=12, Z=6). An isotope of an element contains the same number of protons (Z), but a different number of neutrons (A–Z). Many elements appear naturally in the form of more than one isotope, some of which may be radioactive. As it is the atomic number that largely governs the chemical behaviour of elements (due to the arrangement of electrons discussed below), a stable element and its radioactive isotope will behave identically chemically. This feature can be made use of for clinical investigations, such as monitoring the uptake of iodine in the thyroid using radioactive 131I as opposed to the stable isotope of 127I.






Electromagnetic force


Electric and magnetic fields exert a force, F, on particles carrying a charge, q, which may be represented by:





[image: image]     1.4





Where E is the strength of the electric field, v the velocity of the charged particle (which may be zero) and B the strength of the magnetic field perpendicular (or normal) to the particle velocity. An atomic electron is held in orbit by the electric (or electrostatic) component of this force due to the electric field of protons in the nucleus. This force of attraction (the electrostatic or Coulomb force), Fe, between electron and nucleus is proportional to the product of their charge and inversely proportional to the square of the distance, r, between them:





[image: image]     1.5





Where k is a constant, e is the electronic charge and Z the atomic number (number of protons) of the atom concerned. This inverse-square relationship is analogous to the gravitational force between two massive bodies (masses replace charges in equation 1.5). We can derive classical orbits (analogous to those of planets orbiting the sun) by equating this electrostatic force, Fe, with the centripetal force, Fc, due to an electron’s circular motion around the nucleus:





[image: image]     1.6





In the classical model of the atom, any value of r is possible, with a corresponding value of v. Observation of the radiation emitted by excited atoms shows that this continuous distribution of allowed orbits is not true of atoms and that only a discrete set of orbits, or electron shells, are allowed. This is discussed further below.









Electromagnetic waves and wave-particle duality


Energy, in the form light, heat or sound, may be transmitted from place to place by waves. These may be either transverse (as in the case of electromagnetic waves transporting light and heat) or longitudinal (sound waves). Electromagnetic waves are composed of oscillating transverse electric and magnetic fields, illustrated in Figure 1.1. In transverse waves, the direction of oscillation is normal to the direction of propagation, whereas longitudinal waves contain oscillations in the direction of propagation in the form of compressions and rarefactions. For radiotherapy applications, we are mostly concerned with the very high frequency end of the electromagnetic spectrum, shown in Figure 1.2. We can consider an x-ray photon to behave either as a particle or a wave, expressing wave-particle duality. The frequency, in cycles per second or Hertz (Hz), ν of the radiation relates to its energy per particle, or quantum, through:





[image: image]

Figure 1.1 Illustration of an electromagnetic wave. Electric (E) and magnetic (B) fields oscillate normal to the direction of travel and to each other.







[image: image]

Figure 1.2 The electromagnetic spectrum. Approximate energy ranges are indicated on the left in electron-volts (1   eV = 1.602×10−19   J) and wavelengths on the right (adapted from [2]). (1   GeV = 1×109   eV, 1   μm = 1×10−6   m, 1   nm = 1×10−9   m, 1   fm = 1×10−15   m).
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Where h is Planck’s constant (6.626 × 10−34   J s). A 6   MeV photon is therefore equivalent to an electromagnetic wave of frequency 1.5 × 1021   Hz. The wavelength, λ, of an electromagnetic wave is related to its frequency through:





[image: image]





Where c is the speed of light. In radiotherapy applications, both discrete energies and energy spectra may be involved. For example, a cobalt-60 source emits two discrete photon energies of 1.17 and 1.33    MeV, while a kV photon spectrum may show a continuous x-ray (bremsstrahlung) spectrum, with discrete (characteristic) energies superimposed on this continuous background. These are illustrated in Figure 1.3.





[image: image]

Figure 1.3 Discrete and continuous photon spectra. (A) Discrete photon energies from 60Co [1.173 and 1.332   MeV] and (B) A 100   kV x-ray (bremsstrahlung) spectrum from a tungsten target with superimposed tungsten characteristic lines (from [3]).











Electron shells and binding energy


The term shell better describes the allowed, quantized, energy levels an electron may occupy around a nucleus, rather than a classical orbit. No energy is lost or gained while an electron occupies a particular shell, and only discrete amounts of energy can be gained or lost by electrons in order to move between shells. The energy associated with a particular electron shell is the sum of the electron’s potential energy resulting from the attraction to the nucleus via the nuclear electrotrostatic field and the energy associated with the electron’s motion around the nucleus which relates to its angular momentum. For the simplest atom, hydrogen, these quantized energy levels are approximately given by:
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Where n is the principal quantum, or shell, number. Historically, the principal quantum number may also be represented by the letters K (n=1), L (n=2), M (n=3) etc. In order to raise an electron from the first to the second shell, the energy required is therefore E1−E2 =13.6 −13.6/4 = 10.2    eV. In order to remove completely an electron from the nth shell, an amount of energy greater or equal to En must be expended. En is therefore the binding energy of a particular electron shell. Further quantum numbers relating to angular momentum and spin dictate the maximum number of electrons that can occupy each principal shell. It can be shown that the maximum occupancy of electron shells is given by 2n2, this rule, combined with a further one permitting no more than eight electrons in the outer shell, can be used to determine the electronic structure of atoms, as illustrated for selected elements in Table 1.2. Electrons in an atom will occupy the lowest (most negative) energy states in order to minimize the total energy of the atom. If all the lower electrons shells are occupied, the atom is said to be in its ground state. The number of electrons in the outermost shell when the atom is in its ground state is the valence and determines the chemical properties of the atom. Atoms which have only one electron (e.g. lithium, sodium, potassium) or one vacancy (e.g. fluorine, chlorine, bromine) in their outer shell are chemically most reactive, while elements with full valence shells (e.g. helium, neon, argon) are chemically unreactive.




Table 1.2 Filling of atomic electron shells for selected elements.
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Characteristic radiation


The binding energy of each electron shell in an atom is a function both of the principal quantum number, n and of the strength of the electrostatic force, which itself is directly proportional to the atomic number, Z (equation 1.5). The energy differences between electron shells are therefore not only quantized, but are characteristic of the atom’s atomic number. An atom may be excited above its ground state by absorbing energy from incoming particles (e.g. photons or electrons) to raise one or more electrons into allowable, but normally empty shells. After a period of time, the atom will return to its ground state as electrons drop from higher shells to lower energy vacancies, releasing a photon of energy, Eγ, to carry away the energy difference between the two shells:





[image: image]     1.9





The energy of photons produced is therefore dictated by the differences in binding energy between electron shells of the particular atom from which they are emitted and are termed characteristic radiation. Figure 1.4. shows the electron shell binding energies and possible electron transitions leading to the production of characteristic photons for tungsten. The higher energy characteristic photons produce discrete lines on the continuous x-ray spectrum produced by an x-ray tube with a tungsten target, as illustrated in Figure 1.3. Distinction is made between electron transitions originating from different shells to the same destination shell by denoting the transition (and characteristic photon) with the final shell letter (K, L, and so on) and adding a Greek letter suffix to indicate the originating shell, as shown in Figure 1.4.





[image: image]

Figure 1.4 Electron energy levels and transitions leading to characteristic photons for tungsten. Strictly, each principal shell, n, has one or more associated energy levels, only the lowest energy levels for each value of n are shown.














Nuclear structure


Nucleons (protons and neutrons) are held together within the atomic nucleus by the strong (or nuclear) force, which acts only over small distances (10−15   m). The collective term for particles that experience the strong force is hadron (hence hadron therapy). Figure 1.5 illustrates the forces experienced by a proton being brought toward a nucleus; initially, an electrostatic (Coulomb) force of repulsion between the incoming proton and protons in the nucleus is present, which increases in magnitude (becoming more positive) as the incoming proton is brought closer, according to equation 1.5. Once within range of the strong force, however, the electrostatic force is overcome (the overall force is negative) and the proton is bound within the nucleus.





[image: image]

Figure 1.5 Illustration of the electrostatic (Coulomb) and strong force experienced by a charged particle approaching a nucleus. Once within range of the attractive strong force, the repulsive Coulomb force is overcome to hold nucleons together in the nucleus (the binding property of the strong force is represented as negative energy).




Plotting the number of protons against the number of neutrons for each stable nucleus results in the stability line, shown in Figure 1.6. We see that for low atomic number nuclei, an equal number of protons and neutrons is favoured, whereas a greater proportion of neutrons provides greater stability for large nuclei. This may be explained by considering the increasing electrostatic force of repulsion between protons in the nucleus as the number of protons is increased.





[image: image]

Figure 1.6 Stability line of naturally occurring isotopes (for elements listed in Table 1.2). Filled circles represent stable isotopes while the solid line represents Z=A−Z.




Evidence suggests that protons and neutrons within a nucleus adopt a shell-like structure analogous to electron orbits and show particular stability when the number of protons or neutrons, or both, corresponds to a magic number (2, 8, 20, 28, 50, 82, 126). The strength of the nuclear force is associated with a nuclear binding energy which must be overcome to break the nucleus apart. Representing this in terms of mass leads to a mass-defect, whereby the mass of a given nucleus is less than the sum of its constituent protons and neutrons. Nuclei with even numbers of protons or neutrons are found to be more stable than those with an odd number of one or both.









Radioactivity


A nucleus lying off the stability line, shown in Figure 1.6, is unstable and decays by rearranging its nucleon numbers. This is achieved by releasing particles, changing a proton to a neutron or vice versa, or by absorbing nearby particles. The activity of an unstable, or radioactive isotope is the rate at which its nuclei decay, expressed in Becquerels (Bq) which correspond to one decay or disintegration per second. The activity of practical sources is generally represented in MBq (1 × 106 disintegrations per second). The old unit of activity, the Curie (Ci) is commonly retained (1   Ci = 37   000   MBq). In the construction of practical radioactive sources, we are also interested in the amount of material that is needed to manufacture a source with a required activity, determined by the specific activity (MBq kg−1).






Exponential decay


Suppose we have a radioactive source that decays by an amount, dA (Bq), in a small time, dt (s). If λ is the rate at which the relative activity decreases (s−1), we have:





[image: image]     1.10





Rearranging and integrating over time and activity and applying the condition that the activity at t = 0 is A0, the activity, A, at some time later is given by:





[image: image]     1.11





λ is the decay constant for the nuclide in question. The mathematical form of this expression is identical to that representing the attenuation of photons (see Chapter 2). Figure 1.7 shows the exponential decay in activity for a radioactive source and the linear plot of slope −λ, that results from a plot of ln(A) versus time. The nature of the exponential function is that an equal fractional reduction in activity occurs in equal time periods. For example, if a radioactive source of initial activity 160   MBq decays to 80   MBq in 1s, after 2 s the activity will be 40   MBq, after 3 s 20   MBq and so on. The time required for the activity of a radionuclide to fall to half of its initial activity is termed the half-life or t1/2 (s−1). Substituting A/A0 = 0.5 and t = t1/2 into equation 1.11 and rearranging, we obtain (−ln[0.5] = ln[2] = 0.693):





[image: image]

Figure 1.7 Exponential decay of radioactivity. (A) Linear plot showing exponential decrease of relative activity with time, and (B) logarithmic activity axis, giving a straight line of slope −λ.
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By definition, after one half-life, the activity of a radioactive source falls to half its initial activity. After two half-lives, the activity will have fallen to one quarter and after n half-lives, the activity, A, is given by:





[image: image]     1.13












Alpha decay


An alpha (α) particle is an alternative name for the nucleus of a helium atom, containing two neutrons and two protons, 42He. Having both an equal number of protons and neutrons (both of which are magic numbers), the helium nucleus is particularly stable and may often be emitted by a heavy unstable nucleus such as radium, uranium or plutonium. In emitting an α particle, the parent nucleus decreases its mass number by four and its atomic number by two:





[image: image]     1.14





For example, radium (22688Ra) decays to radon (22286Rn) as shown schematically in Figure 1.8A. Energy must be conserved in the transformation, so any difference, Q, between the nuclear binding energies of the parent and daughter nuclei is shared between the emitted α particle (in the form of kinetic energy) and any photons that are produced:





[image: image]

Figure 1.8 (A) α Decay of 22688Ra. The decay may produce either a 4.79 or 4.61   MeV α particle, the former occurring in 99% of cases. (B) The general decay scheme for α decay.
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Being relatively heavy (approximately four times the mass of a proton) and highly charged (containing two protons), α particles are readily stopped in matter. The 4.79   MeV α particle emitted from radium has a range of less than 4   cm in air, or less than 0.004   cm in tissue.









Beta decay


This involves the ejection of an electron (β−) or positron (β+) from a nucleus as either a neutron is converted to a proton (in β− emission) or a proton into a neutron (in β+ emission). A nucleus lying above the stability line in Figure 1.6 is neutron-rich and, by converting a neutron to a proton, can approach the stability line. Similarly, proton-rich nuclei can undergo the opposite transformation. Observation that the β particles produced display a spectrum of kinetic energies, rather than the discrete energy difference between parent and daughter nuclei, indicates that a further particle must be involved. This particle is the neutrino ([image: image]) or its anti-particle ([image: image]). The process for phosphorus 32 (3215P) is shown below:
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The Q value of 1.7   MeV is shared between the kinetic energies of the emitted β− particle (electron) and anti-neutrino, [image: image] The corresponding energy level diagram is shown in Figure 1.9A, while the general scheme is shown in Figure 1.9B. The spectrum of β particle energies released is indicated in Figure 1.10. The average energy of the emitted β particle is approximately 30% to 40% of the maximum energy, depending on the isotope.





[image: image]

Figure 1.9 Energy level diagram showing (A) the β− decay of 3215P to 3216S and (B) the general process of β− decay.
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Figure 1.10 β spectrum from 32P.




Fluorine 18 (189F) provides an example of β+ decay in its transformation to oxygen 18 (188O):
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The emitted positron (β+) travels through matter, rapidly losing kinetic energy through interactions with atomic electrons. It eventually annihilates with an electron (its anti-particle), releasing two photons of 0.511   MeV, traveling in opposite directions to provide momentum conservation. The average energy of the positron, at 0.25   MeV leads to it being stopped within approximately 0.5   mm of the site of emission in tissue. The annihilation photons, on the other hand, at 0.511   MeV each can relatively easily pass through tissue. Detection of these coincident photons via positron emission tomography (PET), following administration of a positron-emitting radionuclide to a patient, therefore reveals where the annihilation event occurred and hence where the radionuclide was taken up within the body.


Beta decay frequently occurs by more than one route (or channel) and may be accompanied by photon (γ) emission, as in the case of the β− decay of 13757Cs to 13758Ba, where 95% of the disintegrations are via a meta-stable state (denoted by the letter, m) of barium (137m58Ba). 137m58Ba subsequently decays to stable 13758Ba, mostly by the emission of a 0.662   MeV photon. This emitted photon is used in brachytherapy with the beta particles being absorbed within the source encapsulation. The energy level diagram for this disintegration is shown in Figure 1.11.
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Figure 1.11 Energy level diagram for the β− decay of caesium-137. Decay from 137m58Ba is mostly via the emission of a 0.662   MeV photon, but may also occur via internal conversion.











Internal conversion and electron capture


As an alternative to positron emission (β+ decay), the nucleus of a proton-rich atom may capture one of its own inner shell electrons, via electron capture (EC). The captured electron combines with a proton in the nucleus to produce a neutron and neutrino, the latter being emitted from the nucleus carrying kinetic energy equal to the difference in nuclear binding energy between the parent and daughter nuclei.


An excited nucleus may de-excite by emitting a single photon, or by internal conversion (IC), in which the excitation energy is transferred to an inner shell electron. The electron is ejected from the atom with kinetic energy equal to the excitation energy minus the electron binding energy; characteristic photons will subsequently be emitted by the atom as the electron shell vacancy is filled.









Decay series and radioactive equilibrium


Large nuclei, such as 23892U, decay to radioactive daughter nuclei which themselves decay, leading to a decay series, as shown in Figure 1.12. The type of decay occurring at each step can be deduced from the change in A and Z in the figure. The series terminates in a stable isotope of lead.
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Figure 1.12 Decay series for 23892U (redrawn from [5]). Half-lives are indicated in seconds (s), minutes (m), hours (h) and years (y).




Where the activity of a parent nucleus decays to a radioactive daughter, the growth of activity of the daughter with time depends on the relative decay constants between parent and daughter. A common example is molybdenum 99 (9942Mo) which has an 86% likelihood of decaying to technetium 99m (99m43Tc), which subsequently decays by photon emission (140   keV) to stable technetium. In the remaining 14% of cases, molybdenum 99 decays directly by β− decay to stable technetium. If we assume that there is no daughter product present at time, t = 0, and that all parent disintegrations (100%) lead to the daughter product of interest, the activity of the parent, Ap and daughter, Ad, at time, t, are related by [4]:
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Where λp and λd are the decay constants of the parent and daughter nucleus respectively and the initial activity of the parent Ap(0) is given by:
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The build up of daughter activity as expressed in equation 1.18 is of relevance to radionuclide generators. If the decay of the parent occurs at a much slower rate than that of the daughter, then λd>>λp and equation 1.18 reduces to:
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The right-hand side of equation 1.20 tends to unity for t>>1/λd, in which case the activity of the daughter and parent radionuclide are the same. This is the situation for ionization chamber consistency check devices containing a strontium-90 source. Strontium-90 undergoes beta decay with a half-life of 28.7 years to yttrium 90, which itself decays via beta decay with a half-life of 64 hours. The activity of the long-lived strontium parent determines and maintains the activity of the short-lived yttrium daughter.









Radionuclides of interest


Table 1.3 lists some common isotopes applied to radiotherapy and nuclear medicine. The choice of isotope for a particular application is based on decay product type (γ, β or α), product energy(ies), half-life, specific activity (activity per unit mass or per unit volume) and availability. β− particles (electrons) have a relatively short range in tissue, so will deposit energy close to the site at which a radionuclide is taken up in the body. If the site of disease can be preferentially targeted, this leads to significant sparing of surrounding normal tissues in therapeutic applications. If greater penetration is required, of the order of centimetre for brachytherapy, or imaging of radioactivity uptake through external detection of radiation is required, then photons (γ) will be the product of choice.




Table 1.3 Characteristics of common radionuclides
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Introduction






Charged and uncharged particles


In this chapter we are mostly concerned with the interactions of electrons and photons with matter, as these are the most commonly used particles in radiotherapy. The dominating feature of any particle is its charge. Electrons carrying a charge of −1.6×10−19   C readily interact via the Coulomb force with other charged particles in the matter they traverse, predominantly with atomic electrons and, to a lesser extent, with protons in atomic nuclei. Photons, on the other hand, carrying no charge, interact relatively rarely with matter. The use of clinical proton beams for radiotherapy is increasing as new facilities are constructed world-wide. As charged particles, proton beams passing through matter behave in a similar way to electrons, that is, they readily undergo interactions with atomic electrons. The difference between proton and electron interactions lies in the proton having a mass roughly two thousand times greater than the electron (1.67×10−27   kg and 9.11×10−31   kg for the proton and electron mass, respectively). The characteristics of proton energy loss in matter makes them highly suitable for radiotherapy, offering distinct advantages over photons and electrons, as will be discussed below. Neutron beams are less often selected as the beam of choice for radiotherapy at the present time, however, they also offer advantages over photon beams for some tumours due to their biological effect on tissue. Being uncharged, neutrons interact in a similar manner to photons and, in fact, produce very similar depth-dose characteristics.


It should be remembered that radiotherapy is not restricted to these particles alone. Ion beams consisting of atomic nuclei stripped of their electrons may also be used (a proton is, after all, a hydrogen atom without its electron). Carbon ions, in particular, have been used to treat a number of cancers in what is, at present, a small number of facilities world-wide and their characteristics are being actively researched. Negative pions (π−), were also at one time thought to have great potential for radiotherapy due to the nature of their interactions and their energy loss at the end of their range, in particular, which is discussed below. Clinical studies of the use of pions have not demonstrated this advantage to date.









Excitation and ionization


Ionizing radiation, by definition, has sufficient energy to ionize matter. That is, it has sufficient energy to overcome the binding energy of atomic electrons. Radiation of energy below the binding energy of a particular electron shell may still interact with an electron by raising it to a higher, vacant shell (see Chapter 1). As a result of this interaction, the atom has gained energy and is left in an excited state (Figure 2.1A). It will eventually lose this excess energy to return to its lowest energy state, or ground state. An electron occupying an outer shell relative to the vacancy may achieve a lower energy state by filling the vacancy (Figure 2.1C). The excess energy is released as a characteristic photon (of energy equal to the difference in shell binding energies). If this electron is also in an inner shell, it too will leave behind a vacancy which an outer electron can again occupy (Figure 2.1C) losing energy in the form of a characteristic photon. This process results in a cascade of electrons moving between shells and a corresponding set of characteristic photons which eventually returns the atom to its ground state.
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Figure 2.1 Excitation and ionization for a carbon atom. (A) Excitation: an incoming photon raises an inner shell electron to a vacant orbit, the electron has gained energy and, as a result, the atom is left in an excited state. (B) Ionization: an incoming photon ejects a K-shell electron from the atom, the atom is ionized having an overall positive charge. As no scattered photon was produced, the emitted electron has acquired kinetic energy equal to the energy of the incoming photon minus the electron's binding energy. (C) De-excitation: an L-shell electron drops into the vacancy in the K-shell, emitting a characteristic photon, the L-shell vacancy is filled by the electron involved in the original interaction. (D) De-excitation: an L-shell electron fills the K-shell vacancy and a free electron from the medium is captured to the L-shell.




Even if its own kinetic energy exceeds the atomic electron's binding energy, an incoming particle (electron, photon etc.) may transfer just part of its kinetic energy to an atomic electron to produce excitation. Where the incoming particle transfers more than the binding energy of an atomic electron to the atom, the electron in question is ejected from the atom, with kinetic energy equal to the total energy transferred, minus the binding energy. As a result of losing an electron, the atom has been ionized (Figure 2.1B). As well as being chemically reactive as a result of this interaction (the positive ion will seek an electron from its surroundings to return to its uncharged state), any electron ejected from an inner shell will leave a vacancy behind, which represents an excited state. A cascade process will then follow as described above as de-excitation takes place (Figure 2.1D).












Electron interactions






Range and path-length


Electrons have a negative charge and a relatively small mass. As a result, electron transport through matter is characterized by a large number of interactions through which generally a small amount of energy is lost in each event and a high degree of scattering occurs (Figure 2.2). Because of these frequent interactions, it can often be assumed that electrons lose energy continuously as they traverse matter and to a good approximation the energy loss can be assumed to be at a constant rate. It follows that if electrons (or any other particles) lose energy continuously, then they must have a finite range. This is true of all charged particles. Calculated ranges for charged particles can be performed using this continuous slowing down approximation, resulting in the csda range. If a beam of monoenergetic electrons is incident on a given material and we assume continuous energy loss, then the total distance travelled, or path length, must be the same for all electrons in the beam. The depth of penetration, or range, will vary due to the different paths traversed by individual electrons as indicated in Figure 2.2. This range-straggling leads to a slope in the measured depth-dose curve as illustrated in Figure 2.3A. The steepness of this slope decreases as electron energy is increased, as shown in Figure 2.3B. Note that the dose does not fall to zero immediately beyond the steep region of dose fall-off, due to bremsstrahlung photons being produced (discussed in the next section). The intersection between the slope due to range-straggling and the bremsstrahlung tail, gives the practical range of the electron beam, Rp. As a guide, for clinical electron beams produced by linear accelerators (approximately 4–20   MeV), the range of electrons in water (or tissue) can be approximated by:
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Figure 2.2 Illustration of the frequent interactions, scattering and finite range of electrons traversing matter. A beam of 10   MeV electrons (black) strikes a slab of water from the left. Incident electrons readily scatter, losing energy through collisions with electrons in the medium. Occasionally, energy is lost through x-ray production (bremsstrahlung, indicated by light grey lines). Note that (A) no primary electrons escape the slab as it exceeds the finite range of these electrons, x-ray photons and secondary electrons generated by these photons may leave the slab, and (B) the total distance traveled by an incident electron (path length) is greater than the maximum depth reached (range).







[image: image]

Figure 2.3 Electron depth-dose distribution in water. (A) 10   MeV electron beam, indicating practical range, Rp. (B) Variation of depth-dose with beam energy for (from left to right) 4, 6, 8, 10, 12, 15 and 18   MeV beams.


(Reprinted with the permission of the Clatterbridge Centre for Oncology NHS Foundation Trust: Douglas Cyclotron)
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An indication of the accuracy of the above expression can be made by comparison with electron csda ranges in water, given in Table 2.1.


Table 2.1 Electron csda (continuous slowing down approximation) ranges in water






	Electron beam energy (MeV)

	
csda range (cm)






	0.1

	0.01






	0.25

	0.06






	0.5

	0.18






	1

	0.44






	5

	2.55






	10

	4.98






	25

	11.3






	50

	19.8







Evaluated using the ESTAR program [1]









Collisional and radiative (bremsstrahlung) energy loss


The last section was concerned with the dominant interaction that a beam of electrons undergoes when traveling through matter, that of collisions with atomic electrons (in the energy range of interest to radiotherapy, at least). These interactions lead to excitation and ionization of the medium traversed, as represented schematically in Figure 2.2. More rarely, electrons from an incident clinical beam will pass near to and interact with the atomic nucleus, again as a result of the Coulomb force of attraction between negatively charged electron and positively charged nucleus. The path (and momentum) of the incident electron is changed under the influence of the nucleus, resulting in a loss of electron energy. This loss of energy appears as a radiated photon, or x-ray photon (radiative energy loss). The term, bremsstrahlung (‘braking radiation’), is a helpful descriptive name given to this process, shown schematically in Figure 2.4. The probability of this interaction occurring is inversely proportional to the square of the incident particle's mass. As a result, bremsstrahlung is only significant for electrons. This important process by which x-ray photons can be produced is described further below.





[image: image]

Figure 2.4 Schematic representation of photon production by electrons (bremsstrahlung). An incident electron deflected by the nuclear Coulomb field loses energy, which appears in the form of an emitted photon.











Stopping power and linear energy transfer (LET)


The rate at which energy from an incident beam of charged particles is lost as it passes through a material is described by the stopping power. If an electron of energy, E, loses a small amount of energy, dE, in a small thickness, dx, of material, the stopping power, S(E), is defined by:
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If the energy loss is separated into that lost in collisions, Scoll, with atomic electrons and that lost through bremsstrahlung (or radiative loss), Srad:
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If energy is in MeV and distance in centimetres, stopping power has units of MeV cm−1. Alternatively, we may express this in terms of mass stopping power, S(E)/ρ, where ρ is the material density (g cm−3). The magnitude of this quantity depends on both the energy of the electron and the material involved. Figure 2.5 shows the variation of electron mass stopping power with energy in water and lead. As stopping power reflects the difference in energy absorption between materials, it is used in radiation dosimetry to convert measured radiation dose between materials. For example, using an air-filled ionization chamber surrounded by water, a direct measurement of energy absorbed, or dose to air, Dair, can be made. The dose, Dw, that would be absorbed if the ionization chamber were replaced by water (or a patient) would be given by multiplying by the ratio of mass stopping powers between water and air:
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Figure 2.5 Collisional, radiative and total stopping power for electrons. (A) in water and (B) in tungsten. Data calculated using ESTAR [1].
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where ρw and ρair are the densities of water and air, respectively. Strictly, the stopping power used in the above expression must be restricted to energy absorbed within the ionization chamber volume and must exclude any energy that is lost from the beam but travels beyond the chamber (site of interaction). For example, energy lost in the form of bremsstrahlung, or collisions in which a large amount of the incident electron's energy is transferred to an atomic electron such that it travels beyond the chamber.


    Linear energy transfer (LET) also refers to the amount of energy deposited by ionizing radiation in matter. Units are also energy per unit length, often expressed in keV μm−1. LET is commonly used to distinguish between ionizing radiation in relation to radiobiology; radiation having a higher LET (such as protons, alpha particles) will generally lead to a greater biological effect than low LET radiation (photons, electrons). The smaller length units (μm) for LET reflect its application to energy deposition over subcellular dimensions. A schematic comparison between energy deposition for high and low LET beams is illustrated in Figure 2.6.
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Figure 2.6 Comparison of dose deposition and biological effect for low and high LET beams. Circles refer to ionizing events. The increased track density of ionization events occurring for the higher LET beam leads to greater biological (DNA) damage. This increase in biological damage in comparison to low LET radiation (e.g. photons) can be expressed as a relative biological effectiveness (RBE), defined as the ratio of radiation doses required to produce the same degree of biological damage. For example, if an RBE of 1.1 is assumed for protons, then a prescribed proton dose of 70   Gy would achieve the same biological effect as a dose of 77   Gy delivered by photons.











X-ray production


The conversion of electron kinetic energy into photons as a beam of electrons striking a target is decelerated in the nuclear Coulomb field (bremsstrahlung) is the primary method for obtaining clinical photon beams. As suggested earlier, however, for the normal range of energies considered for diagnostic imaging and radiotherapy (20   keV to 25   MeV), electrons are far more likely to interact through collisions with atomic electrons. The efficiency of this process is therefore generally low. The likelihood of bremsstrahlung depends on the atomic number of the material traversed, Z (the total charge of the nucleus) and the energy of the incident electron, E, according to:
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The energy of the electron beam is dictated by the maximum photon energy required. The use of high atomic number materials, gives the best yield of photons. Table 2.2 indicates the proportion of electron beam kinetic energy converted to photons for a tungsten target. The remainder of the incident electron's kinetic energy is lost through collisions with atomic electrons in the target, causing excitation and ionization. A large amount of this energy is eventually released in the form of heat, requiring the target to be cooled.


Table 2.2 Percentage of incident electron beam energy appearing as bremsstrahlung for electrons incident on a tungsten target






	Electron Energy (MeV)

	Photon Yield (%)






	0.05

	0.5






	0.25

	2






	1

	6






	10

	30






	50

	63







Data calculated using ESTAR [1]


In the bremsstrahlung process, an electron may lose any amount of energy, up to its total kinetic energy. Rather than discrete photon energies, as are observed during de-excitation of atoms, a continuous spectrum of photon energies is produced. An example of the photon spectra produced when electrons are used to generate a 100   kV and 6   MV photon beam is shown in Figure 2.7. Photon spectra are commonly designated by ‘kV’ or ‘MV’ to indicate the nominal potential used to accelerate the electrons that created the spectrum. For example, a potential difference of 100   kV between cathode and anode in an x-ray tube will result in 100   keV electrons striking the target, producing a 100   kV photon spectrum. While there is no lower limit on the energy of photons produced, the low energy components of the spectrum are preferentially removed by photon attenuation within the target and other machine components, so that the peak in the spectrum occurs at approximately one-third of the maximum photon energy. Discrete spectral lines can be seen superimposed on the continuous 100   kV spectrum, these are due to characteristic photons being produced during de-excitation of tungsten atoms after inner shell electrons have been excited or ejected through collisions with the incident electron beam. The energies of these characteristic photons correspond to the difference between the binding energies of the inner shell vacancy and the outer shell electron that fills the vacancy. The difference between electron binding energies depends on the atomic number of the target. For tungsten, with a K-shell binding energy of 69   keV and L-shell binding energy of 12   keV, it follows that the minimum energy of a characteristic photon produced by filling an electron vacancy in the K-shell is 57   keV. The same characteristic photons are not observed in the 6   MV spectrum, as they now represent very low energies within this spectrum and are preferentially removed by photon attenuation.
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Figure 2.7 X-ray spectra: (A) 100   kV diagnostic spectrum; bremsstrahlung (continuous) spectrum with superimposed discrete characteristic tungsten x-rays [6] and (B) 6   MV photon spectra from an Elekta SL25 linear accelerator [5].




For electrons striking a thin target, photons are produced in all directions. The intensity (or number) in a particular direction depends on the energy of the incident electrons, and the atomic number of the target. For low electron energies (up to 100   keV), the intensity is almost equal in all directions and as the electron energy increases, the photons produced become more forward directed. This variation in photon intensity with incident electron energy is illustrated in Figure 2.8, where electrons (indicated by the dashed line) are incident from the left. In this figure, bremsstrahlung production is simulated for a number of incident electrons, with the emitted photon energy and direction sampled from known probabilities (cross-sections). Two thousand photon tracks are represented in each figure, projected from a 3D distribution into a 2D plane. The length and shade of each photon track is representative of the individual photon energy. Note that higher energy photons (lightly shaded, long tracks) appear predominantly in the forward direction. This is one of the reasons for the average photon energy emitted from linear accelerators being lower at angles off the beam central axis.
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Figure 2.8 Spatial and energy variation of bremsstrahlung produced by electrons incident on a thin target. Electrons are incident from the left (dashed line), bremsstrahlung photons energy is indicated by track length and shade (short/dark = low energy). In each case 2000 bremsstrahlung interactions are simulated from known probabilities.




The observed variation in spatial intensity of bremsstrahlung photons affects the design of x-ray targets. At kilovoltage energies, a reflection target is generally used, where photons produced at right-angles to the direction of incident electrons are extracted for use. At megavoltage energies, a transmission target is required as photons are mostly travelling approximately parallel to the incident electron beam. This is shown schematically in Figure 2.9.
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Figure 2.9 Reflection and transmission targets for the production of x-rays: (A) represents the production of a kilovoltage therapy beam and (B) the production of a megavoltage beam.











Beam hardening


In addition to the photon attenuation provided by the target and other machine components (inherent filtration), additional filters may be placed in the path of the emerging photon beam, particularly for kV photon beams used for diagnostic imaging (Figure 2.10). The effect of this is to preferentially remove lower energy components from the spectrum, as a result of their higher attenuation. This is a desirable effect as these low energy photons will contribute little to the x-ray image produced, but will be absorbed within the patient, resulting in unnecessary radiation dose. Adding filters in the path of the beam reduces the beam intensity (number of photons), but increases the average energy of the beam (or hardens the beam) as low energy photons are preferentially removed. Photon attenuation is discussed in more detail below.





[image: image]

Figure 2.10 Geometry for photon attenuation measurements. Collimators are present to prevent scattered photons from reaching the detector.














Photon interactions






Exponential attenuation


Figure 2.10 shows an experimental arrangement for measuring the number of photons that reach a detector as a filter, or attenuator, is placed in the beam path. We are interested in measuring how many photons arrive at the detector without undergoing any interaction in the filter, i.e. how many photons are unattenuated. The purpose of the collimators is to prevent any scattered photons, resulting from an interaction in the filter, from reaching the detector and so causing us to overestimate the number of photons that have not interacted. If scattered photons are excluded, this arrangement is referred to as ‘narrow-beam’ geometry. The detector records N photons arriving at the detector for a thickness, x, of filter. If the number of photons reaching the detector changes by an amount, dN, when a thin (infinitely thin) filter of thickness, dx, is placed in the beam and we represent the relative change (dN/N) per unit thickness as μ, we have:
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By integrating this expression, and applying the condition that for zero filter thickness, N0 photons are recorded at the detector, it is straight-forward to show that the number of photons, N, transmitted by the filter and reaching the detector when a filter of thickness, x, is placed in the beam is given by:
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Parameter, μ, is the linear attenuation coefficient (units of per unit distance, e.g. cm−1), its value is dependent on the filter material and the energy of the photon beam. In order to compare the effect of varying atomic number on attenuation properties, it is convenient to remove the variation due to material density, ρ. This is achieved by defining the mass attenuation coefficient, μ/ρ. If μ is expressed in units of cm−1 and density in g cm−3, the units of mass attenuation coefficient are cm2 g−1, the corresponding thickness of filter must then be expressed in terms of mass-thickness (linear thickness × density), g cm−2.


The mass attenuation coefficient is a macroscopic quantity that, in principle, can be measured relatively simply. It represents the total probability that a photon of a given energy will interact with matter, regardless of the type of interaction. Figure 2.11 shows the variation of mass attenuation coefficient with energy for water and lead. In water, the attenuation coefficient is seen to decrease monotonically as photon energy is increased, up to approximately 50   MeV at which point it begins to increase. For lead, sharp discontinuities are seen around 100   keV (explained below) and the minimum attenuation occurs at a much lower energy of approximately 4   MeV, after which it begins to rise. It follows that the thickness of lead required to provide a chosen degree of attenuation would be greater for 4   MeV photons than it would be for 20   MeV photons. Note that here we are considering monoenergetic photons (MeV), whereas in practice, clinical photon beams contain a spectrum of energies (denoted by MV to indicate this). The effective attenuation coefficients (averaged over all energies in the spectra) in lead for 6   MV and 15   MV beams are roughly equal. The mass attenuation coefficients of water and lead are approximately equal for 1   MeV photons, at 10   MeV the coefficient for lead is a little over twice that of water, whereas at 100   keV, the coefficient for lead is over 30 times that of water. The reason for the particular shape of the attenuation curves for water and lead is explained by the varying probability with energy of the underlying photon interactions that combine to give the total interaction probability and hence attenuation coefficient. These interactions are described in subsequent sections.





[image: image]

Figure 2.11 Mass attenuation coefficient variation with photon energy in water and lead (data from [2, 3]). The light and dark shaded regions indicate the approximate range of photon energies commonly used for diagnostic imaging and radiotherapy, respectively.




The mathematical form of equation 2.7 is identical to that describing radioactive decay. For a chosen material and filter thickness placed in the path of a monoenergetic photon beam, adding additional filters of the same material and thickness will result in the same fraction of beam being transmitted, for example, if 1   cm of a filter results in the beam intensity falling to 70% of its original value, then 2   cm will result in 49% of the original intensity being transmitted. Figure 2.12A shows a plot of relative transmitted photon intensity (N/N0 = e −μx) for a monoenergetic beam of photons incident on aluminium filters. Taking natural logarithms of this equation yields a linear function, shown in Figure 2.12B. The slope of the straight line is equal to −μ. For a filter thickness that reduces the intensity to half the original value, we have:
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Figure 2.12 Exponential attenuation of monoenergetic photons. (A) Relative transmission versus filter thickness and (B) ln (relative transmission) versus thickness. The HVL of 0.7   cm Al is indicated on each plot.
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t1/2 is denoted the half-value layer (HVL) or half-value thickness. Rearranging this expression and taking natural logarithms gives:
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For a chosen filter material, the HVL of a beam of photons provides a measure of the beam's power of penetration. In the kilovoltage region, HVL is therefore used to represent the quality of a beam of photons. For a monoenergetic beam of photons, it follows that after one HVL, the intensity drops to 50%, after two HVLs 25%, after three HVLs 12.5% and so on. The presence of inherent filtration for a monoenergetic source of photons would therefore have no effect on the measured beam quality.









Attenuation of photon spectra


We have so far considered only monoenergetic beams of photons. In practice, photon beams generated by fast-moving electrons striking a high atomic number target will have a spectrum of energies, as described above. We may expect the attenuation coefficient to decrease as photon energy is increased, i.e. that higher energy photons are more penetrating. In the kilovoltage region, at least, this is indeed the case and is the reason for beam hardening, discussed above. As a photon spectrum (polyenergetic beam) is filtered, lower energy photons will be preferentially removed from the beam due to their larger attenuation coefficients. This results in the average energy of the beam increasing and the average attenuation coefficient decreasing. As a result of this changing attenuation coefficient, the measured transmission curve will no longer be a true exponential. This is represented in Figure 2.13, where successive HVLs are no longer constant, but depend on the amount of filtration already present in the beam. Comparison of the first and second HVL (HVL1/HVL2) gives an indication of the degree of beam hardening occurring and is termed the homogeneity coefficient.
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Figure 2.13 Attenuation comparison between a 100   kV photon spectrum (solid line) and a monoenergetic beam (dashed line) of the same first HVL. The first and second HVLs (0.7 and 0.9   cm Al respectively) for the spectrum are indicated. For the monoenergetic beam, the first and second HVLs would be equal, while for a spectrum of energies, the subsequent HVLs increase due to beam hardening, as indicated.











Energy absorption


As well as being interested in how many photons are transmitted without interacting in a filter (i.e. remain unattenuated), we may also be interested in the amount of energy that is absorbed in the filter, particularly if we replace the filter with biological tissue. This information is given by the energy absorption coefficient, denoted μen. In a similar approach to that followed for attenuation, we can also define the mass energy absorption coefficient, μen/ρ. These quantities have the same units as their attenuation counterparts. In terms of the geometry shown in Figure 2.10, in order to determine energy absorption, we must detect all unattenuated photons, together with any other energy not absorbed locally. Assuming all charged particles are absorbed (stopped) locally, it is the energy transported away in the form of photons that must be accounted for, i.e. all characteristic photons released from excited atoms following photoelectric interactions, scattered photons resulting from the Compton effect, bremsstrahlung photons produced by charged particles (e.g. Compton electrons) and, finally, photons arising from positron annihilation following pair-production (if the incident photon energy is high enough). The geometry for this situation then represents broad-beam conditions. It follows that the attenuation coefficient for a given monoenergetic photon beam in a given material is larger than the corresponding energy absorption coefficient for the same energy and material as attenuation accounts for both absorption and scatter. Practical measurement geometry will fall between narrow and broad beam conditions. Figure 2.14A compares mass attenuation coefficients and mass energy absorption coefficients in water for the range of photon energies of interest to radiotherapy.
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Figure 2.14 (A) Comparison of photon mass attenuation and mass energy absorption coefficients in water. Note that the difference is largest where the Compton effect dominates due to energy being transported away from the site of interaction by Compton-scattered photons. (B) Ratio of water to air mass energy absorption coefficient.


(data taken from [2, 3])





Energy absorption coefficients are used in radiation dosimetry in a similar way to that in which electron stopping powers are used for electron beams described earlier. Taking again the example of an air-filled ionization chamber in water, having determined the dose deposited by photons in the air cavity, Dair, the dose to the same region when filled with water, Dw, is given by:
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(see Figure 2.14B).


The above expression assumes that all electrons set in motion by the incident photons deposit their energy within the chamber. This is a reasonable assumption for kV photon beams. For MV photon beams, however, the ranges of secondary electrons become significant and must be considered.









From attenuation to individual interactions


In the photon energy range of interest for radiotherapy, there are three major interactions that can occur as a beam of photons passes through matter. Figure 2.15 illustrates the interactions occurring in a slab of water when irradiated with a beam of 3   MeV photons. Figure 2.16 shows how the individual probabilities of these interactions combine to give the total mass attenuation coefficient, also showing the region of dominance for each interaction type and their variation with atomic between water (Z = 7) and lead (Z = 82). These will be considered in terms of their importance as photon energy increases from the kilovoltage to megavoltage range. The first two of these interactions; the photoelectric effect and Compton effect, are interactions between the incident photon and atomic electrons in the medium traversed. The third, pair-production, occurs between an incident photon and the Coulomb field of the atomic nucleus. At higher energies still, above approximately 8   MeV, photons may undergo interactions directly with the atomic nucleus, releasing neutrons and forming radioactive isotopes. A summary of the energy ranges in which each interaction dominates is shown in Table 2.3.





[image: image]

Figure 2.15 Illustration of photon interactions. A beam of 3   MeV photons (light grey) is incident from the left on a 25   cm thick water slab. Photons may escape the slab without interacting, others interact in the water, generating secondary electrons (black) which cause further ionization and may escape the slab if they are generated close to the exit face. Photons may be backscattered from the face of the slab, along with secondary electrons.







[image: image]

Figure 2.16 Mass attenuation coefficients, showing the relative contributions from the photoelectric effect, Compton effect and pair- production in (A) water (effective Z = 7) and (B) lead (Z = 82). Note the large region of dominance for the Compton effect in water, due to the lower effective atomic number, Z.


(data from [2, 3])





Table 2.3 Energy regions of domination for photo-electric, Compton and pair-production interactions






	Interaction

	Low Z (Water)

	High Z (Lead)






	Photoelectric

	<30   keV

	<500   keV






	Compton

	30   keV to 25   MeV

	0.5 to 5   MeV






	Pair production

	>25   MeV

	>5   MeV














The photoelectric effect


This interaction, shown schematically in Figure 2.17, occurs between an incident photon and atomic electron, generally assumed to be an inner shell electron. If the photon has sufficient energy to overcome the shell binding energy of the electron, it may disappear by transferring all its energy to the electron. The electron is then emitted from the atom, with kinetic energy, k.e., equal to the energy of the incident photon, Eγ, minus the electron binding energy, b.e.





[image: image]

Figure 2.17 Schematic representation of the photoelectric effect. An incoming photon transfers all its energy to an inner shell electron, ejecting the electron with a kinetic energy equal to the photon energy minus the electron binding energy. Electron shells, K to N are indicated.
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As a consequence of this interaction, the atom is ionized and in an excited state. De-excitation then occurs, releasing characteristic photons, in the same manner as described in Chapter 1 after ionization or excitation by electron interactions. The probability of the photoelectric effect occurring is strongly dependent on the atomic number of the material traversed and on the energy of the incident photon:
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This strong dependence on atomic number is put to considerable use in diagnostic imaging as it provides clear differentiation between tissues with different atomic number as well as, or in the absence of, differences in physical density. For example, a 70   kV beam of photons passing through a human pelvis is much more likely to interact and be absorbed when passing through bone, with an atomic number of approximately 13, than it is when passing through adjacent soft tissue, with an approximate atomic number of 7. The photon intensity transmitted through the patient therefore clearly distinguishes between bone and soft tissue, providing a high contrast x-ray image.


The large discontinuities observed at approximately 15 and 88   keV for the mass attenuation coefficient in lead, shown in Figure 2.16B are a result of incident photons having sufficient energy to overcome the binding energies of the lead L and K shells, respectively. This large increase in interaction probability around an electron binding energy suggests that a resonance effect is involved, whereby the probability of interaction is highest when the photon energy is close to that of the electron binding energy. This feature in the mass attenuation coefficient curve is referred to as an absorption edge. The photoelectric effect dominates in water, or tissue, for energies up to approximately 30   keV and, in lead, up to approximately 500   keV. The lack of visible absorption edges in water (Figure 2.16A) is due to the lower probability of the photoelectric effect occurring in water, relative to the Compton effect and the low binding energies of the K-shell electrons for oxygen and hydrogen.









The Compton effect


The Compton effect dominates in water between 100   keV and 20   MeV and is therefore the dominant interaction in tissue throughout the radiotherapy energy range of interest for photons. This interaction involves an incident photon interacting with an atomic electron, overcoming the electron binding energy and transferring some of its energy to the electron in the form of kinetic energy and the remainder as a lower energy photon. Unlike the photoelectric effect, no resonance effect is observed and the interaction is likely to occur with outer shell electrons with binding energies far lower than the energy of the incoming photon. As a result, this interaction is often referred to as occurring with ‘free’ electrons. The interaction is shown schematically in Figure 2.18.





[image: image]

Figure 2.18 Schematic representation of the Compton effect. An incident photon, γ, transfers part of its energy to an electron and a lower energy, scattered photon, γ’, is produced.




The probability of the Compton interaction depends on the density of electrons in a material, which varies as Z/A. This ratio is almost constant for elements above hydrogen and, as a result, the Compton effect can be considered to be independent of the atomic number of the material the photons pass through and is dependent only on the physical density. It is for this reason that medical imaging with megavoltage photons leads to poorer contrast than imaging with kilovoltage photon beams. This represents a benefit for radiotherapy to soft-tissue tumours, however, as a significant dependence on atomic number would lead to higher absorbed dose being delivered to bone than soft tissue.


The average proportion of the incident photon's energy transferred to the electron depends on the incident photon energy. For a 100   keV incident photon, on average approximately 10% of its energy, 10   keV, is passed to the electron, while the scattered photon retains 90   keV. As the incident photon energy increases, however, a higher proportion of its energy is transferred to the electron; a 10   MeV photon transfers an average of approximately 70%, 7   MeV, to the electron and the scattered photon retains 3   MeV. The variation of average energy transferred to the electron via the Compton effect is illustrated in Figure 2.19. These characteristics of the Compton effect have implications for radiotherapy and radiation dosimetry. For kilovoltage photon beams, electrons set in motion through Compton interactions can be assumed to deposit their energy very close to the site of interaction, whereas for megavoltage photons, these interactions produce high energy secondary electrons which will travel a significant distance. The latter results in the observed skin-sparing effect of absorbed dose deposition in tissue by megavoltage photon beams, as electrons set in motion near the skin surface deposit their energy over a significant depth. For example, a 3   MeV photon (approximately the average photon energy in a 10   MV photon spectrum) will provide an electron with an average energy of 1.8   MeV (60%), which will deposit energy over a distance of approximately 1   cm in tissue. The angular distribution of electrons set in motion by the Compton effect is also of interest. For kilovoltage photons, the secondary electrons set in motion are emitted over a wide range of angles from the direction of the incident photon. As the incident photon energy is increased, this distribution of electrons becomes more forward directed.





[image: image]

Figure 2.19 Average proportion of photon energy transferred to secondary electrons during the Compton effect.


(derived from [7])












Pair-production


Above a few MeV, photons may interact with the nuclear Coulomb field to produce an electron-positron pair, shown schematically in Figure 2.20. In this interaction, the photon vanishes and all its energy is transferred to the rest-mass and kinetic energy of the electron and position. For an incident photon of energy, E, conservation of energy demands that:
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Figure 2.20 Schematic representation of pair production in the nuclear Coulomb field.
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Hence, the incoming photon must have a minimum energy of 1.022   MeV for the interaction to occur. The probability of a photon being attenuated by pair- production is proportional to the atomic number of the material traversed and, for the energy range of interest to radiotherapy, increases gradually with the incoming photon's energy.
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In water (and soft tissue), pair-production only becomes significant at photon energies above approximately 10   MeV (see Figure 2.16), so accounts for very little of the absorbed dose to a patient undergoing radiotherapy. For higher atomic number materials, pair production becomes significant at lower energies (approximately 3   MeV for lead).


The electron and positron produced will lose energy in the medium traversed, mainly through interactions (collisions) with atomic electrons, as discussed above. The positron eventually annihilates with a local electron, releasing the remaining positron kinetic energy and rest-mass of the positron and electron in the form of photons. This annihilation event becomes more likely as the positron slows down. If it occurs ‘at rest’, i.e. when the positron has lost all of its kinetic energy, the energy of each photon is equal to 0.511   MeV, the electron (and positron) rest-mass. To conserve momentum, these two photons must travel in opposite directions. This feature of positron–electron annihilation is the key to positron emission tomography (PET), as coincident detection of the two photons produced reveals information on the position of the annihilation event.


Photons may undergo a similar interaction to the nuclear pair-production interaction described above in the Coulomb field of an electron. However, the probability of this is very low compared to the interaction in the nuclear Coulomb field.









Nuclear interactions


At sufficiently high energies (above approximately 8   MeV, or 15   MV spectra), photons may interact directly with the atomic nucleus, releasing neutrons or protons:
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These interactions do not lead to a significant patient dose, but the production of neutrons can lead to additional shielding requirements for the treatment room. Activation of linear accelerator components, particularly the photon target, can also occur, which must be allowed to decay to acceptable levels before any intervention, such as machine servicing.









Photon depth-dose and the build-up effect


Figure 2.12 showed how the transmission of photons decreases exponentially as the amount of matter traversed is increased. The quantity we are generally more interested in, however, is the absorbed dose received at a depth in tissue and how this varies with depth. This quantity is commonly described as percentage depth-dose, PDD:
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where D(d) is the measured dose at depth, d, and dmax the depth of maximum dose. Example PDD curves for megavoltage photon beams are shown in Figure 2.21. An important feature of these curves is that fact that the maximum dose is not reached at the surface, but at a depth, dmax, which is dependent on the energy of the beam. This provides the skin-sparing effect of megavoltage photon beams.





[image: image]

Figure 2.21 Example percentage depth-dose profiles (PDDs) for photon beams in water.


Reprinted with the permission of the Clatterbridge Centre for Oncology NHS Foundation Trust: Douglas Cyclotron





The dose build-up effect is explained by considering the photon interactions taking place in tissue at the energies involved. Table 2.3 shows us that the Compton effect dominates in low atomic number materials, such as tissue, right across the MeV range of photon energies commonly used for radiotherapy. This interaction provides a scattered photon, which generally leaves the site of interaction and a secondary electron which has a finite range over which it deposits its energy. For an incident 1   MeV photon, Figure 2.19 shows us that approximately 0.4   MeV, on average, is passed to the secondary electron, whereas for a 10   MeV incident photon, roughly 6.8   MeV on average would be passed on. This kinetic energy of the secondary electrons is not all deposited at the site of the Compton interaction, but is spread out over the electron's range, which depends on the electron's energy (as shown in Table 2.1). Let's now consider the total absorbed dose from secondary electrons as we move between thin ‘layers’ from the surface to the depth of dmax, in steps of some fraction of dmax. As illustrated in Figure 2.22, some energy is deposited in the surface layer by secondary electrons set in motion within this layer and some is transported along with the electrons to underlying layers. Taking a step deeper, we again have a dose from secondary electrons set in motion within this layer, and we have an additional dose contribution from secondary electrons entering from the surface layer (upstream), i.e. we now have contributions from two layers. At the next layer, we have three layers contributing, the one we are in and two upstream. At each successive deeper layer, the number of upstream layers contributing electrons increases, so the total absorbed dose rises, or builds up. This process continues until we are at a depth beyond the range of electrons set in motion in the surface layer, at which point we have reached full build up, at dmax. The depth of dmax, then, corresponds to the average range of secondary electrons set in motion by the incident photon beam, which increases with photon beam energy, as shown in Figure 2.21 in moving from 6 to 15   MV. In practice, this depth will also be influenced by the field size, by contaminant electrons generated in the head of the accelerator and in any beam modifying devices in the path of the beam. If we assume that photon attenuation is negligible over a number of layers, then at dmax and beyond, the total number of electrons crossing each layer is constant; the number entering a given layer from upstream equals the number moving downstream (see Figure 2.22). This condition is termed charged-particle equilibrium (cpe) and is discussed further in Chapter 3. Note that for kilovoltage photon beams, the energies and ranges of secondary electrons will be very much reduced. For example, a 100   keV photon interacting by the Compton effect will produce, on average, a secondary electron of around 15   keV, which has a range of less than 1/100   mm. Secondary electrons generated by kV photon beams can therefore be assumed to deposit their energy at the site of interaction in tissue and no dose build up, or skin-sparing occurs.





[image: image]

Figure 2.22 Schematic illustration of dose build-up in MV photon beams. (A) Incident photons (solid lines) interact in each layer, liberating secondary electrons (dashed lines). These electrons deposit their kinetic energy over their (finite) range, here corresponding to four layers. The total dose in each layer is proportional to the number of electrons crossing it (1 to 4). (B) The solid line indicates the build- up of dose in the absence of photon attenuation. The dashed line indicates the exponentially decreasing dose beyond dmax due to photon attenuation.




For a phantom, or patient, irradiated at a fixed source-to-surface distance (SSD) with a diverging beam (e.g. that from a small or ‘point’ source, such as a clinical linear accelerator or x-ray tube), the absorbed dose beyond the depth of dmax will decrease with depth due to both increasing attenuation of the incident photons and also due to the increasing distance of the point of interest from the source. This latter effect is known as the inverse-square law, as the dose from a point source, in the absence of any attenuating material, will decrease as 1/r2, where r is the distance from the source. The derivation of this law is given in Figure 2.23. We can combine the effect of photon attenuation with the inverse-square reduction in photon intensity, to approximate the PDD beyond dmax as:





[image: image]

Figure 2.23 Illustration of field size scaling and derivation of the inverse-square law.
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where μeff is the effective attenuation coefficient for the beam. The term effective attenuation coefficient is used here, as our geometry does not exclude scattered radiation and is likely to represent an average over a photon spectrum. μeff will therefore vary with field size and depth.












Protons and ion beams






Protons


Carrying the same magnitude, but opposite sign of charge to electrons, protons readily interact with atomic electrons causing ionization and excitation as they continuously lose energy passing through matter. The proton mass, being approximately 2000 times larger than that of an electron, results in protons undergoing far less lateral scattering. As bremsstrahlung losses are inversely proportional to the square of the incoming particle mass, such losses are negligible for protons. Rather than the approximately linear relationship between energy and range, as observed for electrons (where range ≈ MeV/2   cm), proton range scales roughly with the square of the proton energy. As protons lose energy far more rapidly than electrons when traversing matter, energies of up to approximately 250   MeV are required to treat deep-seated tumours. Table 2.4 indicates proton ranges for a number of beam energies.


Table 2.4 Proton range variation with energy (csda range quoted, calculated using PSTAR [1])






	Energy (MeV)

	Range (cm)






	60

	3.1






	100

	7.7






	150

	15.8






	200

	26.0






	250

	37.9







A key difference in the characteristics of energy deposition with depth for protons as opposed to electrons, is the appearance of a Bragg peak, shown in Figure 2.24A. This results from a reduced amount of lateral scattering and a sharp increase in stopping power (dE/dx) as protons slow down in a material (Figure 2.24B). The Bragg peak is ideally suited to radiotherapy as the high dose region is concentrated at depth, protecting both overlying and underlying normal tissue. The Bragg peak is also a characteristic of other heavy charged particle beams, such as carbon ions and pions.





[image: image]

Figure 2.24 (A) Bragg peak for 60   MeV protons in water and (B) proton stopping power in water (data from PSTAR [1]). Notice how the shape of the stopping power curve is reflected in the observed depth-dose curve.




While interactions with atomic electrons is the dominant process by which clinical proton beams (50–250   MeV) lose energy and so deposit dose, an incident proton beam may also interact with the atomic nucleus through elastic or non-elastic scattering. In elastic scattering events, kinetic energy is passed from the incident proton and the internal structure of the nucleus is unchanged. In non-elastic scattering, the nucleus may be fragmented or left in an excited state, in which case kinetic energy is not conserved. Charged particles (secondary protons, alpha particles etc.) produced during these events will deposit their energy close to the site of interaction, whereas neutrons and photons, being uncharged, may carry energy a significant distance away.









Clinical use of proton beams


In order to deliver a uniform radiation dose over defined target dimensions, at a required depth, the full energy (or pristine) Bragg peak shown in Figure 2.24A must be broadened and range-shifted as in Figure 2.25A. Broadening the Bragg peak can be achieved either by varying beam energy directly or by passive scattering of a single energy. The latter is simply achieved by placing different thicknesses of attenuator in front of the patient to vary the depth that protons penetrate. Figure 2.25B shows a Perspex modulator wheel. There are a number of available thicknesses in the wheel, the proportion of each is determined so that the total dose summed over all steps is uniform within the target region.
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Figure 2.25 Creation of a spread-out Bragg peak (SOBP) for a single proton beam. In (A) the solid line represents the total dose. The uniform dose across the target (circle) is achieved by summing dose contributions from a number of range-shifted Bragg peaks (dotted lines). (B) an example of a perspex modulator wheel, designed to provide the appropriate weighted range-shifting.


(Reprinted with the permission of the Clatterbridge Centre for Oncology NHS Foundation Trust: Douglas Cyclotron)












Carbon ions and pions


In addition to protons, heavier nuclei and other particles may offer potential advantages for radiotherapy due to the physical characteristics of their dose deposition in matter and their relative biological effectiveness (RBE). Beams of carbon ions and pions, in particular, have been applied clinically for radiotherapy. In order to reach deep-seated tumours, the energies of heavy ion beams need to be significantly higher than that of protons. For example, while 150   MeV protons have a range of approximately 16   cm in water, the same penetration depth for carbon ions requires a beam energy of close to 3600   MeV, or 300   MeV for each of the 12 nucleons (6 protons and 6 neutrons) in the ion (often denoted 300   MeV/u).


The LET of carbon ions in the Bragg peak is significantly higher than in the plateau region which leads to an increased RBE across the target region relative to the surrounding low dose region. Hence, in addition to a lower physical dose, normal tissue is spared further due to a lower biological effect. This increased LET in the Bragg peak is a result of nuclear fragments being produced in collisions, which leads to a dose tail following the Bragg peak, illustrated in Figure 2.26A.





[image: image]

Figure 2.26 (A) Monoenergetic Bragg peaks for carbon ions incident on water. Note the dose tail beyond the peak due to nuclear fragments. (B) Physical dose and biologically effective dose within a clinical target volume for 170 to 220   MeV carbon ions in water. Note the enhanced biological effect across the target region, resulting in preferential damage to tumour.


(Reproduced with permission, M Krämer, GSI, Darmstadt)





Pions, negatively charged particles with a mass approximately 15% of that of a proton and a half-life of 26   ns (2.6   ×   10−8 s) can be produced by bombarding carbon or beryllium targets with protons. Pion beams have been used clinically to treat over 500 patients at a small number of centres world-wide. The potential advantage from these particles over alternatives is the ‘star effect’ which enhances the dose deposited in their Bragg peak due to their capture by atomic nuclei. This capture process causes the nucleus to become unstable and disintegrate into a number of fragments, each of which has a high LET and very short range in tissue.












Neutron interactions


Clinical beams of fast neutrons, of the order of 60   MV, were the subject of particular interest during the 1970s and 1980s. Being uncharged, they show similar depth-dose characteristics to megavoltage photons (Figure 2.27), but offer potential advantages for some tumours in causing a greater degree of irreparable DNA damage which is not dependent on the oxygen effect. Low energy (thermal) neutron beams are of interest in their application to boron-neutron capture therapy (BNCT). This treatment involves first depositing boron (10B) in the tumour, using tumour-targeting compounds, then applying an external beam of thermal neutrons. These neutrons are captured by boron nuclei within the tumour, creating 11B which subsequently disintegrates releasing helium and lithium nuclei (4He, 7Li), with kinetic energies of 1.47 and 0.84   MeV, respectively. Being highly charged, these particles deposit their energy within a very short distance of the site of their release.





[image: image]

Figure 2.27 Comparison of percentage depth-dose in water at 150   cm source-to-surface distance (SSD) for 62   MeV neutrons.


(Reprinted with the permission of the Clatterbridge Centre for Oncology NHS Foundation Trust: Douglas Cyclotron)





Aside from their therapeutic applications, fast neutrons are also produced in interactions involving high energy photons and protons, as mentioned above. Fast neutrons lose energy primarily through elastic collisions with atomic nuclei. In the body, this readily produces knock-on protons through collisions with hydrogen, which travel only a short distance in tissue. The proportion of energy that neutrons lose through each collision decreases as the atomic number of the target material increases, with the average energy loss, E, being given by:
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where E0 is the incident neutron energy, m the neutron mass (1.67×10−27   kg) and M the mass of the target nucleus. Materials with a high hydrogen or other low atomic number (e.g. lithium) content are therefore the most effective in slowing down fast neutrons. Wall cladding with a high proportion of low atomic number material may be used in the maze of bunkers housing high energy photon machines (15   MV and above) in order to rapidly slow fast neutrons produced by photon interactions (photonuclear interactions) in the photon target. Once thermalized, neutrons are captured by a nucleus (non-elastic interactions), for example:





[image: image]     2.19





In the case of capture by hydrogen (1H), this results in the release of a high energy photon, which itself presents a potential radiation shielding hazard.
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Introduction


Chapter 2 described the various processes by which photons interact with matter. These interactions produce charged particles (electrons and possibly positrons) which then travel through matter, losing energy by collision processes (ionization and excitation of atoms) and through radiative processes (production of bremsstrahlung), as illustrated in Figure 3.1.





[image: image]

Figure 3.1 Schematic diagram of energy deposition arising from Compton interaction in a matter.




For photon beams, the transfer of energy from radiation to matter may be seen in two distinct stages:




1. transfer of energy from the radiation to emitted charged particles


2. deposition of energy by the emitted charged particles through collision processes.





The first stage is governed by the interaction coefficients for photons in matter as discussed in Chapter 2. The second stage is dependent upon the energies of the emitted charged particles and their subsequent patterns of energy deposition as determined by their stopping powers. Together, these determine the differences in deposition of energy for differing photon energies and materials. For charged particle beams only the second stage is relevant.






Kerma


The term kerma, an acronym for the kinetic energy released per unit mass, is used to quantify the first of the above stages. It is defined by ICRU (1) as:





[image: image]





where [image: image]Etr represents the energy transferred from photons to charged particles and is the sum of initial kinetic energies of all the charged particles liberated by uncharged ionizing radiation from an amount of material of mass [image: image]m.


It may be seen from Figure 3.1 that for the Compton interaction illustrated:




1. the energy of an incident photon is shared between a scattered photon and the ejected electron. The scattered photon carries its energy away from the immediate region of the interaction. The term terma represents the total energy removed from the beam per unit mass of matter, including that given to the charged particles and that scattered as photons. Terma is therefore always greater than kerma


2. the electron travels through matter losing energy continually until its kinetic energy is exhausted


3. the travelling electron may lose some energy by bremsstrahlung, producing photons which, like the scattered photon, carry energy away from the immediate vicinity. The term collision kerma refers to that proportion of kerma that is deposited via collision processes only. Kerma and collision kerma differ only in accounting for the energy that is re-radiated. In body tissues, the energy re-radiated is small, being less than 1%, so these two quantities are almost equal.












Absorbed dose


The travelling electrons deposit energy in matter through which they pass, and so the energy deposited by these electrons is displaced in distance from the site of initial transfer of energy from the photon beam. The amount of energy deposited in a small mass of the material is termed the absorbed dose, which is defined by ICRU [1] as:
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where [image: image]Ed is the total energy deposited by these charged particles in a volume element of mass [image: image]m.


The absorbed dose is similar in value to collision kerma, but displaced due to the motion of the secondary charged particles. Absorbed dose equals collision kerma if one of two conditions are met:




1. the distance travelled by secondary charged particles is sufficiently small for it to be neglected, such that energy may be considered to be absorbed by the matter at the point where it is transferred from photons to the charged particles – a condition known as point deposition of dose. This occurs for low energy photons, where the emitted electrons can travel only short distances, as detailed in Chapter 2


2. the energy lost from the region of initial transfer by the movement of charged particles away from that region is exactly compensated for by energy brought into the region by other travelling electrons produced elsewhere – a condition known as energy equilibrium, or more generally as charged particle equilibrium.












Units of kerma and dose


Both kerma and absorbed dose have units of energy per unit mass, the units for which are joules (J) and kilograms (kg), respectively. The gray is used for both absorbed dose and kerma and is defined as:
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Neither absorbed dose nor kerma are material specific and can therefore be related to any matter: a subscript is generally used to indicate the material. Hence Ka and Kw may be used to refer to air kerma and water kerma, respectively. Similarly for absorbed dose.












Measurement and standardization of dose


We have seen that when photons interact in matter, an energy pathway is initiated by which energy is transferred to the matter via emission of charged particles which cause ionization and excitation of atoms of the matter. The energy is eventually manifest as heat or as some form of internal potential energy of electrons and atoms within the matter (e.g. chemical bonds, raised electron energy levels).


Systems of detecting radiation utilize specific parts of this energy pathway. Some systems seek to determine energy deposited in matter by measuring the temperature rise (termed calorimetry). Other detection systems look at chemical changes generated by irradiation of the matter (chemical dosimetry), or utilize long-lived excited electron states (e.g. thermoluminescent dosimetry). Still other systems measure the ionization produced by the charged particles in order to calculate the energy transferred to those particles (ionization chamber dosimetry).


This section describes the systems adopted for the measurement and standardization of absorbed dose that underpin clinical practice. Later sections consider other methods of radiation detection and measurement, including other systems for measuring absorbed dose.






Dose standards


It is of particular importance in radiotherapy to ensure that a dose of radiation delivered in any one treatment centre is consistent over time and is consistent also with that delivered in other centre, this being a central part of ongoing quality control. It also allows direct comparison of treatment techniques and results between centre and is essential for multicentre clinical trials to be effective. Consistency of measurements on a national or international basis is achieved through a process of central standardization, with all measurements being traceable to an accepted national or international standard. The National Standards Laboratory (i.e. the National Physical Laboratory, NPL in the UK) houses the instruments that are used to determine the national standard for absorbed dose measurement. These instruments are purely laboratory instruments that are impractical for routine use within radiotherapy departments.


The UK national standard instruments for the standardization of absorbed dose are of two types:




1. calorimeters for megavoltage photon and electron beams. Calorimeters are used to provide direct determination of absorbed dose [2]


2. free-air ionization chambers for lower energy photon beams from x-ray generators operating at up to 300   kV [3, 4]. These provide direct determination of air kerma from which the absorbed dose to water can be calculated.












Traceability of measurement


In order to ensure consistency of dose measurement between centre, it is necessary for measurements to be traceable back to the appropriate national standard. This is achieved through a hierarchical arrangement shown schematically in Figure 3.2. Dose measuring instruments within individual hospitals (the field instruments) are used to measure the radiation beams of radiotherapy treatment units. These are calibrated periodically (i.e. annually in the UK) against a secondary standard instrument. The secondary standard instruments are reserved solely for this purpose and are not used to make routine beam measurements. Guidelines on the choice of dosimeter systems for use as secondary standard instruments have been produced by IPEM [5]. Each secondary standard instrument is calibrated periodically (i.e. every 3 years in the UK) by the Standards Laboratory by comparing the response against national reference level instruments that are in turn compared annually with the national standard instrument. The national standards are themselves compared at intervals with equivalent standard instruments developed by standards laboratories in other countries.
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Figure 3.2 Traceability to the National Standard is assured through a chain of intercomparisons, some of which are carried out at the National Standards Laboratory and others are carried out in local radiation beams. Between intercomparisons, calibration is assured using a consistency system.




Radiotherapy treatment units, such as linear accelerators and kV therapy units, have in-built dose measuring instruments that monitor and determine the amount of dose delivered – these instruments are known as monitor chambers. Field instruments are used to calibrate these monitor chambers so that each monitor unit delivers a known amount of radiation. These field instruments may be used to determine not only the amount of radiation delivered, but also the pattern of deposition of energy within matter by measuring dose at different points within the matter. They may be used also to calibrate other dose measuring equipment designed for special purpose measurements, such as in-vivo dosimeters.


For the transfer of calibration from instrument to instrument down the chain to be reliable, the method of calibration must be strictly controlled. This is achieved by the adoption of calibration protocols which specify:




• the basis for the standard dose measurement


• the instrumentation and methods for transfer of dose to field instruments by a series of intercomparisons, including specification of any equipment used and any conditions that must exist for the intercomparison to be reliable


• instructions for use of the calibrated dosimeter in routine practice.





Each protocol is specific for an energy range and type of radiation: the protocols for calibration of field instruments are covered in a later section.









Standard calorimeter


In situations where all the absorbed energy is manifest solely as heat, i.e. no energy is ‘lost’ to form new chemicals or stored in excited electron states, the relationship between radiation dose and change in temperature is given by:
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where C is the specific heat of the irradiated matter (the amount of energy needed to raise the temperature of unit mass of a substance through 1 degree, expressed in units of in J.kg−1.°C−1) and δT is the change in temperature in degrees Celsius. The equation above assumes no loss of heat to the surrounding environment or structures. Note that the specific heat may also be expressed in calories rather than joules, in which case an additional numerical multiplier of 4.18 is necessary in the above equation.


The rise in temperature is extremely small – e.g. a beam of x-rays delivering a dose of 5   Gy to soft tissue causes a temperature rise of only 10–3°C. Such a small rise in temperature is very difficult to measure accurately and extreme precautions are necessary to prevent heat loss outside the irradiated vessel.


The national standard calorimeter is based on the irradiation of a known mass of graphite (the core of the NPL high energy photon calorimeter measures approximately 20   mm diameter by 3   mm thick) within a graphite phantom. The design of the calorimeter, a photograph and schematic drawing of which are shown in Figure 3.3, has the core shielded by three jackets, each separated by vacuum in order to minimize heat loss. Temperature measurements are carried out using thermistors embedded in the graphite core, the resistances of which change with temperature. In practice, since the amount of heat energy lost from the core to surrounding structures is not negligible and may be difficult to determine, the rise in temperature resulting from irradiation is compared with the rise in temperature produced by heating the core using a known amount of electrical energy, allowing absorbed dose to be determined directly instead of using the above equation.
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Figure 3.3 Photograph and simplified schematic drawing (redrawn from [2]) of the national standard high energy photon calorimeter, showing the graphite core (C) surrounded by three insulating graphite jackets (1, 2 &. 3). The entire device is housed within a Perspex evacuation vessel (6) which has a thin aluminized mylar front window (5) and which is evacuated via a port (7). A plate (4) suitable for the energy to be measured can be added to the front face. Electrical connections to the core pass through the device (8).




Graphite has the advantage of having no chemical defect (i.e. all the absorbed energy appears as heat) and a specific heat that is one-fifth that of soft tissue or water, thereby producing greater changes in temperature per unit dose. The absorbed dose to water may be calculated from the absorbed dose to graphite using the correction factors determined by Nutbrown [6].


Measurement by calorimetry is largely independent of whether the radiation is delivered continuously or in pulses and of the pulse intensity. It is therefore ideal for measuring radiation from constant-output sources, such as cobalt units, as well as pulsed output from linear accelerators. The pattern of temperature rise (from irradiation) and fall (from leakage of heat away from the core) may be used to determine both the peak and mean dose rates for pulsed radiation sources.


As the standard calorimeter cannot be used in a water tank, a number of specially constructed ionization chambers termed ‘reference standard instruments’ are calibrated annually against the graphite calorimeter in a common graphite phantom. These reference instruments are then used to calibrate in turn the secondary standard instruments using a water phantom. The calibration factor provided for each secondary standard instrument is specific to a stated beam quality and depth of measurement, the latter being important as the spectral content of a radiation beam changes with depth. Table 3.1 shows those photon beam qualities at which calibration factors based on absorbed dose to water as determined by the standard graphite calorimeter are provided by the National Physical Laboratory, UK [7, 8]. When used as a basis for calibration in a radiation beam in the user’s department, the beam quality for that beam must be determined and the appropriate calibration factor obtained by interpolating from the results provided by the standards laboratory. Calibrations in megavoltage photon beams are carried out at the depths shown in Table 3.1 which are beyond the range of contaminating electrons in the radiation beam that have been ejected from the head of the treatment machine [9].


Table 3.1 Photon beam qualities used for therapy level absorbed dose to water calibrations






	Beam quality (TPR20/10)

	Equivalent beam energy

	Reference depth (cm)






	0.568

	60   Co

	5






	0.621

	 4   MV

	5






	0.670

	 6   MV

	5






	0.717

	 8   MV

	5






	0.746

	10   MV

	5






	0.758

	12   MV

	7






	0.779

	16   MV

	7






	0.790

	19   MV

	7







The quantity TPR20/10 is the ratio of tissue-phantom ratios at depths of 20   cm and 10   cm respectively, used by Standards Laboratories as the specifier of beam quality (see Chapter 2).


A number of Standards Laboratories have developed water calorimeters that directly measure the rise in temperature of a known mass of water. These avoid uncertainties with the national standard instrument in moving from a graphite phantom to a water phantom. Such instruments have been used to confirm doses specified using other systems of dosimetry for photon and charged particle beams and are being increasingly developed as national dosimetry standards [44–48]









The free air chamber


The free air chamber is the primary standard instrument for kV beams, and is shown schematically in Figure 3.4. The free air chamber effectively determines the energy transferred to secondary electrons as a result of interactions of a photon beam within a defined mass of air, i.e. air kerma (ka).
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Figure 3.4 The free air ionization chamber. Irradiation of the mass of air shown shaded, defined by the cross-sectional area of the radiation beam and the length of the collecting electrode, results in emission of electrons that lose their kinetic energy by ionization of air. Those ions created within the region ABCD are collected and measured.




A well-defined beam of radiation, confined by external collimators, is incident upon a volume of air located between metal plates that act as electrodes. The radiation causes ionization of the air, resulting in electrons being ejected. These electrons in turn cause further excitation and ionization as they interact with air molecules: the electrons lose kinetic energy with each interaction and will travel an irregular, tortuous path until they come to rest. Each ejected Compton- or photo-electron can produce several hundred ion pairs. An essential requirement of the free air chamber is that the electrons produced by photon interactions lose all their kinetic energy in air and do not reach the metal electrodes. This requirement determines the minimum separation between the metal electrodes, and the overall size of the chamber. For example, measurement of x-rays generated at 200   kV will require a separation of at least 20   cm.


A potential difference, the polarizing voltage, is applied between the metal electrodes. This causes positively and negatively charged ions produced in the air to separate, such that positive ions will move towards the negative potential plate while electrons will move towards the other. All ions of one charge sign are collected on one electrode, termed the collecting electrode. The charge reaching this electrode is measured and, from this, the number of ions produced may be calculated, since the charge carried by each electron is constant (equal to 1.602×10−19 coulomb). The average energy expended by electrons in creating an ion pair, that is allowing for energy lost in exciting atoms as well as energy lost in ionizing them, is well determined from experimental work. Hence, since the number of ions may be determined using the free air chamber and the average energy necessary to produce each one is known, the total energy transferred to secondary electrons by photon interactions can be calculated.


Figure 3.4 shows the physical arrangement. The metal plate that forms the electrode which carries the high tension (HT) polarizing voltage runs the full length of the chamber, whereas the other plate has the collector electrode as the central part only, separated and electrically isolated from adjacent metal plates called guard rings, which are held at the same electrical potential as the collector electrode. This arrangement ensures that the electric field within the region of the collector electrode is uniform and perpendicular to that electrode. Any ions produced in air within the region ABCD on the diagram will be collected on the collector electrode, whereas any ions produced outside this region will be collected on the guard rings and will not be included in the measurement.









Charged particle equilibrium


The shaded region in Figure 3.4 indicates the volume of air of interest irradiated by the photon beam, being specified by the cross-sectional area of the photon beam and the length of the collector electrode. The mass of air within this volume depends upon atmospheric conditions (temperature and pressure). Correction for different atmospheric conditions is covered in a later section.


Some electrons (such as trajectory 1) emanating from this region will lose all their kinetic energy within region ABCD and will have the ions collected by the collector electrode. Other electrons (such as trajectory 2) emanating from the air volume will pass beyond the boundaries of region ABCD such that some of their ions will be lost to the collector electrode, thereby reducing the measurement of ionization. However, other electrons emanating from outside the air volume may cause ionization within region ABCD that will be collected and measured as indicated by trajectory 3, thereby increasing the measurement of ionization. Charged particle equilibrium is said to exist when the ionization lost from region ABCD is exactly matched by the ionization gained.


Under the conditions of charged particle equilibrium, the total sum of ion pairs generated by the Compton- and photo-electrons ejected from the shaded volume will be equivalent to that determined by measuring the charge collected on the collector electrode.


For charged particle equilibrium to exist, the path in air before the shaded region is reached must be at least equal to the range in air of the Compton- and photo-electrons. Collimation devices must be sited beyond this range, so that photo-electrons ejected from them cannot reach the measurement region. There must similarly be an equivalent path length of air beyond the distal end of the measurement volume before any exit portal is reached. The whole instrument is therefore very large and unwieldy. Furthermore, it is susceptible to interference from externally generated electric fields and stringent measures have to be adopted to minimizse any such influences.












Practical ionization chambers


The Primary Standard instruments described above are complex, sophisticated and sensitive instruments that are unsuitable for routine use within a hospital environment where small, relatively robust, simple instrumentation is needed.


One such instrument is the ionization chamber.






Bragg-Gray cavity theory


The absorbed dose within any medium cannot generally be measured directly and so a surrogate has to be used. Ionization chamber dosimetry is based upon replacing a small volume of the medium by an air cavity within which the ionization of air by the radiation can be measured and from which the dose to the medium can be determined.


When a medium is irradiated uniformly by electrons, then the fluence of electrons (i.e. the energy carried across unit cross-sectional area) will be the same at all points within the medium. If a small air cavity is introduced of size such that it does not perturb the electron fluence (i.e. does not introduce changes to the energy spectrum or numbers of electrons), then the fluence of electrons in the air is the same as in the medium and the cavity is termed a Bragg-Gray cavity. Under these conditions, the energy per unit mass (absorbed dose) imparted to the air (Da) is given by:
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where Ja is the ionization produced per unit mass of air, W is the average energy lost by the electrons per ion pair formed in the air. If the air is now to be replaced by medium, the energy per unit mass imparted to the medium (Dm) would equal the absorbed dose to air multiplied by the electron mass stopping power for the medium divided by that for air (S/ρ)ma (averaged over the energy spectrum of the electrons), i.e.:
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This is the basic equation governing the use of ionization chambers in the dosimetry of electron beams. For other charged particle beams, the stopping power ratio for those particles must be used.


Where the medium is irradiated by a photon beam, then photon interactions produce secondary electrons which cause ionization within the air cavity. Provided that interactions of photons with air molecules is negligible, such that all electrons crossing the air cavity arise as secondary electrons from within the medium and that the above conditions relating to constancy of electron fluence are met, then the air volume can be regarded as a Bragg-Gray cavity. The above equation then still holds.


In practice, when using ionization chambers, the air volume is enclosed by a wall of material which differs slightly from both air and the medium. The construction of the chamber may introduce perturbations both to the fluence of electrons crossing the air cavity and to the photon beam itself. A wall of infinitesimally small thickness may be considered as having no impact on either, such that the chamber is effectively an air cavity within the medium. As the wall increases in thickness, then an increasing percentage of secondary electrons crossing the air volume will be from the wall rather than the medium until, in the extreme, all electrons crossing the air volume originate from within the wall. In this situation, the electron fluence across the air volume is the same as the fluence within the wall, and the dose to the wall (Dw) is given by:
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Assuming the photon field is not perturbed by the presence of the chamber, then the dose deposited by photons in the medium is related to that deposited in the chamber wall:
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where (μ/ρ)mw is the ratio of mass absorption coefficient for the medium divided by that for the chamber wall.


The conditions for the above to be strictly valid are not met in practice. For measurement of charged particle beams, the fluence of particles may vary with depth and the introduction of the chamber may cause perturbations to this fluence. In measurement of photon beams, the wall of the chamber may be insufficient to stop electrons from outside it reaching the air volume, and the wall of the chamber differs from the medium in its attenuation and scattering of photons. Energy dependent correction factors need to be applied to the above to adjust for these effects.









Dose determination based on calibrated instruments


The above correction factors are not necessary when ionization chambers are used solely as instruments which are calibrated in terms of absorbed dose to water against a suitable primary standard where their effects are taken into account as an intrinsic part of the calibration process. They are required where calibration is in terms of air kerma. Such calibrations are by a series of intercomparisons that are traceable directly to the national standard instruments described above. The absorbed dose is determined using an instrument calibrated in terms of absorbed dose to water (the UK standard for megavoltage photon beams) is given by:
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where D is the dose, R is the mean corrected reading and ND is the absorbed dose calibration factor.


For kV energy photons in the UK, the chamber calibration (Nk) is in terms of air kerma. A factor, [(μen/ρ)wair], the ratio of mass energy absorption coefficients for water and air, needs to be included to calculate the dose to water, and a perturbation factor (k) as described above needs to be applied. The equation becomes:
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The nature and magnitude of the correction factor k depends on whether calibration is carried out in air (for low energy x-rays) or in water. Similar expressions may be derived for other modalities of radiation.









Requirements for practical ionization chambers


Radiation dosimeters based upon ionization chambers have two basic components: the detector chamber which produces electrical charge when irradiated and an associated electrometer, which is an electronic amplifier to which the chamber is connected which is designed specifically for the purpose of measuring charge. The response of the dosimeter represents the response of the chamber to radiation together with the accuracy and consistency of the electrometer in measuring the charge.


Practical instrumentation needs to have a well-determined and predictable, slowly varying response to different energies of radiation, and must be consistent over time.


In addition, other dosimeter requirements are necessary depending upon type of radiation and the nature of the measurement being carried out.


Dosimeter chambers used within Standards Laboratories are specially constructed or selected. Materials used in their construction are fully investigated to determine chemical content and each chamber is meticulously assessed in terms of its assembly and response to radiation. Electronic equipment used to measure the electrical charge is equally carefully designed, constructed and calibrated. The prime requirements here are the elimination of sources of inaccuracy in response and the consistency of that response. The overall accuracy of calibration of these instruments depends upon uncertainties in fundamental parameters being measured and to the extent that systematic uncertainties can be avoided. Overall consistency of calibration is between 0.5 and 1%.


Secondary standard instruments are constructed to less stringent standards, but are required to operate over a range of beam energies and to remain consistent in response between recalibrations by the Standards Laboratories (i.e. 3 years). They must be fully transportable so that they can be used to transfer calibrations to other instruments in beams from different treatment machines, or even across different hospital sites. These chambers maintain an accuracy of calibration around 1%. Guidelines covering secondary standards instruments have been published [5].


Field instruments are used in daily measurements within hospitals. Different types of instrument exist, depending upon the nature of those measurements. Thimble chambers, described in detail in the following section, are generally used for calibration of megavoltage photon beams. Chambers based upon the design of the Farmer chamber [10] feature an air cavity of about 0.6   ml, providing a reasonable balance between the response to radiation and smallness of size, are adequate for measurements in relatively uniform radiation beams with an accuracy of 1–2%. Chambers which have much smaller internal dimensions are used to measure variations in dose distributions, which can be very rapid at beam edges. Here, chambers of 0.1   ml or less may be used, with a trade-off between accuracy of response and spatial resolution. Where there is a rapid variation in dose deposited with depth, such as for measurements in the build-up region of photon beams or in the fall-off region of electron beams, parallel plate chambers are used to ensure good depth resolution for the measurements.


Both thimble ionizations chambers and parallel plate ionization chambers are used widely for routine beam calibration and radiation distribution measurements. Other types of detector systems are useful in particular circumstances and may be used as alternatives to ionization chambers. In particular, in vivo measurements use systems which do not require the application of polarizing voltages, thereby reducing electrical risks to the patient. These various forms of radiation detectors are described within the following sections. Some forms, such as thermoluminescent dosimeters (TLD) have no definitive, maintained calibration and are suitable only for comparative measurements of a radiation dose against a known radiation dose, while other forms (e.g. ionization chambers) do maintain a definitive calibration and can be used as absolute dosimeters.












Thimble ionization chamber


A thimble chamber is an ionization chamber that has a central electrode (the collector electrode) in a volume of air that is contained by a thimble-shaped cap which forms the HT electrode which fits closely onto a metallic stem. The central electrode passes through the inside of the stem and is insulated from the metallic stem by a suitable high-quality insulator material such as amber or polythene. This is schematically shown in Figure 3.5. The cap is generally made of a low atomic number low-density material such as graphite, although various plastic materials have been used where the plastic has been manufactured to be conductive (e.g. Shonka plastic: [11]) or has been coated with graphite to be conductive. The central electrode may be made of aluminium or conductive plastic.
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Figure 3.5 Thimble ionization chamber. Ionization produced within the air volume in the thimble cap is collected by the central electrode. The aluminium stem transmits the polarizing voltage to the thimble cap. The guard ring minimizes charge leakage between the outer (HT) and the inner (signal) elements of the interconnecting cable. A thimble chamber of the Farmer type has the chamber linked to the outside via a venting aperture (not shown).




A potential difference (the polarizing voltage) applied between the outer cap and the inner electrode drives apart any ion pairs produced in the trapped air and prevents ion recombination, but which is insufficiently large to cause ionization of the air itself so that in the absence of ionizing radiation no current flows. A voltage gradient of a few hundred volts per millimetre is generally sufficient for this purpose. In the presence of ionizing radiation, ionization within the air results in the ion pairs being separated, and with the ions of one sign (depending upon the polarity of the polarizing voltage) being collected on the central electrode. The electrometer is generally ‘floating’, in that the input to it can be at any voltage level with respect to ground without this affecting the reading. In use, the aluminium stem is held at ground potential and the electrometer is floated to the level of the polarizing voltage, so that exposed conductive parts carry no electrical risk to operators. This arrangement allows easy reversal of polarizing voltage as required.


When the chamber is introduced into a photon beam, photo-electric and Compton interactions in the walls of the chamber generate electrons that traverse the air cavity, causing ionization of the air. The wall of the thimble must be sufficiently thick to ensure that all the electrons crossing the air cavity originate in the wall and not in the surrounding material. The wall must therefore be at least as thick as the range of the electrons produced by the photon interactions. However, the wall of the chamber will also attenuate the photon beam and this attenuation will need to be taken into account. If the wall is thick, the attenuation will be large. Practical ionization chambers such as the Farmer chamber [10] have a wall thickness of about 1   mm. This is sufficient to produce electronic equilibrium for photons generated at kV energies, but is insufficient for megavoltage energies when an additional tight-fitting build-up cap is needed to increase the effective wall thickness. This is particularly important when measurements are made in a phantom constructed from material that differs markedly from the wall material.


The calibration factor of a thimble chamber varies with photon energy. This calibration corrects for wall attenuation, differences in the mass attenuation coefficient between the wall material and water, and perturbations to the photon beam caused when the chamber (and its associated build-up cap, where applicable) are inserted into a water phantom, thereby displacing water. A typical calibration curve for such an instrument in terms of air kerma for photon beams of kV energies is shown in Figure 3.6. The calibration factor rises sharply at low photon energies which limits the lowest energy to which this type of instrument may be used, as small variations in photon energy spectrum for low energy beams can give rise to considerable uncertainties in calibration factor.
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Figure 3.6 Typical variation in air-kerma calibration versus beam energy for a thimble chamber for photon beam energies within the kV range – expressed in terms of their half-value layer (see Chapter 2).




The effective point of measurement for the instrument is taken within UK protocols for photon beam calibrations as the chamber centre. The effective point of measurement is forward of the chamber centre for calibration of electron beams. Some international photon calibration protocols are derived for the effective point of measurement being displaced from the chamber centre.


Ionization of the air volume within the cap of a thimble chamber results in a flow of charge onto the collecting electrode. The rate of flow of charge will depend upon the mass of air within the cavity and on the radiation beam intensity. A balance must be made between the physical size of the chamber and on the ability to measure the charge with sufficient accuracy. Chambers with large air volumes (200–2000   ml) must be used to measure the very low dose rates associated with radiation protection measurements. Chambers with volumes of 10–60   ml are available for measurement of diagnostic radiology beams. For measurement of radiotherapy beams, chambers of about 0.6   ml are used for calibration measurements, while chambers with smaller air volumes may be used for other measurements as described earlier.






Measurement of dose and dose rate


When an ionization chamber is irradiated, a flow of ions is collected by the collecting electrode. The ions may be ‘accumulated’ and the total charge determined by the electrometer. Such a measurement would be used to determine the radiation dose delivered over the course of the irradiation. The accumulation of charge is effectively achieved by collecting the charge in a capacitor: the voltage across the capacitor plates increases with the charge stored.


The rate at which dose is delivered may be obtained by dividing the measured dose by the irradiation time. This will produce an average value for the dose rate over the irradiation time, although the actual dose rate may vary during the irradiation period. The actual dose rate at any time point within the irradiation period may be determined by measuring the rate of flow of charge. This is achieved by measuring the potential difference produced as the charge flows through a known high-value resistor.


The charge levels referred to above are extremely small for typical radiotherapy doses, typically of the order of nanocoulombs, and dose rate measurements may involve currents of tens of picoamps. The electrometer instrument that measures them must be carefully designed to avoid introducing instrument-induced charges and voltage differences that may interfere with the measurements. Modern instruments are based around purpose-designed high impedence operational amplifiers with low noise levels, able to measure either dose or dose rate, and which can operate over a range of current and charge levels.












The parallel plate ionization chamber


While the thimble chamber described above is suitable for many dosimetry situations, there are circumstances that require alternative chamber designs:




1. for the measurement of low energy photons, the wall of a thimble chamber causes too much attenuation such that the calibration factor is large and varies rapidly with energy. This may lead to considerable uncertainties in measurement of dose


2. the wall of a thimble chamber will also produce too much build up for dose measurements close to the surface for megavoltage radiation


3. in measurement of electron beams, the cylindrical air volume of a thimble chamber causes significant perturbation of the beam that must be corrected for.





Each of the above may be addressed by use of a different design of ionization chamber. This design has two planar elements: one thin electrode (the HT electrode) forms the entry window for the beam, while a second element consists of the collector electrode surrounded by a guard ring. The air between the electrodes is trapped by insulating walls that form the sides of the chamber and which hold the electrodes apart.


The entry window of such a chamber can be made extremely thin – a few micrometres of plastic material on which a conductive surface (e.g. a graphite layer) has been deposited, but must be sufficiently rigid so as to maintain chamber geometry. For accurate measurement of low energy x-rays, it is important that the materials of the chamber have atomic numbers close to those of water to avoid undue perturbation of the beam. The measuring volume of the chamber (shown as the shaded region in Figure 3.7) is defined by the cross-sectional area of the collecting electrode and the separation between the plates. Interactions with the lateral walls of the chamber generate ions primarily at the edges of the chamber which are collected by the guard ring and not by the collecting electrode.
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Figure 3.7 Schematic diagram of a parallel plate ionization chamber. Ionization produced within the shaded volume of air is collected by the collector electrode. The guard rings minimize the effects of the chamber walls. The effective point of measurement is the inside surface of the entrance window.











The beam monitor chamber


Linear accelerators and higher energy kV x-ray units have inbuilt ionization chambers to monitor and control the amount of radiation being emitted. For these units, the amount of radiation emitted is specified in terms of monitor units, i.e. by the quantity of radiation measured by the in-built monitor chamber. The sensitivity of these monitor chambers must be adjusted to give the correct amount of radiation dose per monitor unit – a process known as calibration.


Monitor chambers are forms of parallel plate ionization chamber that sample the entire radiation beam emitted from the treatment unit. In linear accelerators, each monitor chamber consists of at least two independent ionization chambers to provide back-up should problems develop with one chamber during patient treatment. One or both chambers may be segmented, having the collector electrode constructed of a number of different and electrically isolated segments, so that assessment of beam uniformity can be made by comparing the current flowing from the various segments. Some monitor chambers are manufactured as sealed units that require no correction for ambient temperature and pressure, but which must be checked to ensure that they remain sealed. Others are manufactured as unsealed chambers that do need correction for temperature and pressure – some modern linear accelerators have in-built pressure and temperature transducers and perform this correction automatically, while others rely on manual adjustment. All monitor chambers must be calibrated regularly (e.g. daily) as specified in the calibration protocol being followed by the treatment centre or in radiation protection guidance.


In linear accelerators, the monitor chamber is situated below the primary collimator and flattening filter/scattering foil carousel, and before the adjustable collimators, as shown in Figure 3.8. In this location, although the chamber is protected as far as practicable from backscatter that arises from the adjustable collimator jaws, it will still be subject to some backscatter. The monitor chamber may also be subject to backscatter from any physical wedges placed in the beam. Variations in backscatter contribute to changes in output with field size and to the apparent effect of the wedge. In kV therapy units, the monitor chamber is located after the exit window of the tube housing and after any added beam filters, so that it samples the final beam. However, the monitor chamber is susceptible to backscatter from the applicator plate and this contributes to differences in output between different treatment applicators.
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Figure 3.8 Schematic diagram of a linear accelerator treatment head showing the location of the monitor (ionization) chambers in relation to other components of the head.











Intercomparisons with secondary standard instruments


Transfer of calibration from the primary standard instrument to the field instrument is achieved via a series of intercomparisons. The response of each field instrument is compared with that of a calibrated secondary standard instrument every 12 months (or following repair to the field instrument) at each beam energy and treatment modality at which it is to be used. Where a specific build-up cap was used in determining the relevant calibration factor of the secondary standard instrument, then the same build-up cap should be fitted during intercomparison measurements, even where those measurements are to be carried out in a Perspex phantom.


Intercomparisons are carried out, wherever possible, by placing the field chamber and the secondary standard chamber side by side in the irradiation field and taking simultaneous readings. Several readings should be taken and averaged for each measurement, and the relative positions of the two chambers should be interchanged in order to minimize any effects should the radiation beam produce different dose rates at the positions of the two chambers. The relevant conditions (e.g. type of phantom, depth of measurement, field size) under which these intercomparison measurements and subsequent equipment calibration measurements are made are specified in the appropriate dosimetry protocol. In the UK, separate protocols have been produced by The Institute of Physics and Engineering in Medicine (IPEM) or its forerunner organizations covering:




• x-ray beams below 300   kV generating potential [12, 13]


• high energy (megavoltage) x-ray beams [5, 14]


• electron beams of energy from 4 to 25   MeV [15].





Because of the very different penetration properties of the beams concerned, the first of these is split into three separate sections covering different energy ranges. For very low energy beams (HVL less than 1   mm Al), measurements are specified for the surface of a phantom. For low energy beams (HVL 1–8   mm Al), measurements are specified in air, with no phantom present. For medium energy beams (HVL 0.5–4   mm Cu), which are more penetrating, measurements are specified at depth of 2   cm in a phantom.









Strontium consistency check device


Calibration of instruments is carried out as described earlier. Between calibration sessions, the consistency of each instrument has to be checked using an appropriate consistency checking device.


One such device uses a strontium check source [16] and is illustrated in Figure 3.9. A device of this type for thimble chambers has a ring-shaped source of 90Sr housed within a fully-shielded enclosure, into the centre of which the sensitive volume of the ionization chamber can be accurately placed. 90Sr is a beta emitter and decays at a constant rate with a half-life of 28.7 years. The chamber response within the device is measured at the time at which intercomparison measurements are made. The response to be expected at any subsequent time can then be calculated simply by accounting for radioactive decay, on the proviso that repositioning of the ionization chamber can be carried out with sufficient precision. Different source geometries may be used for different types of ionization chamber, for example planar 90Sr sources may be used to check the consistency of response of parallel plate ionization chambers.
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Figure 3.9 Strontium checking device used to check the consistency of a thimble chamber, together with a schematic of the device showing the source wrapped around the chamber.




Measurements are carried out periodically (e.g. every month). The chamber response is determined either by measuring the reading achieved for a defined period of measurement or by measuring the time for the chamber to reach a given reading once measurement has been initiated. These measurements ensure the consistency of operation of the measuring device but cannot be used for calibration of the measuring device, since the radiation from 90Sr is not representative of the radiation beams in which the device will be used in clinical practice.









Ionization chamber corrections


Whenever instruments that are based upon collection of ions produced in air are used to determine absorbed dose, a number of factors in addition to the calibration factor have to be taken into account.






Ion recombination losses


When the air volume of an ionization chamber is irradiated, ion pairs are generated as atoms become ionized. In order to determine the absorbed dose or air kerma accurately, it is necessary to ensure the collection of all the positive or negative ions (depending on polarity) by the collecting electrode. A potential difference is applied across the electrodes to drive the ion pairs apart. If the ion pairs are not driven apart by the applied electric field, they may recombine such that they are ‘lost’ from collection and the charge is therefore reduced. When ions recombine, the positive and negative ions of an ion pair may recombine with each other (self-recombination), or the negative ion from one ion pair may recombine with the positive ion of a neighbouring ion pair (volume recombination). Both self- and volume recombination result in a reduction in the measured charge. The likelihood of recombination is less where the ions are driven apart rapidly, such as when the polarizing voltage is high.


Recombination is more likely to occur when ions pairs are created close together, both physically and in time. This occurs when measuring high dose rates, or when measuring in beams in which the radiation is delivered in pulses. The radiation from a 60Co gamma beam therapy unit is emitted continuously. The radiation from a modern kilovoltage therapy unit is also virtually continuous, although it does depend somewhat on the type of voltage generator used. For both of these radiation sources, polarizing voltages across a thimble chamber of a few hundred volts is generally sufficient that recombination losses are negligible at dose rates commonly used in radiotherapy. The radiation from a linear accelerator is strongly pulsed: a linear accelerator delivering a dose rate of 4   Gy per minute will deliver the radiation in short pulses, each of a few microseconds duration, the instantaneous dose rate within each pulse being about 40   Gy per second. Under these circumstances, accurate determination of dose requires knowledge of and correction for recombination losses. The amount of recombination may be determined by carrying out measurements using different levels of polarizing voltage across the chamber, applying an empirically-derived equation for the equipment being used or by applying the half-voltage technique [17, 18].









Correction for atmospheric conditions


It has been previously stated that the rate of flow of ions onto the collector electrode will depend on the amount of air enclosed within the thimble of the chamber, and examples have been given of different instrument sizes for measuring in dose rates at typical protection, radiodiagnostic and therapy radiation levels. It is, however, the mass of air within the thimble on which the response depends.


For a chamber that is sealed to trap air inside the thimble, variations in atmospheric temperature and pressure will have no impact upon the enclosed mass and will therefore not affect the chamber response. However, the condition of the air within such an instrument may change with time, perhaps due to vapours leaching from the walls of the cap or the surrounding materials. In addition, there is always potential for the seal to fail, allowing some flow of air between the chamber and the environment. If a chamber is unsealed, allowing free passage of air between the inside of the thimble and the general environment, then the mass of air within the thimble will fluctuate with atmospheric temperature and pressure and a correction to any reading will be required to compensate for these changes. As the temperature increases, so the air density falls and the mass of air within the thimble will reduce thereby reducing the chamber sensitivity. As atmospheric pressure rises, so too the density of air increases, increasing the mass of gas within the thimble, thereby increasing the chamber sensitivity. If the assumption is made that air affected by temperature and pressure changes in the same way as an ideal gas, then the ideal gas laws can be applied to determine the magnitude of variation in response. If measurements are made at a temperature of T° Celsius (°C) and a pressure of P kilopascal (kPa) using an unsealed instrument, the response may be corrected to what it would have been at a standard temperature of 20°C (293°K) and pressure of 101.25   kPa by applying the correction factor:
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Most practical field instruments are designed and constructed to be unsealed. The design of such an instrument has to ensure that the thimble does not distort with changes in temperature or pressure so that the volume remains constant. Water vapour can affect the chamber response and the above correction for atmospheric conditions, producing a variation of about 0.7% for change in relative humidity from 10% to 90%. To minimize the impact of relative humidity changes, the secondary standard calibration factor is specified for a humidity value of 50%: variations in chamber response in normal use due to relative humidity changes may generally be ignored.









Chamber stem effect


If the stem of the ionization chamber is within the radiation field, it may perturb the radiation beam and may generate scatter into the air volume of the chamber, thereby affecting the reading (termed the stem effect).


During absolute calibration, the chamber is irradiated with a specific field size and a correction is applied for the stem effect with this field size. It is therefore taken into account whenever the calibration factor is applied. There is, however, potential for the effect to increase or decrease for other field sizes.


With well-designed ionization chambers, such as the Farmer chamber, the stem effect is small and variations in it can generally be ignored.









Polarity effect


When an ionization chamber is used to measure charged particles, some of the charged particles may come to rest on the collecting electrode. These will either add to or subtract from the ionization charge being collected, depending upon the charge on the particle and on the direction of the polarizing voltage (whether the collector electrode is collecting positive ions or electrons). The effect is particularly important when using parallel plate chambers to measure proton or electron beams, and can be overcome by averaging measurements taken with both positive and negative polarizing voltage.


A related problem is that, if measurements are carried out in a solid insulating material such as polystyrene, then particles stopped within the material will result in a build up of charge there which will perturb the radiation beam being measured. To avoid this, an insulating phantom should be made of thin sheets of material which allows charge built up in this way to leak away.












Alternative dose measurement systems


In the sections above, the primary processes for detection of radiation and measurement of dose centred around calorimetry and ionization of air. National standard and secondary standard instruments are based on these processes, and field instruments of the thimble or parallel-plate chamber design are recommended for routine measurement of radiation output from therapy machines. There are, however, other techniques that are suitable for measurement of dose or dose rate for different circumstances. These are briefly described below and a selection of such devices represented schematically in Figure 3.13.






Film dosimetry


Film has been used as a system for measuring radiation throughout the whole history of radiotherapy. It is particularly useful for measurement of radiation distributions, having applications in phantom measurement of simple and complex radiation beams, in verification of field placements on individual patients, in establishing geometrical accuracy of light beams that delineate radiation beams, and in determination of leakage patterns around the head of a treatment unit.


Film consists essentially of a transparent polyester material (the base) on which is deposited a layer of silver bromide trapped in a gel (the emulsion). The emulsion may be deposited on one side or on both sides of the base. The emulsion is sensitive to light and so must be used in a light-tight packaging or housing. The silver bromine is in the form of small crystals, each crystal being formed as a lattice of negative bromine and positive silver ions. When irradiated, some lattice bonds are broken and electrons are transferred from the bromine to the silver ions, neutralizing those atoms. The presence of neutral silver atoms at key positions of the lattice within a crystal makes the whole crystal ‘developable’. In the subsequent development process, the silver ions of developable crystals are converted to atoms of silver. These are fixed in position on the film while the rest of the emulsion, including any non-developable crystals, is removed. The deposited silver absorbs light so these regions of the film appear black while the rest appears transparent. The degree of blackness depends on the relative concentration of deposited crystals which, in turn, depends upon the intensity of radiation at that location on the film. This is measured by shining light through the developed film and measuring the transmitted intensity. A logarithmic scale is used to define the optical density of the film:
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where I0 is the incident light intensity and I is the transmitted intensity. The resultant optical density has to be corrected for the intrinsic density of the developed film base. A graph of optical density against absorbed dose is known as the dose response curve and can be produced for any film. Accurate dosimetry requires full knowledge of the dose response curve. The response curve may be effectively linear over a restricted range of doses and simple dose comparisons can be made within this range. Used in this way, film has high spatial resolution unmatched by other measuring systems and can provide a full two-dimensional display of dose distribution (such as variation in dose with depth and position across the beam). However, silver bromide has a high atomic number and therefore the response to low energy photons is greatly increased as a result of increased photoelectric interactions. This makes film unsuitable as an absolute dosimeter and makes accurate comparative measurements difficult in situations where the energy spectrum varies markedly. Although the areas of application of film dosimetry are steadily being reduced as other methods of measurement come to the fore, film dosimetry still has a vital role within radiotherapy. It also has a role in radiation protection dosimetry where the film badge has been the historical standard for personal dosimetry, although this is steadily being replaced by other forms of detector.









Radiochromic film


Standard photographic film as described above is sensitive both to ionizing radiation and to visible light. When used for radiation measurements it has to be kept in a light-free container and processed under controlled light conditions. In contrast to this, radiochromic reactions produce direct coloration of a substance by direct absorption of radiation, without the need for chemical processing.


Radiochromic films have been developed that have little or no sensitivity to visible light, but which demonstrate a change in colour when subjected to ionizing radiation.


These may be based upon release of leuco dyes within the material or upon the formation of colored cross-linked polymers from otherwise colourless monomers. The degree of colour change is dependent upon absorbed dose and may be determined by measuring the attenuation of light of specific frequencies that relate to the colour change. Radiochromic films are commercially available which have good response for doses within the range of 0.5–25   Gy and have no high atomic number materials present. Such films therefore have uniform response across a wide range of photon energies. Materials of this type have been used to determine dose distributions for complex radiotherapy treatments and around brachytherapy sources. The most common type is GAFchromic film [19]. The principle of polymer cross-linkage is similar to that of polymer gels described in a later section.









Band theory of solids


In individual atoms, outer electrons occupy specific energy levels. When atoms are brought together, as occurs in solid materials, interactions between atoms broaden these specific energy levels into ‘energy bands’. Electrons may occupy energy states only within these bands, between which are forbidden zones that normally do not have energy states for electrons to occupy, as illustrated in Figure 3.10.
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Figure 3.10 Simplified energy level diagram for materials: the shaded regions shows those levels that are normally occupied by electrons for (A) an insulator; (B) a conductor; (C) a semiconductor (undoped); (D) material with impurity levels within the forbidden zone.




The outermost energy bands within the solid material are termed the valence band and the conduction band. Electrons within the valence band are considered as linked to the chemical bonds between individual atoms and are therefore bound in place, although the term ‘bound’ is used loosely as at normal temperatures such bonds may be continually being broken and reformed. At an energy level slightly above the valence band is the conduction band. Electrons within this band are surplus to any requirements for chemical bonding. At normal temperatures, these electrons are not associated with specific atoms and chemical bonds, but migrate readily through the material. In some materials, there are insufficient electrons to fill the available energy levels of the valence band, such that the conduction band is empty. Where a large forbidden zone exists, these materials are classed as non-conductors or insulators (see Figure 3.10A). Other materials may have more outer electrons than the valence band can accommodate, such that the lower levels of the conduction band are also occupied. In these materials, the conduction band overlaps with the valence band and the forbidden zone disappears, as shown in Figure 3.10B. These materials will generally be good conductors of electricity. There are some materials in which the valence band is just filled, but the conduction band is effectively empty, and a small but significant forbidden zone exists. These materials are classed as semiconductors, illustrated in Figure 3.10C. Any charges injected into a semiconductor will be free to travel through the material. It is to be stressed that this description is overly simplistic but serves as a basis for understanding the principles of solid-state dosimeters.









Impurity bands


The introduction of impurities at low concentrations can alter the structure of the energy bands and may create energy bands that are located between the valence and conduction bands, within the forbidden zone as shown in Figure 3.10D. The properties of the material so formed will depend upon whether these extra bands are normally occupied or empty of electrons, and their actual energy levels. The addition of impurities is critical to the formation of active semiconductor devices (see section below) and to the development and functioning of both scintillator and thermoluminescent materials (see later).









Semiconductor detectors


A number of different types of semiconductor-based radiation detectors have been proposed. This text describes the principles of operation of semiconductor diode detectors and metal oxide field effect transistors (MOS-FET).


These devices use semiconductor material, the most common of which is silicon, to which specific impurities are added at very low concentrations – a process known as doping. n-type material is doped by an electron donor (e.g. arsenic, selenium) that introduces free electrons into the conduction band. p-type material is doped by an electron acceptor (e.g. aluminium, gallium) that effectively introduces additional vacant levels into the valence band. These unfilled levels are termed holes. If electrons are introduced into p-type material, they will fill vacant holes and become ‘trapped’.









Diode detectors


When adjacent p-type and n-type doping occurs in a single crystal of silicon, a p–n junction is formed. Conduction electrons in the n-type region will diffuse into the p-type region and become trapped, as shown in Figure 3.11. This results in:




• the region around the interface being devoid of free electrons and unfilled holes. This region is called the depletion layer


• a transfer of electrons (and hence charge) from the n-type to the p-type side of the interface. This transfer of charge generates a small potential difference across the depletion layer.
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Figure 3.11 Schematic diagram of a p–n junction diode detector. Electrons from the n-type material and holes from the p-type material diffuse across the junction (A), forming a depletion layer across which an internal potential difference forms (B). Electron-hole pairs formed in the depletion layer are pulled apart by the internal electric field (C).




When this depletion layer is irradiated, electrons are released by ionization creating electron-hole pairs as shown in Figure 3.11C. These drift in opposite directions under the influence of the potential difference across the depletion layer. Electrons will be drawn towards the n-type material while holes will be drawn towards the p-type, causing charge to flow through the circuit in which the diode is connected. The charge produced is proportional to the dose deposited in the depletion region, and the flow of charge can be measured by an electrometer.


The sensitive region of the diode is very thin, the depletion layer being only a few micrometres in thickness and the cross-sectional area of the silicon crystal being only a few millimetres. However, the sensitivity to radiation is high as the density of the material is over 1000 times that of air in an ionization chamber and the mean energy to produce an electron-hole pair is about one tenth of the energy to create an ion pair in air. Diodes can therefore produce measurable signals from extremely small sensitive volumes that make them particularly suitable for measurements that require high spatial resolution. The absence of any applied polarizing voltage makes diodes particularly useful for in vivo dosimetry.


Diodes have various inherent problems that must be addressed when they are used as radiation detectors. The size of the depletion layer, and hence the sensitivity of the device, strongly depends on temperature [20]. Diodes therefore need to be calibrated at the temperature at which they are to be used. They are constructed from materials with atomic numbers higher than water, making them over-responsive to low energy photon radiation. Their response is therefore sensitive to variations in the energy spectrum of any radiation field such as may be caused by changes in depth, radiation field size and position within the field, or energy setting of equipment being measured. In addition, the construction of the device can influence its angular sensitivity [21, 22]. A further problem is that diodes may suffer radiation damage after receiving high doses of radiation which causes them to change their sensitivity. It has been shown that diodes formed using predominantly heavy p-type doping are less susceptible to sudden change in sensitivity and have longer working lives than predominantly n-doped diodes [23]. The majority of commercial diodes are of this form.


Diodes are used widely in radiotherapy as:




• individual detectors which are used for measuring dose distributions (e.g. depth doses and profiles, particularly where high spatial resolution is required such as in regions of high dose gradient) of radiotherapy beams during initial commissioning and subsequent quality control measurements


• individual or groups of detectors for measurement of radiation doses delivered to patients (in vivo dosimetry)


• arrays of detectors for rapid checking of beam uniformity as part of a quality assurance programme.












MOS-FET detectors


The structure of a MOS-FET is shown schematically in Figure 3.12 which illustrates a device based upon p-doped silicon substrate material onto which layers of heavily n-doped material and SiO2 are formed. There are three electrical contacts, which are termed the source, gate and drain. The source and drain regions may be considered as p–n junctions which are linked by the SiO2 channel onto which the gate is deposited.
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Figure 3.12 Cross-sectional schematic of a MOSFET device. A conducting channel is formed through the oxide layer between the source (S) and the drain (D) when a voltage is applied to the gate (G). The threshold voltage at which this channel is formed is reduced by the effects of radiation.




The device operates essentially like a voltage-controlled switch. If a small voltage is generated between the source and the gate with the drain held at the same potential as the gate, then no current flows initially between source and drain until the applied voltage exceeds a specific value (called the threshold voltage), whereupon the device switches and a current starts to flow. The application of the applied voltage causes holes to be drawn to the oxide/silicon surface from both the substrate and from the source and drain regions. A conduction channel between source and drain is formed once the concentration of holes becomes sufficient.


When the device is irradiated, electron-hole pairs are generated within the SiO2. The mobility of the electrons allows them readily to migrate away, while the holes become trapped at the oxide/silicone surface. These traps, which can survive for a long time, reduce the threshold voltage necessary for the device to switch. The change in threshold voltage is almost linearly related to the radiation dose received by the device.


MOS-FET devices are extremely small (<0.1   mm) and are easily fabricated in various shapes and geometries – such that individual detectors can be used for point doses or planar distributions of detectors to measure complex dose profiles. No electrical connections are necessary during irradiation and the electronic equipment needed for readout is relatively simple, making these devices ideally suited to in vivo dosimetry. They do, however, suffer from the same energy response effects as diode detectors.









Diamond detector


Carbon in the form of diamond is an intrinsic semiconductor with a large energy gap between the conduction and valence bands (5.5   eV). At normal room temperatures, there are very few electrons in the conduction band. If a voltage is placed across a diamond crystal, a tiny current will flow because of these electrons, the magnitude of which is dependent for any given crystal on the applied voltage. The diamond therefore behaves as a resistor.


When irradiated, ion pairs generated within the material increase the number of carriers, and so the resistance falls. The radiation-induced current increases with increasing dose rate. Certain impurities within the diamond can improve the linearity of response between current and dose rate, but the dose–rate response has to be taken into account when using these devices.


A diamond detector consists of a diamond crystal onto which metal contacts have been deposited and to which a voltage of about 100   V is applied. The radiation-induced current is considerably larger than the natural current and so can be measured with precision. Under these conditions, the response is largely independent of temperature. The detector is not readily damaged by radiation so the device has a long operational life. Diamonds may be selected natural diamonds or ‘grown’ using chemical vapor deposition processes. They are small detectors and so are useful in measuring in high radiation gradients, with good angular response characteristics. Being comprised of carbon, they are low atomic number devices with electron stopping power values similar to those for water [24].









Summary of direct reading radiation detectors


Various types of radiation detectors have been described in the previous sections. Each type of detector has particular applications for which it is ideally suited. Cylindrical ionisation chambers (Figure 3.13A) are particularly useful as instruments for calibration of megavoltage photon beams. Parallel plate ionisation chambers (Figure 3.13B) are useful when measuring in regions of high dose gradient, such as in the dose fall-off region of an electron beam. Diodes (Figure 3.13C) are useful for in vivo dosimetry. The small size of their detection region makes these devices also useful when measuring in small radiation fields or within beam penumbral regions. Cylindrical forms of these dectectors which include corrections within the design of the device for enhanced low energy photon response are readily available. Diamond detectors (Figure 3.13D) may be used as an alternative to diode detectors and are especially resistant to radiation damage.
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Figure 3.13 Schematic diagram of radiation detectors showing: (A) a Farmer chamber with build-up cap; (B) a parallel plate chamber for electron measurements; (C) a selection of diode detectors for phantom and for in vivo measurements, together with a Farmer type chamber for comparison; (D) a diamond detector.











Thermoluminescent dosimetry (TLD)


We have seen in the section on the band structure of solids that some materials have a normally empty conduction band. When such a material is irradiated, some electrons within the valence band may be given sufficient energy to excite them into the conduction band, leaving a ‘hole’ in the valence band. These electrons will eventually lose their extra energy and fall back to the valence band to fill the vacant energy level (hole) there. In doing this, the electron has to lose the energy difference between the two energy levels.


The energy lost in this transition may be a few electron-volts. In some materials, this energy loss is in the form of emission of electromagnetic radiation, akin to the emission of characteristic x-rays from an x-ray target but at much lower energies. This process appears simple, but may actually involve complex energy level changes for both the electron and the hole that are beyond the scope of this book. The result for some types of material is that it is transparent to the electromagnetic radiation released by these transitions, which is then emitted. The energy of the radiation emitted may be within the visible spectrum in which case the irradiated material emits light. Materials of this type are said to be luminescent in general. When the electrons excited into the conduction band fall back and emit light immediately, the material is said to be fluorescent. Fluorescent screens are used to enhance the response of x-ray film to radiation and are used within some types of portal imaging devices. In luminescent processes, additional energy levels within the forbidden zone as shown in Figure 3.10D, formed either from impurities or as a result of discontinuities in the crystal structure, play a part both in trapping the excited electrons and in the emission of light. Energy levels immediately below the conduction band form traps for some of the electrons from that band. Electrons falling into these traps may be held there until they gain sufficient energy to move back into the conduction band, from where they can decay back to the valence band. If the trap level is close to the conduction band, then ongoing energy variations from thermal fluctuations will result in traps being emptied rapidly, hence to fluorescence. The further a trap from the conduction band, the longer will be the time for it to empty: traps are therefore characterized by two related features, the distance from the conduction band (the trap depth) and the rate at which it empties (the trap half-life).


In some materials, such as metal-doped lithium fluoride (i.e. doped with magnesium or manganese), the trap levels are well below the conduction band. At normal room temperatures, these traps would empty exceedingly slowly. If, however, the temperature of the crystal is raised, then the additional heat energy imparted may allow electrons rapidly to escape the traps. The light output from the crystal is dependent upon this supply of heat and these materials are termed thermoluminescent.


When a thermoluminescent material is irradiated, electrons are transported into the conduction band. A small number of these electrons (perhaps only 1%) fall into the thermoluminescent traps. When the material is later heated to a temperature that allows the traps to empty, light is given off. This process is shown in Figure 3.14. The amount of light is proportional to the number of electrons trapped and hence to the radiation dose delivered to the crystal material. Thermoluminescent dosimetry uses equipment (the TLD reader) that both heats the detector and simultaneously measures the amount of light emitted, as indicated in Figure 3.15.
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Figure 3.14 Illustration of TLD processes. Irradiation of the material raises electrons into the conduction band. Some of these fall back to the valence band while other become trapped in intervening energy levels, as shown in (A). When heat is applied, the electrons in the traps are raised back into the conduction band and subsequently fall back to the valence band, releasing visible photons as shown in (B).
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Figure 3.15 Schematic diagram of a thermoluminescent dosimeter readout system. The heat filter protects the photomultiplier tube and reduces thermal counts. The dry nitrogen atmosphere prevents oxidation of the detector surface.




A material such as lithium fluoride (LiF), which is the most common TLD material in clinical use, will have a number of traps at differing depths. The light output from LiF as a function of temperature of the crystal is known as a glow curve and a typical glow curve is illustrated in Figure 3.16. The traps closest to the conduction band empty first, producing the glow peaks labelled I to III. These traps have relatively short half-lives at room temperatures such that the signal falls too rapidly for reliable dose estimates, so the output from these bands is usually ignored. The signal from the higher temperature peaks IV and V are from traps with half-lives measured in years, so that timing between irradiation and readout is not generally relevant – the light from these traps is measured to estimate the dose. After use, the material is thermally annealed, a process which resets the electron energy levels and trap occupancies to their initial values, after which the material may be re-used.





[image: image]

Figure 3.16 Schematic illustration of the glow curve from LiF:Mg,Ti showing the 6 peaks representing different trap depths.


(Redrawn from [25])





The light output from a specific dosimeter will depend upon a number of factors:




• the amount of intrinsic thermoluminescent material


• the nature and extent of the doping


• the previous thermal history in general and the post-anneal cooling in particular


• the radiation history of the material – radiation-induced damage may alter the energy band structure of the material


• the surface condition of the crystalline material – marks and scratches attenuate and scatter the light


• the detailed nature of the readout cycle.





Some of the above cause differences in response between different dosimeters, while others cause differences in response of a single dosimeter from use to use. In addition, the response is not strictly linear with dose but increases with increased dose, a feature known as ‘supralinearity’. TLD is not used as an absolute dosimeter (i.e. where the calibration is stable and constant). To address these issues, TLD dosimeters are used in batches, where the dosimeters in each batch have the same handling and general history and where some are selected as measuring dosimeters while others are irradiated to known doses in order to calibrate the batch response in a traceable manner.


Lithium fluoride is the most commonly used TLD material and is available in various forms that include: powder; single crystal chips (size 4   mm×4   mm×1   mm approximately) and rods (size 6   mm long by 1   mm diameter); sintered chips, disks and rods; and Teflon embedded disks and rods. The effective atomic number is slightly greater than that of water leading to over-response of between 1.3 and 1.7 for photon energies of less than 100   KeV, but the response is virtually uniform for megavoltage radiation. The detector response does not vary with dose rate up to dose rates of greater than 106   Gy/min. Other materials are available, including lithium borate which has a more uniform energy response at low energies, and calcium sulfate which has a high sensitivity to low energy photons.


TLD materials are currently used as in vivo dosimeters for both surface dose and interstitial measurements. For measurements on the patient surface in order to estimate the dose at the depth of dose maximum, care must be taken to ensure that appropriate build-up is used, both for the patient measurement and also for calibration irradiation. Despite the variations in response described above, TLD is used to provide a traceable postal calibration service both to centres without access to a primary or secondary Standards Laboratory and to check on the accuracy of calibration across various centres as part of clinical trial quality control procedures.









Chemical and biochemical detectors


Energy deposited in matter may be manifest ultimately in various forms, one being altered chemistry, as indicated in Figure 3.1. Radiotherapy relies upon this to a large extent in the process of damaging and destroying tissue cells. In some cells, direct interaction of the radiation with DNA causes irreparable damage leading to death of those cells. In others, radiation-induced chemical changes within the cells produce active free radicals that cause similar damage to DNA.


In some materials, the altered chemical make-up remains and can be detected. Where the effect is stable and proportional to dose, this may be used in chemical and biochemical dosimetry. If the chemical yield is known (number of chemical molecules formed per unit of energy absorbed) then chemical dosimetry could be used as a primary standard. Fricke dosimetry was used for a short period in the past in this way to provide a definitive calibration of electron beams for which the yield was well established.






Fricke dosimetry


Fricke dosimetry is based upon conversion of ferrous sulfate ions (Fe2+) to ferric ions in a weak sulfuric acid solution [26]. The concentration of ferric sulfate is determined by measuring the attenuation of light passing through the solution. Light of a particular wavelength (304   nm) is used as this is attenuated differentially by ferrous and ferric ions. The instrument used for accurate measurement of attenuation at a particular frequency of light is a spectrophotometer. The ferrous sulfate solution has to be carefully prepared and handled to avoid chemical contaminants that can affect the result.


The dose is given by:
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where k is a constant, [image: image]A is the change in absorption (optical density), δ is the optical path length, ρ is the Fricke density, [image: image] the difference in molar extinction coefficient, and G(Fe3+) is the chemical yield.


This system is not very sensitive such that doses of greater than 10   Gy are required to produce sufficient concentration of ferric ions, but accuracies of better than 2% are readily achievable. The process is effectively insensitive to dose rate and can be used to determine doses up to 400   Gy. The detector is 96% water and is therefore essentially water equivalent. It can be used over a wide range of energies and modalities. Fricke dosimetry has been used in the past by Standards Laboratories to confirm measurements of absorbed dose using other dosimetric techniques.









Ceric dosimetry


Similar to Fricke dosimetry above, ceric dosimetry relies of the reduction by radiation of ceric ions (Ce4+) to cerous ions (Ce3+) in a mixture of ceric and cerous ions in 0.4   M sulfuric acid. The concentration of cerous ions is determined by spectrophotometry using 320   nm light.












Gel dosimetry


The techniques described previously are suitable for producing single point measurements of dose (e.g. ionization chambers) or measurements of two-dimensional distributions (e.g. film). In contrast to these, gel dosimeters allow measurement of three-dimensional distributions. These are ideally suited to determination of distributions arising from complex treatments such as intensity modulated radiotherapy (IMRT). In addition, gel dosimetry is proving useful in situations where other forms of measurement are difficult, such as in dosimetry of very small radiation fields (e.g. stereotactic radiotherapy and proton beams) and measurements around brachytherapy sources where the radiation dose varies rapidly with position relative to the source. Phantoms to hold the gel material can be made to reflect anatomical shapes.


There are currently two forms of gel detectors in use, Fricke gel and polymer gel. For each, various ways of reading out the signal have been developed, the most common of which are magnetic resonance and optical computed tomography (CT). Gel detectors in general are insensitive to dose rates, are effectively water equivalent, and the signal is relatively linear with dose. Overall accuracy is limited (typically around 5%), although spatial resolution is excellent.






Fricke gels and FXG gels


In 1984, Gore proposed the use of magnetic resonance (MR) techniques on Fricke solutions [27] and Fricke-infused gels in which ferrous ions are held within the gel matrix. When reduced by radiation to ferric ions, the spin–spin (T2) relaxation times of linked protein atoms changes. This change in relaxation times in each small volume of the material can be measured using a magnetic resonance scanner. Each measurement is accompanied by a test irradiation that is used to determine the sensitivity of each detector batch to different dose levels.


Although able to produce accurate dose distributions, the process has two main drawbacks. First, measurement is time-consuming and requires ready access to an MR scanner. Secondly, the ferric ions migrate through the gel matrix with time, so that measurements have to be undertaken shortly after irradiation [28].


A development of this technique led to the introduction of Xylenol Orange into the gel mix [29]. This material is photochromic and has the property of changing colour from orange to purple when the mix is irradiated. This change in colour can be determined by measuring optical attenuation of filtered light. A set of two-dimensional slice readouts can be obtained using an optical CT device.









Polymer gels


Polymer gels are based upon the polymerization of monomers embedded in the gel matrix which produces long polymer chains and cross-linkage of polymers [30]. These reduce the T2 relaxation time which can be determined using a magnetic resonance scanner. A common polymer gel in current use is the BANG gel of Maryanski [31] which is based upon polymerization of the monomer acrylamide. This may be produced in forms that allow optical readout using an optical CT device, as radiation induces white opacity in an otherwise transparent material. Because cross-linkage of monomers stabilizes the material, there is no migration away from irradiated areas, such that these devices are stable over time.


BANG gels have to be produced and sealed while under a nitrogen atmosphere to avoid oxygen-induced polymerization affecting the results. This necessity has been removed in newer gel formulations (e.g. MAGIC) in which oxygen in the gel is bound into a chemical matrix which prevents it from causing polymerization, making the production of gels for dosimetry far simpler [32].












Alanine-EPR dosimetry


Alanine is a polycrystalline amino acid (chemical formula CH3CH(NH2)COOH). When irradiated, stable free radicals are formed within the material. These radicals can exist unchanged for long periods of time, allowing separation of irradiation from the readout process [33]. Some of these free radicals have a single unpaired electron attached to one of the atoms of the radical. The single unpaired electron exists in one of two energy states. When subjected to a magnetic field, these energy states equate to ‘spin parallel’ and ‘spin anti-parallel’ states, the difference in energy between them being proportional to the strength of the magnetic field.


The electron normally occupies the lower state, but may be excited into the higher state by absorbing a specific resonant wavelength of electromagnetic radiation of photon energy (hυ) equal to the energy separation between the two states, for magnetic field strengths of 300   mT the frequency of about 9   MH, which is within the microwave part of the electromagnetic spectrum. The concentration of free radicals can be assessed by measuring the degree of absorption of this resonant radiation, a process know as electron paramagnetic resonance (EPR – or traditionally electron spin resonance, ESR) [34]. A number of free radicals are involved, the most important one involving the loss of the NH2 group.


Dosimeters are formed by mixing known quantities of alanine with one or more binding agents to produce a compact, solid detector which has both density and atomic number values that differ only slightly from water and which is suitably sensitive to radiation. The dose response is almost linear from 10   Gy to 104   Gy and is largely independent of dose rate. Lower doses down to below 1   Gy can be measured provided that the device is calibrated to account for non-linearity of response at these dose levels. Accuracies of better than 2% are achievable under controlled conditions. The combination of accuracy and stability has led to their being used by a number of Standards Laboratories as a basis for a remote calibration service which rivals the use of thermoluminescent dosimetry. Alanine dosimetry systems are also available commercially. A number of research groups are currently investigating the development of two-dimensional and three-dimensional measurement systems based upon spatially-distributed alanine. Other groups are investigating chemical variations of alanine (e.g. 2-methylalanine) to develop dosimeters more suited to lower dose ranges for in vivo dosimetry [35].









Biological dosimetry


The response of biological systems has been used as an indicator of the dose delivered since the very first applications of radiation to the treatment of human disease. Early dosimetry standards were based upon skin erythema levels, with the absorbed dose determined by the degree of reddening of the skin and on the resultant type of erythema produced. This system was very inaccurate and was abandoned in favour of other physical forms of radiation dosimetry long before the introduction of skin-sparing megavoltage treatments. There are, however, circumstances, such as accidental exposures, where other forms of dosimetry are not applicable and where doses have to be estimated on the basis of the biological responses. There are various possible biological indicators of absorbed dose based upon the response of different biological systems. These include effects on biological molecules and genetic structures, but also include effects on cells and structures.






Biological molecules


The process described earlier in relation to alanine dosimetry in which the concentration of long-lived free radicals can be determined by using electron spin resonance may also be applicable to estimate doses to specific tissues. This process is relatively insensitive, but has been used to estimate doses received around sites of nuclear explosions and accidents [36, 37].


An alternative method to assess absorbed dose is based upon quantifying changes in the chemical composition of body fluids. The concentration of thymidine in blood serum has been shown to be a sensitive indicator of absorbed dose in mice [38], but is unfortunately less applicable to primates.









Genetic structures


The most advanced and established method of biological dosimetry is based upon determining the concentration of chromosome aberrations by counting the number of dicentrics in human peripheral blood lymphocytes [39]. This form of dosimetry is able to estimate doses down to about 0.1   Gy and is used in cases of accidental overexposure.


An alternative method is based upon determining the concentration of micronuclei formed as a result of the radiation exposure. This method may possibly be developed to compete with dicentric concentration analysis [40].









Cells and biological structures


The dose responses for various biological systems are well documented in the literature. Radiation inhibits the production of blood cells and, in males, sperm, and leads to the death of hair follicles – all of which may be used to estimate the absorbed dose shortly after exposure. For high doses of radiation, breakdown of other organs may be used where the absorbed dose exceeds tissue tolerance levels for those organs.















Other radiation detectors


The ionization chambers previously described may be used to detect and measure both photons and charged particles, provided that the radiation can penetrate the wall or entrance window of the device and also that the ionization current is sufficiently large as to be measurable. Where the radiation intensity is too low for ionization chambers to work satisfactorily, such as in detecting and measuring radiation emitted from a small radioactive source, other more sensitive instruments must be used. The most sensitive devices are ‘event counters’, able to detect and record individual photon interactions or the passage of individual charged particles. Each interactions results in an electrical pulse which is counted either to give a total number of interactions recorded or the number recorded per unit interval of time to provide a ‘count rate’. The decay of a radioactive material may be measured for example by monitoring the fall in count rate with time.


Common types of device that are used in the detection and measurement of low intensity radiation use gas amplification (Geiger-muller counters and proportional counters) and scintillation detectors.






Gas amplification devices


In ionization chambers, the ion pairs produced by particles crossing the air cavity are separated, collected and measured such that the charge collected equates to the number of ion pairs produced. A polarizing voltage is placed across the electrodes of the chamber sufficient to separate the ions and direct them to the electrodes of the device. Any kinetic energy gained by ions as they move towards an electrode is continually removed by collision interactions with other air molecules but the ions do not gain sufficient energy to create additional ionization. If the polarizing voltage is increased, then the charge detected may rise slightly as ion recombination is overcome, but the level will rapidly reach saturation and no further increase in collected charge will occur, as shown in Figure 3.17.
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Figure 3.17 Detector pulse size or current as a function of applied polarizing potential.


Region A is dominated by recombination of ions. Ionization chambers operate in region B, proportional counters in region C and Geiger counters in region E. Region D represents transition between proportional and Geiger regions, and region F illustrates continuous discharge and electrical breakdown.




In gas amplification devices, air in the detector chamber is replaced by a gas, the pressure of which is greatly reduced, thereby allowing any ions produced in it to travel much further before interacting with atoms of the gas. If the electric field across the device is sufficiently high, then ions can gain sufficient energy themselves to cause further ionization of the gas, producing additional ion pairs. This leads to an increase in the charge collected. As the polarizing voltage is increased further, these additional ions may also gain sufficient energy to cause further ionization, leading to a cascade effect that produces further increase or amplification of the charge, a process that can be repeated many times, as illustrated in Figure 3.18A. The net result is that the detected pulse of charge is proportional to the amount of ionization produced by the radiation, but is amplified many times. The size of the pulse is determined by both the number of ions initially generated by the radiation and by the amount of amplification that takes place. This is in turn dependent upon the applied voltage across the chamber as shown in Figure 3.17. Gains of many orders of magnitude are possible, and radiation detectors that use this principle are known as proportional counters.
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Figure 3.18 Schematic diagrams showing (A) the gas amplification process, and (B) a typical Geiger counter.




If the voltage across the device is further increased, proportionality between initial signal and pulse size starts to break down as the size of the charge avalanche increases. Eventually, the whole chamber volume becomes involved. Ions reaching the electrodes may interact and produce further ions which continue the process. The result is a charge pulse that is determined not by the number of ions initially created, but by the design of the electronics of the detector. Each pulse is the same height and causes a temporary discharge of the polarizing voltage – this temporary reduction in voltage immediately after a pulse allows the counter to recover and any remaining ions in it to be absorbed. Introduction of special materials known as quenching agents into the gas speed up this residual ion removal. Such detector devices are known as Geiger counters.


A typical Geiger counter detector is shown schematically in Figure 3.18B and consists of a small cylindrical metal tube that forms the negative electrode, with a thin wire positive electrode running along the axis of the cylinder. The structure is sealed to enclose the low-pressure gas, typically a mixture of argon and ethanol or neon and chlorine. The structure can be designed as either a side-window device (i.e. where radiation enters through the side of the device) for general radiation detection or as an end-window device (where radiation enters through the end-cap of the device) for beta particle detection, the latter having a thin mica window to allow passage of beta particles. The efficiency of a Geiger counter is high for beta particles, but is very low for x-rays and gamma rays where the reliance is upon interaction with the wall of the device to generate secondary electrons that pass into the chamber cavity.


Each detected event results in an electric pulse, the size of which is independent of the number of ions initially causing the event, but which lasts for a few microseconds. The chamber then has to recover for a period of a few tens of microseconds, a period known as the dead time during which it will not respond to any further ionization stimulus. Because the pulse size does not reflect the number of ions initiating the event, the counter cannot distinguish between different types of radiation. Further, the dead time has implications for use in high intensity or pulsed radiation fields. As the radiation intensity increases, so the rate of events increases and the chance of missing pulses because of the extended dead time increases, resulting in under-recording. Similarly, in the pulsed radiation field of a linear accelerator where the pulse lengths are less than the dead time of the detector, the most that a Geiger counter will record will be one count per pulse, regardless of the actual radiation intensity. Hence, Geiger counters cannot be used to measure the intensity of a linear accelerator beam and great care must be exercised when using them to monitor radiation levels around a linear accelerator installation.


The pulse height from a Geiger counter varies only slowly with increasing voltage, as shown in Figure 3.17, making the device relatively insensitive to small changes. At higher voltages, however, the electric field strength can be sufficient in itself to ionize the gas, resulting in continued electrical discharge, or breakdown.









Scintillation devices


Some materials, such as thallium-doped sodium iodide, are known as scintillator materials which are a form of fluorescent material described earlier that emit light when irradiated. Scintillator materials are transparent to the light emitted, and so photon interactions cause short flashes of light in the material. The amount of light emitted is proportional to the energy deposited in the crystal. These short flashes of light can be detected by a photomultiplier tube – a device that converts very low levels of light into measurable electrical pulses. Sodium iodide is hygroscopic and is housed within a container that encompasses the material, prevents ingress of water vapour and reflects light back into the crystal – the inner surface of the container being covered in a reflective coating of titanium dioxide or magnesium oxide. One surface is coupled onto the face of the photomultiplier tube either directly or via a specially constructed light-guide. An optical coupling gel is used whenever two material faces are coupled together to reduce scattering caused by any tiny surface irregularities.


The inner surface of the front face of the photomultiplier tube has deposited on it a material (the photocathode) that causes photo-electrons to be emitted when subjected to visible light. These electrons are accelerated by electric fields within the device onto a series of dynodes. When an electron hits a dynode it causes emission of other electrons which in turn are directed onto other dynodes. Eventually, the avalanche of electrons reaches the anode, from where the electrical pulse is extracted. The electrical pulse from the photomultiplier is proportional to the amount of light hitting the photocathode, which in turn is proportional to the energy deposited by the initial radiation interaction in the scintillator crystal. Thus, a 300   keV gamma ray will, on average, produce a pulse that is twice as large as that produced by a 150   keV gamma ray provided that in both cases the total energy of the gamma ray is absorbed in the crystal.


A pulse-height analyzer is a device that has a number of counters each representing one channel. Each channel counts the pulses that occur only with a narrow band of pulse heights. Successive channels are set to count increasingly larger pulses. Hence, small pulses will appear in the lower channels and large pulses will be counted in higher channels. When a scintillation detector is connected to a pulse-height analyzer, the spectrum of counts produced represents the spectrum of energies deposited in the scintillator crystal. When measuring monoenergetic radiation (such as gamma rays from a gamma source), those interaction events that result in all the photon energy being absorbed in the crystal will have similar pulse heights and will be counted together in a narrow series of channels that represent this photon energy level. Interactions that result in less energy being deposited in the crystal (such as detection of Compton-scattered photons) will be counted in the wide range of channels below the photopeak channels, as shown in Figure 3.19. Since the positions of peaks in the spectrum represent specific energy levels, scintillation counters are able to differentiate between different energies of incident photons. By matching measured energy levels and their rates of decay against tabulated energies of emissions and half-lives of known radioactive materials, specific radioactive substances can be identified in any given sample. This process is called gamma spectroscopy. This process also underlies the principles of operation of the gamma camera used in nuclear medicine.
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Figure 3.19 Typical pulse-height spectrum from a gamma source that emits a single energy gamma ray. The channel number equates to the energy deposited in the detector and the position of the photopeak is dependent on the energy of the emitted gamma ray. The width of the photopeak is dependent on the energy resolution of the detector system.




The pulse from a sodium iodide/photomultiplier detector has a pulse length of a few microseconds. Additional signals that occur within this time period combine together and appear as an enlarged signal. These will fall outside the main photopeak channels. The chance of two interactions occurring within the short time period will increase as the overall count rate increases, i.e. where the radiation is more intense, resulting in an underestimate of the true radiation intensity. Some plastic scintillators can have much shorter pulse lengths and can be constructed with large surface areas. These can be used to measure higher radiation intensities or to detect and measure radiation distributed over a large area.


Small plastic scintillators connected to distant photomultiplier tubes via long fibre-optic light guides have been used to measure dose distributions in radiotherapy [41]. The high sensitivity of the device allows use of tiny detectors that are of particular use in the measurement of rapidly varying intensities, such as in the penumbra of megavoltage beams or in the measurement of distributions from radioactive eye plaques [42]. More recently, tomographic reconstruction techniques have been applied to the optical signals from liquid scintillators to reconstruct full three-dimensional dose distribution maps around brachytherapy sources and eye plaques [43].
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Introduction


The biological effects of ionizing radiation are described in detail in Chapter 17 of this book, and are summarized in the following section. As there are known risks of radiation exposure, levels of acceptable risk have been specified by international expert groups, principally the International Commission on Radiological Protection (ICRP). Based upon these acceptable risks, dose levels have been recommended and in most cases adopted into national legislative requirements.


In order to understand these dose limits and the associated risks, it is necessary to have an understanding of the dose units that they are measured in and this chapter will explain these dose values. In addition, as there are known risks of radiation, most countries have regulatory requirements that have to be met in order to limit the risk to radiation workers, patients and members of the public arising from the use of radiation. The legislative requirements within the UK will be described and some of the methodology used to comply with these, including personal radiation monitoring, equipment testing, appropriate construction of radiation areas and the administrative arrangements surrounding the application of radiation.









Biological effects of radiation


The block diagram (Figure 4.1) details the various biological effects that radiation may cause resulting from the absorption of energy associated with the radiation. As will be seen later, different areas of the body have different degrees of radiation sensitivity, which is mirrored in the fact that there are different dose limits for specific areas of the human body.
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Figure 4.1 Effects of radiation.




Almost since the discovery of ionizing radiation, its potential for causing deleterious effects has been known. These effects are caused by the absorption by the human body of the energy associated with the radiation. Such energy absorption can cause ionization (charged particles) and excitation in the body or subsequent chemical changes by the formation of such things as free radicals. The end result, however, is a potential for some form of biological change or damage to occur.


These changes can cause three types of effects, which are summarized below. The first two effects have no known threshold dose below which the effects will not occur and are the origin of the concept of there being no safe dose of radiation.






Stochastic hereditary effects


These effects are expressed not in the exposed individual but in the exposed individual's subsequent offspring or future generations. Effects such as one eye a different colour from the other or, more grossly, one limb shorter or missing, are examples. Genetic defects appear in the population due to many causes, radiation being just one of them, with about one in 200 live births having a genetic defect expressed. As such, the possibility of radiation being the cause of any defect can only be shown statistically, the probability being dose dependent, rising with dose. The current risk estimated by ICRP 60 [1] of severe hereditary effects from radiation is one in 75   000 for a radiation dose of 1   mSv (see below), that is about 375   mSv would double the natural occurrence of genetic defects. That is from one in 200 to two in 200.









Stochastic somatic effects


These effects are expressed in the exposed individual in the form of cancer induction. Again, cancer has a number of causes, radiation being only one. About one in four of the population is likely to have a cancer in their lifetime. The probability of this being caused by radiation increases with dose. The current risk estimated by ICRP 60 [1] of a cancer from radiation is one in 13   000 for a radiation dose of 1   mSv (see below). The extra cancer risk from very low doses is extremely small and, in practice, undetectable in the population. However, the extra cancer risk at higher doses may be detectable using statistical methods. Even after high dose exposure, it is rarely possible to be certain that radiation was directly responsible for a cancer arising in an individual. There are a number of scientific uncertainties in making these estimates of cancer risk at low doses. In 2000, the highly respected United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) [2] suggested that uncertainties in cancer risk estimates may be about twofold higher or lower for acute doses where cancer risk can be directly assessed and a further factor of two (higher or lower) for the projection of these risks to very low doses and low dose rates.









Non-stochastic somatic effects


These effects, sometimes known as deterministic, are expressed in the exposed individual in the form of acute effects of radiation such as radiation burns, hair loss, sterility, vomiting and diarrhoea. These effects will only occur once the level of dose received exceeds the threshold dose for that effect, with the severity of the effect increasing with dose beyond the threshold. Dependent on the area irradiated and the level of dose received, such effects will be displayed by patients undergoing radiotherapy exposures. A picture showing some of these effects is given in (Figure evolve 4.2[image: image]). Details of dose thresholds that need to be exceeded for different effects are given in Table 4.1.


Table 4.1 Dose thresholds for biological effects






	Threshold dose (Gy)

	Area irradiated

	Effect






	>0.15

	Testes

	Temporary sterility






	>0.5

	Eye

	Cataracts






	>2.0

	Skin

	Burns






	>2.5

	Gonads

	Permanent sterility






	>20

	CNS

	Death in hours







The risk factors quoted above have been assessed from data arising from five main sources of information. These are, the effects noted shortly after the discovery of radiation, evidence from radiation accidents, effects of the atomic bombs exploded in Hiroshima and Nagasaki during World War Two, evidence from radiotherapy treatments and results from animal experiments. These information sources have given data relating to the effects of relatively high doses of radiation, and an assumption is made currently that there is a linear relationship between dose and risk from these high dose data points by extrapolation to the lower dose levels encountered as part of occupational exposure to staff working with radiation. This assumption has not been proven and the relationship may not be linear which would mean that we could be either over- or underestimating the stochastic risks of cancer by using the linear response model.












Dose descriptors


Two different dose quantities have been quoted in the above text. These are Sieverts (Sv) and Gray (Gy).


The Gray is a measure of absorbed dose or energy in Joules per kilogram as described in Chapter 2. Two other quantities are relevant when discussing radiation protection matters, these are equivalent dose and effective dose which have the units of Sieverts to indicate a change in dose descriptor.






Equivalent dose


The same absorbed dose delivered by different types of radiation may result in different degrees of biological damage to body tissues. The total energy deposited is not the only factor which determines the extent of the damage. The equivalent dose was introduced to take into account the dependence of the harmful biological effects on the type of radiation being absorbed. The equivalent dose is therefore a measure of the risk associated with an exposure to ionizing radiation. Risks due to exposures to different radiation types can be directly compared when in terms of equivalent dose.


The unit of equivalent dose is the Sievert (Sv) and is defined for a given type of radiation by the relationship:





[image: image]





The radiation weighting factor is a dimensionless number which depends on the way in which the energy of the radiation is distributed along its path through the tissue.


The rate of deposition of energy along the track is known as the linear energy transfer (LET) of the radiation and has units of keV μm−1 measured in water which is considered equivalent to tissue.


Radiation with a high LET (such as protons and alpha particles) is more likely than radiation with a low LET (such as x-rays or beta particles) to damage the small structures in tissue such as DNA molecules. This is because the energy from high LET radiation is absorbed in a small volume surrounding the trail of dense ionization produced by this radiation. The radiation weighting factor is directly related to the LET of the radiation. The radiation weighting factors are used to correct for differences in the biological damage to tissue caused by chronic exposure to different radiations (Table 4.2).


Table 4.2 Weighting factors for different types of radiation






	Radiation type and energy range

	Radiation weighting factor (WR)






	Photons – all energies

	1






	Electrons – all energies

	1






	Protons – energy >2   MeV

	5






	Alpha particles

	20







After ICRP60 [1]









Effective dose


Equivalent dose accounts for the varying biological effects of different types of radiation on a particular tissue type or organ, T. However, it should come as no surprise to find out that the same radiation exposure to different parts of the body can have very different results. If the entire body were irradiated with a uniform beam of a single type of radiation, some parts of the body would react more dramatically than others. To take this effect into account, the ICRP have developed a list of tissue weighting factors, denoted WT, for a number of organs and tissues that most significantly contribute to an overall effective biological damage to the body. It should be noted that areas of the body with a high cell turnover are more radiosensitive than areas with a slower cell turnover and thus have a larger weighting factor. Table 4.3 presents values of the tissue-weighting factor WT based upon standard man which is a 70   kg male. Figures would be different for females, for instance, as they have more radiosensitive breast tissue. As such, the effective dose for a particular examination should not be viewed as a precise figure, but merely a figure giving an indication of relative risk.


Table 4.3 WT values






	Tissue or body part

	WT







	Gonads

	0.20






	Bone marrow

	0.12






	Colon

	0.12






	Lung

	0.12






	Stomach

	0.12






	Bladder

	0.05






	Breast

	0.05






	Liver

	0.05






	Oesophagus

	0.05






	Thyroid

	0.05






	Skin

	0.01






	Bone surface

	0.01






	Remainder (adrenals, brain, upper large intestine, small intestine, kidney, muscle, pancreas, spleen, thymus, and uterus)

	0.05






	Total

	1.00







From [1]


To arrive at an effective dose for a particular examination, it is necessary to determine the equivalent dose to the different listed tissues or body parts, multiply these doses by the relevant tissue weighting factor and then sum the constituent parts. The units of effective dose are the Sievert and a worked example is given in Table 4.4.




Table 4.4 Effective dose from a chest x-ray with a skin entrance dose of 500   μGy


[image: image]














Background radiation


We are all exposed to radiation, regardless of our occupation, from ‘natural’ radiation sources in the environment and from man-made sources. We have no control over the level of exposure to these sources of natural radiation other than by choosing a particular lifestyle. For example, cosmic rays from outer space are attenuated by the Earth's atmosphere and the more atmosphere there is the more the attenuation. This means that people who live at high altitudes or travel in high flying aircraft will get a greater radiation dose from cosmic rays. Other sources of natural radiation and the proportions that they contribute to the overall dose are shown in Figure 4.3.





[image: image]

Figure 4.3 The average background radiation levels in the UK is 2.6   mSv per year from the sources detailed in this pie chart.


(Courtesy of the National Radiation Protection Board now the Health Protection Agency).





The major sources of natural radiation are the radioactive gases radon and thoron. Together they contribute over 50% of the average background radiation dose in the UK. These gases are generated in granite rock and, as a consequence, the intensity of the radon exposure varies considerably around the world, being higher in areas were there is more granite rock. In addition, if the rock is cracked the gas can escape into the environment more easily leading to higher levels in the environment. Such a situation exists in Cornwall where the level of radon gas is up to three times the national average. This has consequences in terms of the gas entering the homes of people living in these areas. Since the trend is to insulate homes more rigorously, this can have the effect of trapping the gas in the homes, leading to elevated doses to the inhabitants. Constructing well-ventilated houses and incorporating a special membrane into the foundation of new houses can alleviate this. Installing extraction fans and increasing under floor ventilation may improve older properties. These natural sources contribute an average dose of about 2.3   mSv per annum to a member of the UK population.


Another 0.3   mSv per annum is contributed to by artificial or man-made sources, such as discharges from nuclear power stations, making the average total dose 2.6   mSv. However, the biggest contribution is from the diagnostic uses of radiation where, although the individual doses are small, a large number of x-rays are performed with, on average, every member of the UK population undergoing at least one x-ray examination per year. Since this is a controllable exposure to some extent, a great deal of effort has been put into reducing both the individual dose per patient and the number of examinations carried out. This has been brought about by both legislative requirements (see below) and good practice guidelines.









Legislative requirements


Until 1985, there were no legislative requirements specifically relating to the use of radiation in place within the UK. The use of radiation in medicine was relatively well self-regulated by compliance with good practice guidelines developed by the professionals involved. The UK's membership of the European Community required the Government to enact a number of legislative requirements, which are common across the Community. These will now be discussed in some detail.






The Ionising Radiations Regulations 1999 [3]


These revised the Ionising Radiations Regulations 1985 and deal with the protection of workers and members of the public from ionizing radiation from any source. The Approved Code of Practice – ‘Work with ionising radiation’ [4] – supports these. These documents are legally enforceable and breaches of their requirements could lead to prosecution by the regulators, normally the Health and Safety Executive. Good practice guidance is given in the Medical and Dental Guidance Notes [5]. The Ionising Radiations Regulations require three basic requirements to be met; these are:




1. that no practice involving radiation be adopted unless there is a positive net benefit, either to the exposed individuals or to society, i.e. it can be justified


2. all exposures must be As Low As Reasonably Achievable or Practicable. This is often referred to as the ALARA or ALARP principle. The principle requires that any particular source, the number of people being exposed, and the likelihood of incurring exposures where these are not certain to be received, be optimized to a minimum, taking account of social and economic factors. In practice, there may be a number of options where an assessment would show that costs are not grossly disproportionate. The option, or combination of options, which achieves the lowest level of residual risk, should be implemented, provided grossly disproportionate costs are not incurred. In general, the greater the risk, the more that should be spent in reducing it, and the greater the bias on the side of safety. The judgment as to whether measures are grossly disproportionate should reflect societal risk, that is to say, large numbers of people (employees or the public) being killed at one go. This is because society has a greater aversion to an accident killing 10 people than to 10 accidents killing one person each


3. dose equivalents to individuals do not exceed certain dose limits. The exposure of individuals resulting from the combination of all relevant practices should be subject to dose limits, or to some control of risk in the case of potential exposures. These are aimed at ensuring that no individual is exposed to radiation risks that are judged to be unacceptable from these practices in any normal circumstances.





The revision of these regulations was brought about largely because of a reassessment of the risks of radiation. The new assessment indicated that the risks had previously been underestimated by a factor of about three times. This has meant a reduction in the whole body dose limit by a factor of about three. The reassessment was on the basis of the fact that many of the biological data were based upon the effects observed in the victims of the Hiroshima and Nagasaki bombs. The effects observed were equated to dosimetry data gathered from atomic bombs dropped in the Nevada desert. Unfortunately, the atmospheric conditions in the Nevada desert are very dry in comparison to the humid conditions in Hiroshima and Nagasaki. These humid conditions attenuated the radiation to a greater degree than the atmospheric conditions in the Nevada desert by a difference of about three. As a consequence, the biological effects observed in Hiroshima and Nagasaki were occurring at levels of dose some three times lower than originally thought. This led to a requirement to reduce the previous dose limits by a factor of about three.






Risk assessments


Prior to any work being undertaken with ionizing radiation, the employer is responsible for carrying out a risk assessment. This is in common with the requirement under the Management of Health and Safety at Work Regulations [6] to carry out risk assessments for other work involving hazards. The purpose of this risk assessment is to identify the measures needed to restrict the exposure of employees and other persons to ionizing radiation. The assessment must be suitable and sufficient enough to demonstrate that all hazards with the potential to cause a radiation accident have been identified and the nature and magnitude of the risks arising from those hazards have been evaluated. Where the risk assessment identifies a radiation risk, the employer must take all reasonable steps to prevent any such accident, limit the consequences of any accident that does occur and provide employees with the information, instruction and training to restrict their exposure. These risk assessments should normally be recorded and reviewed regularly to ensure their continued relevance. The factors that should be considered in performing a radiation risk assessment are given in the Approved Code of Practice [4] and include such things as the nature of the sources and the estimated radiation dose rates to which anyone can be exposed.









Dose limits


The annual dose limit has remained largely unchanged for the past 40 years and, despite the new dosimetric evidence, the absolute whole body dose limit per year remains at 50   mSv. However, such a level of dose is only allowable in special circumstances as the dose averaged over a 5-year period must not exceed 20   mSv per year for those occupationally exposed and aged over 18 years old. For those employees under 18 years old, the whole body dose limit is 6   mSv per year. Women of reproductive capacity working with ionizing radiation are subjected to a further dose constraint that the equivalent dose to the abdomen shall not exceed 13   mSv in any consecutive calendar quarter. The current dose limits are summarized in Table 4.5. It should be noted that there are currently no dose limits for patients undergoing examination or treatment with radiation, only that their doses must be as low as reasonably practicable and that any dose given must be justified in terms of the risk to the patient from not carrying out the exposure (see IRMER legislation [7] below).




Table 4.5 Current dose limits


[image: image]




There are two things to note in Table 4.5. First, there are different dose limits for different areas of the body, as different organs within the body have different radiosensitivities and radiation exposures are very often non-uniform. An area of the body with the quickest cell division and, therefore, the most radiosensitive is the fetus. This, in regulatory terms, is considered to be a member of the public from the point of the dose limit to be applied. A dose limit of 1   mSv to the fetus equates to a dose to the abdomen of the mother of about 2   mSv and is the limit that the employer has to apply for the declared term of the pregnancy. As such, the period of time for the dose limit to be exceeded starts when the worker declares herself to be pregnant to her employer. Secondly, there are three groups of people with different dose limits, classified workers, unclassified workers and members of the public. Classified workers are those workers who, by virtue of the work they undertake, are likely to exceed the dose limits for unclassified workers. Before a worker can be classified, they are required to be declared fit to do so by an appointed doctor. This is a registered medical practitioner who has been appointed in writing by the Health and Safety Executive (HSE). Once a worker has been classified, the employer is legally obliged to issue the worker with an individual radiation dosimeter and keep a cumulative dose record for 50 years of the last entry in it. This must be undertaken by an HSE approved dosimetry and record keeping service. An annual report is sent to a body known as the Central Index for Dose Information (CIDI) of the doses received by all classified persons, with the intention of being able to undertake epidemiological studies in subsequent years and to provide a central record of doses received by a classified worker which, if the worker changes employers, is passed onto their new employer. The reports of any investigation into a real or suspected overexposure of a member of staff or a patient must also be kept for 50 years. The Health and Safety Executive has defined an exposure significantly more than intended as being the reporting criteria to be used in determining if a patient has been overexposed due to equipment failure. This information is given in Appendix 2 of the Guidance Note PM77 [8] – ‘Equipment used in connection with medical exposure’. This specifies that notification to the HSE should be made if the dose given to a patient from beam therapy or brachytherapy exceeds 1.1 times the intended dose for a whole course or 1.2 times the intended dose for any fraction. For unsealed radionuclide therapy, the guideline multiple is 1.2 for any administration.


Although a large number of hospital staff are individually monitored with a radiation dosimeter, very few are classified radiation workers. Possible exceptions are staff such as radiopharmacists, interventional radiologists and radiotherapists handling sealed brachytherapy sources. Radiation monitoring has shown that the vast majority of hospital staff receives less than 0.1   mSv per year from the work they undertake. Nevertheless, employers are obliged to demonstrate that staff working with radiation do not require to become classified and the best way of doing this is to provide them with a radiation monitor.


The whole body effective dose limit for all other persons including anyone below the age of 16 is 1   mSv per year with equivalent dose limits for specific areas in the body as detailed in Table 4.5.









Comforters and carers


A special case is made in the regulations for members of the public who are comforters and carers of patients undergoing or who may have undergone a medical exposure, e.g. a parent who holds a child while being x-rayed or a member of the family of a patient treated with radioactive material who is discharged from hospital with relatively large amounts of radioactive material still in their bodies. To fall into this category, the carer has knowingly and willingly to accept the risks in providing comfort and support to the patient. This means that the carer must be provided with information about the risks by the hospital treating the patient. In this case, there are no specific dose limits for the carer, however, information should be given to them regarding steps to be taken to control as far as reasonably practicable the dose they receive. The National Radiological Protection Board (now part of the Health Protection Agency), a body set up by Government to provide impartial advice on radiation protection matters, has recommended that, in this context, the exposure received by persons acting as comforters and carers should not in general exceed 5   mSv from their involvement in one series or course of treatment. Normally, it should be possible to design procedures that will keep doses received by carers below this level.


There will also be occasions when members of the public who are not comforters and carers and therefore cannot knowingly or willingly be exposed to radiation, come into contact with patients who have undergone a therapeutic administration of a radiopharmaceutical, e.g. sharing public transport or accommodation. In such cases, an effective dose limit of 5   mSv in any period of 5 consecutive years is used. In practice, sufficient action is normally taken by hospitals following accepted practice on release of such patients from hospital for this not to be a problem.









Controlled and supervised radiation areas


If the dose limits are to be adhered to, it is necessary to impose strict controls on how and where radiation generating equipment and radioactive materials are used. Such equipment and material should be housed in areas where sufficient protection is afforded by the surrounding structures so that people in adjacent areas will not get a significant exposure. Where persons are required to enter radiation areas or adjacent locales then engineering controls and design considerations must be used to protect them. For example, concrete walls and door interlocks to terminate an exposure if entry to the treatment room is made, are preferable to mobile lead screens, which may be placed incorrectly or written instruction prohibiting entry, which may not be obeyed.


Radiation areas are defined under UK legislation as being either a controlled or a supervised radiation area. These should have been identified as part of the prior risk assessment (see above).


A controlled area is any area where persons entering are required to follow special procedures to limit the risk of a significant exposure contained within local safety rules, (see below) or where they are likely to receive an effective dose of greater than 6   mSv per year or an equivalent dose greater than three-tenths of any other applicable dose limit. A controlled area must, wherever possible, be defined with reference to physical boundaries, e.g. the whole of an x-ray room must be defined as a controlled area, even though the dose definition of a controlled area would mean that the controlled area perhaps does not extend more than 2 meters from the x-ray tube and patient. Once a controlled area has been defined, access into it must be controlled, wherever practicable radiation warning signs and notices are required to be placed on entrances to the area, explaining the nature of the radiation, e.g. x-rays, gamma rays etc, and the control measures to help avoid the risk, e.g. ‘do not enter when red light is on’. An example of such signing is given in (Figure evolve 4.4[image: image]).


Where a source of radiation is mobile, e.g. mobile x-ray unit used on several wards, then such signing would be impracticable and is therefore not used. However, a controlled area is still defined and controlled by the radiographer, e.g. 2 metres around the x-ray set and patient and anywhere in the main beam until it is sufficiently attenuated by a solid object or distance.


In a medical situation, access to a controlled area is limited to four groups of people; these are:




1. the patient undergoing the exposure, for whom there are stringent controls both on the equipment that is used and the process. These are governed by the Ionising Radiation (Medical Exposure) Regulations 2000 (see below)


2. classified workers who are subjected to individual monitoring. Where a classified worker of another employer enters someone else's controlled area, then the owner of the controlled area must make an entry into a passbook carried by the classified worker. This gives an estimate of the dose received by the classified worker while working in the controlled area [9]


3. unclassified radiation workers and others who have been issued with written schemes of work which, if followed, ensure that they do not receive a dose greater than any applicable dose limit


4. regulatory inspectors, who enter to inspect the area for checking compliance with requirements.





A supervised area is any area where a person is likely to receive an effective dose of greater than 1   mSv per year (publics dose limit) or an equivalent dose greater than one-tenth of any relevant dose limit. If a supervised area has been defined, it is necessary to keep the conditions of the area under review to determine if the area needs to be designated a controlled area. Supervised areas should be suitably signed to indicate the nature of the radiation source and warning that a supervised area exists and the risks arising therein.









Local rules, radiation protection advisers and supervisors


Once a controlled or supervised area has been defined, then it is necessary to have written local safety rules, referred to as local rules. These should be drawn up taking into account the findings of the prior risk assessment. These rules must be drawn to the attention of any worker who needs to enter a controlled or supervised area. Among other things, they should contain written schemes of work for safe entry into the controlled areas and contingency plans for any foreseeable accident, e.g. radioactive source spillage. They should also contain the name of the Radiation Protection Adviser (RPA), who needs to be appointed by any employer who has set up a controlled area. Their duty is to advise the employer on compliance with the regulatory requirements, the correct identification of controlled and supervised areas and the prior examination of plans for radiation installations and the acceptance into service of new or modified sources of ionizing radiation. In the Health Service, an RPA is normally an experienced radiation physicist. An RPA is required to have a certificate of competence to act as an RPA, which is issued by an HSE approved certification body every 5 years to candidates who can provide evidence of their suitability to act as an RPA.


In addition, the name of the Radiation Protection Supervisors (RPS) for the area should be included in the local rules. Their responsibility is to supervise that the work with radiation that is being undertaken on a day-to-day basis is in compliance with the local rules. They should also be involved in the preparation of the local rules for the area that they supervise in order to ensure that they are both practical and not prohibitive. To act as an RPS, the person must have received training in a core of knowledge that has been specified by the HSE. They should also be someone in a position of authority and familiar with the work of the area they are supervising. The HSE has also indicated that there should be approximately one RPS for every 20 members of staff working in the radiation areas in order for adequate supervision to be undertaken.


Local rules must contain the following as a minimum:




• identification and description of controlled and supervised areas


• names of RPSs


• arrangements for restricting access to radiation areas


• dose investigation levels. These are levels of dose which, if received, will trigger an


• investigation into the circumstances. They are lower than any applicable dose limit typically 1   mSv to 6   mSv whole body dose


• summary of work instructions, including written arrangements for non-classified persons (schemes of work)


• contingency arrangements for any foreseeable accident or incident.












Radiation safety committee


Ultimate legal responsibility for compliance with the regulations, as with all Health and Safety legislation, lies with the employer. Although not a legal requirement, it is seen as good practice for large establishments, such as hospitals, to set up a radiation safety committee to assist the employer in complying with the regulations and to discuss matters relating to radiation safety including considering reports on any incidents that may have happened. This committee normally has representatives from each area where radiation is used and for each staff group who encounter radiation, together with the RPA and employers' representative. The outcome of the radiation protection committee meetings is very often reported to more general health and safety committees, to ensure as wide as publication of radiation protection matters as possible and to keep employees informed.












The Ionising Radiation (Medical Exposure) Regulations 2000 [7]


These regulations, often abbreviated to IRMER, are designed to protect a patient undergoing treatment or diagnosis with ionizing radiation; they also cover persons exposed to radiation as part of research and medico-legal procedures, such as pre-immigration chest x-rays. These regulations were originally policed by the Department of Health but, following the publication of The Ionising Radiation (Medical Exposure) (Amendment) Regulations 2006 [10], the Health Care Commission now undertake this role. This amendment also required that referrers be registered healthcare professionals.


They define four groups of people with legal responsibility under the regulations.






The employer


The employer is responsible for ensuring there are a number of written procedures in place and that the staff involved adhere to these procedures. The procedures required are as follows:




• procedures to identify correctly the person and the area to be exposed. The majority of errors that occur in procedures involving radiation to patients are due to patient misidentification


• procedures to identify correctly who is entitled to act as referrers, practitioners and operators. It is the responsibility of the employer to decide whom they are willing to let fulfill these roles and to ensure that those undertaking the roles are adequately and appropriately trained. This training has to be role specific and cover those areas relevant to the role being undertaken that are outlined in Schedule 2 of the Regulations. There is also a requirement for staff acting in these roles to demonstrate continuing education in radiation protection of the patient


• procedures to be observed in the case of medico-legal exposures


• procedures to make enquiries of females of child-bearing age to establish whether they may be pregnant or breastfeeding. As we have seen, irradiation of the fetus can be detrimental. In addition, radioactive material administered to the mother may be expressed in the breast milk, which would then give a potentially large radiation dose to a breast-fed baby


• procedures to ensure that quality assurance programmes are carried out. These relate to ensuring that these procedures are adhered to and are still relevant and quality assurance programmes performed on radiation equipment as required by the Ionizing Radiations Regulations 1999 [3]


• procedures for the assessment of patient dose and administered activities


• procedures for the use of diagnostic reference levels. These are levels of patient dose which are not expected to be exceeded when good and normal practice regarding diagnostic and technical performance is applied. Levels should be set in terms of easily checked dose parameters such as fluoroscopic screening time or dose area product (DAP) readings. A DAP reading is obtained by the use of a flat bed ion chamber placed upon the collimator of the x-ray unit and it provides a measurement of the dose multiplied by the area of the applied radiation field. As such, the measurement units of a DAP reading are Gy.cm2. The levels should be set locally with due regard to any national or international data that are available. Such levels have been set by the National Radiation Protection Board, based upon surveys performed across the country and set at the 75th percentile value of the dose distribution found. Over a period, this and changes in technology have had the effect of reducing the doses given for particular examinations. A local series of diagnostic reference levels should be set for each standard radiological examination, including interventional procedures, nuclear medicine investigations and radiotherapy planning procedures


• procedures for the conduct of medical research involving the exposure to ionizing radiation of the participating individuals where no direct medical benefit is expected from the exposure. This should include the use and setting of dose constraints that are levels of dose associated with the research, which are not allowed to be exceeded


• procedures for giving written information and instruction to patients undergoing treatment or diagnosis with radioactive materials in order for information to be given on how the exposure from the patient can be restricted so as to protect persons in contact with the patient following discharge from the hospital (see comforters and carers above)


• procedures for the carrying out and recording of an evaluation of each medical exposure including factors relating to patient dose. That is a procedure to ensure that no exposure is undertaken without a net benefit to the patient, e.g. if x-ray images were not examined by a radiologist, no benefit would ensue from the exposure


• procedures to ensure that the probability and magnitude of accidental or unintended doses are reduced as far as reasonably practicable. This should include things such as routine servicing and post-servicing quality assurance checks on the equipment.





The employer is also legally obliged to keep training records of those identified as undertaking practitioner or operator roles. They must also draw up and keep up to date an inventory of the radiation equipment at each radiological installation they control. They are also responsible for establishing referral criteria for medical exposures and for making these available to the referrers.









The referrer


The referrer must be a registered medical or dental practitioner or other health professional entitled to act as a referrer under the employer's procedures (see above). The legal responsibility is to provide sufficient detail on the referral request to allow for the correct identification of the patient and, where relevant, their menstrual status. They are also required to provide sufficient details of the clinical problem to allow justification and authorization of the radiation exposure.









The practitioner


The IRMER practitioner is a registered medical or dental practitioner or other health professional who is entitled by the employer's procedures to undertake this role. Their legal duty is to justify a medical exposure on the basis of the information provided to them by the referrer, taking into account the specific objectives of the exposure, the total potential benefits and risks to the individual undergoing the exposure and the possibility of using alternative techniques which do not employ ionizing radiation but which would attain the same objective.


In radiotherapy applications, there will normally be only one IRMER practitioner, for both the treatment exposures and any concomitant exposures as part of the planning process, e.g. simulation, CT scans and verification images. The number of concomitant exposures is likely to increase as the developing technical capabilities for conformal, image-guided radiotherapy make target and critical organ definition an increasingly important aspect of radiotherapy. Estimation of doses and risks to critical organs in the body from all sources is thus necessary to provide the basis for adequate justification of the exposures as required by IRMER. Although negligible in comparison with the target dose, realistic numbers of concomitant exposures give a small but significant contribution to the total dose to most organs and tissues outside the target volume. Generally, this is in the range of 5–10% of the total organ dose, but can be as high as 20% for bone surfaces [11].









The operator


The operator is any person recognized by the employer's procedures who carries out any practical application of the medical exposure. This covers a range of functions, each of which will have a direct influence on the medical exposure. Some of these will be undertaken in the presence of the patient, e.g. making the exposure, identifying the patient. Other aspects are performed without the patient being present, e.g. machine calibration and radiotherapy planning. Anyone who evaluates a medical image and records the result of this evaluation is also considered to be an operator.


A requirement of the legislation is that practitioners and operators are adequately and appropriately trained and that they undertake continuing education in radiation protection of the patient. Medical and dental practitioners who act as referrers do not require any additional training, although other health professionals performing this role should be trained in the clinical aspects of a patient's presentation that would warrant an exposure.









Medical physics expert (MPE)


An MPE is defined as a state registered clinical scientist with corporate membership of the Institute of Physics and Engineering in Medicine (MIPEM) or equivalent and at least 6 years of experience in the clinical specialty. An MPE is a legal requirement for radiotherapy practices. They must be full-time contracted to the radiation employer and available at all times for radiotherapy practices. Their roles in radiotherapy are, among other things, to provide consultation on the suitability of treatment techniques, with responsibility for the dosimetry and accuracy of treatment, optimization of treatments by ensuring that equipment meets adequate standards of accuracy and the definitive calibration of radiotherapy equipment and dosimeters.









Legal liability


IRMER requires that any cases of exposures significantly more than intended be reported to the Department of Health in order for them to carry out an investigation. The employer should of course also perform such investigations. In so doing, it should be possible to determine if the IRMER procedures are correct or if they were not adhered to. By failing to adhere to the employers' procedures, individuals take on the legal liability which, in certain circumstances, may lead to a criminal prosecution of that individual.












Radioactive Substance Act 1993 [12]


In order to keep, use and dispose of radioactive materials in the quantities used in a hospital that performs radiotherapy and diagnostic applications of radionuclides, the above Act requires that the premises are registered to keep the material and authorized to dispose of any waste arising from its use. The Department of the Environment pollutions inspectorate regulates this. Registration will detail the maximum activity and number of sources that may be held on the premises of individually named radionuclides. Authorization for keeping and disposal of radioactive waste will be given providing the radiation user has performed an environmental impact assessment, which shows that, in the worse case scenario, doses to members of the public and others who come into contact with the radioactive waste are acceptable and that the disposals follow the best practical means for the environment. Authorizations will indicate the maximum activity of individual radionuclides that may be kept and subsequently disposed of over noted time periods by various routes.


Allowed routes of disposal are:




• in general domestic refuse providing that it is to be disposed of by land filling and that it is below certain very low activity limits and concentrations


• by incineration via a similarly authorized incinerator


• disposal of liquid waste in the sewage system, this is by far the most common route in terms of the activity disposed


• gaseous disposal of radioactive gases normally from a discharge point on the top of a building.












High Activity Sealed Radioactive Sources and Orphan Sources Regulations 2005


These regulations were introduced in an effort to reduce the loss of such sources either through a terrorist act or incorrect disposal. A special registration is required for sources which are designated as High Activity Sealed Sources (HASS). This designation is dependent on the radionuclide involved and its activity and form. If a source falls into an HASS category, additional security arrangements are required to be put in place and the source owner must demonstrate that they have adequate financial provisions in place for its subsequent future disposal. Without this a registration will not be granted.









Administration of Radioactive Substances Advisory Committee (ARSAC)


Regulation 2 of the Medicines (Administration of Radioactive Substances) Regulations 1978 [13] (MARS Regulations 1978) and as amended in 1995 [14], requires that any doctor or dentist who wishes to administer radioactive medicinal products to humans should hold a certificate issued by Health Ministers. The Regulations also established a committee to advise Ministers on applications. This is known as the ARSAC and issues certificates to medical staff (normally of Consultant status) who wish to administer radioactive materials to patients. In order to become certificated, a practitioner is required to demonstrate that they have received IRMER training and an apprenticeship with an ARSAC certificate holder. The certificates issued are hospital location, radionuclide and treatment-type specific.
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Given a square field of side, s, at distance, ; the size, s, at distance, fis given by:
sp=six (/) [1]

Field areas are related by:
sP=sPx(L/hF 2]

In the absence of photon interactions, the number of photons over each field is constant
(=n, say) and the number per unit area (intensity) is therefore:
Ij=ns and I=n/s7?

The ratio of intensities is therefore:
IAy=s2s?  [3]

From [2], we have:
sle? =t 13?

So,[3] can be wiitlen as: L= (f2/ ;)2 4]

As dose is proportional to inensity, we can replace /s by Ds in [4] to obtain:

D, = Dyx(fy/ 12 or Dy 17

This s the inverse-square law; Dose, Dy, is inversely proportionalto the square of the
distance, fa
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